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Preface to "Performance-Based Design in Structural
Fire Engineering”

The performance-based design of structures in fire is gaining growing interest as a rational
alternative to the traditionally adopted prescriptive code approach. This interest has led to its
introduction in different codes and standards around the world. Although engineers widely
use performance-based methods to design structural components in earthquake engineering, the
adoption of such methods in fire engineering is still very limited. This Special Issue addresses
this shortcoming by providing engineers with the needed knowledge and recent research activities
addressing performance-based design in structural fire engineering, including the use of hotspot
analysis to estimate the magnitude of risk to people and property in urban areas; simulations of
the evacuation of large crowds; and the identification of fire effects on concrete, steel, and special

structures.

Maged A. Youssef
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Abstract: Fire Service is the fundamental civic service to protect citizens from irrecoverable, heavy
losses of lives and property. Hotspot analysis of structure fires is essential to estimate people and
property at risk. Hotspot analysis for the peak period of last decade, using a GIS-based spatial
analyst and statistical techniques through the Kernel Density Estimation (KDE) and Getis-Ord Gi*
with Inverse Distance Weighted (IDW) interpolation is performed, revealing fire risk zones at the
city ward micro level. Using remote sensing, outputs of hotspot analysis are integrated with the
built environment of Land Use Land Cover (LULC) to quantify the accurate built-up areas and
population density of identified fire risk zones. KDE delineates 34 wards as hotspots, while Getis-Ord
Gi* delineates 17 wards within the KDE hotspot, the central core areas having the highest built-up
and population density. A temporal analysis reveals the maximum fires on Thursday during the
hot afternoon hours from 12 noon to 5 p.m. The study outputs help decision makers for effective
fire prevention and protection by deploying immediate resource allocations and proactive planning
reassuring sustainable urban development. Furthermore, updating the requirement of the National
Disaster Management Authority (NDMA) to build urban resilient infrastructure in accord with the
Smart City Mission.

Keywords: fire incidence; hotspot analysis; KDE; Getis-Ord Gi*; IDW interpolation; fire risk zones;
built-up areas; temporal analysis; sustainable development

1. Introduction

Structure fires are the fires involving the structural components of various types of
residential, commercial, educational, or industrial buildings. Structure fires have sub-
stantial consequences adversely affecting urban sustainable development threatening life
safety, property protection, continuity of operations, environmental protection, and her-
itage conservation. As per the International Association of Fire and Rescue Services, India
has accounted the average fire rate as 1.18 per 1000 inhabitants per year with an average
fire death of 1.04 per 100 fires for a period of five years from 2014 to 2018 [1]. The Indian
Risk Survey Report 2018 has listed fire as the third of the top five identified risks, with the
increased vulnerability causing tremendous losses to physical assets over the last three
years, and in 2019, fire risk was on the tenth rank. Hence, fire is of major concern [2].
The National Crime Records Bureau 2019 data of India has accounted for a total of 11,037
accidental fires, with 69% of these fires being in the structures of schools or commercial,
residential, and governmental buildings, and a total of 10,915 deaths, with 62% in structure
fires, and a total of 441 persons injured, with 78% in structure fires [3]. Hence, it is evident
that structure fires have an adverse impact on the sustainability of an urban built environ-
ment, affecting and disrupting the urban functionality with heavy losses of property and
lives [4]. Therefore, the fire incidence pattern of the urban agglomeration is to be assessed
delineating the hotspot area along with statistically significant fire risk areas for effective
and efficient mitigation [5].
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Urban agglomeration is an inevitable phenomenon in the process of urbanization
sheltering nearly 68% of the Earth’s population by 2050 and with its center of gravity in the
Asian cities of China and India [6,7]. Mckinsey and company have predicted the probability
of Indian urban agglomeration with an intense rise in population density accounting for
nearly thirteen cities with a population of more than four million and a million-plus
population in sixty-eight cities by 2030 [8]. With the rapid urban agglomeration, cities
are leading to have compact development and expansion by urban sprawl development
with land-use transformations resulting in a multitude of challenges by increased and new
fire risks [9-11]. In addition, the increasing demography increases the vulnerability of
fire risk, demanding a significant availability of fire service provisions for efficient and
reliable fire safety management [12]. As the urban growth develops, the provision of
fire service facilities becomes a priority to cope up with the alarming demand for fire
safety [13] and has to be strengthened by comprehensive and accurate information for
balanced decision making with an emergent response [14]. Therefore, understanding
the fire incidence pattern with its severity, particularly structure fires in the context of
sustainable urban development, is of great significance for the implementation through
systematic risk assessment by mitigating measures [15]. The planning of preparedness
of fire service on the basis of risk assessment can improve the emergency response and
thus enhance the efficiency of fire service. It is, therefore, recognized as an essential part of
fire prevention and signs to assess the fire risk zones, delineating hotspots based on the
historical fire incidences to understand the fire incidence pattern at the specific geographical
location, as the geographical characteristics vary globally.

Geospatial tools comprising Geographic Information Systems (GIS) and Remote Sens-
ing (RS) are powerful tools to evaluate the spatial fire distribution patterns integrating
the temporal data [16] and are widely adopted as an analysis system for urban infrastruc-
tures [17]. The spatial and temporal patterns of structure fires are of interest, integrating
the potential dimensions of space and time [15-21]. The fire distribution often has a
wide variation over space and time, and it is critical to categorize fire distributing under
uniform or random patterns with the changing challenges of the urban agglomerating
space [22,23]. The fire distribution pattern has a close association with human activities
and the surrounding built environment, as well as the demographic and socioeconomic
factors [11,24]. Built environments with high population densities reflect high human
activities with an increased risk of structure fires [15,20]. Fire risk has been researched
in residential fires associated with varied socioeconomic aspects [25-28]. The impact of
fire incidences was revealed with high risk to very young children and very old residents
of Canada [29]. Structure fire studies have analyzed the various causes of fire incidents,
integrating time in months and hours [30]. The temporal data analyses of fire incidences of
previous studies in Australia revealed maximum fire incidence frequencies on weekdays
and school holidays, establishing the close association between fire incidences and the
socioeconomic conditions of the urban areas [20,28], with an increased rate over the pace
of time [11]. RS integrated with GIS has many applications in the various fields of weather,
forestry, agriculture, surface changes, biodiversity, and many more [30]. In the urban
planning context for fire services, RS technologies can be used for detecting land use and
land cover (LULC) with active fires (hotspots) determining the physical properties of land
with accuracy and precision [11,31,32], quantifying the built-up land for allocation of fire
service resources and enhancing the efficiency of emergency responses with sustainability.

Previous studies quantified the fire risk correlating the various aspects of the socioeco-
nomic characteristics of neighborhoods in developed countries at macro-level spatial units
such as countries, states, and census tracks [15-18,33]. In South Asia, Indian cities have
undergone a rapid decadal transformation of the built environment, changing the urban
landscape with social structures accommodating the increasing population and resulting
in the urban agglomeration of a developing country [34,35], which are comparatively less
researched. The fire incidence pattern in urban areas at the micro-level of urban agglom-
eration in developed countries is a research topic of great interest and an emergent need
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as well [24,36]. Research on fire severity quantifying the losses to assess the impacts of
fire and identifying the fire risk areas for strategic interventions has become increasingly
popular in recent years [37]. Population density as well can be the final output and target
for resource allocation.

Hotspot analysis determines the dense concentration of events within a limited geo-
graphical area. Numerous statistical models such as descriptive statistics, Poisson regres-
sion, binomial regression, and Bayesian network models for hotspot analysis were adopted
in varied disciplines, dealing with the randomness of events in space and time [38—40].
Being statistical, these methods do not consider the spatial characteristics of the events.
GIS tools have advanced techniques to estimate and quantify hotspots identifying the high
concentration of events to detect areas with active fires inferring as high fire risk zones, re-
ferred to as a hotspot, represented by cartographic maps for visualization [41]. In addition,
Kernel Density Estimation (KDE) and Hotspot Analysis (Getis-Ord Gi*) HA(GOG*) with
Inverse Distance Weighted (IDW) interpolation are widely applied in varied disciplines of
geography, traffic safety management, and crime [42-44].

In India, a developing country, cities have undergone fundamental transformations in
an urban landscape and social structures, and the process of urbanization has increased fire
incidences and intensified consequences [2,35]. Fire service is a part of the responsibilities
of Urban Local Bodies (ULB) to provide fire safety of urban areas [45] and plays a significant
role in the success of all schemes by the Government of India carried out for the betterment
of citizen’s life and infrastructures integrating sustainable urbanization in the cities such
Atal Mission for Rejuvenation and Urban Transformation (AMRUT) [46], Pradhan Mantri
Awas Yojna (PMAY) [47], Urban Livelihood Mission, and Heritage City Development
and Augmentation Yojna (HRIDAY) [48]. The National Disaster Management Authority
(NDMA) has listed above 95% deficiencies in fire services throughout the country in
2012, with updating requirements of later date, which is still awaiting [49]. The spatial
accessibility of fire vehicles for emergency response was a major consideration for assessing
the deficiencies. Thus, the questions raised for considering the fire incidence pattern of
urban areas for updating and strengthening the deficiencies are as follows:

Are fire incidences evenly distributed?

Are the fire risk areas identified and quantified?

Are the fire occurrences analyzed on the temporal scale?

Are the causes of fire incidences assessed for the identified fire risk areas?
Are urban and human activities responsible for fire occurrences? How so?

Therefore, to address the research questions, the objective of the study is hotspot
analysis delineating the fire risk zones to understand the fire pattern on a spatial and
temporal scale with cause-wise analysis on historical fire incidences. The results of the
study are to be integrated in the reassessment and restructuring of the fire service building
community in order to achieve a resilient and sustainable built environment. The continual
reassessment and restructuring of fire service provisions are essential in reducing fire
severity in terms of fire deaths, injuries, and property damage [50]. Resource allocations
for fire service involve a heavy budget investment and hence a long-term peak period
has to be assessed when updating the requirements. The study aims to assess structure
fire patterns in the urban agglomeration for a decadal period of historical fire incidences
from 2011 to 2020, delineating the hotspot areas with the quantification of the built-up
areas and population density under significant fire risk zones for effective and efficient
mitigation with proactive planning during the peak period. The study has the potential
to inform policy makers of other ULBs of similar cities to reassess and restructure fire
services, integrating Smart City Mission, assuring sustainability [51], overlapping with
the Sustainable Development Goals (SDG-11) [52] to develop a sustainable city, state,
and nation.
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2. Materials and Methods
2.1. Study Area

The urban agglomeration of Nagpur city of Maharashtra state is centrally located
in India with a zero-mile location at 21°9’ N and 79°5’ E coordinates. The population of
the city is 2.45 million as per the 2011 census and is ranked as the third most populated
urban centre in the state and thirteenth in the country, with an average population density
of 10,873 persons per km?, covering an area of 225.08 km?, merging two census towns
of Narsala and Hudkeshwar [53], and subdivided into 138 wards as shown in Figure 1.
Nagpur has a tropical savannah climate (Aw in Koppen climate classification) with dry
conditions throughout the year, where summer temperatures intensify up to 47.8 °C,
making it the hottest place in India [54] and suitable for the escalation of the fire frequency.
The winter temperature declines to 10° to 12 °C and has the average annual rainfall of
1161.54 mm [55].
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Figure 1. The geographical location of the study area with structure fires across the study period.

Structures refer to the urban functional confined spaces that have a significant impact
on human life and daily activities [56]. According to the Census 2011, 594,272 buildings
were housed for various purposes covering 52% of the built up land area of the city,
expanding to 73% in 2020. Out of these buildings, 82.24% are used as a residence; 2.79% for
residence-cum-other use; 8.60% for shops and offices; 0.31% for schools and colleges, 0.26%
for hotels, lodges, guest houses, etc.; 0.48% as hospital, dispensary, etc.; 0.90% as factory,
workshop, work shed, etc.; 0.58% as a place of worship; and 3.85% as other non-residential
use.

Census 2011 has accounted for the structures of the residences and residence-cum-
other by proportional building materials listed under roof, walls, and floors. The material
of walls comprised a maximum of burnt bricks with 65.5%, followed with concrete—11.2%,
Mud/unburnt—10.6, stoned packed—4.3%, stone not packed—3%, grass/thatch—2.2%,
wood—1.3%, plastic/polythene—0.5%, and any other—0.2%. Material of roofs comprised a
maximum of concrete with 62.6%, followed with galvanized iron/metals/asbestos—12.9%,
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machine-made 11.8%, hand-made—5.7%, stone/slate—2.5%, grass/thatch—2%, burnt
brick—1.1%, plastic/polythene—1%, and any other—0.3%. Material of floors comprised
a maximum of cement with 42.5%, followed by mosaic/floor tiles—40.3%, mud—=8.6%,
stone—6%, burnt brick—1.5%, any other material—0.9%, and wood /bamboo—0.2%.

2.1.1. Data and Sources

Nagpur Municipal Corporation (NMC) administers the urban centre of Nagpur, and
the administrative data with regard to ward limits and the population was provided
by NMC in kml format. The decadal population growth rate for 2011 was 19.3% and
a growth of 20.9% is projected for 2021, 21.2% for 2031, and 20.7% for 2041 [55]. The
yearly population size from 2011 to 2020 was procured from World Urbanization Prospects
2018 [57] to analyze on a yearly basis.

Fire incidence data for the period of a decade from 2011 to 2020 was procured from the
Fire Service Department of NMC on a yearly, monthly, and daily basis, revealing the rise of
fire incidents with the population growth. The maximum incidences were observed in the
hottest month of May with a highest z-score value of 2.01 > 1.96 at a 95% confidence level as
shown in Figure 2, indicating the impact of climatic conditions on fire incidence frequency.
Therefore, the dataset for the hottest month of May with maximum fire occurrences is
researched cumulatively from 2011 to 2020 for hotspot analysis of structure fires.

2.00

1.50

1.00 I

o - ] DR |
-0.50

-1.00

Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec
B Z-Scores -0.31 -0.17 0.98 1.65 2.01 -0.18 -1.05 -1.29 -1.12 -0.20 -0.01 -0.30
Months

Z - Score
o
wu
=]

Figure 2. Monthly fire incidences.

Structure fire incident data of the city were considered for the study, with a cumulative
count of 570 fire events for the hottest month of May with maximum fire frequency from
2011 to 2020. The daily fire incidence data was in regional language in the daily call register,
including the addresses, date, call time, cause of the fire, and brief of occupancy type for
each fire event (such as house fire, shop fire, hospital fire, etc., for structure fires). For the
study, structure fires are grouped and classified by occupancy type based on the National
Building Code of India (NBCI), 2016 [58] and the proportion of each structure fire reveals
that the Residential fires have the highest proportion of 48% with next mercantile with 32%,
while industrial of 7%, business of 4%, assembly of 3%, storage of 3%, educational of 2%,
and institutional of 2%. The material of construction was not mentioned in the register and
hence the Census 2011 building material data is considered with the maximum of framed
structures with concrete and masonry.

2.1.2. Land Cover Data

Landsat-5 and Landsat-8 satellite images from the USGS Earth Explorer website were
procured with a minimum cloud cover of less than 5% (details described in Table 1) for
the years 2011 and 2020 to understand the urban expansion with built infrastructure
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accommodating the increased population. The images were classified using the false-color
bands of 7, 6, and 4 to develop the LULC maps of the city, and the land cover was classified
as built-up area, vegetation, fallow land, and water body. For analysis, only built-up areas
were delineated comprising the structures and other land covers were excluded.

Table 1. Details of Landsat-8 satellite imaginary used in the study.

Landsat Acquisition
Satellite Sensor Scene ID Path/Row Date
Landsat-5 ™ LT51440452011162KHC04 144/45 11 June 2011
Landsat-8 OLI_TIRS L.C81440452020139LGN00 144/45 18 May 2020
2.2. Methods

The hotspot analysis of structure fires is performed with two spatial analyst techniques
of KDE and HA(GOG¥*) with IDW interpolation to arrive at fire risk zones. Administrative
data with population density are joined with the ward areas, and furthermore, the results
from these two methods are compared to assess the significant fire risk zones. The RS tool
is used to acquire the built-up areas to quantify the fire risk zones. Furthermore, population
density is estimated for each fire risk zones and ranked to reveal the fire risk due to
structure fires in the city for implications. The temporal analysis on yearly, weekdays, and
time, along with cause-wise analysis was also performed to reveal the association of urban
and human activities with the fire occurrences. The study is performed as represented in
Figure 3.
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Figure 3. Methodological flow chart of the study.

2.2.1. Data Pre-Processing

The fire incidences were tagged in Google Earth Pro after acquiring the coordinates
physically using Epicollect5 and imported in ArcGIS for analysis. Before performing the
hotspot analysis, the data are combined using the ‘collect event’ tool to combine all the
events in the same geographical location with the new point feature class of ICOUNT’ and
used as input for both methods.

2.2.2. Kernel Density Estimation (KDE)

The KDE identifies the dense areas based on the total count of the geographical events
over time and is helpful to rectify the spatial pattern with classified intensities of density
estimate values [56,59]. The KDE technique was adopted in the developed countries to
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reveal the occurrence of fire foci under different land uses in the State of Amazonas during
2005 [60] and to explore the spatial and temporal dynamics of fire incidents in South Wales,
UK [18]. The KDE method statistically represents the spatial smooth continuous surface
for intensities of the geographical event points over the space of the study area [61]. The
kernel is the circular area of the defined bandwidth radius around each event, indicating
the surrounding area under influence with a statistical value indicating the density per unit
area, and adding of all the values at all places gives a surface of density estimates. ArcGIS
10.6 is used for evaluation considering the default search radius (bandwidth) based on the
spatial configuration and number of input points [30]. The kernel density tool calculates
a magnitude per unit area from a point using a kernel function to fit a smoothly tapered
surface to each point. The surface value is highest at the location and diminishes at the
edge of the surface radius considering the distance decay effect [62]. KDE is performed by
the mathematical formula as in Equation (1) [61] as follows:

S—S/‘

}(S’b):nlbzliiK( b ) 1)

where 1 = total number of observations; b = smoothing parameter (bandwidth); s = coor-
dinate vector that indicates where the function is being estimated; sj = coordinate vector
representing each event point; and K = density function that satisfies the following condi-
tion given by Equation (2):

/K(s)ds =1 2

2.2.3. Hotspot Analysis (Getis-Ord Gi*)-HA(GOG?)

A hotspot analysis by Gi* statistics was introduced by Getis and Ord for identifying
statistically significant spatial clusters of each area at the local level with clusters of high
values as Hotspots and low values as cold spots [41,63,64]. The HA(GOG*) technique
is widely adopted in varied disciplines of geography, traffic safety management, and
crime [56,64,65]. The vulnerable areas associated with high crime rate along with fire were
revealed for targeted fire prevention in the city of Surrey, British Columbia, Canada [27].
The G; statistic is a z-score at a local level, calculated by the mathematical formula as
expressed in Equation (3) [41,66]. A high positive GiZ score indicates hotspots while
negative low GiZ scores indicate cold spots and values near to zero indicates a random
distribution of clusters with significance, as follows:

n v n
- L1 wijxj— XY wi

| s\/ [ o (S ) ]

n—1

®)

where ; is the attribute value for event j, w;  is the spatial weight between eventi and j, n
is the total number of events, X = mean is calculated by Equation (4), and S = standard
deviation is calculated by Equation (5).

X == @
noy2 -
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Hotspot analysis technique in ArcGIS is used to conduct a Gi* statistical significance
test identifying the clusters with high concentration values surrounded by high concen-
tration values indicating the clusters to be a hotspot and the low concentration values are
surrounded by low concentration values indicating the clusters to be a cold spot [67,68].
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Identification of hotspots is of particular operational interest, and with this goal in mind,
the count itself was an appropriate measure [44,65,69,70].

2.2.4. Inverse Distance Weighted (IDW)

The IDW interpolation method estimates the measured values by hotspot analysis
surrounding the prediction location [30]. The measured values closest to the prediction
location have more influence on the predicted value than those farther away. IDW assumes
that each measured point has a local influence that diminishes with distance. It gives
greater weights to points closest to the prediction location, and the weights diminish as a
function of distance, hence the name inverse distance weighted [30,42].

The IDW interpolation method is employed for demarcation of significant fire risk
areas representing the spatial distribution in the study area. The IDW interpolation output
was spatially joined with the census ward level of the city using a zonal spatial analyst
tool to estimate the significant fire risk zonal areas and population under the risk areas.
Furthermore, the IDW interpolation is used for predicting the high fire risk zonal areas
with the population under risk integrating urbanization for implications.

2.2.5. Built-Up Area Estimation from LULC

Land cover has been conducted in ArcGIS 10.6 employing maximum likelihood
with an image classification tool to measure the built-up area [71]. The land cover was
classified into four major classes of built-up area (structures, roads, and small open spaces),
vegetation (trees in forest areas, large open spaces, and wetland vegetations), fallow land
(remaining open or unutilized land), and water bodies (lakes and ponds) [72]. An accuracy
assessment was conducted for each classified image with ground truth data from Google
Earth Pro using overall accuracy (OA) and kappa coefficient (K) as shown in Equations (6)
and (7) [73]:

CD
Py —P
0" (0
k= 1— P @

where CD = a total number of reference samples chosen; TP = total number of correctly
classified samples; P,) is the observed proportion of agreement; and P, is the proportion
expected by chance [74].

The LULC map was used to assess the actual built-up areas for quantification of
population density under the risk of GiZ-score fire types. The built-up density is calculated
by using Equation (8), and population density by Equation (9) as follows:

Yi1 TB;
BUD = = ®)
1 TA;
" TP
PD = Zi=1-"1 )
", TB;

where BUD = Built-up Density; TB = Sum of the total built-up area of all wards; TA = sum
of the total area of all wards; PD = Population Density; and TP = sum of the total urban
population of the wards.

2.2.6. Temporal and Cause-Wise Analysis

Temporal data statistical analysis significantly evaluates the association with the
correlated variables responsible for fire incidences through the period of years, months,
weekdays, and hourly events [36]. The statistical methodology helps in the interpretation
of the parameters and, due to its simple application, is extensively applied at urban scale by
the decision makers for econometrics, financial inferences, and planning disciplines [75,76].
Temporal analysis on a yearly basis for the selected month is performed statistically, fire
index for the time series of the year is calculated using Equation (10), z-score for each year is
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calculated by using Equation (11), and the probability evaluation is performed using z-score
value to reveal the highest fire incidences. The ratio between fire incidences and population
size of the year is evaluated to understand the impact of urban activities with population
growth on fire incidences. Furthermore, the fire incidences are segregated on basis of
weekdays and hours to arrive at the maximum frequency by circular statistics represented
in radar charts. Pearson’s correlation is evaluated for the hourly fire frequencies using
Equation (12) and the sensitivity analysis is performed by Durbin—Watson (DW) statistic
using Equation (13) [77]:

FI = % (10)

z="F (11)

f LE-Dy-y) W
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Yiie
where FI is the fire index for the time series of a year, X is the number of fire incidents for
the time series of a year, and X is the mean value of the time series of a year. Z = standard
score, x = observed value, = mean of sample, and ¢ = standard deviation of the sample.
R = Pearson’s correlation coefficient and x and y are variables. T= Number of observations,
e; = residual given by et = pe;_1 + v;, and p = null hypothesis.

Human and urban activities causing fire incidences on a yearly temporal scale were
investigated to relate with the fire severity [36,78,79]. Cause-wise categorization of the fire
incidences is performed, and percentage calculation helps to understand the fire cause
pattern due to urban and human activities in the identified fire risk zones for implications.

3. Results
3.1. Hotspot Spatial Analysis
3.1.1. Kernel Density Estimation Result

The KDE analysis is performed by applying a spatial analyst tool. The maps generated
are spatially joined with the ward map as represented in Figure 4. The output is classified
into four groups at the geometric interval as listed in Table 2. The intense area in red
color is the identified hotspot area categorized with a very high fire risk zone, with the
highest value comprising 9% of the total area and with the highest population density
located in the central core and extending towards the northern part of the city with high
rise development. The ranking of population density reveals the very high fire risk zone
with a maximum population under threat on the least percentage area, while the high fire
risk zone has the lowest population density covering the maximum of 54% of the city area
with a maximum of 33% of population size, spreading majorly towards the fringe area of
the city with low rise development
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Figure 4. Hotspot from the Kernel Density Estimation.

Table 2. Fire risk zone classification for KDE outputs.

Geometric . . Number of Percentage Percentage Popu} ation Ranking Ba'sed
Fire Risk Zones . Density per on Population
Interval Values Wards Area Population 2 .
km Density
3.43-24.48 Very High 34 9 20 29,860 1
—0.50-3.42 High 43 54 33 8339 4
—1.23--0.51 Medium 25 21 22 14,268 3
—5.17--1.24 Low 36 17 26 21,078 2

3.1.2. Hotspot Analysis (Getis-Ord Gi*)-HA(GOG*) Result

The local level HA(GOG*) was performed to identify the statistical spatial distribution
pattern after the process of collected events in ArcGIS to include all overlapping events, and
the evaluated GiZ-score varies from 3.07216 to —1.07437 as represented in Figure 5. The
results reveal that the hotspots with higher values of 3.07216 exceed the critical value of 1.96
at a 95% confidence level, indicating clusters with high fire event values are surrounded by
high fire event values. The lower value of —1.07437 > —1.96 is within the 95% confidence
level, indicating no cold spots in the spatial distribution pattern.
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Figure 5. Hotspot (Getis-Ord Gi*) results.

3.1.3. Inverse Distance Weighted (IDW) Interpolation Result

The IDW Interpolation techniques are extensively performed for the generation of
HA(GOG) outputs on spatial dimensions [30,42]. The hotspot analysis results were
spatially joined by a zonal statistics tool to the census ward map after IDW interpolation to
identify administrative areas for estimation and implications, as represented in Figure 6.
Fire disasters are not planned events and any fire incidence can be disastrous with heavy
losses. Therefore, every fire event has to be considered with significant risk. Therefore, all
GiZ scores at 95% confidence level are categorized under the four fire risk types as listed in
Table 3 and reveal the highest population density in the hotspot zones.
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Figure 6. IDW Interpolation of hotspot analysis (Getis-Ord Gi*) joined to the census ward map.
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Table 3. Fire risk zone classification for hotspot analysis (Getis-Ord Gi*) of census wards.

Percentage Population Ranking Based
Z-Score Type Number of Wards Percentage Area P 18 P 2 on Population
opulation Density per km .
Density

>1.96 Very High 17 5 10 25,526 1
1.96 to 0.65 High 43 19 28 20,313 2
0.65 to —0.65 Medium 34 52 29 7655 4
—0.65 to —1.96 Low 44 24 33 18,857 3

3.1.4. Built-Up Area Estimation from LULC

The Landsat Satellite images from the USGS Earth Explorer website were classified
through the maximum likelihood supervised classification tool in ArcGIS 10.3 to assess the
urban built environment of 2011 and 2020 to then estimate the significant fire risk areas.
Figure 7 represents the built-up areas of the city with structure fires from 2011 to 2020,
comprising 52% in 2011 and increasing to 73% in 2020, which is an increase of 21%. The
accuracy assessment of both the LULC maps has been performed using the ground truth
data marked in Figures A2 and A1l and as per the findings listed in Tables Al and A2. The
overall accuracy for both years is 91%, and the Kappa coefficient is 85% in 2011 and 86% in
2020, satisfying the 85% limit for minimum accuracy [74].
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Figure 7. Built-up areas from 2011 to 2020.

The quantification of the built environment with classified fire types is performed,
and the results are listed in Table 4. The spatial distribution for visualization is represented
in Figure 8, which reveals that the highest percentage of actual built-up areas is in the
Medium category with 46%, the highest built-up density percentage is in high fire risk
category with 91%, revealing the highest development in the built environment and the
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highest population density in very high fire risk category, while the lowest are in the low
category, indicating the impact of urbanization.

Table 4. Estimation of fire risk zones with significant z-scores.

Actual . . Population .
Z-Score Type Built-Up Area Bulll)te-:.cls n]t):n:lty Density per km? of Pliar:llil;tligo 11?2;;2‘315(;?
Percentage 8 Built-Up Area P y
>1.96 Very High 7 91 27,994 1
1.96 to 0.65 High 22 86 23,659 2
0.65 to —0.65 Medium 42 60 12,750 4
—0.65to —1.96 Low 29 90 20,904 3
Total 73 18,508
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Figure 8. Built-up areas with structure fire risk zones.

Table 5 has the classified structures as per the NBCI, representing the percentage of
fires to understand the human activity from occupancy fires. The hotspot area with a very
high-risk zone in the central part of the city has a maximum of 39% fires in mercantile
occupancy, 35% in residential, 12% in industrial, and 8% in the business occupancy. While
other risk zones have maximum fires in residential class following with mercantile class of
structures.
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Table 5. Percentage of fires based on occupancy types in classified fire risk zones.

Occupancy Type Very High High Medium Low

Residential 35 43 59 53
Educational 1 1 3 2
Institutional 0 1 1 3
Assembly 0 3 3 5
Business 8 5 3 3
Mercantile 39 34 30 27
Industrial 12 11 1 3
Storage 5 2 1 3

3.1.5. Predictive Probable Fire Risk Evaluation Results

IDW interpolation techniques are extensively performed for the generation of hotspot
analysis outputs on spatial dimensions [30,42]. Figure 9 represents the predictive continu-
ous smooth surfaces classified into five different classes based on the quantile classification
method at the extreme limits considering the raising population due to rapid urbaniza-
tion with the predictive decadal population growth rate for 2031 as 21.2% and 2041 as
20.7% [55]. The very high fire risk zone is represented in red color with high values. The
results represented the central part of the city extending towards the lower eastern part
under predictive very high fire risk covering 19.20% area of the city as shown in Table 6,
and the higher three classes cover 58.69% of the city area, indicating proactive planning by

the resource allocation of fire services for the future decades.

79°0'0"E 79°1'30"E 79°3'0"E 79°4'30"E 79°6'0"E 79°7'30"E 79°9'0"E 79°10'30"E
1 1 1 1 1 1 1 1

Probable Fire  Fire Risk Zones

_ Risk Zone B very High Risk
Legend High Risk
0 Siometers | City Boundary Medium Risk
4 | Ward Boundary | Low Risk

Figure 9. Predictive probable fire risk zones of the city.
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Table 6. Predictive probable fire risk zones.

Percentage Population Ranking Based
Number of Percentage . . .
Z-Score Type Wards Area Population Density for 2031 on Population
2031 per km? Density
>1.96 Very High 34 15 21 22,350 1
1.96 to 0.65 High 34 20 22 18,258 3
0.65 to —0.65 Medium 35 47 30 10,138 4
—0.65 to —1.96 Low 35 18 26 23,726 2

3.2. Temporal Analysis

Fire incidences and the population growth across the study period for the hottest
month are evaluated statistically and the output is listed in Table 7 revealing the highest
fire incidence frequency in 2019 with the highest Fire Index, z-score, and probability values,
while least is in the years 2013 and 2020. The urban activities were restricted in 2020 due to
the COVID-19 pandemic lockdown, resulting in a reduced fire incidence frequency. The
population growth has the rising trend as per the UN population projection in lacks [57]
and the ratio of fire incidences is revealed to be the highest in 2019 and lowest in 2020,
as shown in Figure 10. The output reveals the impact of urban and human activities on
fire incidences in a rising pattern during the normal conditions, but during the pandemic,
the ratio lowers down to the least throughout the decadal period, and furthermore, the
trendline of ratio is in a declining pattern with R square value 0.0024.

Table 7. Fire incidences and population matrices.

Fire Incidence Matrices Population Matrices
Year Ratio
Fire Index = Z-Score  Probability PopulationIndex Z-Score Probability

2011 1.14 0.68 0.75 0.93 —1.54 0.06 2.59
2012 0.93 —0.34 0.37 0.95 —1.21 0.11 2.08
2013 0.70 —1.44 0.08 0.96 —0.88 0.19 1.54
2014 0.88 —0.59 0.28 0.98 —0.54 0.29 1.90
2015 1.04 0.17 0.57 0.99 —0.19 0.42 2.20
2016 0.93 —0.34 0.37 1.01 0.16 0.56 1.95
2017 1.23 1.10 0.86 1.02 0.52 0.70 2.53
2018 1.07 0.34 0.63 1.04 0.88 0.81 2.17
2019 1.39 1.86 0.97 1.06 1.22 0.89 2.77
2020 0.70 —1.44 0.08 1.07 1.58 0.94 1.38
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Figure 10. Yearly fire incidences, UN population, and ratio.
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Figure 11a depicts the waterfall chart of the evaluated z-score of the fire incidence
pattern, as listed in Table 3, revealing the maximum increase in 2019 with a 1.86 z-score
and decreasing in 2020 for a pandemic reason. Figure 11b depicts the evaluated proportion
of the fire indexes reiterating the fact of maximum rise in 2019 with 39% above the mean
value with the trend line of R square value of 0.00292 indicating a very slow but rising
pattern.
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Figure 11. Temporal fire incidence pattern: (a) Z-score waterfall chart; (b) proportional fire index.

Figure 12 depicts the temporal data of weekdays and hourly fire incidences. The
weekdays dataset (as in Figure 12a) has the maximum fire frequencies on Thursday at
17% and a minimum on Monday at 12%, then the weekends. The hourly dataset (as in
Figure 12b) has the maximum fire events during the hot afternoon hours from 12:00 to 17:00
with a maximum of 7% indicating the impact of climatic conditions and the human urban
activities hours. The late hours from 19:00 to 21:00 correspond to dinner time, with the rise
in fires indicating human activities.
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Figure 12. Temporal fire incidence pattern: (a) Weekdays; (b) Hourly.

The Pearson’s correlation between the hourly fire frequencies has the coefficient value
of 0.54, indicating a moderate correlation. The sensitivity analysis through autocorrelation
test by Durbin—Watson (DW) statistics with the null hypothesis states that fire frequencies
have no relation with the hour of the day at which they occur. The DW value ranges from
0 to 4 and the 0 to 2 value indicates a positive correlation and from 2 to 4 indicates negative
relation. The DW value nearer to zero indicates strong positive autocorrelation and nearer
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to 2 indicates no autocorrelation. The DW statistic test evaluated the value of d = 0.35
(nearer to zero) at p-value < 0.05, which rejects the null hypothesis indicating the positive
autocorrelation between the hour of the day and fire frequencies.

3.3. Cause-Wise Analysis to Understand Urban and Human Activities

Table 8 represents the causes of the fire in the fire risk zones across the study period,
classified in five types as gas cylinder leakage (14%), electric short circuits (31%), adjacent
garbage fire (2%), other causes (6%) including lamps, cooking, mechanical failure, and
electric press, and highest cause being unknown with 48% of total structure fires. All fire
risk zones have a maximum of unknown causes followed by electric short circuits and gas
cylinder leakages. The electric short circuit cause is generally due to increased load on
electricity causing voltage fluctuation due to the operation of electrical cooling devices for
comforting the confined spaces during the scorching hot May month, indicating the impact
of climatic conditions.

Table 8. Cause-wise percetage of structure fires in the fire risk zones.

Type Gas Cylinder Leakage  Electric Short Circuit Garbage Fire ~ Unknown  Other
Very High 13 33 2 41 1
High 10 30 2 54 3
Medium 16 28 2 51 4
Low 17 31 2 42 8
Total 14 31 2 48 6

Figure 13 depicts the yearly cause-wise fires with the trendlines of the unknown
and electric short circuit causes showing a rise with an R? value of 0.083 and 0.0333,
respectively, indicating a gradual rise, and the gas leakage cause has a declining trendline
with an R? value of 0.0332. The unknown cause has to be studied in depth for identifying
the actual causes for intervention and implications.
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Figure 13. Cause-wise yearly structure fires.
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4. Discussion

The geospatial analyses approach connects the data to a spatial visualization map,
integrating location data with all types of statistical and descriptive information, providing
a foundation for mapping, and an analysis for urban planning, particularly for fire service
provision. The quantification of the built-up areas and populations under risk is essential
for efficient and effective mitigation. The historical fire incidence data of a decadal period
for the hottest month of May with maximum fire frequencies are analyzed with the spatial
analyst and statistics tools to identify the spatial variation of fire risk zones across the
study area with an increasing population under persistent threat. The fire risk zone
hotspot analysis through the KDE and HA(GOG?) is performed, compared, and estimated
statistically.

4.1. Result Overview

The detection by KDE identifies one hotspot area through the entire city area, in the
central core part of the city under a very high fire risk zone revealing the highest population
under persistent threat. The high population size indicates the rapid growth of urbanization
due to the prominent commercial and administrative activities associated with increased
urban and human activities, resulting in the development of high rises and compact
development that challenges the management of fire services. The KDE is a nonparametric
technique identifying the probability density estimate of event hotspots, revealing the
concentration of the fire events across the study period to identify the influenced areas.

The HA(GOG*) technique evaluates the fire risk zones statistically for the same data set
and helps to understand results with statistically significant z-scores in the study. The very
high fire risk class is the hotspot area above the critical value of 1.96 at a 95% confidence
level, identifying three hotspot areas within the single identified hotspot area of the KDE
analysis. The hotspot area comprises a total of 17 wards out of 34 wards of the KDE over
an area of 5% out of 9% of the KDE, with a population density of 25,526 persons per km?
out of 29,860 persons per km?. The high and medium fire risk classes have wide variations
influencing the varied population densities under respective threats. The results from
both techniques have wide variation, and the results of HA(GOG¥) are more accurate with
statistical analysis than the KDE technique, helping decision makers to optimally and
sustainably utilize resources.

The built-up areas under the significant fire risk zones are estimated to quantify
the actual area and population size under persistent fire threats. The built-up density
reveals the development pattern with the influenced population density. The very high
fire risk zone has the highest population density at 27,994 persons per km?, whereas, at
the ward level, the population density is 25,526 persons per km?, indicating the compact
development. Meanwhile, the low fire risk zone has the second-highest built-up density,
revealing the compactness but comparatively with less population density of the third rank.

Structure fires are most frequent in mercantile occupancy structures followed by resi-
dential and industrial within the identified hotspot areas, while residential structure fires
are prominent in other fire risk areas followed with the mercantile class. The population
density indicates that human activities contribute to the fire incidences, integrating the
urbanization trend from the cause-wise analysis with the most common cause being the
unknown cause, followed by electric short circuits and gas cylinder leakages. The temporal
data analysis reveals that the maximum fire incidences occur on Thursday afternoons
during the hot hours rather than the early morning and sleeping night hours. The re-
sult indicates the impact of human activities of daytime and hot climatic conditions with
increased electrical load for cooling the confined spaces of structures.

4.2. Planning Implications

The geospatial analysis approaches are significantly useful for enhancing the efficiency
of the fundamental fire services. The outcomes are helpful to the decision makers for fire
disaster management purposes, both in terms of risk estimation [16,80,81] and impacts on
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the environmental services. The outcomes of the hotspot analysis provide evidence to the
decision makers for improving the provision of fire services. The hotspot maps are a useful
visualization tool for the policy makers implicating proactive planning with immediate
resource allocations in the potential fire risk zones. Proactive planning has the potential to
significantly minimize the losses and reduce the economic impact of fire hazards and is a
powerful tool for planners attempting to enhance the efficiency of fire service and increase
sustainability [82].

The temporal analysis reveals the maximum fire rates in the hot afternoon hours,
implicating the resource allocative actions. Awareness programs for fire safety can be
implemented regarding human activities to reduce fire incidence rates as assessed from the
cause analysis. The fire frequency with an unknown cause has to be controlled by alerting
the occupants about towards fire safety through public education. Fire safety behavior for
gas cylinder operation is to be conducted repeatedly. Continuous awareness for public
participation in prevention and suppression techniques to handle incipient fires through
fire safety practices is to be encouraged [83]. Fire prevention and preparedness programs
help to reduce the damages, promote the role of understanding in the community, and
reduce the adverse impacts of fire in the ecosystem [17]. The policy has to be effectively
planned and adopted at regular intervals with maximum participation considering the fire
risk zones.

The results of the study can help to enhance the effectiveness of the emergency
fire services over the potential spatial dimension with strategic proactive planning and
interventions to build community resilience continuing the urban functionality fulfilling
all the other fire safety objectives.

4.3. Limitations and Future Scope

The approach adopted for the study is with the data constraint limitations acquired
from the administrative authority. The impact of socioeconomic factors on spatial fire
incidence patterns can be researched with various interventions. —564. Secondly, the
open-source Landsat images used are of 30-m resolution in most bands (4.5 pixels per
acre) at a 16-day revisit cycle. The high-resolution images of 5-m have the potential to
differentiate the built-up areas comprising buildings and varied sizes of opens spaces
which are used as parks, gardens and open grounds enhancing to assess actual structural
areas improving the accuracy of the built-up areas and thus is a limitation. In addition,
visualizations in immersive virtual reality (VR) provide information in real-time and from
a first-person perspective, which can be adopted for conducting future studies in detail
at a smaller scale of the zone, ward, or neighborhood level, escalating the potential of fire
safety objectives with sustainability. Furthermore, an “environmental approach” for the
evaluation of the city is suggested due to the interdependence of various parameters to
supplement our analysis and fulfill the fire safety objective of environment protection.

4.4. Linking with Urban Development Schemes and City’s Vision

Urban agglomeration integrates the physical, institutional, and socioeconomic infras-
tructure challenging fire service management [35]. Fire Services are the responsibilities of
local bodies and play a significant role in the success of all governmental schemes of India
such as AMRUT [46], PMAY [47], HRIDAY [48] carried out for the betterment of citizen’s
life and infrastructure in the cities for sustainable urbanization. Nagpur City is achieving
urban transformation under the Smart City Mission [51], and the second Smart City Pro-
posal has additional convergence of the Solar City Programme, the Safe City Project Crime
and Criminal Tracking Network and System (CCTNS) Project, and the National River
Conservation Project [84]. The potential Transit-Oriented Development (TOD) due to the
Metro Rail project across the city encourages high density mixed development through FSI
of four or more along the Metro alignment, resulting in high rise development challenging
fire service management. Fire services’ responsibility safeguards the functionality of urban
centres, enhancing the quality of life and infrastructure. The study has the potential to

19



Fire 2021, 4, 38

inform policy makers and ULBs to reassess and restructure fire service targeting resource
allocation for vulnerable built environments integrating the Smart Cities Mission [51], and
is a significant preparatory tool for updating fire service in the country. This study output
acts as a foundational step to achieving the research goals in detail overlapping the Smart
City Goals [51], fulfilling the Sustainable Development Goals (SDG-11) [52], and helping
urban planners and policy makers to develop a sustainable city, state, and nation.

5. Conclusions

The study investigated the historical structure fire events of the typical urban agglom-
erating mid-sized Indian city for a decade from 2011 to 2020. The analysis for the peak
period of the year in the hottest month of May with the highest fire incidence frequency is
evaluated for extreme consideration, revealing the direct impact of climatic conditions on
fire incidence frequency affecting urban sustainable development.

The hotspot analysis delineates the areas with the highest vulnerability, along with
other significant fire risk areas and revealing the random distribution of fire events, thus
alerting urban planners to the need for the provision of appropriate fire services as fire
incidences are unplanned events resulting in irrecoverable heavy losses. Fire service is the
fundamental civic service to provide fire safety, fulfilling the objectives of protection to
citizen’s lives, property loss, continuity of operations, environment protection, and heritage
conservation, which also overlaps the goals of SDG 11, making cities resilient towards fire
hazards developing a sustainable city, state, and nation.

The geoinformation techniques implementing KDE provide the visual concentration
of the hotspot area, which is nonparametric, while the HA(GOG¥*) reveals the statistically
significant hotspots delineating vulnerability of fire risk zones, which are within the KDE
hotspot. The IDW interpolation of the hotspot analysis reveals the administrative zonal
area at the local ward level for proactive fire service planning enhancing the efficiency,
reducing the losses of life and property with clear visualization of risk areas. Remote
sensing dataset and GIS tool quantified the actual built environment under the significant
fire risk zones. The estimation of built-up area density and the population density reveals
the urbanization impact with varied human activities in the urban built environment
threatening sustainability concentrating in the central core part of the city. The cartographic
maps developed through the spatial analysis helps in clear visualization to sense the
severity of the structure fires in the city. Thursday of the weekdays had the maximum fire
frequencies, and the hourly analysis revealed that the highest fire frequencies occurred
during the hot afternoon hours of the day from noon to 5 pm and the hours of the waking
human activities up to 10 pm, while night hours had the minimum frequencies. The major
cause of electric short circuits, gas cylinder leakages, and unknown causes directly reflect
the heavy load on electricity in hot hours for cooling, and gas cylinder leakages in hot
hours emphasize the need for users’ awareness for minimizing the fire frequencies and
hence, the losses.

The spatial statistical technique of GIS is an effective and powerful tool for detecting
the significant fire risk zones from the historical dataset in urban planning contexts for
proactive resource allocations, and strategic planning for mitigation programs minimizes
the losses with the better use of finite resources, reducing the budgetary load on the
government as fire service involves high budget investment and management. The outputs
can be adopted for enhancing the potentiality of the fire services building community
resilience. In addition, the methodology can be standardized for evaluation of similar-sized
urban agglomeration of India quantifying the built environment upgrading the NDMA
requirement to build urban resilient infrastructure and in accord with Smart City Mission.
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Appendix A
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Figure A1. LULC 2011 accuracy assessment random points image in (a) GIS (b) Google Earth.

Table A1l. Accuracy assessment of LULC-2011.

LULC 2011 Built-Up Vegetation Fallow Land Water Bodies Row Total User’s Accuracy
Built-Up 12 1 1 0 14 86
Vegetation 0 7 1 0 8 88
Fallow Land 0 0 7 0 7 100
Water Bodies 0 0 0 5 5 100
Total 12 8 9 5 34
Producer’s Accuracy 100 88 78 100
Overall Accuracy 91
Kappa Coefficient 85
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Figure A2. LULC-2020 accuracy assessment random points image in (a) GIS (b) Google Earth.
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Table A2. Accuracy assessment of LULC-2020.

LULC 2011 Built-Up Vegetation Fallow Land = Water Bodies Row Total User’s Accuracy
Built-Up 12 0 1 0 13 92
Vegetation 0 7 1 0 8 88
Fallow Land 1 0 6 0 7 100
Water Bodies 0 0 0 5 5 100
Total 13 7 8 5 33
Producer’s Accuracy 92 100 75 100
Overall Accuracy 91
Kappa Coefficient 86
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Abstract: Space-planning decisions of two sports and entertainment arenas with large crowds—the
Roman Colosseum (Italy) and the modern Gazprom Arena stadium (St. Petersburg, Russia)— were
analyzed to compare the flow of people during evacuation by simulation. It was shown that the
space-planning decisions of the Colosseum seem more advantageous compared with the Gazprom
Arena in calculation of evacuation time and evacuation organization process: the capacity of the
stairs of the Colosseum with a width of 2.8 m is comparable with the capacity of the Gazprom
Arena’s stairs (4 m). In the Colosseum the average specific flow is qaverage = 1.14 person/s/m,
while in the Gazprom Arena the average specific flow is qaverage = 0.65 (with a march width of
2.6 m) and qaverage = 0.8 person/s/m (with a march width of 4 m). It was found that the Colosseum
complies with current standards for on-time evacuation; while modern sports and entertainment
arenas are currently designed with additional services, infrastructure, comfort and, in general, high
commercialization. The antique arenas are currently being reborn and used for concerts and other
public events, so the obtained results have practical significance.

Keywords: design; stadiums and arenas; evacuation time; safety; Colosseum; organizing evacuation;
computer simulation

1. Introduction

Sports and entertainment stadiums with a large number of people are high-risk facili-
ties. A source of hazard is the simultaneous presence of thousands of people in them. The
greatest danger is posed by the operating conditions with the simultaneous targeted pedes-
trian movement, including the stadium outflow after events and the emergency evacuation,
e.g., during a fire case. An important role belongs to the space-planning decisions of the
structure: the size, configuration, and number of evacuation routes to leave the stands and
the building in relation to the arena’s capacity.

Computer simulation is widely used to analyze the infrastructure during public events
and the operation of space-planning decisions [1,2]. For example, in Ronchi et al. [3],
three scenarios of the evacuation of music festival locations with a capacity of 65 thousand
people were explored. Simulations of pedestrian movement in the stands are considered in
Was et al. [4], Wagner et al. [5], and Zhang et al. [6]. Simulation of the evacuation from the
Wuhan Sports Center Stadium (one of the largest gymnasiums in China) was considered in
Zong et al. [7]. In Wei et al. [8], the simulation technology of fire spread and evacuation in a
large stadium was studied. In Kirik et al. [9,10], the authors presented the effects of different
stadium features on evacuation times and densities, which were found using simulation.
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Computer simulation provide numerical results for analyzing the object, verifying
various hypotheses and obtaining reliable conclusions based on the simulation. Many
works have been published aimed at the accurate reproduction of cultural heritage objects
using digital technology. For example, [11] describes a digital 3D reconstruction of Sinhaya,
a X-XIIth century Muslim suburb in the city of Zaragoza, as a result of which its exact mod-
els are obtained. The visualization is based on archaeological evidence from excavations
and accurate historical documents. Digital reconstruction has helped to preserve some
of the city’s cultural heritage. In Papagiannakis et al. [12], a digital visualization of the
16th century Mosque of Hagia Sophia is presented in order to introduce virtual cultural
heritage objects into an educational and recreational program. In Heigeas et al. [13], a
modeling process is presented to produce a realistic crowd simulation in the ancient Greek
agora of Argos. This paper considers the movement of crowds submitting to a common
flow in a constrained environment. In Cain et al. [14], a study aimed to create a real-time
interactive scenario in the ancient Roman Odeon in Aphrodisias based on historical sources
is described. The results of the work present the development of the main scenarios of
crowd movement.

Buildings with mass gatherings are not only the heritage of the contemporary world
but similar arenas were also built in ancient times. The Roman Colosseum, which is
the most famous structure of antiquity and was commissioned in 80 A.D., was built for
gladiatorial games, mock naval battles, animal hunts, and the execution of criminals. The
Colosseum is the largest amphitheater ever built, with an estimated capacity of 40,000 to
50,000 people [15,16]. The Colosseum was built of travertine stone, tuff, and brick, with
marble as a facing material [17]. These materials are not combustible, but there was a fuel
load in the building: on the upper tier, there were wooden masts and yards with sunshades
on them; at the bottom (basement, under-stand galleries), there were wooden cages for
animals, hay, fabrics, stretchers, baskets, etc. An open fire was used for lighting.

In Tan et al. [18] and Hernandez [19], a goal was to reconstruct the Colosseum building
using a computer model, and in Napolitano et al. [20], a model was created. A computer
simulation of masonry in the stone structures of the Colosseum was used. In Croci [21],
the weakness of the building concerning earthquakes is outlined. The influence of the
space-planning decisions of the Colosseum on the evacuation time is partially considered in
Gravit et al. [22]. According to [23], the Colosseum has such space-planning decisions that
it is possible to fill and leave the amphitheater within a few minutes. It is estimated that due
to the efficiency of the stairs, a full audience is able to leave the Colosseum in three minutes,
which is disputed by the authors in [24]. This paper presents a digital reconstruction of the
Colosseum to simulate crowd movement, which results in the identification of potential
bottlenecks preventing rapid (timely) evacuation. As an effective evacuation scenario for
the Colosseum, in [25], a comparison was made with one of the stadiums of modern times,
the Beijing National Stadium (“Bird’s Nest”) built for the 2008 Olympic Games, on the
TV show Time Scanners (on the National Geographic Channel). The experiment focuses
on the ability of both stadiums to evacuate visitors in the shortest possible time: 1/8th of
the Colosseum and the Bird’s Nest Stadium were created to reproduce the stadium bowls,
corridors, and stairs within seating. The experiment was conducted with two control
measurements: full evacuation of people from the stands and full evacuation from the
stadiums. According to the results of the first part of the experiment, it took 4 min for
spectators to leave the stands in Beijing Stadium, while in the Colosseum during this time
people were still in the stands, which means that the design of the exits and stands in the
Bird’s Nest Stadium is better in evacuation compared to the Colosseum. In the second part
of the experiment, as the flow continues, the crowd density in the ancient amphitheater
begins to decrease over time due to the configuration and width of the stairs, whereas in
the modern stadium the flow begins to slow down and accumulate due to the integrated
infrastructure. As a result, the last person left the Colosseum in 12 min 44 s and the last
person left the Bird’s Nest Stadium in 12 min 57 s. Thus, studying ancient objects and
comparing them with modern objects is an actual task.
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The purpose of this study was to simulate the space-planning decisions of two sports
and entertainment arenas of different epochs: the Roman Colosseum (Italy) and Gazprom
Arena (Russia) for a comparative analysis of the organization of pedestrian evacuation,
with regard to the geometric characteristics of the stairs affecting the carrying capacity. The
following tasks are set to achieve this purpose: to analyze the space-planning decisions of
the considered arenas and on their basis to develop 3D models; to calculate and compare
the movement of people on the stairs; to determine evacuation time, fields intensity of
movement, and density of people.

2. Materials and Methods
2.1. Evacuation Modelling

In case of fire, the facility’s smoke protection system plays a decisive role in ensuring
safe evacuation conditions. The safe conditions are currently defined by the inequality (1):

tepac < & tblock (1)

where ty4c is the time of the end of evacuation from the building area, ¢y is the time of
reaching the critical value by any dangerous fire factors, and 0 < a < 1 is a safety factor
(for example, it equals 0.8 in Russia) [26].

The quantitative characteristics were obtained using the computer simulation of
the movement of people (evacuation) in the Sigma FS (Russia) software package for the
advanced fire and evacuation simulation [27,28]. The software was used to check the
designs and organize pedestrian areas for the 2018 FIFA World Cup and the 29th Winter
Universiade athletics facilities [9,29].

An individual flow model was built to simulate the evacuation. The model suggests
the calculation of each person’s position, including the positions of other people and
obstacles on the plane, and allows one to specify individual characteristics, including the
free movement velocity, projected area, path, and movement start time. The individual
flow model is best suited for simulating the pedestrian traffic on facilities with stands.

At each time instant ¢, the position of each person is determined by the previous
coordinate by the formula (2):

=1
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where ?i(t — At) denotes the particle’s position at the previous time step; ?i(t), i=1,Nis
the particle’s current speed measured in [m/s]; and At is a time shift equal to 0.25 s.

A person’s speed depends on density [30-32]. It is assumed that only conditions in
front of the person influence on speed. It is motivated by the front-line effect (that is well
pronounced while flow moves in open boundary conditions) in a dense mass of people,
which results in the diffusion of the flow.

Thus, only density F;(#&) in the direction chosen is required to determine the speed.
According to [30,33] the current velocity of the particle may be calculated, for example, by
formula (3):
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where FC is the limit people density until which free people movement is possible (density
does not influence on the speed of people movement); 4; is the factor of people adaptation
to current density while moving on I*" kind way (a; = 0.295 is for horizontal way; a, = 0.4,
for downstairs; a3 = 0.305, for upstairs).

An individual flow model was built using the Sigma FS software to simulate the
evacuation. The following individual characteristics of people were used in the calculation:

1.  Theaverage maximum velocity of a person’s free movement was taken to be 1.66 m/s [33];

29



Fire 2022, 5, 20

2. The fundamental diagram of the relation between the velocity and the current flow
density was borrowed from [33] (the assumption that this diagram is fully justified
for the Colosseum is based on the analysed data in terms of the limiting flow rate
and dynamics);

3.  The person horizontal projection area used was 0.1 m? [33]. The differences in gender,
age, health status, and other indicators were ignored.

Simulation of the movement of each individual and the phenomena peculiar to the flow
of people: merger, reshaping (spreading, compaction), the non-simultaneous merging of flows,
formation and deformation of congestions, flow around turns, and movement in rooms with
a developed internal layout, counter-flows, and intersecting flows are performed.

2.2. Description of the Arena Designs—Gazprom Arena Stadium

Gazprom Arena (Russia) is the most visited stadium in Eastern Europe, commissioned
at the end of 2016 and hosting the 2018 FIFA World Cup and the 2020 UEFA European
Football Championship [34].

According to the technical specifications of the building, a stadium bowl is designed
for 68,000 seats, including temporary stands, which can be installed on the third- and sixth-
floor stylobates. When the field is involved, the stadium capacity in the concert regime is
increased to 80,000 people. The bowl consists of two (lower and upper) tiers. The height
difference between the lower tier rows is almost 12 m. There are exits (safety hatches) to the
second floor and to the inner stylobate located on the third floor (the attitude is +14.550).
The lower bowl is almost symmetrical relative to the minor axis of the field. The height
difference between the upper tier rows is almost 20 m. There are exits (safety hatches) to the
fifth (+25,200) and sixth (+32,850) floors. The upper bowl can be considered symmetrical
with respect to both axes. Figure 1 shows a north-eastern view of the Gazprom Arena and
a 3D model of the Gazprom Arena (north-eastern view), built with Sigma FS software.
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Figure 1. (a) Northeast side view of the Gazprom Arena stadium; (b) 3D model of the Gazprom

Arena stadium (north-eastern view) built in the Sigma FS software.

The emergency exits from the building for the lower bowl audience are located mainly
on the third floor (only the eastern-sector audience can exit outside directly from the second
floor below the third-floor outer stylobate). The exit outside from the upper bowl is also
located at the third-floor level. For this purpose, there are stairs accessed from the fifth and
sixth floors. The audience members go out to the third floor outer stylobate from the stairs
outside. There are 12 such access stairs along the stadium perimeter. In Figure 1, there
are marching staircases STW with a number corresponding to the north-eastern quarter
of the arena and running from the sixth floor. In addition, straight (no marches) stairs ST
with a number are available to descend from the fifth floor directly to the third floor of the
stylobate. The audience members descend from the third-floor stylobate to the grade.

In this study, the evacuation of the Gazprom Arena was considered from the upper
bowl of the investigated quadrant. We assumed that the exit from the upper bowl would be
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the exit to the stylobate, located on the third floor, due to the space-planning similarity and
comparable capacity of the Gazprom Arena and the Colosseum. Figure 2a shows the plan
of the upper bowl of the north-eastern part of the Gazprom Arena, specifying the number
of people in the stands. The numbers of people going to the fifth and sixth floors are shown,
and the stairs that can be used to descend are indicated (STW1 and STW3). Figure 2b
shows a plan of the fifth-floor under-stand space. Stairs accessible from the fifth floor to the
third floor (STW1, STW2, and STW3) and straight descents directly to the third floor outer
stylobate (ST1, ST2, and ST3) are marked. The arrows show the directions of movement
from the hatches to the nearest exits from the floor; the numbers of people for whom the
corresponding exit is the nearest one are indicated (the total number of people is 4454).
The stairs are distributed around the fifth floor fairly uniformly. In this case, the loads on
the adjacent stairs differ by a factor of up to 2. The stairs-to-sector ratio is 6/9. Figure 2c
presents a plan of the sixth-floor under-stand space. The stairs accessible for descending
from the sixth to third floor (STW1, STW2, and STW3) are shown. The arrows show the
directions of movement from the hatches to the nearest exits from the floor; the numbers of
people for whom the corresponding exit is the nearest one are indicated (the total number
of people is 4692). The analysis of the sixth-floor plan shows that the number of stairs in it
is twice as small as on the fifth floor, while the number of audience members on the former
is greater. The stairs-to-sector ratio is 3/9. The stairs are nonuniformly distributed relative
to the hatches, the loads on the stairs differ by a factor of more than 2, and the minimum
load is twice as high as that on the fifth floor.

Figure 2. (a) Plan of the upper bowl of the north-eastern part of the Gazprom Arena and the number
of people in the stands; (b) plan of the north-eastern part of the Gazprom Arena fifth floor; (c) plan of
the north-eastern part of the Gazprom Arena sixth floor.

For further analysis, only stairs STW1, STW2, and STW3 are considered, since they
are used by people descending from two (fifth and sixth) floors. In addition, the design of
stairs STW1 is significantly different from that of stairs STW2 and STW3 (Figure 3). The
quantitative data are given in Table 1.

(@) (b)

Figure 3. (a) Fragment of the stairs STW1 with a stair flight of 2.6 m; (b) fragment of the stairs STW2
and STW3 with a stair flight of 4 m (2 + 2 m).
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Table 1. Loads on stairs STW1, STW2, and STW3 and their geometric dimensions.

Name of Fifth Floor, Sixth Floor, Total, Minimum I, Person/m of  Stair Length along the
Stairs Persons Persons Persons Width, m Width Axis of Movement, m
STW1 496 1684 2180 2.6 838.5 63
STW2 960 912 1872 4.0 468 63
STW3 496 2096 2592 4.0 648 63

Total, persons 1952 4692 6644

The minimum path width for stairs STW1 is 1.5 times less than for the stairs STW2 and
STW3, although the number of people evacuating on the stairs STW1 (2180) is comparable
to the number evacuating on the stairs STW2 (1872) and STW3 (2592). The ratio between
the discharge values for these stairs is the same. Calculating the stairs loading according
to the nearest stairs principle, it is clear that the staircase with the lowest discharge value
(STW1) on the sixth floor has an almost maximum load: the stairs take half of the northern
part of the sixth floor. At the same time, the adjacent stairs STW2 with a discharge value
greater by a factor of 1.5 are only accessed for two sectors located directly on the corner.
The load on stairs STW1 on the fifth floor is reduced by the presence of exit ST1.

2.3. Description of the Arena Designs—Colosseum

There has still been no consensus among historians and architects about an antique
amphitheater’s design features and appearance. The characteristics that are important
for the study and included in the three-dimensional computer model of the building to
simulate evacuation and analyze the results obtained are considered. The computer model
of the Colosseum is based on Durm’s structural scheme [16]. During the simulation, the
main attention is paid to the under-stand space, and the stairs for descending from the
upper tiers since this part of the building affects the evacuation time the most.

The Colosseum central part is an oval stage surrounded by a flat strip of seats; the
ratio between the major and minor axes of the entire building is 1.22. An oval cone with
seats is around the arena. It is based on 80 parting walls directed radially inward and
interconnected by ring walls and arched rows. Between them, there are a corresponding
number of radially directed crossings and staircases; ring galleries stretching along the
entire amphitheater between the ring walls and arcades connect walkways and stairs. The
exterior galleries of the second and third floors serve as lounges. The gallery height on the
floors is 10-11 m.

There are 80 arches along the outer perimeter that form 80 amphitheater entryways
(Figure 4). The entrances/exits are located at the ground level (the so-called datum).
Therefore, the evacuation can only occur top-down.

(b) (c)

Figure 4. (a) Schematic of the Colosseum architectural design according to Durm’s representations [16];
(b) schematic view of the Colosseum second floor (Gyuade) [16]; (c) fragment of the stairs.

The amphitheater can be conventionally divided into three tiers, each containing
under-stand galleries, stands, and walkways to the seats (Figure 5).
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Figure 5. Sigma FS software 3D models of the Colosseum.

The model was built assuming that the access to the ground-tier stands was mainly
through the second floor; to the second-tier stands, through the third floor; and to the
third-tier stands, through the fourth floor (the attitude of the latter is about +40,000). The
first two tiers represent sequences of 20 stand rows, and the upper tier contains 16 rows.
The data on the maximum arena capacity reported by different authors are inconsistent
and vary between 40 and 50 thousand audience members simultaneously [16], so the
conventional number of people is 48,000.

The Colosseum has the line-of-sight downstairs on both sides of each exit to the under-
stand gallery (Figure 4b). The simulation considered 1/4 of the Colosseum (calculation
sector), where 4 stairs are taken to evacuate people, which are located in this sector. The
extreme stairs on two opposite sides of the calculation sector take the remainder of the flow
for each subsequent sector. The stairs are uniformly distributed along the floor perimeter.
The number of stairs is consistent with the number of exits to the under-stand space, i.e., it
is equal to the number of tier sectors. The stairs path width along the axis of movement
ranges from 2 m for descending from the upper tier of stands to the third floor to 4.5 m in
the lower part.

2.4. Initial Data for the Evacuation Simulation

To compare the two arenas, a quarter of the Colosseum and a quarter of the Gazprom
Arena’s upper bowl are considered. This is justified by the symmetry of the Colosseum and
the Gazprom Arena upper bowl with respect to both axes; in addition, the buildings have
comparable capacities (12,000 and 9500 people, respectively), and the only way to evacuate
is down the stairs.

Figures 6 and 7 show the 3D models built for the arenas. The Gazprom Arena com-
puter model was built using modern drawings. The entire stadium was modeled and used
not only within the limits of this study.

Figure 6. (a) The position of people in the stands of the Gazprom Arena before the evacuation;
(b) the position of people during evacuation from the Gazprom Arena at the hundredth second from
its beginning.
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(b)

Figure 7. (a) View from the side of the Colosseum; (b) view from the center of the arena; (c) view

from the front of the building.

The Colosseum computer model is based on Durm’s structural scheme [16]. The
attention was mainly paid to the under-stand space, and the stairs for descending from
the upper tiers since this part of the building affects the evacuation time the most. The
arrangement of the stairs for descending from the upper tiers is approximately the same
around the perimeter of the arena, so, when building the computer model, the approximate
length and width of each unit path down from the upper floors and the number of paths
(stairs) are provided.

Many geometrical dimensions of the interior space of the Colosseum were taken at a
scale relative to the known dimensions given in the drawings. The descriptions provide
limited data on the configuration of the stairs used to descend from the upper tier to
the third floor. However, it is known that people from the upper tier merged into the
streams of people from the corresponding sectors of the lower tier. Therefore, the stairs
for descending from the upper-tier were conditionally restored to ensure the descent of
a number of persons significant for further consideration in the general flow to the third
floor. Each sector of the stands on each tier has a staircase for descending from the sector to
the underlying floor, where people use the nearest stairs to descend further. The model
includes 5 sectors. They are secured by 5 access staircases. In order to exclude boundary
effects, the dynamics of human movement in the central part was analyzed, i.e., in the three
central sectors and the four central staircases. For the same reason, the extreme sectors in
the model are only half-filled (Figure 7b).

The computational domain involved the stands, under-stand galleries, and stairs. At
the initial instant of time, people were in the stands or in the under-stand space. The
evacuation of people from the building was simulated before exiting outside at the first-
floor level for the Colosseum and before exiting beyond the exterior perimeter to the
stylobate for the Gazprom Arena.

3. Results and Discussion
3.1. Comparative Analysis of the Arenas Using the Numerical Simulation of Human Movement

Figure 8 shows a fragment of the Colosseum evacuation at the hundredth second from
its beginning and mass gathering intensity field on the Colosseum third floor. Figure 9
shows the fields intensity of movement and crowding.

There were 7 calculations (scenarios) for the Gazprom Arena with different staircase
loads STW1 and STW2-3. The last two scenarios (6 and 7) are proposed in the absence of
flow control on the fifth and sixth floors with an uneven distribution of stairs, which is
explained by the use of certain sectors for the needs of different client groups. The data on
number N of the persons who passed the stairs, spent time ¢, and flow rate Q, determined
by formula (4), are given in Table 2.

Q=N/t 4)
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(a) (b)
Figure 8. (a) Fragment of the Colosseum evacuation at the hundredth second from its beginning;
(b) mass gathering intensity field on the Colosseum third floor.

dw

i

g

L

Figure 9. (a) Field of total traffic intensity in seconds on the second and third floors of the Colosseum;
(b) intensity field of crowding in seconds on the second and third floors of the Colosseum.

Table 2. Numerical characteristics of the Colosseum and Gazprom Arena.

Gazprom Arena. the Height Difference Is 18.3 m Colosseum. the Height Difference Is 22 m
STW1, the Width Is 2.6 m STW2-3, the Width Is4 m the Width Is 2.8 m
N t, s Q, Person/s N t,s Q, Person/s N t, s Q, Person/s

1 2 3 4 5 6 7 8 9 10
1 1680 990 1.7 1810 520 3.5 2150 705 3.1
2 1800 1075 1.7 1970 600 3.3 2405 760 32
3 2030 1175 1.7 1980 640 3.1 2480 740 3.4
4 2380 1400 1.7 2010 660 3.0 2720 840 3.2
5 2850 1570 1.8 2150 640 3.4

6 3580 2080 1.7 2380 725 3.3

7 3670 2025 1.8 4410 1290 3.4

8 Mean 1.7 Mean 3.3 Mean 32

According to Table 2, rows 1-4 do not account the remaining number of evacuees in the
Colosseum, which are on the extreme staircases on two opposite sides of the calculation sector.

The data are given in columns 4 and 7 confirm the expected difference (by a factor of
about 2) between the flow intensity estimates for stairs STW1 and STW2-3 because of the
similar difference between the path widths. At similar numbers of persons, the evacuation
time for stairs STW1 is twice as long as for stairs STW2-3.
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It is worth noting that the capacity of the Colosseum stairs is comparable with that of
stairs STW2-3 in the Gazprom Arena. Meanwhile, the staircase width in the Colosseum
is smaller by a factor of ~1.5. The construction of the stairs causes this effect. In the
Colosseum, the height difference between the third and first floors is 22 m; in the Gazprom
Arena, the height difference between the investigated sixth and third floors is 18.3 m. These
values can be considered similar. The structure of the Gazprom Arena stairs was accurately
reconstructed in the computer model. The main important features are that all the stairs
connecting the upper floors are outside the bowl. There are eight 180° turns between the
sixth and third floors (a stair flight has an average height difference of 2.1 m and an average
slope of 30°; the flight widths are given in Table 1).

The evacuation time for the considered part of the Gazprom Arena ranges from 520 to
2080 seconds and depends on the load of the stairs and can be regulated by the organisation
of the human flow. The evacuation time from the Colosseum is 14.5 min, taken as the sum
of the maximum time to leave the stairs of the sector (840 s) and the additional time to exit
from the structure (30 s).

In order to assess the results obtained for the Colosseum, it should be noted that the
interior space (in particular the staircases) has been reconstructed approximately. However,
the space-planning decisions of the Colosseum floors, which is still accessible for research,
and the data on the under-stand space structure and the axes lengths in the plan allow
to consider the geometry of the Colosseum vertical connections used in the model to
be sufficient for this study. In particular, the descent from the third to second floor was
reconstructed as straight (without turns, its length is 21.5 m); it occupies the under-stand
space of the second tier. The stair flights going down from the floors are codirected; to
reach the next flight, one needs to make two 180° turns. There is one 180° turn between the
second and first floors, and there are three turns to make in total when descending from
the third and first floors; the average flight slope is 30°.

Table 3 generalizes the numerical characteristics of the investigated stairs for the two
arenas. The Colosseum stairs are characterized by the highest specific flow (column 5). With
conditionally the same length, slope, and height difference parameters, this fact is ensured
by the layout of the Colosseum stairs, specifically, by the number of turns (column 6), which
is twice as small as in the Gazprom Arena stadium. The result obtained is consistent with
the data of a full-scale experiment [35], in which the movement downstairs in a nine-storied
building was examined; there were 180° turns on the stairs, and the specific flow decreased
with a decrease in the floor (and an increase in the number of turns).

Table 3. Summary table with the numerical characteristics of the Colosseum and Gazprom Arena stairs.

. . Qo oo Number of Height
Stairs Width, m Person/s Person/s/m  180° Turns Difference, m Length, m  Slope, Deg

1 2 3 4 5 6 7 8 9
Gazprom

Arena, STW1 2.6 1.7 0.65 8 18.3 63 30
Gazprom

Arena, STW2-3 4 33 0.8 8 18.3 63 30

3 Colosseum 2.8 3.2 1.14 3 22 63 30

Thus, under other conditions, which can be assumed to be the same or slightly different
for the investigated arenas, a key characteristic that determines the building evacuation
rate was found to be the geometric characteristic of the stairs determining the number of
180° turns. The relation between the specific flow and the number of turns is nonlinear.
In addition, as can be seen from rows 1 and 2 of column 5, the configuration of the stairs
(Figure 3) also affects the flow rate. Table 4 shows the main geometric characteristics of the
Colosseum and Gazprom Arena stairs.
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Table 4. Summary table with the numerical characteristics of the Colosseum and Gazprom Arena stairs.

Characteristic Colosseum Gazprom Arena
1 Minimum downstairs flow rate, person/m/s 1.14 0.65
2 Number of 180° turns per stairs 3 8
3 Average mass gathering time, s 360 900
Evacuation Contrgl (routing) to balar}ce t.he load on the stzjlirs not required required
and reduce the time of mass gathering in front of the stairs
5 Stage-by-stage evacuation not required required
6 Fencing the escape routes from the main space no yes
Stairs configuration Fenced-off staircases protected
7 Protection against the dangerous fire factors ensuring the high from the spread of the
velocity of movement dangerous fire factors
8 Free path to the adjacent hatch along the stand yes no
9 Availability of a staircase for each stand (stairs/stand) 1/1 2/3 (fifth floor); 1/3 (sixth floor)

3.2. Discussion

The most reliable smoke protection methods are the use of optimal space-planning
decisions of buildings and structures.

The Colosseum is an open structure, where, in case of fire, there are almost no obstacles
for spreading the dangerous fire factors, including, first of all, smoke, in the under-stand
space; therefore, the speed of evacuation from the building is a decisive factor. The high
velocity of movement of people from the upper tiers is ensured by the escape routes
maximally straightened using the optimal configuration of the stairs and providing each
stand with its own downstairs and own exit from the building. In the Colosseum, the
people gathering places with a density of 6 [person/m?] and higher are the exits to the
downstairs on the third floor (Figure 8b), since the capacity of these stairs is lower than the
intensity of flows from the second and third tiers. Therefore, the time of mass gathering on
the third floor can be minimized by the phased evacuation.

In the Gazprom Arena, the under-stand space is fenced off from the environment (in
contrast to the bowl, which, in general, can be considered open). The smoke protection by
design is implemented via walling off the staircases and making them smoke-free. The
availability of downstairs in the Gazprom Arena upper bowl ranges within 1/3-2/3 on
different floors. This leads to the discrepancy between the intensities of the suitable flow
and the discharge values of the doors on the staircase and causes the long-term (up to 900 s)
mass gathering (Table 4). The problem can be solved by organizing the phased evacuation.
To enhance the efficiency of using the vertical lines, it is necessary to control the human
flows on the fifth floor in order to relieve stairs STW1-likewise, which take a significant
load in the south and north sectors of the sixth floor.

4. Conclusions

Currently, ancient arenas are being reborn: They are used for concerts and other
public events, so research on the calculation of evacuation times from such structures is
relevant and meaningful. In addition, the Colosseum is the prototype of most modern
sports facilities in the present (Fisht Stadium (Sochi, Russia) and the Bird’s Nest Stadium
(Beijing, China)).

The evacuation process from Colosseum (Italy, Rome) and the Gazprom Arena (Russia,
St. Petersburg) is investigated using pedestrian dynamics simulation. The effect of the
design of evacuation paths on evacuation time(s) is studied, and the need to optimally
organize evacuation (assist in loading stairs) is found.

According to results of investigation, the Colosseum design seems advantageous over
the Gazprom Arena. The most significant difference is the higher stability and weak need
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of the evacuation process in the control factors. The key issue is the uniform distribution
of vertical communication ways around the perimeter of the arena, the balance of the
capacity of the escape routes and the intensity of the flow, which is also achieved due to
the geometric features of the escape routes—the straighter the path, the higher the speed
of movement.

The greatest intensity of human flows in the Colosseum is recorded on the third floor,
because spectators are flocking here from the two tiers (second and third). There are also
the longest crowds (the average duration is 200-250 s).

In the Colosseum, the high speed of movement of people from the tiers is realized by
maximally straightened evacuation routes (staircase configuration and provision of each
tribune with its own staircase). The stairwells at the Gazprom Arena are walled off and
separated from the general volume of the stadium bowl, in particular, from the under-
stands premises. The availability of staircases for the upper tier stands at the Gazprom
Arena varies between 1/3 and 2/3 of the floors. The key characteristic determining the
building’s evacuation rate is the number of 180° turns.

According to the simulation results, the evacuation from the upper bowl of the
Gazprom Arena to the stylobate of the 3rd floor ranges from 9 to 35 minutes. The evacuation
depends on the location and load of the stairs, which is uneven and can be regulated by
organising the flow of people. The evacuation from the Colosseum is 14.5 minutes, as the
stairs are designed to be evenly loaded and symmetrically arranged. When the flow is or-
ganised appropriately in the Gazprom Arena, the structures have similar evacuation times.
With an average march width of 2.8 m, the average specific flow Javerage = 1.14 person/s/m
(in the Colosseum), and 0.65 and 0.8 person/s/m (in the Gazprom Arena on the STW1 and
STW2-3 types of stairs, respectively).

The Colosseum is designed with large, long staircases using the principle of Vomitoria,
which means eruption. This study proved the effectiveness of the stairs used in the
Colosseum. In the construction of a structure in order to ensure the shortest possible
evacuation time, this solution is the most effective. According to this study, the Colosseum
complies with current standards for timely evacuation and can be operated as a modern
sports and entertainment facility and host public events.

The main difference between modern sports and entertainment arenas is that they are
designed with additional services, infrastructure, comfort and, in general, high commer-
cialization, which has an impact on evacuation times and requires additional resources for
the application of organizational management of the flow of the people.
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Abstract: With increasing acceptance of performance-based design principles in the field of fire safety,
it is imperative to accurately define the behaviour of materials during fire exposure. Real-world
fire events, otherwise referred to as natural fires, are defined by four characteristics: heating rate,
maximum temperature, exposure duration, and cooling rate. Each of these four characteristics
influences concrete’s behaviour in a different manner. In this paper, the available experimental
work for concrete, tested at elevated temperatures, is examined to identify the influence of the four
natural fire characteristics on concrete compressive strength. This review focuses on normal strength
concrete tests only, omitting parameters such as unique additives and confinement. The intent is to
provide a fundamental understanding of normal strength concrete. The findings show that maximum
temperature and cooling rates have a significant influence on concrete strength. Exposure duration
has a moderate impact, particularly at shorter durations. Variable rates of heating have minimal
influence on strength. Detailed conclusions are provided along with review limitations, practical
considerations for designers, and future research needs.

Keywords: natural fire; concrete strength; exposure duration; maximum temperature; heating rate;
cooling rate

1. Introduction

In contrast with timber and steel construction, one of the primary advantages of using
concrete as a building material is that it can withstand fire events without burning, melting,
or needing additional protective materials. Concrete, however, is not completely unaffected
by fire exposure. Studies on normal strength concrete (NSC) have shown that an exposure
temperature of 600 °C can reduce concrete compressive strength by up to 55% [1].

There are a number of material properties that are known to affect concrete strength
at elevated temperatures, such as ambient strength, aggregate type, water-cement ratio,
additives, and prestress level. The influence of these properties is well investigated in
the existing experimental work and detailed in numerous textbooks and literature-review
publications [2,3]. Concrete strength is also affected by fire characteristics, such as: rate
of heating, maximum temperature level, exposure duration, and rate of cooling [4]. The
influence of these four fire characteristics is less thoroughly addressed in the existing
literature.

It is imperative for designers to understand the behaviour of fires and its influence
on concrete compressive strength. Existing performance-based models have shown that
understanding these four fire characteristics is a necessary step to accurately modeling
reinforced concrete beam and column behaviour [5]. By implementing the findings of
this review into existing models, designers can produce performance-based solutions with
increased confidence in safety, reliability, and efficiency.
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2. Natural Fire Definition

Fire events are typically represented by temperature-time relationships, as shown in
Figure 1. The term natural fire is used to define a fire event as it would occur in the real
world. No two natural fires will ever be identical, as these fires are influenced by a wide
range of compartment and environmental properties. Three examples of potential fire
profiles are shown in Figure 1. Fire events can have high temperature over short duration,
low temperature over long duration, or anywhere in between.
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Figure 1. Examples of natural fire temperature—-time curves.

To define a natural fire, four fire characteristics can be calculated: heating rate, maxi-
mum temperature, overall exposure duration, and cooling rate [4]. During the growth of a
fire, variable rates of heating can occur, ranging from slow heating to almost instantaneous
flashover. The rate of heating is greatly dependent on available oxygen and the presence
of highly combustible materials. At the peak of a fire event, the value of the maximum
temperature as well as its exposure duration vary based on reliability of fuel and oxygen
supply. Once a fire begins to decay, variable rates of cooling can be present, ranging from
slow air cooling in a smoldering compartment to rapid water cooling achieved by firefight-
ing efforts. Each of these four fire characteristics plays a notable and different role in the
deterioration of concrete strength. It is the influence of these characteristics on concrete
strength that is evaluated in this paper.

3. Available Experimental Work

The available experimental work features a wide range of testing parameters. To
narrow the scope of this review, several concrete and testing parameters are controlled.
Only tests with the following attributes have been reviewed in this paper: (a) unstressed
tests, (b) unconfined tests, (c) unsealed tests, (d) ordinary Portland cement (no additives
such as fly ash, silica, fibers, etc.), and () NSC with ambient strength less than or equal to
50 MPa. The intent of the control parameters is to focus the evaluation on basic NSC. Doing
so highlights the influence of fire characteristics on behaviour and allows future researchers
to identify when newly introduced parameters present unusual responses. Additionally,
the majority of existing work is based on NSC, allowing for a wide range of sample data
points.

In addition to the controlled parameters, there are other parameters that are known to
affect compressive strength during fire exposure. These parameters include water-cement
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ratio, aggregate-cementitious material ratio, aggregate type, size and content, geometric
dimensions, and testing procedure [3]. Because there is so much variation in the existing
experimental work, it is difficult to control all these parameters. Furthermore, the variation
of these parameters is acceptable within the definition of NSC. To provide meaningful
review, specific sections of this paper control the various parameters when possible, and
when not possible, a selection of similar tests are averaged and presented for evaluation.

Table 1 shows a summary of the experimental tests investigated during this review.
Full details are available in the referenced work. The required fire characteristics of each
test, shown in Figure 2, are identified in the table. The concrete ambient strength (“f’; 29”)
and reported “aggregate” type are also recorded for additional context. “Testing time”
refers to when the compressive strength of the sample was taken. A “residual” testing time
indicates that testing occurred after the specimen cooled back to ambient temperature. A
“hot” testing time indicates testing occurred while the sample was still at the maximum
applied temperature.

L Maximum Py P Time of Hot Testing
Temperature N
N\
A Y
2 N
2 \
S . N\
3 Heating Cooling N
g Rate Rate (N
= N\
Y \ Time of Residual
g N \ Testing
& \
N\
N\
N
Exposure Duration N

Ambient
Temperature

Time
Figure 2. Furnace heating profile during specimen testing.

For experimental work with a variable “heating rate”, the average rate is provided
in the table. A heating rate of “instant” indicates that the specimen was placed in a
preheated furnace. A rate of “standard” indicates that the standard fire curve was applied
for the heating profile. The term “measured” is used for tests where the heating rate was
controlled based on measuring the internal temperature of the specimen and maintaining
some maximum difference from the furnace temperature. Maximum temperature (“max
temp”) is recorded as the maximum temperature of the furnace. Exposure “duration”
is recorded in hours from the time when heating ends to the time when hot testing or
residual cooling begins. An exposure duration of “uniform” indicates the specimen’s
internal temperature was measured and that heat was applied for a continuous duration
until the specimen’s internal temperatures uniformly reached the furnace temperature.
“Cooling rate” is stated as either “slow” or “rapid”. Comprehensive definitions of the
two cooling rates are provided in Section 4.4. It should be noted that similar to maximum
temperature, the heating and cooling rates refer to the temperature change in the furnace,
not the specimen itself. Although the furnace temperature is not necessarily an ideal way
to represent these values, it is easier to record and is widely reported in the literature as
such.
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Table 1. List of Evaluated Experimental Work with Test Parameters.

Label Ref. fc20 Agg Type Duration Testing Time Heating Rate Cooling Rate
(MPa) (hr) (°C/min)
T-6A [6] 27 Siliceous uniform residual 2.4 slow
T-6B [6] 27 Siliceous uniform residual 24 rapid
T-7A [7] 27 Calcareous uniform hot measured —
T-7B [7] 27 Calcareous uniform residual measured slow
T-7C [7] 27 Siliceous uniform hot measured —
T-7D [7] 27 Siliceous uniform residual measured slow
T-8 [8] 50 Quartzite 2.00 hot 5.0 —
T9A 9] 35 Calcareous 3.00 residual 16.0 slow
T-9B [9] 35 Calcareous 3.00 residual 16.0 rapid
T-10 [10] 45 Siliceous 15.00 residual 1.0 rapid
T-11 [11] 47 Limestone varied residual 0.3 slow
T-12 [12] 31 Limestone 0.17 hot 75 —
T-13A [13] 27 Siliceous 2.00 residual 2.8 slow
T-13B [13] 40 Siliceous 2.00 residual 2.8 slow
T-14 [14] 33 Siliceous 2.00 hot 2.0 —
T-15 [15] 34 Granite 1.00 hot 2.0 —
T-16A [16] 21 Siliceous 2.00 hot 1.0 —
T-16B [16] 42 Siliceous 2.00 hot 1.0 —
T-17A [17] 25 Sandstone 1.00 residual 1.5 slow
T-17B [17] 23 Gravel 1.50 hot 7.5 —
T-18 [18] 50 Limestone 2.00 hot 2.0 —
T-19A [19] 20 Granite 4.00 residual 2.0 slow
T-19B [19] 20 Granite 4.00 residual 2.0 rapid
T-20 [20] 44 Basalt none residual standard slow
T-21A [21] 24 Gravel 1.00 hot measured —
T-21B [21] 24 Gravel 1.00 residual measured slow
T-22 [22] 32 Basalt varied residual 5.0 slow
T-23 [23] 39 Siliceous 1.00 residual 1.0 slow
T-24A [24] 43 Gravel uniform residual standard slow
T-24B [24] 43 Gravel uniform residual standard rapid
T-25A [25] 47 Gravel 1.50 residual instant slow
T-25B [25] 46 Dolomite 1.50 residual instant slow
T-26 [26] 37 Limestone 1.00 residual 1.0 slow
T-27A [27] 50 Limestone uniform hot 5.0 —
T-27B [27] 50 Limestone uniform residual 5.0 slow
T-28 [28] 38 Granite 1.00 residual 2.5 slow
T-29 [29] 35 Gravel 0.25 hot 27 —
T-30 [30] 49 Limestone 2.00 residual 2.5 slow
T-31 [31] 28 Siliceous 0.50 residual 8.0 rapid
T-32 [32] 28 Siliceous 0.50 residual 2.0 slow
T-33 [33] 40 Siliceous 0.50 hot 5.0 —
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4. Influence of Fire Characteristics

In this section, the influence of each fire characteristic is evaluated. Contrary to
the chronological order of a natural fire event, the influence of maximum temperature
is discussed first as it is the most well-documented characteristic in the literature. It is
intended that by recognizing the effects of maximum temperature first, the less-documented
fire characteristics can be subsequently evaluated with greater clarity.

4.1. Influence of Maximum Temperature

Figure 3 presents the averaged relative strength of hot and residual tests for a range
of maximum temperature exposures. The averaged values consist of findings from 37
different studies. To provide an understanding of the variation in existing data, upper and
lower limits of the evaluated test data are given (dotted line). Eurocode prescribed strength
reductions for siliceous aggregate (dashed line) are also given [34,35].
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Figure 3. Relative strength of concrete for hot and residual conditions. [Includes Tests from T-7A to
T-10, T-12 to T-20, T-21A to T-28, T-30 to T-34].

The averaged experimental work shows that increasing maximum temperature has
a significant influence on concrete strength. Concrete tested after cooling exhibits lesser
strength at every temperature compared with hot tested concrete. This relationship is
largely due to the influence of cooling, which is examined in Section 4.4. To address the
influence of maximum temperature specifically, discussion focuses on the response of the
hot tested profile.

Concrete strength exhibits three trends when exposed to elevated temperature. At
lower temperatures below 350 °C, strength loss is relatively minor. Some of the experi-
mental work, such as by Diederichs et al. [14] and Fu et al. [15], even observed moderate
strength gains in the low temperature ranges. The extent of these gains can be seen in
the steep rise of the dotted upper limit line. Castillo and Duranni [12] proposed that this
strength gain results from stiffening of the cement gel due to the evaporation of concrete
moisture. As such, changing concrete properties, such as porosity and moisture content,
can have a notable impact on delaying strength loss at low maximum temperatures.

45



Fire 2022, 5, 34

In the mid-range temperatures, 350-600 °C, strength drops sharply. By 600 °C, relative
strength levels of 45% and 41% can be expected for hot and residual test averages, respec-
tively. In this temperature range, the concrete becomes substantially dehydrated, such that
the full influence of micro-cracking, cement and aggregate decomposition, and thermal
expansion stresses is realized [36].

Above 600 °C, severe degradation can be expected, with as much as 90% strength loss
by 800 °C. This reduction illustrates the substantial influence that maximum temperature
has on the strength of concrete. At these higher temperatures, specimens can often be
broken up into gravel by hand [37]. The rate of strength loss above 600 °C, however,
is slightly less severe than in the mid-range temperatures. This lessening rate may be
attributed to the calcination or crystallization of aggregates [12].

4.2. Influence of Heating Rate

During concrete heating, a thermal gradient develops between a section’s outer layers
and inner core. This gradient induces thermal stresses between the different constituents of
the concrete, which in turn produces micro-cracking and compressive strength loss. It is by
this mechanism that variable rates of heating can influence concrete strength.

For evaluation, experimental work is divided into low and high heating rates. A low
heating rate is defined as a rate less than 3 °C/min, with high heating being that greater
than 3 °C/min. This definition of low and high rates is based off the median heating rate of
the available experimental work. For comparison, the standard fire has an average heating
rate of 33 °C/min (between 0 °C and 800 °C) and the Cardington fire tests give an average
rate of 18 °C/min for a typical compartment fire [38]. Although 3 °C/min is a comparably
much lower rate of heating, the experimental work has focused on this level due to the
relative simplicity of its application. These low heating rate tests are also not without merit,
as they are still valid for potentially smaller natural fire events.

To control for the effects of the other fire characteristics, only tests with a similar
exposure duration have been included. Hot and residual tests have been separated for
comparison. All residual tests feature a similar cooling regime.

Figures 4 and 5 present the relative concrete strength of hot tested specimens for high
and low rates of heating. The average profile for the plotted tests is indicated by the dashed
line. The experimental work is found to be in good agreement, with only a few outliers
from the test average. Figures 6 and 7 similarly present the relative concrete strength of
residually tested specimens. The low heating rate tests show very good agreement, but
greater fluctuation is observed for high heating. This may be due to the wider selection of
heating rates presented on the plot, ranging from 5 °C/min to instantaneous heating.
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Figure 4. Relative strength of hot tested concrete with high heating rates.
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Figure 6. Relative strength of residually tested concrete with high heating rates.
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Figure 7. Relative strength of residually tested concrete with low heating rates.

Figure 8 records the average strengths of the experimental work for direct comparison.
The average profiles have been truncated at 700 °C due to a shortage of available tests
beyond this temperature. The Eurocode prescribed profiles for hot and residual siliceous
concrete are also given as a baseline [34,35].
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Figure 8. Relative strength of concrete due to low or high rates of heating.

Considering the average profiles, no clear trend emerges. In general, high rates appear
to result in slightly greater strength reduction. This is most notable for the residually tested
concrete at lower temperatures around 200 °C. However, at any given temperature, the
effect of heating can produce higher, lower, or identical strengths. In particular, beyond
500 °C, all four heating regimes converge and result in comparable strength levels.

A justification for this minor and fluctuating influence may be due to the conflicting
nature of heating mechanisms. At higher heating rates, large thermal gradients develop,
causing greater strength reduction due to extensive micro-cracking. However, at the same
time, the rapid expulsion of moisture from the concrete strengthens the adhesive action of
the cement gel. These two mechanisms act in contrast resulting in similar concrete strengths
for low and high heating rates. Mohamidbhai [22] proposed that at temperatures above
600 °C, the majority of the moisture is removed, and the micro-cracking occurs regardless
of the heating rate. Therefore, low and high rates can be expected to result in similar
strength losses at high temperatures, which is reflected in Figure 8.

It should be noted that although heating rate does not have a large impact on concrete
strength, it is often cited as having a significant impact on explosive spalling [39]. Explosive
spalling is a phenomenon in which exterior portions of a concrete specimen violently
spall off during heating. This effect significantly reduces the elements cross-section and
potentially exposes internal reinforcement, greatly reducing sectional strength. Castillo and
Durrani [12], Noumowe et al. [26], and Phan and Carino [27] all reported major spalling in
their high-strength concrete (HSC) samples but none in their NSC. Noumowe et al. [39]
observed explosive spalling in HSC specimens at heating rates as low as 1 °C/min. It is
well documented that NSC is often unaffected by spalling compared with HSC. However,
in view of the potential severity of explosive spalling, heating rate is a factor that should be
given due consideration.

4.3. Influence of Exposure Duration

Exposure duration refers to the time for which concrete is subjected to elevated
temperatures. For a natural fire, exposure duration would intuitively be taken from the
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time when the fire starts to when it is fully extinguished. This overall duration, however,
is not often reported in the literature. Instead, exposure duration is typically reported as
the time from when heating ends to the time when hot testing or residual cooling begins.
During this period, the concrete is exposed consistently to the maximum temperature.
Defining exposure duration in this way makes temperature control easier during testing. It
also has the added benefit of allowing its influence on concrete strength to be separated
from that of variable heating and cooling rate.

To evaluate the influence of exposure duration, this section focuses on the work of
Carette et al. [11] and Mohamidbhai [22]. Both studies specifically investigated variable
exposure durations, ranging from hours to months. For comparison, complimentary
experimental work has been selected with similar heating, residual cooling, calcareous
aggregates, and specimen sizes.

Figure 9 presents the relative strength reductions for concrete when exposed to a
maximum temperature of 400 °C for various durations. Figure 10 provides the same for a
600 °C temperature. An exposure duration of “uniform” indicates continuous exposure
was applied until the specimen’s internal temperatures were measured to match the fur-
nace temperature. An exposure duration of “0-hr” indicates the specimen began cooling
immediately after maximum furnace temperature was reached.

1.00

0.90

0.80 ® T-30
070 ® 730 --@ 128
0.60 Ev ® T-26
G5 57 i P ® T2
0.40

Relative Strength
1
®
71
N
1
1
1
1
1
1
1
1
n
&

0.30
0.20
0.10

0.00
0-hr 1-hr 2-hr 3-hr 4-hr Uniform 1 Month 4 Months

Exposure Duration at 400°C

Figure 9. Relative strength of concrete at 400 °C with various exposure durations.
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The results show that the majority of strength loss occurs early in the exposure process.
Test T-20 with an exposure duration of 0 h, exhibited relative strength loss of 29% at 400 °C
and 38% at 600 °C.

As exposure duration increases, strength reduction follows two trends. Up until 3 h,
moderate strength reduction continues to occur. Beyond 3 h, insignificant further strength
reduction is observed. Even at extreme durations of one and four months, strength levels
are comparable to the 3 h and 4 h exposure durations. Those two trends are presented in
Figures 9 and 10 by the dashed lines.

The rationale behind the relationship can be attributed to the internal temperatures
within the concrete. At shorter durations, there is a temperature lag between the out-
side surfaces of the concrete and the inside. During this period, continued cracking and
strength degradation occurs as the internal temperature increases. Once a uniform internal
temperature is reached, the mechanisms of strength loss become minimal.

Based on the reviewed experiments, a uniform internal temperature can be expected
in typical laboratory test specimens after 3 h of constant exposure. For larger concrete
cross-sections, the time it takes to reach a uniform internal temperature varies greatly.

4.4. Influence of Cooling Rate

As previously observed in Figure 8, the residual strength of concrete after cooling is
notably lesser when compared with its hot strength. The cause of this additional strength
loss is due to the development of internal temperature gradients, similar to the heating
process. Because these gradients form in the opposite direction of heating, they generate
new stresses and new cracks that further reduce concrete strength [26].

Considering the effects of a natural environment, variable rates of cooling can be
present, ranging from slow cooling in a smoldering compartment to rapid cooling from
firefighting efforts. To evaluate the effect of cooling, the reviewed experimental testing is
divided into two rates: slow and rapid cooling. In this paper, cooling rate is taken from the
time furnace temperature begins to decline until the furnace reaches ambient temperature.

Slow cooling occurs when a test specimen is either cooled within the test furnace
or taken outside into the ambient environment. Internal specimen temperature by Lee
et al. [19] showed that these two different cooling methods produce very comparable
cooling rates. Savaa et al. [30] and Morita et al. [23] indicated that slow cooling results in a
rate of 0.4 °C/min to 1.0 °C/min. Slow cooling can subsequently be defined as having a
rate less than or equal to 1.0 °C/min.

Rapid cooling is achieved in experimental work by exposing the specimen to water
during the cooling stage. Water quenching or spraying techniques are typically applied by
submerging or spraying the specimen with ambient temperature water for a prolonged
duration. In the specific case of 150 mm cubed specimens, Botte and Caspeele [10] identified
that from an elevated temperature of 600 °C, quenching is equivalent to a cooling rate
of 30—40 °C/min. The results of this experiment demonstrate the magnitude of possible
cooling rates that can occur during natural fire scenarios.

Figures 11 and 12 display the relative concrete strength of specimens exposed to slow
and rapid cooling. Only tests of similar heating rate and exposure duration are presented.
All the rapid cooling studies were conducted immediately after cooling was complete,
avoiding the influence of potential strength recovery. The overall profile of the experiments
for both cooling regimes were found to be in good agreement with one another. Due to the
additional inconvenience of conducting rapid cooling tests, their number in the literature is
very small.
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Figure 13 presents the averaged cooling profiles along with the Eurocode siliceous
baseline and the averaged profile of the hot tested concrete from Figure 7. It can be seen
that an increased cooling rate results in greater strength reduction. Even at a slow rate
of cooling, lower residual strengths can be expected when compared with the hot tested
specimens. On average, 6% greater strength loss is observed between hot to slow and an
additional 10% is observed between slow to rapid.

The strength loss due to cooling is not constant with temperature. Atlow temperatures
circa 100 °C, the residual concrete exhibits only minorly lesser strength levels as compared
with hot tested concrete. However, in the mid-temperature range of 200 °C to 500 °C, the
influence of cooling becomes significant. The maximum difference between hot and rapid
cooling is 29% when at 300 °C. This trend indicates the extreme importance of considering
the influence of cooling rates in moderate fire events. At the higher temperatures above
600 °C, the three profiles display some convergence. Due to a shortage of test data, the
rapid cooling profile is discontinued early. Specific testing by Lee et al. [19] indicates that at
temperatures of 800 °C, slow and rapid cooling continue to converge and reach comparable
strength levels.

The lack of agreement between the rapid cooling and Eurocode profile should also be
noted from Figure 13 [34]. This is the only fire characteristic for which a significant and
unconservative relationship is observed between the code and test results. When assessing
the residual strength of concrete, this potential limitation in the code prescribed values
should be considered.
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Post-Fire Strength Recovery Due to Cooling Rate

Post-fire strength recovery is a process by which fire damaged concrete can signifi-
cantly regain strength when cooled with water. This recovery is attributed to the rehydra-
tion of the cement [40]. Maximizing water exposure and allowing time for recuring are
important factors in facilitating recovery.

The concept of strength recovery has been well investigated in the literature since it
was first observed in 1970 by Crook and Murray [41]. Experimental work and reviews often
focus on the influence of long-term recuring techniques, such as soaking specimens for
weeklong durations [40]. From the perspective of a natural fire event, this duration of water
exposure is unlikely. The following experimental work has been reviewed to demonstrate
the influence of short-term recuring.

Poon et al. [40] performed experimentation involving a continuation of the test data
presented in Table 1 for T-28. After slow air cooling from 600 °C, NSC specimens were
recured by water spraying for 2 hrs and then tested after 7, 28, and 56 days. The results show
that after 7 days, the concrete recovered 14% of its strength, and after 56 days recovered
19%. This represents a significant recovery. The researchers identified that the 2 hr spraying
duration was selected after many trials to be the minimum soaking time for optimized
results.

Abramowicz and Kowalski [6] explored the concept of very short duration water
cooling. Specimens were either slow cooled in ambient air or rapid cooled by quenching
for 10 s, followed by further slow cooling in ambient air. Strength testing was completed
the next day. This very short duration immersion and quick testing time produced no
significant effect on the specimen’s strength compared with the baseline slow cooled
specimens.

Based on these findings, rapid water cooling is not sufficient to induce notable strength
recovery that is reliably useful for design purposes. This is due to two reasons. Firstly,
recuring requires time. When considering the strength of concrete during the natural
fire event and the safety of occupants and first responders, insufficient time will have
been provided for recuring regardless of water exposure. Secondly, it is important to also
consider the geometry of the concrete involved. Far larger amounts of water would be
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required for a building, versus 100 mm specimens. To reliably recreate the findings of Poon
et al. [40], an extended and intentional recuring effort would be required.

5. Conclusions

Based on the reviewed literature, the following conclusions can be made regarding the
influence of each of the four natural fire characteristics on concrete compressive strength:

1. Maximum temperature causes the most significant strength reduction to concrete. At
temperatures below 350 °C, strength losses are relatively minor. Strength increase is
even possible in the low temperature range depending on concrete mix properties.
Beyond 350 °C, strength drops rapidly. By 600 °C, hot and residual tested concrete can
be expected to have lost 55% of their ambient strength. In the high temperature ranges,
maximum temperature dominates the other fire characteristics and is the principal
source of strength reduction.

2.  Heating rates have minimal influence on the strength of concrete. At lower tem-
peratures, higher heating rates were found to result in marginally lower strengths.
However, the findings fluctuated greatly such that no decisive conclusion can be made.
At higher temperatures above 500 °C, both low and high heating rates produced com-
parable strength losses. The impact of explosive spalling is likely the primary concern
when considering the influence of heating rate on the strength of a specific concrete
section.

3. Exposure duration was found to have a major but diminishing impact on concrete
strength. The majority of strength loss happens very rapidly, within the first min-
utes and hours of exposure. After several hours of constant exposure, strength loss
is comparable to that of concrete exposed for month-long durations. This finding
demonstrates the importance of understanding and defining a section’s internal tem-
perature gradient. Once a section’s internal temperature becomes uniform, negligible
further degradation is expected regardless of extended exposure. One item for fu-
ture consideration that was not found in the literature is the influence of very short
duration high-temperature heating.

4. Cooling rate was found to have an important influence on strength. On average,
residual tested concrete exhibited 10% greater strength loss compared with hot tested
concrete. Comparing slow and rapid cooled specimens demonstrated that higher
cooling rates result in even further strength loss. The greatest impact on cooling rate
was in the mid temperature range of 200 °C to 500 °C. Above 500 °C, hot tested, slow
cooled, and rapid cooled profiles begin to converge and reach comparable strength
levels. The possibility of strength recovery due to rapid water cooling was found to
be unlikely using typical water-cooling techniques alone.

The intent of this paper is to provide a general understanding of NSC behaviour
during natural fire exposure. This allows designers to focus on the parameters that have the
largest impact on concrete behaviour and researchers to identify when newly introduced
parameters present unusual responses. To achieve this goal, several assumptions were
made which limit the validity of the conclusions of this paper. The reviewed experimental
work was limited to: unstressed tests, unconfined tests, unsealed tests, ordinary Portland
cement, and NSC. Additionally, other NSC parameters were left uncontrolled and broadly
accepted within this review. These parameters include water-cement ratio, aggregate-
cementitious material ratio, aggregate type, size and content, and geometric dimensions.
Future research is needed to address these limitations.
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Abstract: Scoria aggregate concrete (SAC) as new green material has been gradually used in some
construction projects for its lightweight and high strength, which can reduce the environmental
impact of construction materials. In this paper, the residual mechanical properties and intact com-
pressive stress-strain relationships of polypropylene (PP) fiber-reinforced Scoria aggregate concrete
after high-temperature exposure at 20, 200, 400, 600, and 800 °C were investigated. The failure
modes of PP fiber-reinforced Scoria aggregate concrete specimens and the effect of high temperatures
on the peak stress, secant modulus, and peak strain were obtained. The results showed that the
residual compressive strength of heated concrete is significantly reduced when the temperature
exceeds 400 °C. The residual strength and residual secant modulus of PP fiber-reinforced Scoria
aggregate concrete are significantly higher than those of ordinary concrete. The Scoria aggregate
concrete specimens with PP fibers exhibited fewer surface cracks and fewer edge bursts under high
temperatures. The residual stress-strain equation of the Scoria aggregate concrete was established by
regression analysis, which agreed well with the experimental results.

Keywords: Scoria aggregate concrete; PP fiber; high temperature; stress-strain curve

1. Introduction

With the development of modern building structures with large spans, high rises,
and super high rises, concrete that is lightweight, high-strength, and sustainable is needed
to lower the structural weight and improve the thermal insulation. Lightweight aggre-
gate concrete has a high quality, is widely used [1], and has long-term performance in
buildings [2]. Although it is possible to meet structural strength requirements by using
artificial aggregates to make lightweight aggregate concrete, the consumption of materials
and energy is often substantial. Therefore, it is important to find natural aggregates with
good material properties. Scoria aggregate, which is abundant in Northeast China [3] and
is very clean, is one such material. Scoria aggregate concrete is characterized by its high
strength, heat insulation, light weight, fire resistance, good deformation performance and
low modulus of elasticity [4], and these characteristics can reduce environmental impacts
when this material is used in buildings.

Scoria aggregate concrete has excellent compatibility, strength, and water permeability
characteristics [5] and good chemical resistance, which enables it to maintain a stable state
under acidic conditions with less mass loss [6]. Blocks made from Scoria aggregate concrete
are 30—40% lighter in weight than normal concrete with the same strength [7]. As a result,
it has wide application prospects [8]. In recent years, the use of this material has increased
owing to the increasing demand for environmentally friendly materials and green buildings,
and research on it has further developed. Willy H. Juimo Tchamdjou et al. [9] prepared
two sets of natural light-aggregate concrete specimens and investigated the performance of
Cameroonian Scoria aggregate concrete compared to ordinary lightweight concrete. The
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tests showed that the compressive strength of this concrete increased by 27.42-35.36%,
proving that Cameroonian Scoria aggregate concrete can be used as structural concrete.
Ahmed A. Abouhussien et al. [10] conducted an experimental study on lightweight slag
aggregate concrete and showed that concrete beams mixed with lightweight slag aggregates
exhibited higher shear strength compared to normal concrete beams. Kozo Onoue et al. [11]
investigated the shock absorption capacity of volcanic pumice lightweight concrete through
experiments. The results showed that lightweight concrete had a better damping capacity
than the control concrete, which used limestone powder as the coarse aggregate, and was
on average 28 and 41% more efficient than the two control concretes in decreasing the
maximum impact loads at impact velocities of 1.5 and 4.5 m/s, respectively. . Alexandre
Bogas [12] studied the application of nonstructural lightweight concrete produced using
Scoria aggregate in building floor slabs and investigated its mechanical properties. Scoria
aggregate concrete containing slag exhibited a similar mechanical strength and better high-
temperature properties compared to normal concrete. Aref M. al-Swaidani [13] analyzed
the effect of parameters such as the cement content, the Scoria aggregate content, and the
water content on other properties by building a neural network model.

Accidental fires are a major cause of durability problems in concrete structures. Ag-
gregate replacement and fiber addition are feasible methods to improve the fire resistance
of concrete structures. Generally, concrete structures perform well in fires, but concrete
without significant damage may also show a decrease in strength because of an increase in
temperature [14]. Therefore, it is important to investigate the reduction in the mechanical
properties of concrete after the fire to evaluate and repair fire-damaged concrete elements.
At present, the main studies include the basic mechanical properties of lightweight ag-
gregate concrete after exposure to high temperatures and the full stress-strain curve of
light-aggregate concrete [15]. Chang, Y. F. et al. [16] conducted an experimental study on
the complete stress-strain relationship of concrete after high temperature. The temperature
effect on the mechanical properties of the material and the full curve model of stress-strain
were obtained by regression analysis. Krzysztof Drozdzol [17] studied the feasibility of
using perlite concrete blocks for chimneys. The tests proved that although the thermal
loading reduced the compressive strength of the chimney blocks, they still showed an
adequate average strength of 4.03 MPa. Shoroog Alraddad [18] analyzed volcanic rocks by
temperature difference analysis and thermogravimetric analysis and found that volcanic
rocks have good thermal stability and are a highly available and low-cost natural material.
Khandaker M. Anwar Hossain [19] studied high-strength Scoria aggregate concrete at
800 °C for strength and durability, and compared with a high-strength concrete control, this
material showed a better performance in terms of the residual strength, resistance to chlo-
ride ion attack, and resistance to high-temperature deterioration. Waqas Latif Baloch [20]
studied the effect of incorporation of multi-walled carbon nanotubes on concrete. The
results showed that the incorporation of multi-walled carbon nanotubes could improve the
strength of concrete both prior to and after exposure to fire. C. Maraveas [21,22] conducted
a sensitivity study on the performance of 19th century fireproof flooring systems at high
temperatures, and the applicability of the Eurocode expressions to 19th century fireproof
flooring systems is satisfactory. Incorporating appropriate amounts of polypropylene
(PP) fibers into concrete not only improves the material properties but also enhances its
fire resistance and prevents high-temperature bursting [23]. Nicolas Ali Libre et al. [24]
tested experimentally the effectiveness of nine mixtures of steel and polypropylene fibers
with different volume fractions to improve the ductility of lightweight pumice aggregate
concrete. Studies have shown that steel fibers show a very significant improvement in
flexural properties, while the improvement in compressive strength is smaller. PP fiber
incorporation has little effect on the mechanical properties of concrete. Xi Liu et al. [25]
conducted 30 group experiments to investigate whether the incorporation of fibers could
positively affect the mechanical properties and axial stress-strain behavior of lightweight
confined carbon fiber aggregate concrete. The peak stresses and corresponding strains
were modeled and were in good agreement with the experimental results. According to
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the test results, the optimum dosing of both steel fiber and carbon fiber is 0.6%. Vahid
Afroughsabet [26] investigated the effect of incorporation of steel and polypropylene fiber
mixture with 1% volume dose on the mechanical properties and some durability of high-
strength concrete. The results showed that the incorporation of 1% volume dose of steel
and polypropylene fiber mixture significantly improved the mechanical properties of high-
strength concrete. Li Jing Jun et al. [27] analyzed the influence of high-performance PP
fibers on the mechanical properties of light-aggregate concrete. It was found that the incor-
poration of high-performance PP fibers significantly improved their mechanical properties,
with an increase in the bending strength, splitting tensile strength, bending toughness,
and impact resistance but no significant influence on the compressive strength. To achieve
more accurate experimental values in prismatic uniaxial compressive experiments, Liu [28]
used the digital image correlation (DIC) method to measure the displacement and strain
values of the specimens to obtain their strain clouds, which can reveal phenomena such
as regions of crack occurrence and stress concentration. Scoria aggregate concrete has
been widely studied because of its many advantages, but the mechanical properties of
PP fiber-reinforced Scoria aggregate concrete after exposure to high temperatures and its
stress-strain relationship have not been reported.

The purpose of this paper is to obtain the mechanical property and residual stress-
strain relationship of Scoria aggregate concrete after high temperature. The data obtained
are very important for the design and analysis of building structures, but there are few
studies on the stress-strain constitutive relationship of Scoria aggregate concrete after
fire exposure. Therefore, we conducted some mechanical tests to obtain the compressive
strength and splitting tensile strength of Scoria aggregate concrete after high temperature
and measured the residual compressive stress-strain relationship after high-temperature
exposure by an advanced DIC system to obtain the changes in peak strain, secant modulus,
ultimate strain, and deformation capacity of Scoria aggregate concrete at different tem-
perature exposure levels. In addition, the regression analysis of the experimental results
led to the establishment of the constitutive relation equation of Scoria aggregate concrete
after high temperature, which provides a reference for the fire design of PP fiber-reinforced
Scoria aggregate concrete structures and the evaluation and repair after fire.

2. Experimental Program
2.1. Materials and Mix Proportion

The high-strength Scoria aggregate concrete used in this study was designed according
to the JGJ51-2002 Technical Specification for Lightweight Aggregate Concrete to produce
a design strength grade of C30 and an average density of 1900 kg/m3. The mixture
proportions are shown in Table 1. Scoria aggregate concrete is made of volcanic slag
aggregate, normal Portland cement, styrene—acrylic emulsion, grade II fly ash, PP fibers,
and water. The raw material is shown in Figure 1. The porous Scoria aggregate with a
bulk density of 815 kg/m? was produced in Gushanzi, Huinan County, and artificially
pulverized into a continuous gradation of 5~40 mm. The stone for normal concrete is
ordinary gravel with a grading size of 5-25 mm, and the sand is ordinary river sand with
a fineness modulus of 2.8. P O 42.5 ordinary silicate concrete was used in the mix, initial
setting time: 85 min, final setting time: 260 min, compressive strength: 43 MPa (28 days).
The bundled monofilament PP fibers had a length of 9 mm, 400 MPa tensile strength,
160 °C melting point, and a PP fiber content of 0.22% by volume. Tap water was used for
mixing.

Table 1. Mix proportion (kg/ m?).

Type W/B SA Gravel Sand Cement  Fly Ash SAE WRA PP Fiber Water
NC 0.5 - 1192 596 370 54 54 0.47 - 185
SAC 0.46 1110 - - 496 54 54 0.47 2 230

W/B = Water/Binder ratio; SA = Scoria aggregate; SAE = Styrene-acrylic emulsion; WRA = Water-reducing admixture.
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(a)  (b)

Figure 1. Materials: (a) Scoria aggregate, (b) PP fiber.

In this paper, three tests were conducted: cube compressive strength, splitting tensile
strength, and the axial compressive strength of prismatic with dimensions of 100 mm x
100 mm x 300 mm. A test procedure similar to [29-33] was used. The test specimens for
three groups of tests need to be heated to 20, 200, 400, 600, and 800 °C. Therefore, a total of
45 specimens of Scoria aggregate concrete and 45 specimens of normal concrete were made
for comparison. The prepared test block was placed at room temperature for 24 h and then
demolded and cured at 20 °C with 95 £ 5% relative humidity for 28 days.

2.2. Test Procedure

All the following tests were performed in the Structures Laboratory of Jilin Jianzhu
University, China. The heating equipment was a resistance furnace with a heating rate of
5 °C/min and the temperature in the furnace up to 1000 °C. This replicated the standard
fire tests [34,35]. After the specimens were heated to 200, 400, 600, and 800 °C, the furnace
temperature was maintained for 3 h to ensure that the internal temperature of the specimens
also reached the target value.

The compressive strength of the cube specimens was tested by a YAR-2000 hydraulic
testing machine with a loading rate of 0.5 MPa/s. The axial compressive strength was
obtained. Axial compressive tests were performed on the prismatic blocks using a Type
YAW-5000 electrohydraulic servo universal testing machine. The testing machine applied
load through displacement control and set the loading rate to 0.1 mm/min. The stress
was controlled by the test machine, and the strain was measured by DIC. The stress-strain
curve was then plotted. The test machine is shown in Figure 2.

(b)

Figure 2. Testing machine: (a) Resistance furnace, (b) Hydraulic pressure testing machine, (c) DIC.

DIC is a noncontact deformation test method in which marking spots are randomly
scattered on a specimen surface, and the changes in the relative positions of these scatter
spots during the loading process are compared. The displacement field on the specimen
surface was calculated to obtain the strain distribution field for further analysis. A high-
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speed camera with a resolution of 1280 x 800 was used for image acquisition. The power
of the dimmable LED lamp was 1000 W. The camera was placed symmetrically with the
fill light, and the specimen surface with all the scatter spots was placed in the center of
the visible range of the camera. The camera was used to photograph the prismatic axial
pressure test at a frequency of one photograph per second. The photographs were acquired
and analyzed using DIC software to obtain the vertical displacement and transverse strain
clouds of the specimen.

3. Test Results and Discussion
3.1. Failure Mode
3.1.1. Color Changes

Figure 3 shows the changes in the color and the surface cracks of NC and SAC
after exposure to different high temperatures. The specimens changed to yellowish gray,
brownish-gray, brown, and whitish gray after being subjected to high temperatures of 200,
400, 600 and 800 °C, respectively. Temperatures of 800 and 600 °C produced significantly
different color changes in the specimens. The Scoria aggregate concrete specimens with
PP fibers exhibited fewer surface cracks and less edge bursting after exposure to 800 °C.
This result may have occurred because the PP fibers melted at 160 °C, forming channels
through which vapor could diffuse outward and thereby reduce the vapor pressure inside
the concrete. These channels were effective in preventing bursting phenomena when
the temperature did not exceed 800 °C. PP fibers have a melting point of approximately
160 °C and were therefore visible inside the specimens at room temperature. When the fire
temperature reached 400 °C, the PP fibers inside the specimens disappeared.

(a) (b)

Figure 3. The changes in the color and surface cracks of specimens after high temperatures: (a) SAC, (b) NC.

3.1.2. Cracking Behavior

Figure 4 shows the maximum crack width on the test block surface after high-
temperature treatment, as measured by a fracture-width tester. The maximum crack
of Scoria aggregate concrete at 800 °C is 0.301 mm, which is 4.43 times higher than that at
200 °C. The maximum crack of normal concrete at 800 °C is 0.562 mm, which is 5.11 times
higher than that at 200 °C. The maximum crack width for normal concrete was up to 1.87
times greater than that of the Scoria aggregate concrete.

Figure 5 shows similar patterns of diagonal shear cracking and splitting cracking for
the uniaxial compressive damage to the Scoria aggregate concrete specimens treated at
different temperatures. The specimens were in the elastic stage at the beginning of loading.
The load and displacement increased linearly, and there were no noticeable features on
the specimen surfaces. As the load increased, internal microcracks gradually formed, and
the specimen stiffness began to decrease. The load increased to a peak, beyond which
cracks parallel to the force direction appeared on the surface of the specimens. When
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the load was reduced to 60-70% of the peak load, the axial deformation of the concrete
block continued to increase and eventually resulted in the destruction of the specimens.
The Scoria aggregate concrete specimens showed more noticeable brittle damage than
the conventional concrete specimens, with fewer cracks on the specimen surface and less
transverse deformation.

0.137 mm 0.233 mm 0.301 mm

0.164 mm 0.438 mm 0.562 mm
(b)

Figure 4. Maximum crack on the surface of specimens after high temperature: (a) SAC, (b) NC.

\/. y

Figure 5. Destruction mode of SAC at different temperatures.

3.2. Residual Strength

By testing the compressive strength and splitting tensile strength of concrete specimens
treated at different temperatures, it was concluded that the strength of Scoria aggregate
concrete decreases with increasing temperature. The effects of temperature on the com-
pressive strength and the strength reduction coefficients of Scoria aggregate concrete are
shown in Table 2.
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Table 2. Compression strength of specimens after high temperature.

T €0 Compression Strength (Mpa) Strength Reduction
SAC NC SAC NC
20 41.66 39.95 1 1
200 37.33 34.25 0.89 0.86
400 34.83 32.67 0.84 0.82
600 20.74 17.66 0.5 0.44
800 11.1 8.09 0.27 0.2

The reduction in compressive strength of Scoria aggregate concrete specimens below
400 °C was relatively low, and the compressive strength reduced to 89 and 84% of that
at room temperature. However, the reduction in compressive strength of specimens
above 400 °C was relatively large and the compressive strength reduced to 50 and 27%
of that at room temperature. This result was obtained because the hydration products in
the specimens gradually decomposed after 450 °C, and the thermal mismatch between
cement paste and aggregates, resulting in a rapid increase in the number of cracks inside
the concrete and a significant decrease in the strength of the specimens. As shown in
Figure 6, the compressive strength reduction coefficient of the Scoria aggregate concrete at
all temperatures was greater than that of normal concrete, which indicated that the effect
of high temperature on the compressive strength of the Scoria aggregate concrete was
smaller. The data in Table 2 were fitted to obtain Equations (1) and (2) for the residual axial
compressive strengths of SAC and NC after high-temperature treatment.

fest/ fos = 09872+0005142( 15 ) —0.0169 (%)2

3 @
+0.0006114( gf )20 °C < T < 800 °C
2
/fa = 098650006324 ( {5 ) —0.01573( 1
fcn,T fcn (100) (100) (2)

3
+0.0005038 1f ) 20 °C < T < 800 °C

where f; T and fs are the axial compressive strength of SAC at high temperature and at
room temperature, respectively (MPa); fo, T and fcn are the axial compressive strength
of NC at high temperature and at room temperature, respectively (MPa); and T is the
temperature, °C. The R? value in Equation (1) is 0.957. The R? value in Equation (2) is 0.946.

The splitting tensile strengths of the Scoria aggregate concrete after high temperature
and its strength reduction coefficients are shown in Table 3. The splitting tensile strength of
the Scoria aggregate concrete specimens decreased with increasing temperature to 84, 73,
37, and 22% of the splitting tensile strength at room temperature. Similarly, Figure 7 shows
that the splitting tensile strength reduction coefficient of the Scoria aggregate concrete
was greater than that of normal concrete at all temperatures. Equations (3) and (4) for the
residual axial splitting tensile strength of the specimen were similarly obtained by curve
fitting.

fit/ fis = 09902 — 0009663 1fy ) — 0.02479( 1Fy )2

_ R (©)
+0.001725(1f )20 °C < T < 800 °C
2
/ = 1.009 — 0.1383( 145 ) + 0.01342( 55
fnt/ fon ) (1) w

~0.001301(7f ) 20°C < T < 800°C

where fi T and fis are the splitting tensile strength of SAC at high temperature and at room
temperature, respectively (MPa); fi, T and fi, are the splitting tensile strength of NC at high
temperature and at room temperature, respectively (MPa), and the R? value in Equation (3)
is 0.961. The R? value in Equation (4) is 0.931.
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Figure 6. (a) Reduction of compressive strength. (b) Relative reduction of compressive strength.

Table 3. Splitting tensile strength of specimens after high temperature.

T O Splitting Tensile Strength (Mpa) Strength Reduction
SAC NC SAC NC
20 2.69 2.02 1 1
200 2.26 1.44 0.84 0.71
400 1.96 1.37 0.73 0.68
600 1 0.65 0.37 0.32
800 0.6 0.22 0.22 0.11
3.0
—— SAC 101
2.54 —s— NC
0.8 -
2.0+
3= 0.6
w154 =
W
0.4 -
L0+
0.5 0.2 A
0.0 T T T T 0.0 T T T T
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
@) (b)

Figure 7. Splitting tensile strength. (a) Reduction of splitting tensile strength. (b) Relative reduction
of splitting tensile strength.

3.3. Stress-Strain Relationship of Scoria Aggregate Concrete
3.3.1. Strain Distribution Analysis of DIC

Figure 8 shows the strain distribution from the DIC image of the peak strain and 80%
peak strain of the Scoria aggregate concrete at different temperatures. It can be seen that
the strain values gradually increased as the temperature increased. As shown in Figure 8b,
for the specimen with the lower temperature, when the peak strain was reached, only
the transverse strain concentration zone appeared at the bottom of the specimen, and no
cracks appeared in the middle of the specimen. For the specimens subjected to higher
temperatures, when the peak strain was reached, transverse strain concentration zones
appeared at the top and bottom of the specimens, and these strain concentration zones were
connected to form cracks, leading to damage of the specimen. The cracks were consistent
with the failure mode of the test block in Figure 5, mainly diagonal shear cracking and
splitting cracking, as shown in Figure 8h.
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(8) (h)

Figure 8. Strain nephogram of SAC: (a) 200 °C 80% peak strain; (b) 200 °C peak strain; (c) 400 °C
80% peak strain; (d) 400 °C peak strain; (e) 600 °C 80% peak strain; (f) 600 °C peak strain; (g) 800 °C
80% peak strain; (h) 800 °C peak strain.

65



Fire 2021, 4,91

T

D

&y

3.3.2. Peak Strain

As shown in Table 4, the peak strains of both normal concrete and Scoria aggregate
concrete increased with increasing temperature. However, the change in the peak strain of
the Scoria aggregate concrete after high-temperature treatment was smaller than that of
normal concrete. The difference between the two peak strains increased significantly above
400 °C. The peak strains of normal concrete after exposure to high temperatures were 5.42
and 5.97 times greater than those at room temperature, while the peak strains of the Scoria
aggregate concrete after high temperatures were 1.9 and 3.11 times greater than those at
room temperature. The excellent fire resistance of the Scoria aggregate concrete specimens
resulted in fewer cracks and a smaller peak strain compared to the conventional concrete.
The effect of temperature on peak strain is shown in Figure 9. Equations (5) and (6) for the
relative peak strain of the specimen were similarly obtained by curve fitting.

T T 2
€cpsT/Ecps = 0.9874 — 0.08143(m) 4 0.03687(m>

3 ©)
+0.0007655( 1fy )20 °C < T < 800 °C
2
Epnt/Epn = 1.4—1.599(%0) + 0.6556(%) ©

T 3
—~0.04786 (1§ ) 20°C < T < 800°C

where eps T and éqps are the peak strain of SAC at high temperature and at room tempera-
ture, respectively (MPa); €cpn,1 and €cpn are the peak strain of NC at high temperature and
at room temperature, respectively (MPa); and the R? value in Equation (5) is 0.9763. The R?
value in Equation (6) is 0.954.

Table 4. Peak strain of specimens after high temperature.

Peak Strain Relative Peak Strain
T (°C
CO SAC NC SAC Equation (3)
20 0.00187 0.001887 1 0.9786
200 0.001646 0.001551 0.88 0.9781
400 0.002683 0.003564 1.44 1.301
600 0.003549 0.010222 1.9 1.991
800 0.005809 0.011266 3.11 3.088
0.012 7
] —— SAC
0.010 - R E q ( 5)
59— mr—
0.008 - Eq (6>
a
o 4
0.006 - \F
53+
W
0.004
2 _
0.002 - 14
0.000 ‘ . . . 0 : : : :
0 200 400 600 800 0 200 400 600 800

Temperature (°C) Temperature (°C)

(a) (b)

Figure 9. Peak strain of specimens after high temperature: (a) Peak strain, (b) Relative peak strain.
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3.3.3. Secant Modulus

In this paper, the secant modulus corresponding to the rising section of the stress-strain
curve of concrete after high temperature from the origin to the 40% peak stress point was
taken as the elasticity modulus. Table 5 shows that the secant modulus of the specimens
decreased with different degrees of temperature increase, but the secant modulus of Scoria
aggregate concrete specimens at different temperatures was greater than that of ordinary
concrete. The secant modulus for the Scoria aggregate concrete specimens treated at 200,
400, 600, and 800 °C was approximately 70, 30, 13.6, and 3.5% of the secant modulus of the
unheated concrete, respectively. The decreasing trend is shown in Figure 10. Equations (7)
and (8) for the relative secant modulus of the specimen were obtained by curve fitting.

Ses/Ses = 1045~ 0.1864 (58 ) — 0.002428 (%)2

3 @)
+0.001255(1f; )20 °C < T < 800°C
2
SenT/Sen = 1.04 ~0.14991F; ) — 002559 1fy ) ©

3
+0.003537 (1} ) 20°C < T < 800 °C

where S, and Ses are the secant modulus of SAC at high temperature and at room
temperature, respectively (MPa); Sc, T and Scn are the secant modulus of NC at high
temperature and at room temperature, respectively (MPa), and the R? value in Equation (7)
is 0.9908. The R? value in Equation (8) is 0.989.

Table 5. Secant modulus of specimens after high temperature.

Residual Secant Modulus Relative Residual Secant Modulus
T (°C
Co SAC NC SAC Equation (4)
20 57,851 33,898 1 1.0076
200 40,441 23,691 0.7 0.6725
400 17,456 7100 0.302 0.341
600 7861 499 0.136 0.11
800 2039 229 0.035 0.0212
6 -
] Sl (6
5 - —— NC
Py
g
44
=
b=
— 3
X
21
4,
0 -
T . : . ‘ 0.0 T T T “
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Figure 10. Secant modulus of specimens after high temperature: (a) Residual secant modulus. (b) Relative residual secant

modulus.
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3.3.4. Ultimate Strain

The descending section of the stress-strain curve was used to determine the ultimate
strain of concrete, corresponding to the strain at the 0.5 f, stress value. The ultimate strain
of the specimens after high-temperature treatment is shown in Table 6. The ultimate strain
of the concrete increased with temperature, and the amplitude of the variation increased for
temperatures above 400 °C. The ultimate strains of the Scoria aggregate concrete specimens
subjected to temperatures above 400 °C were 4.24 and 7.4 times greater than those at room
temperature, where the relationship between the temperature and the ultimate strain are
shown in Figure 11. Although the ultimate strain reduction coefficient of Scoria aggregate
concrete was greater than that of normal concrete, the ultimate strain of Scoria aggregate
concrete was still smaller than that of normal concrete even when the temperature reached
800 °C because the ultimate strain of Scoria aggregate concrete was very small at room
temperature. Equations (9) and (10) for the relative ultimate strain of the specimen were
obtained by curve fitting.

2
ecusT/Ecus = 1.105 — 0.5083 (%) 40.1971 (%)

3 9
—0.004385( 1} ) 20°C < T < 800°C
2
et /Ecun = 11-06517( 1k ) +0.2525 (k) .

~0.01653(1f ) 20°C < T < 800°C

where e,y 7 and eqys are the ultimate strain of SAC at high temperature and at room
temperature, respectively (MPa); ecun T and ecun are the ultimate strain of NC at high
temperature and at room temperature, respectively (MPa); and the R? value in Equation (9)
is 0.9996. The R? value in Equation (10) is 0.993.

Table 6. Ultimate strain of specimens after high temperature.

Ultimate Strain Relative Ultimate Strain
T (°O)
SAC NC SAC Equation (5)
20 0.00209 0.005243 1 1.0112
200 0.00184 0.003438 0.88 0.842
400 0.003959 0.008294 1.89 1.945
600 0.008862 0.013817 4.24 4.204
800 0.015472 0.018866 7.4 7.41
00204
—=— SAC
00161 —=— NC
_ 0012
&
0.008 -
0.004 -
0.000 e ‘ . R 0
0 200 400 600 800 0 260 4(']0 6“]0 8(')0
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Figure 11. Ultimate strain of specimens after high temperature: (a) Ultimate strain. (b) Relative ultimate strain.
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3.3.5. Deformation Capacity

Different indicators are used in the literature to quantitatively evaluate the deforma-
tion capacity of concrete. The ratio of strain at 50% of the peak stress to the peak strain
of concrete (ecu/€cp) was used to evaluate the deformation capacity of the concrete spec-
imens under the action of axial pressure in this study. The larger the ratio is, the higher
the deformation capacity of the specimen is. Figure 12 shows how &y /é¢p varies with
temperature. Compared to that of the Scoria aggregate concrete, the deformation capacity
of the conventional concrete was higher below 400 °C and lower (by approximately half)
above 600 °C. Thus, the Scoria aggregate concrete performed better and had a more stable
structure than the conventional concrete under high-temperature conditions.

4.0

354 |—— SAC
301 —— NC

0 200 400 600 800
Temperature (°C)

Figure 12. Effect of temperature on ecy/écp-

4. Development of Constitutive Equations for Scoria Aggregate Concrete
4.1. Stress-Strain Curve

Figure 13 summarizes the axial stress—axial strain curves and axial stress—transverse
strain curves of the Scoria aggregate and conventional concrete specimens at different
temperatures. Compared to the normal concrete curves, the Scoria aggregate concrete
curve has a longer linear ascending section, a steeper descending section (particularly at
lower temperatures), and more pronounced brittle damage, which was consistent with the
findings of Bing Han [36].
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Figure 13. stress-strain curve of specimens after high temperature: (a) SAC, (b) NC.
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Where ¢, is the transverse strain of the specimens and ¢y is the vertical strain of the
concrete. The detailed axial stress-strain curves for Scoria aggregate concrete at different
fire temperatures are shown in Figure 13b. As the temperature increases, the curve area
gradually decreases, and the peak strain moves to the right and increases, whereas the
secant modulus decreases sharply. The descending section of the curve is very steep at
room temperature, and the curve becomes increasingly flat as the temperature increases.
This finding showed that when subjected to high temperatures, Scoria aggregate concrete
exhibited better mechanical properties than conventional concrete.

4.2. Constitutive Equations

Similar normalized stress-strain curves were obtained for the Scoria aggregate concrete
and the conventional concrete, and these curves were divided into four stages, as shown in
Figure 14.

B:Peak point
1.0 .
Crack growth and propagation stage
W
0. 8+
C:Inflection point
i
(‘_; 0. 6 7 e Damage accumulation stage
=y Elastic-plastic stage
o D:Maximum curvature point
0.4 A:Point of transition
0. 2 & \K_
Elastic stage
0. O ) T T T T T
0 1 2 3 4 5 6

z/ac’r

Figure 14. Typical uniaxial compression stress-strain curve of concrete.

Where ¢ is the peak strain, and f. is the peak stress. In this study, Equation (11)
was adopted from the constitutive relation presented in the Code for Design of Concrete
Structures (GB50010-2010). The curve consists of ascending and descending sections, the
shapes of which are controlled by the independent parameters n and «, respectively. As
shown in Equation (12), the parameter # is identified by peak strain, the secant modulus,
and peak stress of concrete, and reflects the stress-strain curve characteristics of the rising
section of concrete. The parameter a determines the stress-strain curve characteristics
of the falling section of concrete. The larger the value of «, the steeper the descending
section of the stress-strain curve. The change in the magnitude of a value can reflect the
changing characteristics of the concrete stress-strain curve. The concrete plastic deformation
properties deteriorate as « increases.

y=nx/n—14+x" x<1 1)
y=x/a(x—1P%+x x>1
where x =¢/ec,, ¥y =0/ for.
n= chc,r/chc,r _fc,r- (12)

The experimental data were regressed to obtain n and « for the Scoria aggregate
concrete at different fire temperatures. The results are shown in Table 7. Figure 15 is a
comparison of Equations (11) and (12) with the experimental curves that were used to
validate the proposed constitutive model. In the ascending phase, the normalized stress-
strain curves at different temperatures have nearly the same shape with only slight changes
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in n. The descending phase is very steep at lower temperatures, where the Scoria aggregate
concrete was brittle and had poor ductility. The « value was large at lower temperatures
and gradually decreased as the temperature increased. The R? value reached approximately
0.8. Thus, the constitutive model effectively reproduced the complete test stress-strain

curve.

Table 7. Equation parameters of stress-strain curves of SAC after elevated temperatures.

T (°O) n R? « R?
20 1.898 0.805 49.31 0.81
200 217 0.886 72.44 0.84
400 1.827 0.78 9.993 0.79
600 2.201 0.79 1.079 0.98
800 1.991 0.976 0.676 0.91
12 12
Test data Test data
107 —— Model data L0 —— Model data
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Figure 15. Comparison between calculated and tested curves of HPLWC after different temperatures:
(a) Ambient temperature, (b) 200 °C, (c) 400 °C, (d) 600 °C, (e) 800 °C.
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5. Conclusions

After sorting and comparing the data obtained, the following conclusions related to
the residual mechanical properties of Scoria aggregate concrete after fire exposure can be
made.

(1) The specimens turned yellowish gray, brownish-gray, brown, and whitish gray after
being subjected to temperatures of 200, 400, 600, and 800 °C, respectively. The incorporation
of the PP fibers effectively prevented bursting phenomena when the temperature did not
exceed 800 °C.

(2) The effect of temperature on the maximum crack width was significant, with the
maximum crack width of SAC at 800 °C being 4.43 times that at 200 °C. The maximum
crack width of the normal concrete was much larger than that of the PP fiber-reinforced
Scoria aggregate concrete, reaching a value that was 1.87 times greater than that of Scoria
aggregate concrete at 800 °C.

(3) The temperature significantly affected the damage mode of the PP fiber-reinforced
Scoria aggregate concrete. Strength reductions began to increase above 400 °C (an important
demarcation point). After 200 °C, the PP fiber-reinforced Scoria aggregate concrete retained
approximately 89% of its unheated compressive strength, which was further reduced to 50
and 27% after exposure to temperatures of 600 and 800 °C, respectively.

(4) The compressive strength reduction coefficient of Scoria aggregate concrete at
800 °C was 0.27, while the compressive strength reduction coefficient of the normal concrete
after 800 °C was 0.2. The degradation of the secant modulus caused by high temperatures
was more serious than the degradation of the residual strength, and the secant modulus
reduction coefficient of Scoria aggregate concrete at 800 °C was 0.035, while the secant
modulus reduction coefficient of the normal concrete after 800 °C was 0.021.

(5) The deformation capacity of the PP fiber-reinforced Scoria aggregate concrete at
600 and 800 °C was generally better than that of the normal concrete, and at 200 and 400 °C,
the deformation capacity of the PP fiber-reinforced Scoria aggregate concrete was lower
than that of the normal concrete. However, PP fiber-reinforced Scoria aggregate concrete
has better mechanical properties compared to normal concrete at high temperatures.

(6) Mathematical expressions for the full stress-strain curve of Scoria aggregate con-
crete were established based on n and a, and these expressions can be used to numerically
simulate the intrinsic structural relationship of Scoria aggregate concrete, as in the present
study.
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Abstract: The repeated impact performance of engineered cementitious composites (ECCs) is not well
explored yet, especially after exposure to severe conditions, such as accidental fires. An experimental
study was conducted to evaluate the degradation of strength and repeated impact capacity of ECCs
reinforced with Polypropylene fibers after high temperature exposure. Compressive strength and
flexural strength were tested using cube and beam specimens, while disk specimens were used to
conduct repeated impact tests according to the ACI 544-2R procedure. Reference specimens were
tested at room temperature, while three other groups were tested after heating to 200 °C, 400 °C and
600 °C and naturally cooled to room temperature. The test results indicated that the reference ECC
specimens exhibited a much higher failure impact resistance compared to normal concrete specimens,
which was associated with a ductile failure showing a central surface fracture zone and fine surface
multi-cracking under repeated impacts. This behavior was also recorded for specimens subjected
to 200 °C, while the exposure to 400 °C and 600 °C significantly deteriorated the impact resistance
and ductility of ECCs. The recorded failure impact numbers decreased from 259 before heating to
257, 24 and 10 after exposure to 200 °C, 400 °C and 600 °C, respectively. However, after exposure to
all temperature levels, the failure impact records of ECCs kept at least four times higher than their
corresponding normal concrete ones.

Keywords: repeated impact; ACI 544-2R; high temperatures; fire; ECC; impact ductility

1. Introduction

Regardless of the function and type of occupation of any structural facility, it is still
probable to be subjected to unfavorable extreme or accidental loads. Most of the modern
reinforced concrete structures are designed to withstand the usual design gravity loads
in addition to lateral loads, such as wind and seismic loads. However, considering the
accidental loading cases in design is not a typical procedure required by building design
codes because this action would distend the construction cost. Among the most probable
types of accidental loads are fires and impact loads. The rapid increase of temperature
due to the combustion of furniture, nonstructural materials and electrical wiring can
noticeably degrade the structural capacity of slabs, beams and columns. On the other hand,
sudden impact loads can cause serious concentrated damage that may affect the integrity
of the structure.

Although there are great advantages in fire resisting systems and materials in the
construction industry, fires keep occurring every day. Large numbers of fire accidents are
reported every year [1], where approximately half a million accidental fires were reported
between 2013 and 2014 in the USA, while more than 150,000 fire accidents were reported
in the UK during the same period. From these fires, 40% were recognized as structural
fires [1,2]. Between 1993 and 2016, approximately 90 million fire accidents were recorded
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in 39 countries with more than a million death incidences [2]. The crucial question after
each structural fire is whether the concrete structure can continue to be occupied as usual,
should be rehabilitated before reoccupied or must be demolished [3]. Such a decision needs
an accurate estimation of the residual properties of concrete, especially the mechanical
strength to withstand the design loads. The physical and chemical actions that take place
within the microstructure of concrete depend mainly on the temperature level reached
and the fire exposure duration. Yet, the composition of the mixture, its porosity and
the thermal properties of aggregate are also leading factors that determine the thermal
resistance of concrete structures [3-6]. With the increase of temperature, several chemical
and physical changes take place and affect the concrete strength owing to its heterogeneous
state [7]. The first physical action of fire occurs at approximately 80 °C to 120 °C, where
the contained free water in the concrete evaporates [7-9]. This action has a minor effect on
concrete degradation, while the following action that usually occurs at temperatures higher
than 300 °C and lower than 450 °C represents the starting point of the serious material
degradation. This action is the dehydration of the C-5-H gel from the hydrated cement
matrix [9-12]. The following actions depend not only on cement but also on the aggregate
type [13-16]. The differences in thermal actions between the cement matrix and aggregate,
due to the different thermal properties, result in breaking the bond at higher temperatures,
which further weakens the concrete structure and deteriorates its residual strength [7,9].
Previous researchers showed that the tensile strength of concrete deteriorates at a faster rate
compared to compressive strength [17,18]. Similarly, mechanical properties such as flexural
strength, shear strength and modulus of elasticity showed significant deteriorations after
exposure to 500 °C [19-23].

On the other hand, some parts of some structures are frequently subjected to the
impact of falling objects or the lateral collision of moving vehicles, which are types of
repeated accidental impact loads [24]. Other examples of repeated impacts are the offshore
structures, where the waves of ocean water repeatedly subject these structures to hydraulic
impacts. In hydraulic structures, such as stilling basins, the water acts as an impacting force
on the downstream runway. Other examples of repeated impacts can be the forces subjected
by airplane wheels on the airport runways [25-27]. The impact strength of concrete can be
investigated using several techniques. However, the repeated impact test introduced by
ACI 544-2R “Measurement of Properties of Fiber Reinforced Concrete” [28] is the simplest
impact test and the only one that simulates the repeated impact case.

In recent years, several significant studies were conducted to evaluate the repeated
impact strength of different concrete types using this testing technique. Mastali et al. [29]
investigated the effect of the length and dosage of recycled carbon fiber reinforced poly-
mer on the repeated impact performance of Self-Compacting Concrete (SCC). Ismail and
Hassan [30] conducted experimental tests using the ACI 544-2R procedure to evaluate the
impact resistance of SCC mixtures that include different contents of Steel Fibers (SF) and
crumb rubber. The test results showed that the impact numbers increased by up to 30% and
the impact ductility enhanced when crumb rubber was utilized, while the incorporation
of 1% of SF significantly improved the retained impact numbers by more than 400%. The
mono and dual effects of hooked-end and crimped SF on the ACI 544-2R impact resis-
tance of SCC were investigated by Mahakavi and Chithra [31], where significant impact
resistance improvement was reported when the two fiber types were hybridized. Jabir
et al. [32] investigated the influence of single and hybrid micro SF and Polypropylene (PP)
fibers on the impact resistance of ultra-high performance concrete. Abid et al. conducted
ACI 544-2R [33] and flexural [34] repeated impact tests on SCC with micro SF contents
of 0.5%, 0.75% and 1.0%. The results indicated that 1.0% of SF could increase the impact
resistance by more than 800% compared to the reference plain specimens, while in an-
other study [35], a percentage increase of approximately 1200% was recorded. Murali
et al. [36—40] and others [41-43] conducted a series of experimental works that explored the
repeated impact capabilities of multi-layered fibrous concrete. Double and triple layered
concrete with preplaced aggregate and fibers with grouted cement paste were tested using
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the ACI 544-2R. Works on this material [36,37,41] showed that using intermediate fibrous
meshes can improve the impact resistance at cracking and failure stages. However, the most
influential contribution to impact strength development was attributed to the steel fibers.

Compared to conventional concrete that have similar strength and fiber content,
Engineered Cementitious Composites (ECCs) are a type of high-performance SCC concrete
that possess extraordinary ductility with strain hardening and multiple cracking under
tensile and flexural stresses. ECCs were first introduced by Li in 1993 [44] and used
in several applications [45]. Since that time, numerous studies have been conducted
to introduce different ECC mixtures with different fiber types and contents. Plenty of
research is available in literature on the different mechanical properties of ECCs. However,
research on ECC repeated impact behavior is rare. The performance of ECCs under
repeated impact was experimentally investigated by Ismail et al. [46] using the ACI 544-2R
technique. Different ECC mixtures were introduced using fixed contents of binder, water,
sand and fiber. The results indicated that using 15% to 20% metakaolin with fly ash
significantly enhanced the impact performance. Similarly, some studies that evaluate
the performance and residual mechanical properties of different ECC mixtures after fire
exposure are available in literature [47-50].

It is obvious from the introduced literature that very rare experimental works are
available in literature on the repeated impact strength of ECCs. Similarly, there is a
serious gap of knowledge about the residual impact strength of fibrous concrete after fire
temperatures. To the best of the authors’ knowledge, no previous research was conducted
to study the residual repeated impact strength of ECCs after high temperature exposure.
To fill this gap of knowledge, an experimental program was directed in this research to
investigate the cracking and failure repeated impact performances and impact ductility of
PP-based ECCs after exposure to high temperatures reaching 600 °C. Such type of research
is required because both accidental fire and impact loading are expected along the lifespan
of structures. Hence, the research outputs can be utilized to evaluate the residual material
and structural response of structural members made of ECCs under such accidental cases.

2. Materials and Methods
2.1. Mixtures and Materials

The aim of this study is to evaluate the residual repeated impact performance of
ECCs after exposure to elevated temperatures, which can be considered as a type of new
concrete that includes no aggregate particles and a high content of fine cementitious and
filler materials. The M45 is a typical ECC mixture introduced by leading researchers,
which was the base and most widely used mixture with proven characteristics [44,45]. This
mixture was used in this study but with PP fiber instead of the typical and much more
expensive polyvinyl alcohol fiber (PVA). On the other hand, a normal strength conventional
concrete mixture (NC) with an approximately comparative compressive strength was used
for comparison purposes. The mix design proportions of both mixtures are detailed in
Table 1.

Table 1. Material contents in the ECC and NC mixtures (kg/ m3).

Mixture Cement Fly Ash Sand Silica Sand Gravel Water SP Fiber
NC 410 NA 787 NA 848 215 NA NA
ECC 570 684 NA 455 NA 330 49 18.2 (2% PP)

A single type of Portland cement (Type 42.5) was used for both mixtures, while fly ash
was used as a second cementitious material in the ECC mixture. The chemical composition
and physical properties for both cement and fly ash are listed in Table 2. As preceded, the
ECC mixture included no sand or gravel, where the filler of the mixture was composed of
a single type of very fine silica sand with a grain size of 80 to 250 micrometer and a bulk
density of 1500 kg/m?3. On the other hand, local sand and crushed gravel from the central
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region of Iraq were used as fine and coarse aggregates for the NC mixture. The grading of
the sand and gravel are shown in Table 3, while the maximum size of the gravel particles
was 10 mm. For the ECC mixture, a super plasticizer (SP) type ViscoCrete 5930-L from
Sika® was used to assure the required workability due to the large amount of fine materials,
while 2% by volume of PP fiber was used with the properties shown in Table 4.

Table 2. Properties of cement and fly ash.

Oxide (%) Cement Fly Ash
510, 20.08 56.0
F6203 3.6 24.81
Al,O3 4.62 5.3
CaO 61.61 4.8
MgO 2.12 1.48
S0O3 2.71 0.36
Loss on ignition (%) 1.38 5.78
Specific surface (m?/kg) 368 -
Specific gravity 3.15 2.20
Fineness (% retain in 45 pum) - 28.99

Table 3. Grading of sand and gravel used for NC specimens.

Sieve Size (mm) Sand % Passing Gravel % Passing

19 100 100

12.5 100 100

10 100 95.1

4.75 90.7 33.5

2.36 77.9 1.1

1.18 53.5 0

0.6 28.7 0

0.3 7.5 0

0.15 0 0

Table 4. Properties of polypropylene fiber.

Property Density Length Diameter  Tensile Strength  Elastic Modulus
Value 910 kg/ m> 12 mm 0.032 mm 400 MPa 4000 MPa

2.2. Test Program and Heating Regime

From each mixture and for each temperature level, six 150 mm diameter and 64 mm
thick disk specimens were used to evaluate the repeated impact test under the free drop-
weight procedure of ACI 544-2R. On the other hand, six 100 mm cube specimens were
used for a compressive strength test according to BS EN 12390-3: 2009 [51], while six
beam specimens with 100 x 100 mm cross section and 400 mm length were tested under
four-point bending test (300 mm span) for flexural strength according to BS EN 12390-5:
2009 [52]. All of the disk, cube and beam specimens were cured under the same standard
conditions in temperature-controlled water tanks for 28 days.

After the curing period, the specimens were dried in the laboratory environment
for 24 h. Previous researchers and trial tests conducted in this study showed that the
heating of specimens without initial drying may lead to the explosive failure of some
specimens at high temperatures. Therefore, all specimens were pre-dried using an electrical
oven at a temperature of approximately 105 °C for 24 h. Afterwards, the specimens were
heated using the electrical furnace shown in Figure 1a at a constant rate of approximately
4 °C/min to three levels of high temperatures of 200 °C, 400 °C and 600 °C. When the
specified temperature level was reached, the temperature was kept constant for 60 min to
assure the thermal saturation at this temperature. Finally, the furnace door was opened
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and the specimens were left to cool slowly at the laboratory temperature until testing time.
The heating regime of the three temperature levels is described in Figure 1b. In addition
to the three groups of heated specimens, a fourth group was tested at room temperature
without heating as a reference group.

600

Heating rate
4004 4 °C/min

Cooling phase
at laboratory temperature

200

Temperature of Furnace (°C)

Time
(b)
Figure 1. Heating of test specimens; (a) the electrical furnace; (b) the heating regime curve.

2.3. Repeated Drop-Weight Impact Test

The impact response of materials and structures can be experimentally evaluated using
different types of tests, among which is the drop-weight one. ACI 544-2R [28] addressed
two types of drop-weight tests. The first is the instrumented drop-weight test which is the
most commonly used technique to evaluate the impact response of structural members.
This test is mostly used for reinforced beam and slab elements and requires expensive
sensor instrumentation and data acquisition equipment. On the other hand, the alternative
drop-weight impact test is a very simple one that is conducted on small size specimens and
requires no instrumentation or any sophisticated measurement systems. This test requires
that a drop weight of 4.54 kg is dropped repeatedly on the test specimen from a height of
457 mm until a surface crack becomes visible, then the repeated impacts are resumed until
the fracture failure of the specimen. The numbers of the impacts at which the first crack
and failure occur are recorded as the cracking impact number and failure impact number.
The test is generally considered as a qualitative evaluation technique, which compares the
impact resistance of different concrete mixtures based on their ability to absorb higher or
lower cracking and failure impact numbers.

The standard test specimen is a cylindrical (disk) with a diameter of approximately
150 mm and a thickness of approximately 64 mm. The standard test is operated manually
by hand-lifting the drop weight to the specified drop height and releasing it to be freely
dropped by gravity on a steel ball, which rests on the center of the specimen’s top surface.
The steel ball is used as a load distribution point and is held in place using a special framing
system that also holds the concrete disk specimen, as illustrated in Figure 2a. However, it
was found in previous works [27,32] that the manual operation requires significant effort
and is time consuming, especially because at least 6 replication specimens are required to
assess the test records due to the high dispersion of this test’s results [27]. Therefore, an
automatic repeated loading machine was manufactured to apply the standard dropping
weight from the standard dropping height with a better accuracy and much less effort. The
manufactured machine was provided with a high accuracy digital camera to observe the
surface cracking and failure in addition to a special isolation cabin to reduce the test noise.
The manufactured repeated drop weight impact testing machine is shown in Figure 2b.
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Figure 2. The drop-weight impact test; (a) schematic diagram of the test setup; (b) the automatic
testing machine.

3. Results of Control Tests
3.1. Compressive Strength

The residual compressive strength—temperature relationship of the ECC tested cubes
is shown in Figure 3, while Figure 4 shows that of the NC. It is clear in Figure 3 that the ECC
strength reduced after exposure to 200 °C by approximately 22% compared to the reference
unheated specimens, where the reference strength was 57.5 MPa, while it was 44.8 MPa
after heating to 200 °C. A further decrease was recorded when the heating temperature
was increased to 400 °C. However, this additional decrease was small compared to the
initial one, where the residual strength percentages after exposure to 200 °C and 400 °C
were approximately 78% and 70%, respectively. When the specimens were heated to
600 °C, a significant strength degradation was noticed with a residual compressive strength
of 29.5 MPa, which means that the strength loss was approximately 49% compared to
the strength of the unheated specimens. On the other hand, the percentage strength
reduction of NC was less than that of the ECC after exposure to 200 °C and 400 °C. The
residual compressive strength of the NC cubes after exposure to 200 °C and 400 °C was
approximately 81% at both temperatures compared to the reference cubes as shown in
Figure 4. However, the percentage residual compressive strength of the NC at 600 °C was
approximately 50%, which was almost equal to that of the ECC (51.4%).

60
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Figure 3. Residual compressive strength of ECC at different temperatures.
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Figure 4. Residual compressive strength of NC at different temperatures.

The denser microstructure of ECCs compared to NC is considered as the main cause
of the further strength reduction between 200 °C and 400 °C. ECCs comprise a much
larger amount of very fine binder, fine silica sand, no coarse aggregate and lower wa-
ter/cementitious material content, which in turn lowers the porosity of the ECC compared
to the NC. The evaporation of the free pore water below 200 °C induces a pore pressure
inside the microstructure. The dissipation of this pressure in the NC specimens due to
the higher porosity relieves the internal thermal stresses, while these stresses are higher
in the ECC due to the denser microstructure. As a result, the ECC suffered higher com-
pressive strength losses at 200 °C and 400 °C. Previous researchers [53] reported that the
total volume of the 0.1 micrometer and larger pores in the ECC reduced after exposure to
400 °C, which is attributed to the pozzolanic reaction of the unhydrated fly ash and other
cementitious materials. Such a reaction would induce unfavorable volume changes due
to the production of more C-5-H gel, which results in microstructural cracking leading
to further strength degradation. The dehydration of hydrated products after exposure to
temperatures higher than 400 °C is the main cause of the steep strength reduction at 600 °C,
where this process leads to the degradation of the microstructure due to the increase of
pore size and number and the further volume changes’ micro-cracking. Sahmaran et al. [47]
reported a significant increase in the volume and size of the pores of the ECC after exposure
to 600 °C, where the porosity increased by 9% after exposure to 600 °C, which is large
enough compared to 5% after exposure to 400 °C, while the pore size increased by at least
300% after 600 °C exposure.

3.2. Flexural Strength

As shown in Figure 5, the flexural strength of the ECC followed a continuous decrease
behavior with temperature up to 600 °C. The reference flexural strength of the ECC at room
temperature was 6.94 MPa, while it reduced to 5.75 MPa, 4.32 MPa and 2.31 MPa after
exposure to 200 °C, 400 °C and 600 °C, respectively. This means that the strength respective
reductions at these temperatures were approximately 17%, 38% and 67%. Similarly, the
NC showed a continuous steep decrease in flexural strength with temperature increase as
shown in Figure 6. The residual flexural strength records of the NC after heating to 200 °C,
400 °C and 600 °C were 2.87 MPa, 2.16 MPa and 0.32 MPa, while the reference unheated
specimens recorded a flexural strength of 3.70 MPa. Hence, the percentage reductions were
approximately 22%, 42% and 91% at 200 °C, 400 °C and 600 °C, respectively.
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Figure 5. Residual flexural strength of ECC at different temperatures.
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Figure 6. Residual flexural strength of NC at different temperatures.

The continuous decrease in the flexural strength after high temperature exposure is
generally attributed to the volumetric changes in the cement matrix due to vapor move-
ments beyond 100 °C and the bond loss between binder and filler after 400 °C due to their
different thermal properties. In addition, most of the degradation at higher temperatures is
attributed to the chemical reactions after 400 °C (dehydration of C-5-H) and the increased
porosity as discussed in the previous section. As the flexural strength depends on the capa-
bility of concrete to withstand tensile stresses, the initial flexural strength was apparently
higher for the ECC owing to the crack bridging activity of PP fibers, in addition to the
higher content of cementitious materials. However, this bridging activity diminished after
exposure to temperatures higher than 200 °C due to the melting of PP fibers. The better
performance of the ECC at high temperatures compared to the NC might be attributed
to the finer mixture constituents and the absence of coarse aggregate in the ECC, which
minimized the effect of bond degradation. Wang et al. [54] showed that the residual flex-
ural strength of PVA-based ECC after exposure to 400 °C was approximately 58% of the
unheated strength, which is quite comparable to the obtained result in this study, while Yu
et al. [55] reported that PVA-based ECC exhibited flexural strength reductions of more than
50% and more than 40% after exposure to temperatures of 400 °C and 600 °C, respectively.

4. Results of Repeated Impact Test
4.1. Description of Heated Specimens

Figure 7 shows the appearance of the external surfaces of a reference impact disk
specimen and others heated to 200 °C, 400 °C and 600 °C before testing. No significant

82



Fire 2022,5,3

changes in the specimens’ appearance were noticed after high temperature exposure.
However, it was observed that the gray color became lighter after 200 °C and small yellow
areas were noticed on the surface of specimens exposed to 600 °C. This slight color change
might be due to the decomposition of C-S-H gel particles [56-58]. It should also be noticed
that PP fibers cannot sustain high temperatures where its melting point is less than 200 °C.
As shown in Figure 8a, the presence of PP fibers had a significant impact in bridging the
crack’s opposite sides, resulting in a more gradual and ductile failure of the reference
unheated specimens. On the other hand, the complete melting of fibers after exposure to
400 °C and higher eliminated this effect and created a more porous media. The channels
left after fiber melting would connect and produce continuous porous networks, which
have a positive effect by relieving the internal stresses due to the vapor pressure dissipation.
On the other hand, these channels may have a negative effect by making the media more
porous and hence more brittle under loads. Figure 8b shows that after exposure to 600 °C,
the vaporization of PP fibers changed the internal color of the specimen to a dark gray and
left a very porous structure behind.

(c) 400 °C (d) 600 °C

Figure 7. Impact test specimens subjected to different temperatures.

(@R (b) 600 °C

Figure 8. Physical appearance of PP fibers in the impact specimens before and after heating.
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Cracking Impact Number (Ncr)

Failure Impact Number (Nf)

4.2. Cracking and Failure Impact Numbers

The recorded cracking numbers (Ncr) of the ECC and NC are shown in Figure 9 at
different levels of high temperatures, while the results of failure numbers (Nf) are shown in
Figure 10. It is worthy to mention that the ACI 542-2R test is known for the high despersion
of test results, where the Coefficient of Variation (COV) of the Ncr records of the ECC
was in the range of 42% to 68.8%, while the COV of the recorded Nf results of the ECC
specimens was in the range of 30.9% to 61.8%.
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Figure 9. Residual cracking impact numbers of ECC and NC at different temperatures; (a) cracking
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Figure 10. Residual failure impact numbers of ECC and NC at different temperatures; (a) failure
number; (b) residual ratio of failure number.

Figure 9 shows that the reference unheated cracking number of the NC was higher
than that of the ECC, which is attributed to the presence of gravel in the NC that enabled
it to absorb a higher initial number of impacts before cracking. However, after high
temperature exposure, the NC specimens showed much weaker response and deteriorated
at much higher rate compared to the corresponding ECC specimens as shown in Figure 9a,b.
The unheated Ncr of the ECC and NC were 43.3 and 55, respectively, noting that each
impact number represents the average of six specimen records. On the other hand, the
residual ECC cracking numbers were 41.5, 19.5 and 8.8 after exposure to 200 °C, 400 °C
and 600 °C, respectively, while those of the NC specimens were 14.2, 3 and 1, respectively.
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The results reveal a steep drop in the cracking impact numbers of the NC, where the
percentage residual Ncr values were only 25.8%, 5.5% and 1.8%, respectively, compared to
the reference unheated number as shown in Figure 9b. On the other hand, the ECC showed
an insignificant decrease (less than 5%) after exposure to 200 °C, while the percentage
residual Ner values were 45% and 20.4% after exposure to 400 °C and 600 °C, respectively.
The rapid decrease of the Ncr of the NC is attributed to the discussed physical and chemical
changes that occur after exposure to high temperatures, especially the dehydration of C-S-
H, which deteriorates the cement matrix, in addition to the different thermal movements of
cement paste and aggregate. Consequently, the internal structure becomes more and more
brittle as the temperature increases, which leads to the loss of impact energy absorption
capacity and hence to rapid cracking. On the other hand, the higher cementitious materials
content, the finer matrix and the absence of aggregate reduced these effects and enabled
the ECC specimen to continue withstanding more impacts before cracking. It should
be noticed that although the melting point of PP fibers is less than 200 °C, a significant
amount of these fibers still existed in the specimens heated to 200 °C. These fibers helped
maintain a significant impact number before cracking, which is approximately equal to that
of the unheated specimens (95.8%). Aslani et al. [59] reported that PVA fibers did not melt
completely after exposure to 300 °C, which is higher than the approximate melting point of
PVA (200 °C to 230 °C).

ECCs are known for their high ability to withstand plastic deformation after cracking
under tensile and flexural loads, which is attributed to their unique microstructure with
high content of binder and fine filler in addition to the potential of fibers to withstand
high tensile stresses across the cracks. These characteristics enabled the ECC specimens
to absorb significantly higher energy compared to NC after cracking. The test results of
this study showed that this potential is also valid under repeated impact loads. As shown
in Figure 10, the failure impact number (Nf) of the unheated ECC specimens jumped to a
very high limit compared to its corresponding Ncr, while that of NC was comparable to its
cracking number, which duplicated the difference of Nf between the ECC and NC several
times although the Ncr of the NC was higher than that of the ECC. The Nf of the unheated
ECC was 259.3, while that of the NC was only 57.2. This means that the Nf of the NC was
approximately equal to its Ncr with only 2.2 higher impacts, while the ECC sustained 216
more impacts after cracking.

After exposure to 200 °C, the NC specimens lost approximately 73% of their initial
failure impact performance and retained only 15.2 impacts at failure. Oppositely, the ECC
specimens kept approximately the same failure strength of the unheated specimens due
to the same reasons discussed above. As shown in Figure 10b, the residual Nf of the ECC
after exposure to 200 °C was 99% of the corresponding unheated Nf with 256.7 impacts.
As discussed previously, the PP fibers did not melt completely at 200 °C, which means
that the fiber bridging activity was still partially effective after cracking. The hydration
of the unhydrated products at this temperature might be another reason that enabled
the specimens to sustain high impact numbers before cracking. On the other hand, as
temperature increased beyond 200 °C, the microstructure of the ECC deteriorated steeply
after the complete melting and vaporization of the PP fibers (around 340 °C [60]) and
the decomposition of C-S-H gel, which resulted in a weak microstructure. Therefore, the
impact strength deteriorated sharply after exposure to 400 °C and 600 °C. As shown in
Figure 10b, the percentage residuals of the Nf after exposure to these temperatures were
only 9.2% and 3.8%, respectively.

4.3. Failure Patterns of Impact Specimens

The post-failure appearance of a reference ECC specimen and others heated to different
high temperatures after repeated impact loading are shown in Figure 11. It is clear in
Figure 11a that the central loading area of the top surface of the reference specimen was
fractured due to the damage. This fracture zone occurred under the effect of the repeated
concentrated compressive stresses from the steel ball, which reflects the ability of the
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material to absorb significant impact energy under the concentrated impact loading. After
the fracture of the surface layer, the PP fibers kept bridging the internal micro-cracks
where the compressive impacts try to split the cylinder and hence induce internal tensile
stresses, see Figure 8a. However, the continuous impacting could finally break the fibers
or their bond with the surrounding media resulting in a progressive crack widening and
propagation. Hence, the surface cracks become visible. As shown in Figure 11a, the
reference specimens exhibited a ductile failure behavior with central fracture zone and
multi-surface cracking.

(@R (b) 200 °C

(c) 400 °C (d) 600 °C
Figure 11. Failure patterns of tested impact specimens heated to different temperatures.

Referring to the impact response of the ECC specimens after exposure to 200 °C, the
failure pattern at this temperature was similar to that of the reference unheated specimens,
but with a lower number of standing fibers across the mouth of the main crack. It should
also be noticed that the other minor cracks were wider at this temperature (Figure 11b) com-
pared to those of the specimens, which discloses the lower ductility and higher brittleness
of the heated specimens. As previously disclosed, the heating to 400 °C and 600 °C caused
serious damage to the microstructure of the ECC and vaporized the reinforcing elements
(PP fibers), which was approved by the brittle and sudden failure of the specimens to two,
three or four pieces with wide cracks. This failure was not associated with central fractur-
ing as in the case of the reference and 200 °C specimens, where the thermally weakened
structure could not absorb significant concentrated impacts, as shown in Figure 11c,d.

5. Strength Correlation with Temperature

In some cases, it is required to evaluate the residual strength of a material after expo-
sure to a specific temperature. If sufficient experimental data are not available, extrapolation
from other existing data may be considered satisfactory for a quick primary evaluation.
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Despite the limited number of points for each fit, simplified correlations were introduced,
as shown in Figure 12, to describe the relation of the strength and impact numbers of the
PP-based ECC after exposure to high temperatures. Figure 12a shows that the relations of
both compressive strength and flexural strength with temperature can be represented using
linear fits with good determination coefficients (R?) of 0.96 and 0.99, respectively. Referring
to Figure 12¢, it can be said that a multilinear relation would better describe the reduction
of compressive strength with temperature. However, a determination coefficient of 0.96 is
good enough to accept the simpler linear correlation.
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Figure 12. Correlation with temperature; (a) linear correlation of strength; (b) linear correlation of

impact numbers; (c) exponential correlation of impact numbers.

The impact numbers showed a weaker linear correlation degree with temperature
than those of compressive strength and flexural strength. As shown in Figure 12b, the linear
relations of Ncr and Nf with temperature underestimate the retained impact numbers at
200 °C, while that of Nf overestimates the experimental failure impact number recorded
at 400 °C. The deviations from the experimental records at these temperatures impacted
the degree of the linear correlation, especially for Nf, where the R? of the linear correlation
was 0.84, which is the lowest among the obtained ones. To avoid such a low degree of
correlation, nonlinear correlations were tried and the exponential one was found to give
a coefficient of determination of 0.9, which is quite acceptable as an indication of a good
correlation. As shown in Figure 12¢, the exponential correlations could acceptably estimate
the degradation of Ncr and Nf after exposure to the highest temperatures (400 °C and

87



Fire 2022,5,3

600 °C). However, these correlations significantly underestimated the residual impact
numbers after exposure to 200 °C.

6. Conclusions

Compressive, flexural and repeated impact tests were conducted in this study to
evaluate the residual strength of PP fiber-based ECCs after exposure to high temperatures
up to 600 °C. Based on the results obtained from the experimental work of this study, the
following are the most important conclusions:

1-The compressive strength of the ECC decreased with temperature increase. However,
the residual strength at 400 °C was close to that at 200 °C, while exposure to 600 °C led to a
significant strength reduction. The percentage residual compressive strengths of the tested
ECC cubes after exposure to 200 °C, 400 °C and 600 °C were approximately 78%, 70% and
51%, respectively. The reason for the strength deterioration after 400 °C is attributed to the
chemical and physical changes within the material microstructure due to the temperature
exposure, which include the decomposition of C-5-H gel and the increase of porosity
owing to the vaporization of PP fibers. The linear correlation could effectively describe the
degradation of compressive strength after high temperature exposure with an R? of 0.96.

2-The flexural strength of the ECC showed a clear continuous reduction with tempera-
ture compared to that of compressive strength and higher percentage reductions at 400 °C
and 600 °C. Therefore, the linear correlation with temperature was the most accurate one
among the conducted tests with an R? of 0.99. The residual flexural strengths were reduced
to approximately 62 and 33% after heating to 400 °C and 600 °C, respectively.

3-The ECC specimens exhibited minor reductions in the cracking number (Ncr) after
exposure to 200 °C with a residual percentage of approximately 96%. The reduction in Necr
was much higher after exposure to the higher temperatures. However, the deterioration of
normal concrete (NC) was much faster. ECCs retained percentage residual Ncr values of
approximately 45% and 20% after exposure to 400 °C and 600 °C, respectively, while the
corresponding percentages of NC were approximately 5% and 2%. The much higher binder
content, finer matrix and the absence of aggregate enabled the heated ECC specimen to
continue absorbing higher impacts till cracking compared to NC.

4-The failure impact number of the unheated ECC specimens jumped several times
higher than the corresponding Ncr, which assured the ability of the dense and fine mi-
crostructure of the ECCs, with the help of the PP-fibers crack bridging elements, to amplify
the capacity impact energy absorption at failure. The retained Nf was 259.3, which was
approximately 4.5 times that of NC although of the higher Ncr of NC. After exposure to
200 °C, the ECC retained almost the same unheated Nf number (99%), while NC retained
only 27% of its unheated failure number. Oppositely, both ECC and NC sharply lost their
impact resistances after exposure to 400 °Cand 600 °C with percentage residual Nf values
of less than 10%, and 4%, respectively.

5-The linear correlation was found suitable to describe the reduction of Necr with
temperature with a good R? of 0.93. However, such correlation noticeably underestimated
the recorded Nf at 200 °C and overestimated that at 400 °C, which decreased its R? to 0.84.
On the other hand, the exponential relation was found to better describe the deterioration
of Nf after high temperature exposure, where R? was 0.9.
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Abstract: A simplified procedure to predict the residual axial capacity and stiffness of both rectangular
and circular reinforced concrete (RC) columns after exposure to a standard fire provides the means to
replace the current descriptive methods. The availability of such a procedure during the design phase
provides engineers with the flexibility to come up with better designs that ensure safety. In this paper,
finite difference heat transfer and sectional analysis models are combined to determine the axial
behavior of RC columns with various end-restraint conditions at different standard fire durations.
The influence of cooling phase on temperature distribution and residual mechanical properties is
considered in the analysis. The ability of the model to predict the axial behavior of the damaged
columns is validated in view of related experimental studies and shown to be in very good agreement.
A parametric study is then conducted to assess the axial performance of fire-damaged RC columns.
A procedure is proposed to determine the residual strength and stiffness of fire-damaged RC columns
in typical frame structures.

Keywords: reinforced concrete; columns; standard fire; cooling phase; axial capacity; temperature-
stress history

1. Introduction

Reinforced concrete (RC) structures are widely used in construction due to their
outstanding structural performance and design flexibility [1]. The behavior of RC members
at ambient conditions is addressed by various building codes and standards [2-4]. However,
when exposed to elevated temperatures, the capacity and deformation of such members
change due to material degradation, residual strains, and stress redistribution [1,5,6].
In addition, the temperature-load history and the interaction between mechanical and
thermal stresses significantly affect the residual properties of the members [1,7,8].

The structural integrity and mechanical properties of most fire-exposed concrete mem-
bers are either fully or partially restored after the fire incident. Many design codes and
standards [9-12] adopt a prescriptive approach through providing data related to the
anticipated fire resistance of various RC members based on their geometrical properties
and fire exposure conditions. This approach is easy to implement but usually results in
bigger sections than what is required to support the loads. The prescriptive approach also
overlooks the influence of temperature-load history despite its important role in determin-
ing the residual performance of the members. In practice, a preliminary assessment of the
damaged members is performed immediately after the structure is exposed to elevated
temperatures [13]. This includes visual inspection, hammer tapping, determination of fire
propagation route and residual strength of concrete, cracking and spalling schemes, color
changes, and smoke deposits to identify the fire duration and maximum temperatures
reached [14]. After that, the structure is evaluated according to the relevant design code
based on the extent of damage and the affordability of the required work. Load-bearing
members, such as columns, should maintain their structural integrity to sustain the applied
load without failure or excessive deflections.
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This study is an attempt to propose an analytical procedure to supplement the in
situ preliminary assessment after a fire incident in RC structures considering standard fire.
A model utilizing both heat transfer analysis and sectional analysis is developed to evaluate
the residual axial behavior of rectangular and circular RC columns. Temperature-load
history is explicitly considered in the analysis. The various strain components devel-
oped during and after fire are calculated and their influence on changing the residual
performance of the damaged members under various restraining conditions is evaluated.
The validity of the proposed model is assessed in view of relevant experimental results
obtained from the literature. The validated model is then utilized to perform a paramet-
ric study aiming at investigating the influence of mechanical properties, cross-sectional
dimensions, fire exposure and support conditions on the residual performance of RC
columns. A simplified procedure is then proposed to predict the residual axial capacity
and stiffness of RC columns in typical frame structures. The outcomes of the current study
provide a solid basis for a more comprehensive work that accounts for other fire types and
exposure conditions.

The determination of the residual axial capacity of RC columns subjected to elevated
temperatures is not practical in design offices due to the complexity associated with per-
forming comprehensive thermal and structural analyses. The proposed simplified method
allows engineers to utilize the commercially available structural analysis software to predict
the residual axial capacity and deformation behavior of fire-exposed structures. This can
be performed by considering the residual axial stiffness as an input in the definition of
the mechanical properties of the affected members to account for the deterioration they
exhibited due to elevated temperatures. The internal forces in all the members can then
be obtained due to the load redistribution triggered by the fire scenario. The capability of
the structural members to resist the applied loads is determined in view of their residual
capacity. The residual axial properties used in performing the structural analysis study are
obtained from the proposed models in the current article.

2. Proposed Analytical Approach

Assessment of the post-fire behavior of RC columns in typical frame structures requires
the consideration of not only the residual mechanical properties of the composing materials
but also the temperature-load interaction before and during fire. Figure 1 illustrates the
influence of heating and loading history on the total strains (¢;) induced in concrete. Path
1 shows the case where the column supports a load that causes a mechanical strain (e;;,);
before heat exposure. By heating the column, a combination of thermal and transient strains
(e,)1 is induced. On the other hand, path 2 shows the development of total strains under
a successive application of temperature and load. In this case, the column experiences
thermal strains (gy,); followed by mechanical strains (g;;); due to the loads applied on the
fire-damaged member. Transient strains are not considered as the column is unloaded
during heating. Although the column is supporting the same load and is exposed to the
same maximum temperature in both cases, the total strain differs significantly. In real
structures, the total strain can be somewhere in between the two previously mentioned
extreme cases. Since the free thermal strain is partially irrecoverable and the transient strain
is irreversible [7,15], detailed examination of the actual load-temperature path must be
considered in the analysis. Guo and Shi [1] experimentally demonstrated the variation in the
deformation behaviors of RC columns when subjected to different heating-loading paths.

The analytical approach performed in this study encompasses three main stages that
describe the structural variations in the exposed member throughout the heating—cooling
cycle. Firstly, the structural performance of the intact member is determined in terms of
its capacity and stiffness considering the relevant material models at ambient conditions.
The obtained structural characteristics act as a basis to calculate the initial axial load level
(A) and to determine the extent of deterioration in the member after exposure to fire. The
second stage involves thermal and structural analyses of the exposed member during the
heating and cooling cycles. Heat transfer analysis is carried out using the finite difference
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method to determine the maximum temperature distribution within the member based
on concrete thermal and physical properties. In Figure 2, the residual properties of the
member at the final stage (point 2) are highly dependent on the temperature-load path
followed. Therefore, at each time increment, the change in the applied load level (Ac)
associated with the restraint conditions is considered. Both thermal and transient strains
are calculated at each time increment, as represented by the step function shown in Figure 2.
The residual capacity of the member during fire is calculated based on the relevant material
models to check if failure occurs during fire. The third analysis stage commences after the
member is completely cooled down to room temperature. In this stage, sectional analysis is
carried out to determine the residual capacity and stiffness of the fire-damaged member in
view of the maximum temperature reached and residual strain distribution. The analysis
is performed by applying uniform strain increments until failure occurs considering the
post-fire mechanical properties and material models.
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Figure 1. Influence of temperature-stress interaction on the concrete strains.

¢
2
————— S B —
B —"“JO'“"*
! |
AT
|
f
\
1 —

A T

Figure 2. Potential temperature-stress paths between initial and final conditions of the fire-
exposed members.
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The current study focuses on the axial behavior of rectangular and circular RC mem-
bers exposed to fire from all sides. The restraint condition is determined by performing
structural analysis of the entire frame, Figure 3a, with the aid of a suitable commercially
available software. The first iteration is performed considering the mechanical properties
of the section at ambient conditions. At any specific time during fire, the columns’ axial
capacity and stiffness are reduced as a function of the temperature distribution within the
section. The fire-exposed column can be isolated as shown in Figure 3b. A pin support
is assigned to one end of the column, while the other end is attached to a roller support
and a spring with an axial stiffness (k;) that represents the axial constraints provided by
the adjacent frame members. The value of k; can be obtained based on structural analysis,
as will be discussed later in Section 11 of this paper. Springs act in resisting the columns’
expansion but not contraction. When the column expands, the magnitude of the axial load
acting on the column encompasses both the initial applied load (P;) and the restraining force
caused by thermal expansion. The axial stiffness (EA) of the columns varies at each time
step during fire and is considered in the calculation of the restraining force. The mutual
dependency is considered in the proposed model, as discussed in the subsequent sections.
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(a) Typical RC frame exposed to fire (b) Idealized column

Figure 3. Isolation of a fire-exposed column in a typical RC frame.

The proposed analysis of the fire-damaged RC members is carried out based on the
following assumptions:

1. Cross-sections remain plane before and after fire. The validity of this assumption was
validated for temperatures up to 1200 °C [6].

2. Perfect bond exists between the steel reinforcement and the surrounding concrete.

3. Spalling of concrete is not considered as the analysis is limited to normal-weight concrete.

4. Two-dimensional heat transfer analysis is considered. Thus, heat flow is uniform
along the member length.

5. Geometrical nonlinearity is not considered in the analysis.

6.  Failure of the compression members is not governed by buckling.

3. Definition of Cross-Sections

The residual axial capacity and stiffness of fire-exposed RC rectangular and circular
columns subjected to standard fire from all sides are considered in the analysis. The
geometrical properties and reinforcement distribution of a typical cross-section are defined
in Figures 4a and 5a for rectangular and circular sections, respectively. Rectangular sections
are defined in terms of section width (b), section height (%), steel reinforcement ratio (p), top
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steel reinforcement (Ag) and bottom steel reinforcement (Ay,), whereas circular columns
are defined in terms of cross-sectional diameter (D), steel reinforcement ratio (p) where
steel reinforcement (A;) is assumed to be uniformly distributed along the circumference.
Table 1 details the mechanical and geometrical properties of the selected rectangular and
circular sections discussed in this paper.
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Figure 4. Geometry and meshing of rectangular sections.
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Figure 5. Geometry and meshing of circular sections.
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Table 1. Properties of the considered rectangular and circular column sections.

Rectangular Sections Circular Sections

Case (htr) (I\{[CPa) (l\ﬁaa) (mbm) (m;in) p Rp | Case (htr) (pra) (l\glcz)a) (mDm) P Ro
R1 1.5 35 400 400 500 0.04 0.0 C1 1.5 35 400 500 0.04 0.0
R2 0.5 35 400 400 500 0.04 0.0 C2 0.5 35 400 500 0.04 0.0
R3 25 35 400 400 500 0.04 0.0 C3 25 35 400 500 0.04 0.0
R4 1.5 25 400 400 500 0.04 0.0 C4 15 25 400 500 0.04 0.0
R5 15 35 300 400 500 0.04 0.0 C5 1.5 35 300 500 0.04 0.0
R6 1.5 35 400 250 500 0.04 0.0 Cé6 1.5 35 400 310 0.04 0.0
R7 1.5 35 400 600 500 0.04 0.0 c7 1.5 35 400 400 0.04 0.0
R8 1.5 35 400 400 300 0.04 0.0 C8 1.5 35 400 780 0.04 0.0
R9 1.5 35 400 400 800 0.04 0.0 9 1.5 35 400 500 0.02 0.0
R10 1.5 35 400 400 500 0.02 0.0 C10 1.5 35 400 500 0.04 0.5
R11 1.5 35 400 400 500 0.04 0.5 C11 1.5 35 400 500 0.04 1.0
R12 1.5 35 400 400 500 0.04 1.0

4. Thermal Analysis

Temperature distribution at any section along the member is determined based on
the finite difference method described by Lie [16]. The physical and thermal properties of
both concrete and steel are provided by Lie [16]. For each time increment, the temperature
distribution within the section is obtained by solving the heat balance equations [16]. In the
current study, the columns are exposed to an ASTM E119 [17] standard fire along their
perimeter during the heating phase, as approximated by Equation (1).

Ty — T, = 750 [1 (379553 Vi )} +170.41V/t )

where Ty is the fire temperature (°C), T, is the room temperature (°C) and ¢ is the time after
the start of the fire (hr). During the cooling phase, the rate of decrease in temperature per
minute is calculated according to the ISO 834 [18] specifications as provided in Equation (2)
in terms of fire duration at the end of the heating phase (t;,,;).

—10.417 , t < 30 min
AT =< —4167(3 - ) , 30 min < t < 120 min @)
—4.167 ) t > 120 min

Concrete thermal properties are assumed to be irreversible and maintain a constant
value corresponding to the maximum temperature reached [1,15]. A distinction in the
meshing procedure between rectangular and circular column sections is illustrated in
Figures 4b and 5b, respectively.

4.1. Rectangular Sections

The analysis procedure begins by dividing the cross section into M x N 45° inclined
square elements, as shown in Figure 4b. The point at the center of each internal element
or on the hypotenuse of each boundary element represents the temperature of the en-
tire element. Steel bars are considered as perfect conductors due to their high thermal
conductivity, and their temperature is assumed to be identical to the adjacent concrete
elements. Heat energy is transferred from the outer elements toward the concrete core,
causing a subsequent increase in temperature depending on concrete thermal conductivity
and moisture content. The influence of moisture is considered by assuming that when an
element reaches a temperature of 100 °C, all the transferred heat causes the evaporation
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of water particles instead of raising the element’s temperature. Heat transfer equations
between the elements throughout the cross-section are given by Lie [16].

Having determined the temperature distribution within the cross-section, the section
is divided into multiple horizontal layers, each having a thickness of A¢ sin(45°), as shown
in Figure 4c. Average temperature is then calculated in each layer considering two methods
that result in different temperature distribution along the cross-section. In the first one, the
temperature of each horizontal layer is calculated as the algebraic average temperature of
the square elements composing it. The other calculation procedure is performed by first
calculating the residual compressive strength of each square element, and then evaluating
the temperature, which would result in the same average compressive strength in that
layer. The first temperature distribution is utilized to calculate thermal and transient
strains, whereas the second one is used in calculating the residual strength of each layer.
The temperature of the steel layer is assumed to be similar to the temperature of the square
mesh elements within which they are located. A similar procedure was performed and
validated by El-Fitiany and Youssef [6].

4.2. Circular Sections

To determine the temperature within the circular cross-section along the RC columns,
the area is first divided into M concentric layers as shown in Figure 5b. The change in
temperature (T) in each circular layer is derived by solving the heat balance equations at
each time increment, assuming that the column is exposed to heat along its circumference,
as described by Lie [16]. The influence of steel bars and moisture contents is considered in
the analysis in a similar manner to the rectangular sections.

In this study, a method is proposed and validated to transform the circular layers
into equivalent horizontal layers that can be utilized in the sectional analysis procedure.
The procedure commences by dividing the semi-circular section into M horizontal layers
(I), each corresponding to a unique circular layer (J), as indicated in Figure 5c. The upper
and lower boundaries of any horizontal layer (I) are taken as the tangents to the two
circular layers denoted by (J = I) and (J =I — 1), respectively. The intersection between the
horizontal and circular layers produces elementary layers whose temperatures represent
the temperature of the circular element they are located in. The area (A) of each elementary
layer is derived in terms of the distance (r) from the center of the circular cross-section to
each layer, as given in Equation (3).

2 ,I=]=1
2c0s1 (=1 —sin| 20051 ( L=L
2 r r —
S AR CRED) o N
2 2c0s71 <:l)—sin {ZCOS’l (:i)] L]
5t —rix Y Ploy Ay 1#]

’

The temperature in each layer is calculated twice, similar to the procedure performed
in rectangular sections. However, in the first case, the weighted average is calculated for
each layer instead of calculating the normal average. This requires the determination of the
area and temperature of each small element composing the horizontal layer. In the second
case, the average temperature that would result in the same weighted average of residual
compressive strength is determined. The temperature of each steel layer is taken as the
maximum temperature reached at a distance equal to the provided concrete cover since all
bars are uniformly distributed parallel to the circumference.

For both rectangular and circular columns, the temperature distribution within the
section varies with the thermal properties of concrete and the cross-sectional dimensions.
Figure 6 illustrates the change in temperature at different points along the mid-width of
sections R3 and C3, whose characteristics are detailed in Table 1. The location of each point
is defined as the distance from the face of the column in terms of section height (k) for
rectangular sections and radius (r) for circular sections. Two main observations can be
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drawn from these figures. Firstly, curves representing the points further away from the
surface show a continuous increase in temperature after the end of heating. This causes
the maximum temperature in the interior elements to be reached during the cooling phase,
indicating that heat flow propagates not only to the atmosphere, but also to the inner,
colder portions of the member. The second observation shows that cooling continues for
a considerable amount of time before heat flow starts to take one direction only toward
the atmosphere. A distinction between the rectangular and circular sections is detected
in terms of response to temperature variation. In the aforementioned two sections, the
concrete in column C3 located at a distance of up to (0.5 r) responds faster to the increase
in temperature than that in rectangular sections located at the same distance. However,
at a greater depth within the section, temperature variation becomes less pronounced in
the circular section compared to its rectangular counterpart. This change in behavior is
attributed to the more concrete area acting as a protecting cover for points closer to the core
in section C3 compared to section R3.
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(b) Circular section (C3)
Figure 6. Temperature variation with time at different points along the cross-section.

Temperature distributions within sections R3 and C3 corresponding to maximum
temperature reached as well as the end of both the heating and cooling phases are shown
in Figures 7 and 8, respectively. As indicated in Figures 7a and 8a, heat flow is initiated
from the section perimeter towards the inner core, resulting in the highest temperature rise
near the exposed surfaces and the lowest values at the center point of section. During the
gradual cooling phase, heat transfer takes place from the hot outer regions towards both
the colder concrete zones and the surrounding air. This causes the temperature to keep
increasing in the interior concrete elements for a certain period, beyond which heat transfer
towards the atmosphere becomes predominant, as shown in Figures 7b and 8b, for the
rectangular and circular sections, respectively. The maximum temperature distribution at-
tained at each point within the section throughout the heating—cooling cycle is illustrated in
Figures 7c and 8c for the same two sections, respectively. Maximum temperature distribu-
tion results in higher temperature values than those at the end of the heating phase. Hence,
the residual mechanical properties and constitutive relationships of both concrete and steel
are determined in the following sections based on the maximum temperature reached.
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Figure 8. Temperature distribution within the circular cross-section of column (C3) at different
time increments.

5. Material Models and Strain Components

The general form of the Tsai [19] model is adopted in this study to represent the
compressive stress—strain relationship of concrete at all stages. During fire, the reduced
compressive strength due to fire (f/;) proposed by Hertz [15] is used, whereas concrete
strain at peak stress at elevated temperatures (g,7) is determined by the Terro [20] for-
mula. The post-fire mechanical properties are calculated based on the expressions by
Chang et al. [21].

Regarding steel, the constitutive model used by Karthik and Mander [22] is adopted
for both ambient and post-fire conditions as it conveniently combines the initial elastic
response, yield plateau and strain hardening stages. At elevated temperatures, the Lie [23]
model is used as it implicitly includes the reduction in yield strength due to fire.

Total strain in concrete (g;) is calculated as the summation of stress-related strain (e,),
free thermal strain (ey,), creep strain (gy), and transient strain (e). The tendency of the
structural members to deform due to external applied loads is described in terms of the
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stress-related strain component. Free thermal strain of both concrete and steel bars is
determined from Eurocode [4]-proposed expressions. The residual free thermal strain (g;r)
represents the irreversible part of the free expansion that occurred during fire. After a
complete heating—cooling cycle, thermal strain is restored with a rate of 8 x 107¢/°C from
the maximum temperature reached [1], while ez for steel is set to zero. If the member is
initially loaded or restrained, then transient strain is generated in concrete and maintains its
maximum values after cooling [1]. The empirical model proposed by Terro [20] is adopted
to calculate the transient creep strain as referred to by load-induced thermal strain (e 7s).
Regarding steel bars, the residual thermal strain is brought back to zero at the end of the
cooling phase. Both transient and creep strain are not applicable for steel during and
after fire. Detailed descriptions of the material models and strain components during fire
exposure are provided by Youssef and Moftah [5].

6. Strength Analysis

An iterative sectional analysis procedure is carried out to determine the residual P-¢
behavior of the fire-damaged RC columns. The residual properties are determined in view
of the temperature distribution obtained from thermal analysis. At every loading step,
the axial strain is increased incrementally until reaching the total applied axial load. The
kinematic and compatibility conditions are considered in view of the corresponding resid-
ual mechanical properties and stress—strain relationships of both concrete and steel. The
strength analysis is performed by dividing the cross-section into multiple horizontal layers,
as shown in Figures 4c and 5d, for the rectangular and circular cross-sections, respectively.
To maintain the high accuracy while reducing the computation time, a sensitivity analysis
was performed, and the maximum layer height was chosen as not to exceed 3 mm. The
centroid of each concrete and steel layer is determined considering the appropriate geomet-
rical expressions for both circular and rectangular sections. For concrete, temperature is
obtained from the average distribution that would result in average compressive strength
in each layer, whereas the maximum temperature reached is used directly for steel layers
corresponding to the exact location of steel bars. The failure criterion of the RC element is
defined by the crushing of concrete once the strain in any of the sectional layers reaches
the residual ultimate strain (¢.,r) proposed and validated by Alhadid and Youssef [24].
The restraining effect due to elevated temperature is considered in the analysis through
calculating the axial restraint at each time increment depending on the assumed supporting
condition. The axial force generated due to restraint is added to the initial applied load to
determine the total axial load during fire exposure.

7. Equivalent Residual Strain
Residual stresses are induced in fire-damaged members for two main reasons:

(1) Thermal strain in concrete is partially reversible, while transient strain is completely
irreversible [1]. At equilibrium, unloaded fire-damaged concrete tends to remain
either expanded or contracted depending on the temperature-load history. On the
other hand, thermal strain in steel is fully reversible and the embedded steel bars
tend to restore their initial length after fire, provided that they did not reach the yield
point at the elevated temperature. The variation in behavior between concrete and
the embedded steel bars generates internal stresses.

(2) Both thermal and transient strain distributions along section height are nonlinear
as they follow the nonlinear temperature profile. Therefore, internal stresses are
developed in order to maintain the plane section assumption.

Figure 9 illustrates the development of the strain components along section (A-A) of
Figure 4c for rectangular sections. The same analysis procedure is considered for circular
sections while accounting for the modified location of the steel layers. The difference
between the residual thermal strain (e4,g) and the residual transient strain (e;g) is the total
residual strain (eg), which can be either positive or negative depending on the temperature—
load history and the magnitude of the developed transient strain. Due to the plane section
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assumption, the deformed section is represented by a uniform equivalent strain () along
the cross-section. Residual stress-induced strain (¢,;) distribution is determined as the
difference between an equivalent strain (¢,;) and the total residual strain (¢g). An iteration
process is performed to evaluate the uniformly distributed equivalent strain (gg;) that
satisfies the equilibrium condition of ¢,; distribution. The value of ¢ is determined such
that the total axial force in concrete and steel resulting from ¢,; distribution is equal to zero.
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Figure 9. Development of various strain components along the discretized cross-section.

Once equilibrium is achieved, ¢,; is applied as initial strains in the concrete and steel
layers, whereas ¢, results in shifting the P-¢ curve, as illustrated in Figure 10 for both
rectangular and circular sections. The residual and equivalent strain distribution along
column R3 and C3 cross-sections are shown in Figure 11. If the column is not initially
loaded during fire exposure (A = 0), then the residual equivalent strain (¢,;) is always
negative, causing the P-¢ curve to shift to the expansion side. However, by imposing an
initial load to the column during the heating phase, a transient strain component develops
and counteracts the influence of the thermal strain. If the applied load is large enough, the
column experiences residual contraction instead of expansion after the cooling, as indicated
by the positive equivalent strain (¢,;2). The change in stiffness is attributed to the elimination
of the residual stress-induced strains. Restraining the column affects the magnitude of the
generated transient strain, especially if the column is not subjected to initial load. When
the column is restrained, part of the equivalent strain (g,;) induces stresses within the
section depending on the considered degree of restraint while maintaining the equilibrium
condition. By restraining the column, additional compressive forces are developed in the
column as a result of preventing the column’s tendency to expand.
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Figure 10. Influence of initial load level on the residual (P-¢) relationship.
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Figure 11. Residual and equivalent strain distribution along column R3 and C3 cross-sections.

8. Validation of the Proposed Analytical Model

The capability of the present model to predict the post-fire structural performance of ax-
ially loaded RC members is validated in view of the experimental results by Chen et al. [25],
Jau and Huang [26], Yaqub and Bailey [27] and Elsanadedy et al. [28]. The validation
is limited to structural members made of normal-strength concrete where spalling does
not occur.

Chen et al. [25] carried out a full-scale experiment to investigate the performance
of RC columns after exposure to different fire conditions. The results obtained from the
proposed analytical model are compared with the measured data of columns FC06 and
FCO05. These columns are exposed to an ISO 834 (2014) standard fire curve from four sides
for 2 hrs and 4 hrs, respectively. The tested columns have cross-sectional dimensions of
300 mm x 450 mm, concrete cover of 40 mm and an overall length of 3.0 m. The concrete
compressive strength at ambient conditions is 29.5 MPa. The longitudinal reinforcement
consists of 4 ® 19 mm and 4 ® 16 mm steel bars with yield strengths of 476 MPa and
479 MPa, respectively. Both columns were subjected to an initial axial load of 797 kN prior
to heat exposure. The specimens were axially loaded during the whole heating and cooling
cycle. After 30 days from the fire test, the columns were subjected to a constant initial
concentric load of 797 kN and an additional eccentric load offset a distance of 650 mm
from the cross-sectional centre along the y-axis (weak axis) producing the bending moment
about the x-axis, while another eccentric load is applied at 600 mm from the centroidal axis.
Figure 12a shows the analytical and experimental load—-deflection curves at the column
mid-span due to the eccentric load about the y-axis. A very good agreement between both
curves can be shown with a percent difference of 3.8% and 4.6% in the ultimate capacity of
columns FC06 and FCO5, respectively, and a percent difference of 6.3% and 5.4% in the 40%
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secant stiffness for the same two columns, respectively. This variation can be attributed to
the sensitivity of the adopted thermal expansion model to the experimental conditions and
concrete mix.
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Figure 12. Validation of the proposed analytical model.

In another experimental study, Jau and Huang [26] investigated the residual behavior
of initially loaded restrained RC columns subjected to heat from two adjacent sides. The
cross-sectional dimensions of all columns are 300 mm x 450 mm, with an overall length of
2.7 m. The concrete cover varies between 50 mm or 70 mm, whereas the steel reinforcement
ratio varies between 1.8% and 3.0%. Normal-strength concrete with a compressive strength
of 33.7 MPa and steel bars with a yield strength of 475.8 MPa are used. The test setup
allows the heat to flow through two adjacent surfaces only while the other two surfaces
are insulated and not subjected to fire. The restrained columns are subjected to a 10% axial
preloading of their ambient compressive strength during the 2 or 4 hr fire tests. After the
columns naturally cooled down, the load is applied until failure occurs. Figure 12b shows
both the experimental and predicted residual capacity of columns A12, B12, Al4, A24
and B24 whose detailed geometrical and mechanical properties are provided by Jau and
Huang [26]. The proposed model is found to predict the capacity of the tested columns
with high accuracy, as indicated by the maximum percent error of 5.3% depicted for column
A14 shown in Figure 12b. Overall, the agreement between the experimental and analytical
results is very good. It is worth mentioning that exposing the specimens to fire from two
adjacent sides only resulted in a lateral displacement in the range of 7 to 25 mm, depending
on fire duration. Due to the influence of load—-temperature interaction, the residual strength
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and stiffness varies within the cross-section. The lateral displacement and the associated
curvature should be considered when analyzing the fire-exposed columns, especially those
with high slenderness ratios.

The influence of elevated temperature on the residual axial capacity, axial stiffness
and stress—strain behavior of circular columns strengthened with fiber-reinforced polymers
(FRP) was experimentally investigated by Yaqub and Bailey [27]. The unwrapped control
specimen (i.e., Specimen No. 2) is considered for comparison. The examined column
has a diameter of 200 mm and an overall length of 1000 mm. The concrete cover to the
centroid of the steel bars was taken as 30 mm. The reinforcement consisted of 6 ® 10 mm
steel bars, resulting in a reinforcement ratio of 1.5%. Normal-weight concrete with a
compressive strength of 42.4 MPa and steel bars with a yield strength of 570 MPa were used.
The column was exposed to a predefined heating—cooling cycle 9 months after casting until
the entire cross-section reached a uniform temperature of 500 °C. After that, the column
was subjected to a displacement-controlled uniaxial compression load until failure. The
member temperature at the time of the compression test was 22 °C. Figure 12¢ presents both
the experimental and analytical axial load—deformation curves for the specimen, which
was exposed to a uniform temperature of 500 °C before cooling. The proposed model is
found to provide very good prediction of the experimental results, as indicated by the 4.2%
percent error. The strength of the heat-exposed columns was reduced by 41.8% after the
heating—cooling cycle, as implied by the strength reduction from an average of 1418 kN
for the intact columns to 826 kN of the heated column. Based on Figure 4.4.2.2.1¢(b) of
ACI 216-14 [9], the estimated residual strength of the specimen at 500 °C is determined as
about 51.0% of the initial compressive strength. This represents an error of about 12.4%
with respect to the actual residual strength of 58.2% determined in the lab. The incremental
stiffness at service load is almost identical between the two curves. Additionally, the
load—deformation behavior obtained from the proposed model is shown to be consistent
with that obtained experimentally in terms of stiffness, peak strain and failure strain.

Elsanadedy et al. [28] examined the effect of high temperature on the residual capacity
and deformation behavior of R.C. columns strengthened with FRP wraps. The control
specimens, which were unwrapped, were tested at a room temperature of 26 °C and are
considered for comparison in this paper. All the examined columns have a diameter of
242 mm and an overall length of 900 mm. The concrete cover to the centroid of the steel
bars was taken as 41 mm. The reinforcement consisted of 4 ® 10 steel bars, resulting in a re-
inforcement ratio of 0.68%. Normal-weight concrete with a compressive strength of 42 MPa
and steel bars with a yield strength of 593 MPa were used. The columns were exposed to
elevated temperature along their circumference under unstressed conditions with a heating
rate ranging between 5 °C and 15 °C per minute. Specimens C-200, C-400 and C-500 are
considered for comparison, where the letter “C” indicates un-strengthened specimens,
and the number indicates the maximum temperature reached in the oven. The specimens
were subjected to the specified maximum temperature for 3 h before shutting down the
oven. The columns were then naturally cooled inside the oven to room temperature. After
that, the columns were taken out of the oven and subjected to a displacement-controlled
uniaxial compression load until failure. Figure 12d presents both the experimental and
analytical axial load-deformation curves for the examined specimens. The residual strength
of specimens C-200, C-400 and C-500 were found to be 1745 kNN, 1490 kN and 1350 kN,
respectively. These values represent a residual strength of 90.1%, 77.1% and 69.9% of the
initial strength of the intact specimen, respectively. The capability of the proposed model
to capture the residual capacity of the heat-exposed columns is very good, as indicated by
the 4.7%, 3.7% and 6.5% percent errors for specimens C-200, C-400 and C-500, respectively.
Considering Figure 4.4.2.2.1c(b) of ACI 216-14 [9], the residual strength of specimens C-200,
C-300 and C-400 are 84.0%, 75.0% and 63.0% of the initial compressive strength, respectively.
This represents a percent error of 7.0%, 2.8% and 9.8% relative to the tested specimens,
respectively. Additionally, the load-deformation behavior obtained from the proposed
model is shown to be consistent with that obtained experimentally in terms of stiffness,
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peak strain and failure strain. The error between the model and experimental results can
be attributed to the variation in heating rate and the presence of residual surface cracks
and initial misalignment, which are not accounted for in the model.

9. Parametric Study

The main parameters include the concrete compressive strength, f. (25 MPa and
35 MPa); steel yield strength, f, (300 MPa and 400 MPa); fire duration, ¢ (0.5 hr, 1.5 hrs and
2.5 hrs); initial load level, A (0.0, 0.2 f,;’, 0.4 fcf); axial restraint stiffness ratio, Rp (0.0, 0.5 and
1.0); and steel reinforcement ratio, p (0.02 and 0.04). The cross-sectional dimensions of the
rectangular sections are defined in terms of member height, /# (400 mm and 800 mm) and
width, b (300 mm and 600 mm), whereas for circular sections, the geometrical properties
are determined in terms of their diameter, D (350 mm and 650 mm). A 30 mm clear
concrete cover was considered for all specimens. The members are exposed to fire along
their perimeters according to ASTM E119 [17] standard fire curve, followed by a cooling
phase according to ISO 834 [18] recommendations. The influence of the considered factors
on the post-fire behavior of both rectangular and circular RC axially loaded members is
investigated in view of a parametric study. Based on these parameters, the analytical
investigation consists of a total of 1728 different cases.

The effect of the aforementioned parameters on both the residual axial capacity and the
residual 40% secant axial stiffness is illustrated in view of the members presented in Table 1.
The variation in the residual capacity and stiffness in terms of the different parameters at
different initial load levels is presented Figures 13 and 14 for both rectangular and circular
sections, respectively.

9.1. Effect of Fire Duration

Fire duration has been found to have the most significant influence on reducing the
post-fire capacity and stiffness of both rectangular and circular RC columns. The influence
of increasing the fire duration on the residual flexural behavior is examined in view of
the rectangular sections (R1, R2 and R3) and the circular sections (C1, C2 and C3), as
shown in Figures 13a and 14a, respectively. Prolonged exposure to fire results in material
strength degradation and softening, which adversely affect the stiffness and capacity of
the fire-damaged section. The permanent strength and stiffness reductions in the circular
columns are found to be slightly higher than those with rectangular sections. This can
be attributed to the higher maximum temperature reached within the circular sections
subjected to fire for the same fire duration, as was previously described in Figure 6. The
additional deterioration in both concrete and steel residual mechanical properties caused
by the longer duration of the heating—cooling cycle provides more time for heat to transfer
to the inner elementary layers raising their temperatures.

9.2. Effect of Section Size

Increasing the cross-sectional dimensions of both rectangular and circular columns
results in higher residual flexural strength and stiffness after fire, as indicated in
Figures 13b and 14b. This larger residual capacity is caused by the lower temperature
increase within the larger member as it requires more heat energy to increase its temper-
ature. This is attributed to the additional concrete cover provided by the larger sections
causing the hindrance of heat transfer from the column perimeter towards its core. Hence,
internal concrete fibers experience lower temperatures and consequently higher residual
compressive strength and stiffness than the inner elements of columns with smaller dimen-
sions. For the same fire duration, concrete within the inner parts of the wider member
experience a lower increase in temperature and consequently more recovery after a fire.
The influence of strength recovery in steel bars is neglected since concrete cover is the same
in all specimens causing the maximum temperature reached in all steel bars to be the same.
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9.3. Effect of Mechanical Properties

Increasing the concrete compressive strength is found to have an insignificant inverse
relationship on the reduction ratio of both capacity and stiffness for all load levels in the
examined range, as shown in Figures 13c and 14c, for rectangular and circular columns,
respectively. The decreasing rate can be justified by the greater reduction in compressive
strength of the stronger concrete after fire. Hence, the reduction in concrete contribution
within the compression zone becomes more pronounced and results in the observed larger
decrease relative to the original capacity. The use of normal-strength concrete infers that no
spalling is encountered, which could otherwise significantly affect the residual capacity.
The same observation can be drawn by varying the grade of the embedded steel bars from
300 MPa to 400 MPa, as shown Figures 13d and 14d, for rectangular and circular columns,
respectively. This is attributed to the fact the steel bars restore a significant portion of their
capacity and stiffness after fire as discussed previously.

9.4. Effect of Steel Reinforcement Ratio

Steel bars are located near the exposed surfaces of the columns and are subjected
to relatively high temperatures. However, this has negligible impact on the overall axial
capacity and stiffness reduction due to the significant recovery of mild steel bars after fire
exposure [29-31]. Figures 13e and 14e show that increasing the reinforcement ratio results
in an insignificant increase in both residual capacity and stiffness in the rectangular and
circular columns, respectively. This is attributed to the higher impact of the larger steel area
in replacing the fire-damaged concrete since the recovery of steel bars is very significant as
opposed to concrete.

9.5. Effect of Restraint Conditions

The influence of restraining the member against thermal expansion during heat-
ing has been found to slightly decrease its post-fire stiffness and capacity, as shown in
Figures 13f and 14f, for both rectangular and circular columns, respectively. The reduction
in residual properties is more pronounced when comparing the fully unrestrained sections
with the restrained ones. However, the reduction seems to be almost identical for columns
that are fully restrained or 50% restrained. This is explained by the impact of transient strain
in changing the deformation behavior of axially loaded members during fire exposure
through alleviating the thermal expansion. As the stiffness of the supports provided by the
adjacent frame members increases, more restraining forces are generated to counteract the
tendency of the column to expand. This additional force results in transient creep strain,
which reduces the thermal strain and consequently decreases the amount of restraining
force required to overcome the expansion. These two processes occur simultaneously and
have a negative influence on each other, causing them to reduce the impact of restrains.

During fire exposure, the column’s tendency to undergo thermal expansion increases
with time, causing the support to counteract this potential movement, depending on
the column’s stiffness. Initially, the member’s stiffness remains close to that at ambient
conditions as the temperature increase within the member is relatively low. Thus, an
increase in restraining force results in significant hindrance of the column’s deformation
as the thermal strain component increases. However, after a certain period of time, the
temperature within the member becomes relatively high, causing the stiffness degradation
to become more pronounced. Thus, the forces required to resist the larger thermal expansion
of the member drops. The axial force required to restrain the member keeps decreasing as a
result of the continuous reduction in stiffness caused by elevated temperatures. Therefore,
the change in the restraining load is characterized by a mild increase followed by a gradual
decrease with time.

10. Proposed Simplified Expressions to Obtain Residual Axial Capacity and Stiffness

Prolonged exposure of RC columns to elevated temperatures according to a stan-
dard fire has a substantial influence on their axial capacity and deformation behavior.

110



Fire 2022, 5, 42

The residual structural performance of such columns relies on the geometrical characteris-
tics, mechanical properties, initial load, restraint conditions and fire duration that should
be appropriately accounted for in the analysis. Accurate determination of temperature
distribution and residual strain components developed within RC columns is tedious and
requires detailed thermal and structural analyses that may not be convenient for design
engineers. The proposed analytical model comprehensively addresses the influence of
the aforementioned factors on determining the post-fire response of both rectangular and
circular RC columns. Hence, based on the extensive parametric study conducted on the
1728 different cases, regression analysis is carried out to develop expressions for obtaining
both the residual axial capacity and secant axial stiffness of fire-damaged rectangular and
circular RC columns. These proposed expressions take into consideration the loading
history, restraint conditions, fire duration, material strength and cross-sectional dimensions
of the exposed members. The validity and accuracy of the proposed equations depend
on the range of parameters considered in the parametric study. The proposed expressions
provide a suitable approach for predicting the behavior of RC columns after exposure to
an extreme standard fire scenario. This would be a valuable tool for both researchers and
engineers to predict the post-fire performance of RC columns during the design phase.

10.1. Rectangular Sections

Linear multiple regression analysis is performed to propose an expression for both the
residual capacity and axial stiffness ratios (w), as given in Equation (4).

w:Al+A2A+A3fc’+A4fy+A5p+A6@+A7b+A8h 4)

I
where A is the initial load level relative to ambient capacity, f! is the concrete compressive
strength (MPa), f, is the steel yield strength (MPa), p is the steel reinforcement ratio, b
is section width (m), and / is section height (m). The coefficients (A; - 1,2,3,4,5,¢,7,8) are
given in Table 2 in terms of the axial restraint ratio (Rp) and fire duration at the end of the
heating phase (f) in hours. For values other than the listed t and Rp, linear interpolation of
the upper and lower calculated w should be performed. In Table 2, P, and P, are the axial
capacities at ambient and post-fire conditions, respectively; EA; and (EA;), are the initial
axial stiffness at ambient and post-fire conditions, respectively; EAp4 and (EAp 4), are the
40% axial stiffness at ambient and post-fire conditions, respectively; and EAg g and (EAg)r
are the 80% axial stiffness at ambient and post-fire conditions, respectively.

It is worth mentioning that although the rectangular column is exposed to fire from
all sides, the coefficients of the section height (/) and section width (b) are different in
Equation (4). This variation is attributed to the assumed reinforcement configuration where
the steel bars lie in two opposite layers that are parallel to the section width as indicated in
Figure 4a.

The applicability of the proposed expressions is assessed by comparing the values
obtained using the proposed equations and the results obtained from the analytical analysis.
A comparison between the values predicted from Equation (4) and the results determined
through performing detailed analytical analysis for all examined cases revealed a very good
agreement, as shown in Figures 15a and 16a, for both residual capacity and axial stiffness,
respectively. The equality line denotes the location on the graph where the predictions
from the proposed equations match those obtained from the proposed analytical model.
As shown in the figure, the data points are uniformly distributed in the vicinity of the
equality line.

The residual compressive strength of column R6 is determined from ACI 216.1-14
and compared to that obtained from Equation (4) considering an exposure of 1 h to ASTM
E119 [17] standard fire. Figure 4.4.2.3a and 4.4.2.2.1c(b) of ACI 216.1-14 provide the temper-
ature distribution and the residual compressive strength of concrete at various heating and
loading conditions, respectively. The unstressed residual compressive strength obtained
from the ACI procedure for column R6 is found to be just under 71.0% of its initial strength.
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Considering the same parameters, the percentage of the residual strength obtained from
the proposed Equation (4) is found to be 77.7%. In general, there is a good agreement
between the two values considering the complex behavior of fire-exposed RC members.
The variation between the two values is attributed mainly to the difference between the
exposure and boundary conditions assumed in both methods. The residual strength is
calculated from Equation (4) considering the reinforcement ratio, steel yield strength and
section height, which is not specifically provided in the ACI procedure.

Table 2. Coefficient of Equation (4) for rectangular sections.

P./P, (Proposed Analytical Model)

(a) Rectangular section

Rp =0 (Unrestrained) Rp = 0.5 (Partially Restrained) Rp =1 (Fully Restrained)
w A t=0.5hr t=15hrs t=25hrs t=0.5hr t=15hrs t=25hrs t=0.5hr t=15hrs t=25hrs
Ay 6.90 x 10~1 3.60 x 101 2.06 x 1071 6.16 x 107! 328 x 107! 217 x 1071 5.96 x 10~! 3.14 x 1071 218 x 107!
Ay —1.22 x 107! —1.70 x 107! —1.48 x 107! —7.29 x 1072 —7.23 x 1072 —8.24 x 1072 —6.74 x 1072 —6.43 x 1072 —7.03 x 1072
Az —7.09 x 1074 —1.28 x 1073 —1.58 x 1073 ~1.08 x 1073 -1.97 x 1073 —2.16 x 1073 —~1.16 x 1073 —1.94 x 1073 —2.26 x 1073
Py Ay 5.01 x 1072 6.72 x 1072 7.83 x 107> 6.94 x 1075 8.57 x 107° 1.02 x 1074 7.58 x 107° 9.78 x 10~° 1.04 x 10~*
P, As 131 1.90 234 1.82 2.46 3.05 2.09 2.65 3.17
Ag 9.03 x 1072 1.16 x 10~ 1.43 x 107! 1.14 x 1071 143 x 107! 141 x 1071 1.14 x 107! 142 x 1071 147 x 1071
Az 1.66 x 1071 3.45 x 1071 4.04 x 107! 1.54 x 107! 251 x 107! 3.00 x 107! 1.49 x 1071 237 x 1071 278 x 107!
Ag 1.30 x 101 223 x 107! 242 x 107! 1.78 x 10! 256 x 107! 243 x 107! 1.92 x 101 2,61 x 107! 243 x 107!
Aq 5.36 x 10~1 —1.38 x 1071 —3.18 x 1071 534 x 107! —1.64 x 1071 —2.57 x 1071 532 x 107! —241 x 1071 —2.75 x 1071
Ay —7.45x 1073 —5.66 x 1072 —7.28 x 1072 —3.75 x 1073 —6.59 x 1072 —1.26 x 107! —3.55 x 1073 —8.61 x 1072 ~1.35 x 1071
Az —3.90 x 1074 —2.01 x 1073 —3.58 x 1073 —4.00 x 1074 —3.97 x 1073 —2.77 x 1073 —3.56 x 1074 —2.69 x 1073 —4.56 x 1073
(E4)), Ay —241 %1075 179 x 1074 3.70 x 107+ ~2.83 x 1075 3.14 x 107+ 2,02 x 1074 298 x 1075 299 x 1074 3.83 x 107+
Aj As 2.52 9.00 1.49 x 10*1 2.55 1.16 x 10*1 1.12 x 10*1 2.56 9.90 1.38 x 10*1
Ag 4.68 x 1072 —1.37 x 107! —3.52 x 107! 5.55 x 1072 —2.70 x 1071 —6.62 x 1072 5.88 x 1072 —~3.94 x 1072 —254x 1071
Ay 211 x 1071 8.16 x 1071 7.84 x 1071 2.04 x 107! 8.70 x 107! 7.46 x 1071 2,01 x 1071 9.32 x 1071 742 x 1071
Ag 1.64 x 1071 2.63 x 1071 256 x 1071 1.68 x 10! 249 x 101 2.56 x 1071 1.69 x 10~} 2.35 x 10~ 259 x 101
Aq 5.74 x 1071 —153 x 1071 —2.88 x 1071 5.82 x 107! —3.85 x 107! —3.70 x 107! 5.81 x 107! —4.48 x 1071 —4.43 x 1071
Ay 1.37 x 1073 —1.58 x 1071 —3.34 x 1071 —5.76 x 1074 —1.49 x 1071 —3.58 x 107! ~1.15x 1073 —138 x 101 —3.08 x 1071
Az —5.86 x 1074 8.44 x 1074 6.42 x 10~* —6.26 x 1074 1.16 x 1073 547 x 1074 —5.61 x 1074 1.94 x 1073 2.56 x 1073
(EAg4), Ay ~1.88x 1075 —447 x 1075 5.78 x 1073 —412x 1075 141 x 1074 1.81 x 104 —4.48 x 1073 1.61 x 104 1.50 x 10~
“Fyy | As 2.19 1.29 218 2.08 -1.56 6.68 x 10”1 2,07 —3.09 —3.46
Ag 7.94 x 1072 452 x 1071 449 x 1071 125 x 1071 739 x 1071 6.88 x 1071 133 x 107! 825 x 1071 1.06
Az 210 x 1071 9.25 x 10~ 843 x 1071 1.89 x 1071 115 845 x 1071 183 x 107! 119 845 x 1071
As 1.69 x 10~ 278 x 107! 2.88 x 101 177 x 107! 2.86 x 10”1 2.83 x 1071 1.79 x 10~ 297 x 1071 265 x 1071
Aq 5.96 x 10”1 —233 x 1071 —3.10 x 1071 511 x 107! —4.88 x 1071 —4.27 x 107! 457 x 1071 —496 x 1071 —4.32 x 107!
Ay 1.79 x 102 —3.16 x 1071 —4.64 x 1071 —3.54 x 1072 ~1.35x 1071 —2.16 x 107! —3.89 x 1072 —1.15x 101 —1.58 x 1071
Az —859 x 1074 1.51 x 1073 1.54 x 103 —137 x 1073 3.87 x 1073 3.30 x 1073 —1.11 x 1073 418 x 1073 3.29 x 1073
(EAgg), Ay 2.76 x 1075 1.55 x 1074 1.06 x 107* 229 x 1074 243 x 1074 9.84 x 1073 3.04 x 1074 238 x 1074 8.56 x 1073
“FAgg As 1.88 —1.67 957 x 10~! 1.60 —-8.52 —6.22 1.03 —8.62 —6.28
Ag 1.44 x 1071 5.98 x 1071 520 x 1071 243 x 1071 9.97 x 1071 7.77 x 1071 3.07 x 1071 9.58 x 1071 7.35 x 1071
Az 2,03 x 1071 9.81 x 1071 8.88 x 1071 225 x 1071 1.09 8.52 x 107! 246 x 1071 1.08 843 x 107!
Ag 1.72 x 10~ 3.18 x 10! 3.08 x 10! 1.95 x 10~1 3.54 x 10”1 3.11 x 10”1 2.03 x 10”1 3.52 x 10”1 3.04 x 10!
. . .
o
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(b) Circular section

Figure 15. Validation of the proposed Equations (4) and (5) for residual capacity.

10.2. Circular Sections

Multiple linear regression analysis is also performed to propose a similar expression
for the residual capacity and stiffness of the axially loaded circular RC columns, as shown
in Equation (5).

112



Fire 2022, 5, 42

w=Bl+BzA+Bsfc/+B4fy+B5P+36@+B7D ®)

Cc
where D is the diameter of the cross-section (m). The coefficients (B; = 1,2,3,4,5,6,7) are
given in Table 3 in a similar manner to the coefficients of the rectangular section. The line
of equality plot reveals that the proposed expressions provide an excellent prediction of
the capacity and stiffness compared to the results obtained from the analytical model, as
illustrated in Figures 15b and 16b, respectively. The presence of outliers is almost negligible,
which enhances the confidence of using the proposed expressions. The simplicity and
robustness of the proposed expressions is an advantage for increasing their applicability

during the design phase.
A w Bz
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(a) Rectangular section (b) Circular section
Figure 16. Validation of the proposed Equations (4) and (5) for residual axial stiffness.
Table 3. Coefficient of Equation (5) for circular sections.
Rp =0 (Unrestrained) Rp = 0.5 (Partially Restrained) Rp =1 (Fully Restrained)
w B; t=05hr t=15hrs t=25hrs t=0.5hr t=15hrs t=25hrs t=0.5hr t=15hrs t=25hrs
By 6.70 x 1071 341 x 107! 1.96 x 101 4.87 x 1071 1.74 x 101 1.04 x 101 441 x 107! 1.71 x 1071 463 x 1072
By —252 x 1071 —3.97 x 1071 —3.96 x 107! —1.44 x 1071 —1.44 x 107! —1.43 x 1071 —1.17 x 1071 —1.24 x 1071 —8.38 x 1072
» B3 ~1.76 x 1073 —191 x 1073 —~1.86 x 1073 —1.77 x 1073 —232 %1073 —2.40 x 1073 -1.92 x 1073 —2.62x 1073 —7.54 x 1074
i By 5.55 x 107° 9.80 x 107> 1.05 x 1074 114 x 1074 128 x 1074 149 x 1074 125 x 1074 7.86 x 107° 1.02 x 107
Bs 5.75 x 1071 1.30 1.43 1.32 1.60 1.81 1.54 1.66 8.87 x 10~1
Bg 7.74 x 1072 8.00 x 1072 8.96 x 1072 7.71 x 1072 122 x 1071 1.06 x 1071 7.86 x 1072 1.37 x 1071 1.62 x 1071
By 3.88 x 1071 6.00 x 10”1 6.53 x 10! 462 x 101 6.24 x 10! 5.74 x 10~1 4.95 x 1071 6.32 x 10”1 6.12 x 10”1
By 451 x 107! 7.79 x 1072 —~1.64 x 107! 414 x 107! 7.25 x 1072 —1.59 x 101 4.00 x 107! 7.57 x 102 —1.59 x 1071
By —5.91 x 1072 —4.15 x 1072 —6.81 x 1072 —3.41 x 1072 ~1.79 x 1072 —4.96 x 1072 —2.83 x 1072 —1.56 x 1072 —5.38 x 1072
(E47) By 1.38 x 1074 —2.76 x 1074 ~1.75 x 1073 6.76 x 1074 —2.02 x 1075 —-1.79 x 1073 9.26 x 1074 —7.20 x 107° —-3.19 x 1073
AT By —3.46 x 1075 —530 x 1075 1.60 x 1074 —4.79 x 1075 ~7.07 x 1075 150 x 1074 —5.48 x 1075 —8.46 x 1075 240 x 1074
i Bs 133 241 478 1.40 241 4.78 141 242 5.64
Bg 3.36 x 1072 5.16 x 1072 —5.01 x 1072 5.10 x 1072 7.11 x 1072 —4.03 x 1072 5.80 x 1072 7.49 x 1072 —9.85 x 1072
By 498 x 101 7.76 x 10! 9.21 x 107! 492 x 1071 7.42 x 107! 8.97 x 10! 4.94 x 1071 7.37 x 1071 9.04 x 107!
By 495 x 1071 8.07 x 1072 ~1.97 x 107! 442 x 1071 3.46 x 1072 —3.02x 1071 423 x 107! 1.80 x 1073 —3.47 x 107!
B, —7.98 x 1072 —7.01 x 1072 —1.66 x 1071 —3.87 x 1072 —5.52 x 1072 —1.28 x 1071 —3.26 x 1072 —5.93 x 1072 —~1.04 x 1071
(EAos) B3 474 x 1075 ~1.17 x 1073 1.20 x 1073 8.94 x 1074 —1.66 x 1073 —3.48 x 1074 1.19 x 1073 —238x 1073 2,62 x 1074
) | By —324 x107° 3.93 x 1075 —6.58 x 1075 —7.04 x 1075 135 x 107* 155 x 10* —7.71 x 1075 233 x107* 1.32 x 1074
0. Bs 131 3.24 131 133 432 3.06 137 5.19 2.26
B 3.86 x 1072 1.76 x 102 243 x 1071 6.98 x 1072 —1.77 x 1072 1.77 x 1071 7.61 x 10°2 —6.54 x 1072 2,60 x 1071
By 4.69 x 1071 7.98 x 10”1 1.03 4.74 x 107! 7.77 x 101 1.07 478 x 107! 791 x 10! 1.11
By 5.44 x 1071 —~1.01 x 102 —2.63 x 107! 482 x 1071 —2.81x 107! —5.45 x 1071 453 x 107! —312x 1071 —5.66 x 1071
By —8.70 x 1072 —2.37 x 107! —3.61 x 107! —~5.11 x 1072 ~122x 1071 ~1.19 x 1071 —4.65 x 1072 —9.72 x 1072 —8.29 x 1072
(Edgg) By 3.60 x 10~ 9.20 x 10~ 151 x 1073 3.15 x 1074 229 x 1073 3.44 x 1073 3.48 x 1074 234 x 1073 3.04 x 1073
ﬁ By —4.74 x 1075 139 x 1074 8.88 x 107° ~7.26 x 1075 2.60 x 1074 2,96 x 1074 ~5.30 x 107° 2,62 x 1074 322 x 1074
" Bs 1.22 1.16 362 x 1071 1.55 —4.88 x 1071 —2.10 1.84 561 x 101 -1.37
B 6.96 x 1072 2.09 x 1071 345 x 107! 1.00 x 101 391 x 107! 448 x 107! 9.48 x 1072 392 x 107! 3.57 x 1071
By 422 x 107! 9.14 x 10! 1.14 447 x 107! 1.06 1.25 4.60 x 10! 1.09 1.31

11. Application of the Proposed Procedure

The proposed method is suitable to be implemented by engineers during the pre-
liminary design phase for estimating the residual performance of RC frames exposed to
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extreme standard fire conditions. The current study represents a step toward developing
an integrated approach for considering all the components of the RC frames subjected to
different loading conditions and exposed to various fire curves. This research assumes
that the global behavior of the frame system is merely affected by the deterioration taking
place in columns subjected to pure axial loads. This implies that beams and eccentrically
loaded columns are either perfectly insulated against fire or are not exposed to critical
temperatures capable of affecting their residual performance. The proposed procedure
considers the interaction between the entire frame system and the fire-damaged columns
in terms of connections’ stiffness and load path. The fire-exposed columns are considered
in the analysis as isolated members using an equivalent spring model whose stiffness is
determined from the stiffness of the entire frame.

The steps required to adopt the proposed procedure are discussed in view of the
20-storey frame structure shown in Figure 17. The frame is composed of 8 m-long
300 x 450 mm RC beams made of normal-weight concrete with f," of 35 MPa and rein-
forced with grade 400 MPa steel bars. The 300 x 400 mm columns are 3.6 m long with the
reinforcement ratio of 0.04 and are constructed of the same materials as the beams. The
moment of inertia of both member types is determined assuming cracked cross-sections
(i-e., Ipeam = 0.351g and I opymn = 0.71g), where I¢ is the gross moment of inertia of the con-
sidered member. The frame is loaded by subjecting the beams to a uniformly distributed
load of 33 kN/m along the entire span. ASTM E119 standard fire is assumed to spread
in the first floor of the building for 1.5 h, followed by a gradual cooling phase, according
to ISO 834 specifications. Beams and corner columns are assumed to not be significantly
influenced by fire, while the interior columns (i.e., columns IC1 and IC2) are exposed to fire
from all sides. To determine the residual performance of the frame, the proposed procedure
is discussed with reference to column IC1 in Figure 17. The structural analysis is performed
using the commercially available ETABS [32] finite element software.

\l\ N | ‘

33lkl*ffm

e

N

33| kl\lUm T 1

33 kN/m

(a) Part of the considered loaded frame

(b) Unit load at the top joint
B |
lld\l |

(c) Unit load at bottom joint

Figure 17. Description of the proposed analysis procedure.

(1) Determine the equivalent axial stiffness (ks) of the spring shown in Figure 3b that
represents the vertical stiffness of the structural system at that point. This is performed
by replacing the examined column with a unit load acting at each joint individually, as
shown in Figure 17b,c. The structural analysis is then performed on the frame to find
the corresponding displacement of the considered joint. ks for each joint is calculated
as the ratio between the unit load to the induced displacement. The total equivalent
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axial stiffness (ks) is then determined by considering the two joints as springs in series
according to Equation (6).
ks = Koha (ko)

(ks)1 + (ks),

In this example, (ks); is determined as 10,000 kN/m, while (k;), is found to be
829,187 kN/m. Thus, k; for the isolated column model is 9881 kN /m.

(2) Calculate the axial restraint ration (Rp) as the ratio between ks calculated in step 1
and the axial stiffness of column per unit length (EA/L). In this example, Rp is found
to be 0.012.

(3) Determine the axial force acting on the considered column by performing structural
analysis on the entire frame while the actual loads are added. Column IC1 in this
example is subjected to an axial load of 2383 kN.

(4) Calculate the applied load level (A) as the ratio between the applied load and the
column axial capacity. In this example, A is determined as 0.4.

(5) Determine the residual axial capacity (P,) and axial stiffness (EA), of the considered
column in view of the proposed expressions provided in Equation (4) along with
Table 2 for rectangular sections. In this case, w corresponding to the capacity and axial
stiffness is 0.531 and 0.311, respectively. For columns IC1, this would be translated into
a residual capacity and an axial stiffness of 3161 kN and 995,923,429 kN, respectively.

(6) Repeat the same procedure for all other axially loaded columns. In this example, the
only other affected column is IC2.

(7)  Adjust the axial capacity and stiffness of the considered columns in the structural
program and repeat the analysis. Repeat steps 1 through 6 until the obtained variation
in both capacity and stiffness for each column is within an acceptable tolerance.

(8) Once the residual behavior of all fire-damaged columns is adjusted in the program,
the engineer can check the stresses, straining actions and deformation behavior of the
frame in both the local and global levels.

(6)

12. Conclusions

In this paper, both thermal and sectional analyses are performed to determine the resid-
ual capacity and stiffness of fire-damaged rectangular and circular columns in typical RC
frames. The temperature-load history experienced by the exposed members is considered
in detail in the analytical study. The model is validated against relevant experimental stud-
ies found in the literature. A parametric study is carried out to determine the influence of
various loading conditions and fire scenarios on the residual properties of the members. An
objective-based method is then proposed to assist the engineers in evaluating the residual
behavior of axially loaded RC columns considering an extreme standard fire scenario. The
applicability of the proposed procedure is limited to RC columns made of normal-weight
concrete and siliceous aggregate with fire durations up to 2.5 h, initial load level up to
0.4 fcr, section height between 400 mm and 800 mm, section width between 300 mm and
600 mm, section diameter between 350 mm and 650 mm, and steel reinforcement ratio
between 2% and 4%. The main findings are as follows:

e  The deterioration in both concrete and steel residual mechanical properties continues
during the cooling phase as heat transfers not only to the atmosphere, but also to the
colder inner elementary layers, raising their temperatures.

e  Fire duration and cross-sectional dimensions are found to be the main parameters
affecting the residual stiffness and capacity of the fire-exposed members.

e  Theinfluence of the initial load level on the residual stiffness and deformation behavior
is noticeable as opposed to that on the residual capacity of the fire-exposed members.

e  The permanent strength and stiffness reductions in the circular columns are found to
be slightly higher than those with rectangular sections due to the higher maximum
temperature reached within the circular sections.
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Nomenclature
A area of the cross-section (mm?)
Agp area of bottom steel reinforcement (mm?)
Agt area of top steel reinforcement (mmz)
b width of rectangular cross-section (mm)
D diameter of circular cross-section (mm)
E modulus of elasticity of concrete (MPa)
h height of rectangular cross-section (mm)
ks axial stiffness of the equivalent spring (N/mm)
P; initial applied load (N)
r distance from the center of the circular cross-section to each layer (mm)
Rp axial restraint ratio
t time after the start of fire (hr)
Ty fire temperature (°C)
T, room temperature (°C)
Ao change in the applied load level
& strain in concrete (mm/mm)
Ecr creep strain (mm/mm)
eur  residual ultimate strain of concrete (mm/mm)
€eq equivalent strain (mm/mm)
errrs  load-induced thermal strain (mm/mm)
€m mechanical strain (mm/mm)
€R total residual strain (mm/mm)
& strain in steel bars (mm/mm)
€ total strain (mm/mm)
& free thermal strain (mm/mm)
egyur  residual free thermal strain (mm/mm)
£ty transient strain (mm/mm)
€1R residual transient strain (mm/mm)
& stress-related strain (mm/mm)
&y residual stress-induced strain (mm/mm)
A axial load level
0 steel reinforcement ratio
w residual capacity and axial stiffness ratio
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Abstract: The probability of extreme events such as an earthquake, fire or blast occurring during the
lifetime of a structure is relatively low but these events can cause serious damage to the structure
as well as to human life. Due to the significant consequences for occupant and structural safety, an
accurate analysis of the response of structures exposed to these events is required for their design.
Some extreme events may occur as a consequence of another hazard, for example, a fire may occur due
to the failure of the electrical system of a structure following an earthquake. In such circumstances,
the structure is subjected to a multi-hazard loading scenario. A post-earthquake fire (PEF) is one of
the major multi-hazard events that is reasonably likely to occur but has been the subject of relatively
little research in the available literature. In most international design codes, structures exposed to
multi-hazards scenarios such as earthquakes, which are then followed by fires are only analysed and
designed for as separate events, even though structures subjected to an earthquake may experience
partial damage resulting in a more severe response to a subsequent fire. Most available analysis
procedures and design codes do not address the association of the two hazards. Thus, the design
of structures based on existing standards may contribute to a significant risk of structural failure.
Indeed, a suitable method of analysis is required to investigate the behaviour of structures when
exposed to sequential hazards. In this paper, a multi-hazard analysis approach is developed, which
considers the damage caused to structures during and after an earthquake through a subsequent
thermal analysis. A methodology is developed and employed to study the nonlinear behaviour of a
steel framed structure under post-earthquake fire conditions. A three-dimensional nonlinear finite
element model of an unprotected steel frame is developed and outlined.

Keywords: fire; earthquake; finite element analysis; Abaqus; multi hazard analysis

1. Introduction

Extreme events such as earthquakes, fires or blasts have a low likelihood of incidence
during a structure’s lifecycle but they can have tremendous after-effects with regard to
the safety of any inhabitants and the integrity of the structure. In addition, there may
be a higher risk of a second extreme event occurring, owing to any damage that occurs
during the initial event, for example, a fire after an earthquake [1,2]. In such a case, the
structure is exposed to multiple hazards. The current paper is concerned with the response
of steel framed structures when subjected to an earthquake that is followed by a fire. This
particular multi-hazard event is known as a post-earthquake fire (PEF). Most structures
are required to satisfy ‘life safety’ design criteria as specified in design standards. These
codes guarantee that structures remain stable and continue to carry gravity loads, dead
loads and a percentage of live loads during extreme events, thus allowing the building’s
occupants to evacuate the buildings safely [3,4]. Based on the function of the structure and
its importance, the allowable rate and type of damage that is tolerable during an extreme
loading is typically specified during its design. The design codes ensure building safety
under a variety of load combinations that represent different extreme loading scenarios.

119



Fire 2021, 4,73

However, the load combination of an earthquake followed by a fire has yet to be included
in international design standards although the forces and moments applied to a structure
during a PEF are likely to be much greater than for individual extreme events [4,5].
Mitigating the effects of PEF on buildings during the design process in order to ensure
the safety of occupants and emergency service personnel is a crucial aspect to consider
for any PEF safety strategy. The effects of a PEF can be diminished by controlling and
determining the status of structural stresses after the first event (the earthquake) and also
designing and/or strengthening the building to withstand and survive the fire loading.
Eurocode 8 Part 1 [6] provides a design load combination for a set of different actions
(Equation (1)). These actions must be combined with those from other loads, such as
permanent loads (G), pre-stressing loads (P), seismic actions (Ag 4) and a proportion of the
variable (live) loads (Q). A specific reduction factor (‘¥5; ) is provided in Eurocode 8 and
the recommended values of factors for buildings are specified in Eurocode 3 Part 1-2 [7].

Y Gij+P+Agq+ ) ¥2i Qui 1)

£>1 i>1

There are two important concepts that should be considered when designing a struc-
ture that can resist different magnitudes of earthquakes, which are frequent earthquakes
and design earthquakes. The return period of a frequent earthquake is lower than that of
a design or ‘maximum considered” earthquake. A design earthquake is characterized by
a return period R of 475 years, which corresponds to a 10% probability of exceedance in
50 years. As shown in Figure 1, a usual building must be operational for a frequent return
period, and safe in the zone of a design earthquake. For very important structures, the
critical components must remain operational for a ‘maximum considered” earthquake [8,9].

Performance State

Operational Safe Near collapse

Frequent
R=95 years
41% in 50 years

Design
R=475 years
10% in 50 years

Earthquake

Maximum
considered

Figure 1. Requirements for structural performance during different types of earthquake in accordance
with EN 1998-1 [6].

In this context, it is clear that in order to develop appropriate design methods for a
PEF event, it is critical to first develop a good understanding of the complex structural
behaviour that occurs in this scenario. The structural behaviour and material properties
of the remaining parts of the structure after the first hazard are classified as the input
properties of the structure during the fire, and it is important that these are accurately
represented. For this reason, in the current paper, a multi-hazard analysis approach is
presented for steel-framed buildings. The paper proceeds with an overview of the state-
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of-the-art, which is followed by a description of the three-dimensional (3D) finite element
(FE) model that was developed using the Abaqus software [10]. The damage caused to a
structure during and after an earthquake is included in the sequential thermal analysis.
This methodology is developed and employed to study the nonlinear behaviour of a
steel-framed structure when subjected to the PEF loading condition.

2. State of the Art

There has been limited research into multi-hazard extreme events and their effects on
building structures compared with single extreme events such as a fire or an earthquake.
Nevertheless, as more has become known and understood about single hazard events, re-
searchers have begun to study the more complex case of PEF [1-3,11]. Della Corte et al. [12]
investigated the fire resistance rating for unprotected steel frames for the PEF condition,
assuming elastic-perfectly plastic steel behaviour. This study considered second-order
effects, whereby the lateral displacements caused by the stresses and strains resulting from
the earthquake, reduce the structural stability under gravity loads. However, this study
did not include stiffness degradation in the analysis.

Ali et al. [13] conducted a comprehensive study that considered the effects of geometry
and stiffness degradation in the PEF condition, in which they also developed of a 3D
numerical model. The behaviour of an unprotected, single-storey, multi-bay steel frame
was analysed after its exposure to a seismic load followed by a sizeable uncontrolled fire.
It was shown that the PEF resistance is significantly dependent on both the particular fire
scenario as well as the gravity loads that are applied to the structure. Mousavi et al. [14]
presented a review on the key issues and hazards related to PEF for a building and found
that the principle influential factors are the intensity and duration of the earthquake and
fire, the level of protection included in the original design and the structural materials
used. Zaharia and Pintea [15] examined two types of steel frames which were designed
for different return periods of ground motion (2475 and 475 years, respectively). The
seismic response of the system was evaluated by conducting a nonlinear static analysis,
i.e., a pushover analysis. The structure that was designed for a return period of 475 years
suffered from a more significant inter-storey drift in the plastic range after the earthquake
event, whilst the frame designed for the longer return period continued to respond in the
elastic range. A fire analysis was then performed for both frames and the results showed
that the fire resistance of the frame with a shorter return period, which had experienced
greater deformations during the earthquake, was less than for the other frame, which did
not have a history of plastic deformations before the fire.

Ghoreishi et al. [16] presented a review of the existing experimental and numerical
studies on structural systems when subjected to fire, which included a multi hazard anal-
ysis of PEF. This study revealed that traditional design methods based on the concept of
fire resistance ratings do not consider many of the significant typical structural conditions
such as size, control conditions and loading. Moreover, the fire resistance of a singular
structural element is different to that of the overall structure, due to the influences of conti-
nuity, interaction between elements and load and stress redistribution. Memari et al. [17]
presented their insights into the consequences of PEF on low-, medium- and high-rise steel
moment-resisting frames, using FE and nonlinear time-history analysis. An uncoupled
thermal-mechanical analysis was conducted and a fire was applied at the reduced beam
section connections (RBS). The material properties were assumed to be elastic-perfectly
plastic in this analysis, but it is noteworthy that one-dimensional beam elements were
employed to represent the structure’s components that were incapable of depicting local
buckling failure in the members.

Chicchi and Varma [1] published a state-of-the-art review for the analysis and the
design of moment-resisting framed structures subjected to PEF, which was largely fo-
cused on events in the USA. This review included an assessment of the consequences
of non-structural damage produced through earthquakes on the subsequent structural
fire resistance. A methodology was proposed for analysing and designing these types of
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structures, so that they may resist a PEF event using incremental dynamic and fire analyses.
Zhou et al. [18] proposed an integrated multi-hazard analysis framework using FEA and
the OpenSEES software. This framework provides a practical solution for measuring the
residual fire resistance of a system with cementitious passive fire protection (PFP) subjected
to fire following a moderate earthquake. However, it is noteworthy that this study analysed
individual structural members rather than the overall structure.

The research that has been conducted to date generally illustrates that the behaviour
of a building subjected to a PEF is not significantly affected by the nonlinear geometric
effects caused by an earthquake if the initial design of the structure complies with the
serviceability limit state requirements. However, there are shortcomings in some of the
assumptions that have been made in the available research, including simplifications of the
element types, methods of analysis and the applied input motions. The nonlinear geometric
effects are generally assumed without considering the influence of structural resonance
and the frequency effect. Moreover, if an inaccurate design spectrum is determined, in
accordance with Eurocode 8, the acceleration time history applied during the seismic stage
of the multi-hazard event could lead to an underestimation of the stresses and strains
experienced in the structure. Such is the basis for this work, which provides a novel
approach to quantifying the effect of a PEF event on structural behaviour, using a coupled
nonlinear sequential analysis. The study highlights the unique relationship between the
geotechnical and geological properties of the applied motion during the earthquake stage
and the system behaviour during a multi-hazard event. The coupled nonlinear time-history
analysis is used to identify the residual material properties of the subsequent fire analysis.

3. Basis of the Analysis

It is clear that an accurate evaluation of a structure’s response following an earthquake,
which serves as the input data in the fire analysis for a PEF event, is critically important.
Its response is influenced by many factors including the level of certainty of the material
properties and the mechanical behaviour of the structural components as well as the
intensity of the seismic action (e.g., [19]). These difficulties and uncertainties have led
researchers to adopt simplified approaches for assessing the seismic structural behaviour
and damage in PEF analyses [20,21]. However, simplified methods may not present an
accurate depiction of the actual structural behaviour following an earthquake, particularly
for the stress redistributions that occur and are likely to be quite influential in its fire
performance (e.g., [22,23]). The key problem lies in the appraisal of the physical condition
of the structure following the earthquake, or the ‘initial condition” for the subsequent
fire action.

During most major earthquakes, structures are required to withstand significant
levels of plastic deformation. The availability of reliable analytical methods, including
sophisticated numerical models, may facilitate a more realistic reflection of the performance
and damage of a structure when subjected to an earthquake. The structural damage
experienced can be classified as either geometric, whereby the initial geometry is altered
due to plastic deformations that occur during the earthquake, or mechanical, i.e., the
degradation of the mechanical properties of the structural components that are in the
plastic range of deformation during the earthquake.

3.1. Seismic Analysis for PEF

Traditionally, the effects of an earthquake on a structure are studied using either
approximate methods, such as a pushover analysis, or a time-history analysis. A pushover
analysis is a nonlinear static analysis procedure used to estimate the strength of a structure
beyond its elastic limit but does not induce actual plastic damage in the structure and does
not require a ground motion time history. On the other hand, a time-history analysis is a
nonlinear dynamic response analysis performed using an actual or artificial earthquake
to evaluate the response of the system. A time-history analysis usually takes significantly
longer to complete compared to a pushover analysis and is also more computationally
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demanding. However, it provides a more accurate depiction of the structural response
to a seismic event, which is imperative in a PEF assessment. When the damage from an
earthquake is underestimated, a structure can be highly vulnerable to failure even if it has
been rigorously designed for an isolated fire condition. It is in this context, that this study
applies a time-history analysis to assess the structural response to the seismic excitation.

3.2. Input Data

The earthquake input data is generated in accordance with the structure frequency
modes, geotechnical and geological site properties, and the design response spectrum
characteristics. In a performance-based design, a structure subjected to a design earthquake
should maintain the required design-level performance [24]. Eurocode 8 specifies two
types of earthquakes, namely Type 1 and Type 2 spectra and also four different importance
classifications for buildings, depending on their function. In the current work, it is assumed
that the structure being analysed has an importance classification of III (i.e., buildings with
a seismic resistance that is of importance due to the consequences associated with a collapse,
e.g., schools, assembly halls, cultural institutions, etc.) and is therefore subjected to a Type
2 earthquake. The ground conditions are Type E as defined in Eurocode 8, described by
various stratigraphic profiles and parameters and with viscous damping set at 5%. For
these conditions, the peak ground acceleration (PGA) that occurs during the earthquake is
035¢g.

The design response spectrum is also developed in accordance with Eurocode 8 for
selected targeted time histories. The user-selected time histories are subjected to a scaling
and matching procedure to derive earthquake input data within the spectrum periods
of interest. The spectral scaling method used in the current study employs a computer
algorithm—using SeismoSignal and SeismoMatch software [25]—to modify the real and
artificial time histories in order to closely match the target design response spectrum. Using
these procedures, data from a real earthquake are modified to a PGA of 0.35 g and a
frequency content according to the design conditions.

To examine the seismic structural response, two predominant periods are selected for
the modified real earthquake, namely 0.24 sec and 0.36 sec, in addition to one predominant
period of 0.16 sec for the artificial motion. For the latter, a MATLAB algorithm has been
developed to create the white noise artificial earthquake to satisfy the Eurocode 8 value
of the structural natural period; there are more details on this later. The SeismoSignal
and SeismoMatch software are combined with data from the U.S. Geological Survey
(USGS) peer database [26] to meet the spectral design requirements. Figure 2a illustrates
the Eurocode 8 design response spectrum with the modified real earthquake spectra
with predominant periods of 0.24 sec and 0.36 sec, respectively, and the corresponding
acceleration time histories are shown in Figure 2b. Figure 3 represents the corresponding
data for a spectrum with a predominant period of 0.16 sec, for the artificial motion.

3.3. Thermal Stress Analysis in PEF Analysis

In the post-earthquake fire analysis, the deformed or damaged structural configuration
that occurs following the earthquake event is employed as the input for the application of
the thermal loads [27,28]. For the fire load, a uniform standard ISO-834 fire exposure [29] is
applied to all the components of the frame, as shown in Figure 4. The frame is made from
mild steel with a yield and ultimate strength, at the ambient temperature, of 385 N/mm?
and 450 N/mm?, respectively. The steel has a density of 7850 kg/m?> and a coefficient of
thermal expansion («s) of 1.4 X 1072. The changes in material properties resulting from
increasing levels of elevated temperature are obtained from the reduction factors provided
in Eurocode 3 Part 1-2 [7].
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Figure 2. Comparison of the real and design earthquake input data including (a) the design response spectrum and (b) the

acceleration time histories.
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Figure 3. Comparison of the artificial and design earthquake input data including (a) the design response spectrum and

(b) the acceleration time histories.
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Figure 4. Standard fire curve [7].
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4. Development of the Numerical Model
4.1. General

A geometrically and materially nonlinear three-dimensional model of an unprotected
single-storey steel frame has been developed using the Abaqus software, in order to
analyse the behaviour of the given structure during a post-earthquake fire (PEF). The
frame is fabricated from beams and columns of the same I-shaped cross-section, which
are connected with rigid joints. The frame is 5720 mm in length, 5370 mm in width and
has a height of 4050 mm. The cross-section has a depth (D) of 350 mm, flange width (B) of
170 mm, identical web (t) and flange (T) thicknesses of 10 mm each, root radius (r) of 12 mm
and a depth between the flange fillets (d) of 306 mm. The frame is designed to withstand
gravity and seismic loads in accordance with Eurocode 8 Part 1 [6]. In accordance with the
basis for design information provided in EN 1990 [30] and the guidance on actions in EN
1991 [31], the frame has been designed for a load combination comprising of 100% of the
permanent actions and 60% of the variable actions during the PEF event, as discussed later.

4.2. Elements, Meshing and Boundary Conditions

The steel sections are modelled through the finite element model using general pur-
pose linear brick elements with reduced integration, referred to as C3D8R in the Abaqus
library [32]. A mesh sensitivity study was conducted to achieve the optimal combination
of accuracy and computational efficiency, which resulted in element sizes ranging between
10 x 20 mm and 20 x 20 mm at the beam-column connections and 10 x 100 mm and
20 x 100 mm for the rest of the beam/column steel sections. The steel is represented using
a nonlinear elastoplastic material model which has a yield and an ultimate strength of
385 N/mm? and 450 N/mm?, respectively. These properties degrade with an elevated
temperature in accordance with the reduction factors provided in Eurocode 3 Part 1-2 [7].
The beam-column connection is achieved using the tie condition. The base of the columns
are assumed to rest on a rigid foundation system, so the earthquake boundary condition is
applied at the base of all the columns. A roller support is used to constrain the displace-
ment, placed vertically at the bottom of the model. The horizontal boundary conditions
permit ‘free” horizontal shaking in the direction/directions of the applied seismic load.

4.3. Loading and Solution Procedure

The analysis is performed sequentially, comprising of static, dynamic and thermal
analysis steps, as illustrated in Figure 5. The analysis is carried out in three main multi-
hazard analysis steps, as well as an initial sub-step. Firstly, a linear perturbation—frequency
step is conducted to identify the structural modal analysis (as discussed in more detail later)
and frequency content window of the dynamic system. Then, in the first analysis stage, a
nonlinear static analysis is conducted, and the gravity loads are applied. The permanent
loads are assumed to have a value of 8 kKN/m? whilst the variable actions are equal to
2.5 kN/m?, in accordance with EN 1991 [31], and all permanent and variable actions are
applied. In the second step, the earthquake is simulated through a nonlinear implicit
dynamic analysis. The acceleration time history is applied at the base of the structure
while the static loads remain constant. The time history is processed, filtering for window
frequencies matching the system modes and the natural frequency of the structure during
an earthquake with a PGA of 0.35 g. In the third analysis stage, the thermal loads are
applied to the deformed structure in the form of a time—temperature curve. The load
combination in this stage is considered to be 100% of the permanent loads acting together
with 60% of the variable actions [31]. The overall analysis is performed in a sequence to
carry forward the deformations, stresses and damage caused to the structure during one
stage to the next stage of the analysis. The key objective of the current study is to compare
between the structural behaviour of structures subjected to a multi-hazard event with the
behaviour of those exposed to a fire-only scenario. Thus, to compare with and examine the
consequences of an earthquake directly preceding and possibly causing a fire, a fire-only
event is also studied.
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Figure 5. Methodology of the sequential analysis.

5. Results and Analysis

In this section, the results of the finite element analysis are presented and discussed.
The first results presented are for the frequency analysis, in which a linear perturbation-
frequency analysis is developed as a sub-step of analysis, followed by the results from the

PEF structural simulations.

5.1. Frequency Analysis

The natural period of vibration of a dynamic system is an essential factor for the force-
base design methodology ([33-35]). In this method, the base shear is the expected ultimate
lateral load applied at the base of the structure during seismic activity. The natural period of
vibration is a critical parameter in defining the design response spectrum and consequently
in controlling the value of the base shear force. Hysteretic damping is applied in the
restoring force, and viscous damping is considered by Rayleigh (proportional) damping,

as provided in Equation (2):
[C] = am [M] + Bk [K]
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where aj; and Bk are the mass and stiffness proportional damping coefficients, and [M], [K],
and [C] are the mass, stiffness, and damping n x n matrices, respectively. The damping ratio
of the system for different natural frequencies (&;) can be determined using Equation (3):

1|«
Gi=35 LJCI + ,Bcwi] (©)

In this expression, w; is the system-mode frequency. Owing to the orthogonality be-
tween the system mode and damping matrix, as well as the assumption of 5% damping for
the system modes, the corresponding mass and stiffness coefficients of Rayleigh damping
are calculated using Equations (4) and (5), respectively:

26()1'(1)]‘
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where w; and w; are any two system-mode frequencies and ¢; and ¢; are the damping
ratio at w; and wj, respectively. International design codes provide empirical formulae
to estimate the fundamental period of vibration T of the structure. Eurocode 8 Part 1 [6]
recommends using the Rayleigh method, as presented in Equation (6):

i (mzszz)
Y1 (fiSi)

in which m; represents storey mass, f; represents horizontal forces, and S; is the displace-
ment of masses caused by horizontal forces. The first six natural vibration periods, the
damping coefficients, and the natural vibration period of the system have been computed
based on a linear perturbation-frequency analysis in accordance with EN 1998-1, and the
findings are shown in Table 1. Figure 6 presents the corresponding mode shapes. In
addition, Table 1 presents each of these natural vibration periods together with the value
determined using EN 1998-1. The data presented in Table 1, together with the mode
shapes in Figure 6, indicate that the first natural period, computed according to Eurocode 8
provisions, (0.16 sec) is between the second (0.296 sec) and third (0.106 sec) mode of the
simulated values. It is also evident that the estimated natural period values decrease signif-
icantly for the first two modes after which the reduction changes more gradually for the
remaining modes. Due to this, it has been concluded that it is important to consider more
modes than just the first mode of the system in the seismic analysis, as has traditionally
been the case. Accordingly, three input motions are considered in this paper, with natural
vibration periods of 0.24 sec, 0.36 sec and the Eurocode 8 value of 0.16 sec, respectively.

(6)

Table 1. First six natural vibration periods and factors of Rayleigh damping.

Natural Vibration Period (sec), T

Model FE Model Code Damping Coefficients
Modes
EN 1998-1
1 2 3 4 5 6 & Bk
Value 0.36 0.296  0.106  0.101 0.09 0.081 0.16 0.959 0.0026

127



Fire 2021, 4,73

Mode 1 Mode 2

Y Y

l Step: freq l Step: freq
z Mode 1! Value = 306,90 Freq= 2,7882 (cycles/time) z Mode 2: Value = 449,94 Freq = 3.3760 (cycles/time)
Primary Var: U, Magnitude Primary Var: U, Magnitude
Deformed Var: U Deformation Scale Factor: +5.720e-01 Deformed Var: U Deformation Scale Factor: +5.720e-01

Mode 3 Mode 4

Y Y

| Step: freq

z x Mode 3:Value = 3519.6 Freq= 9.4420 (cycles/time)
Primary Var: U, Magnitude
Deformed Var: U

| Step: freq
z x Mode 4:Value = 3873.4 Freq= 9.9053 (cycles/time)
Primary Var: U, Magnitude
Deformation Scale Factor: +5,720e-01 Deformed Var: U Deformation Scale Factor: +5.720e-01

Y Y
l Step: freq I Step: freq
z Mode 5! Value = 49296 Freq= 11.174 (cycles/time) z X Mode 6: Value = 6006.9 Freq= 12.335 (cycles/time)
Primary Var: U, Magnitude Primary Var: U, Magnitude
Deformed Var: U Deformation Scale Factor: +5.720e-01 Deformed Var: U Deformation Scale Factor: +5.720e-01

Figure 6. First six mode shapes for the steel framed structure following the frequency analysis.

5.2. Validation Study

Owing to a dearth of physical test data on a complete 3D structure, the numerical
model is validated through a previously verified modelling approach, using the OpenSees
FE software [14]. OpenSees (Open System for Earthquake Engineering Simulation) was
initially developed at the University of California, Berkeley for seismic loading analy-
sis [36] and was later extended to perform structural fire analyses at the University of
Edinburgh [37]. Usmani et al. [37] found that OpenSees is capable of providing an accurate
depiction of structural performance during fires. In this study, an identical steel frame has
been modelled using OpenSees, and the results are presented in Figure 7, including (a) the
time-displacement response for the fire-only scenario, (b) the temperature-displacement
response for the fire-only scenario, (c) the time-displacement response for the PEF scenario
and (d) the temperature-displacement response for the PEF scenario. All of the presented
results are obtained from the mid-span location and the results from both the Abaqus
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and OpenSees models are presented. It is clear that both models and approaches provide
almost identical results.
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Figure 7. Comparison of Abaqus with OpenSees simulations, including (a) the time-displacement record for the fire-only
scenario, (b) the temperature-displacement record for the fire-only scenario, (c) the time-displacement record for the PEF
scenario, and (d) the temperature-displacement record for the PEF scenario.

5.3. Post-Earthquake Fire

In this section, the FE model developed in Abaqus that has been previously described
is employed to assess and understand the post-earthquake fire (PEF) behaviour of steel
framed structures. As stated before, the nonlinear sequential analysis [5] comprises a static
stage, followed by the time history earthquake analysis after which the fire is applied. In the
seismic analysis, the structure is subjected to two different time-history motions (referred to
a Case I and Case II, respectively) which are matched to a particular predominant natural
vibration period in accordance with the time period window resulting from a frequency
analysis, as well as the natural period computed according to Eurocode 8 guidance. In
addition, to replicate a real earthquake situation as accurately as possible, two types
of excitation are applied, including unidirectional and bidirectional excitations for the
different natural periods. Eurocode 8 requires that structures remain operational following
relatively frequent earthquake events without incurring significant damage and incurring
no structural damage. As such, the code defines an acceptable degree of reliability and
validity for acceptable damage which must be reviewed during the design stage. The
storey drift criterion is one of the primary stability criteria used in seismic codes and
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Displacement (m)

the Eurocode 8 limit is specified as 1% of the storey height under the ultimate design

earthquake, which is 0.03 m in the present study.

In order to understand how an earthquake impacts upon a structure’s fire resistance,
a series of fire-only analyses are first presented. Figure 8 illustrates the collapse mecha-
nism for a steel frame following a fire whilst Figure 9 shows the time-displacement and
temperature-displacement curves, respectively, for the fire-only scenario. It is observed that
local failure occurs concurrently for the two opposing beams in a symmetrical manner. The
failure occurred around 260 sec after the fire began and at a temperature of approximately

480 °C.

The results from the PEF analysis for Case I, which involved an artificial earthquake,
with a PGA of 0.35 g and a predominant natural vibration period of 0.16 sec, exposed to
excitation in the Z direction, are presented in Figures 10 and 11. Figure 10 presents (a)
the residual deformation that the steel frame experiences due to the earthquake excitation
as well as (b) the shape and mechanism of failure of the structure (in the beam) after the
PEF event for Case I. Whereas, Figure 11 presents the time-displacement results in the
(a) z-direction, (b) y-direction and (c) the total displacement value respectively, as caused
by PEF loading, as well as (d) temperature total displacement results due to PEF, for the
case I scenario. The data from the corresponding fire-only analysis is also provided in

these images.
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Figure 9. Results from the fire-only analysis of the steel framed structure including (a) the time-mid-span displacement;
(b) the temperature-mid-span displacement; (c) the time-mid-span displacement data for the total displacement, and (d) the
temperature-mid-span displacement record for the total displacement.
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Figure 10. Images from a Case I PEF analysis with an artificial earthquake (PGA = 0.35 g, natural period = 0.16 sec),
one-directional excitation in the z-direction including (a) the residual deformation of the structure at the end of earthquake
event and (b) the shape and mechanism of failure of the structure after the PEF event.
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Figure 11. Comparison of the fire-only analysis versus the PEF analysis for Case I including (a) the time-mid-span displace-
ment record in the z-direction, (b) the time-mid-span displacement in the y-direction, (c) the time-mid-span displacement
record for the total displacement and (d) the temperature-mid-span displacement record for the total displacement.

The results indicate that the structure maintains the earthquake force successfully, ex-
periencing geometrical and mechanical damage within the acceptable range of Eurocode 8.
However, in comparison with the images for the fire-only scenario provided in Figure 10,
it is clear that the failure shape in the PEF case is no longer symmetrical. In addition, the
collapse occurs after just 272 sec, which is a 19% reduction from the fire-only case, and at a
temperature of 455 °C. The storey drift value at collapse is 0.024 m and therefore remains
within the 0.03 m limit stipulated by Eurocode 8. The corresponding results for the Case II
scenario (PGA of 0.35 g and a natural period of 0.36 sec) are presented in Figures 12 and 13,
respectively. It is clear that the failure mechanisms are unsymmetrical, and in this case,
collapse occurs after 278 sec and at a temperature of 458 °C, which is almost identical to
Case .

The data presented for both Case I and Case II reflect the effect of an earthquake
on the fire strength of the structure during unidirectional excitation. This kind of the
excitation does not represent the situation of earthquake excitation in reality, which is also
typically unidirectional. Due to this, more observations are obtained by examining the
structural response to bidirectional excitation for a further two real and artificial motions
(Cases III and IV, respectively).
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Figure 12. Images from a Case II PEF analysis with a real earthquake (PGA = 0.35 g, natural period = 0.36 sec) one-directional
excitation in the z-direction, including (a) the residual deformation of the structure at the end of earthquake event and
(b) the shape and mechanism of failure of the structure after the PEF event.

Figures 14 and 15 present the results from the analysis of a Case I earthquake with
bidirectional excitation in both the x- and z-directions (referred to as Case III); these figures
are presented in a similar format as before, for the purpose of comparison. It is clear that the
global failure mechanism is dominant due to the combined effects of bidirectional excitation
and the PEF event. The columns of one side of the structure completely collapsed in this
scenario. The displacement records at a level of 1.4 m along the column length, for both
the fire-only and PEF events are compared in Figure 16, which presents the time-mid-span
displacement results at this position in (a) the x-direction, (b) the y-direction and (c) of
the total displacement, respectively. Figure 16d presents the temperature-displacement
response at the same point, 1.4 m from the column base. For this case, with bidirectional
excitation, failure occurred after just 185 sec and at a temperature of 306 °C, representing
a reduction of 45% compared with the fire-only analysis. The storey drift was 0.118 m,
exceeding the allowable Eurocode 8 value. Similar behaviour and results are observed for
Case IV, which has an identical input motion as Case II except with bidirectional excitation
in both the x- and z-directions. The corresponding results are provided in Figures 17-19,
in a similar format as before. It is clear that there is a significant reduction in the failure
time for the PEF situation in Case IV of approximately 45% (to 185 sec) as well as a storey
drift of 0.115 m, exceeding the allowable Eurocode 8 limit value by 85%. Significant local
and global failure occurs in this case, preventing the structure from withstanding the
applied loads.
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Figure 13. Comparison of the fire-only analysis versus the PEF analysis for Case II including (a) the time-mid-span displace-

ment record in the z-direction, (b) the time-mid-span displacement in the y-direction, (c) the time-mid-span displacement

record for the total displacement and (d) the temperature-mid-span displacement record for the total displacement.

In this section, a detailed numerical investigation into the behaviour of a steel-framed
subject to a PEF event is presented. Structural damage, residual deformation, and stress
degradation as result of earthquake excitation are considered and included in the multi-
hazard analysis. Two different types of structural failure due to the effect of the combined
hazards are observed, namely local and global failure. The failure times for all of the
analysed cases are compared to the corresponding values from a fire-only analysis in
Figures 9, 11, 13, 15, 16 and 18. In addition, Figure 20 presents a comparison of the
fire-only analysis versus the PEF analysis for each of the four analysed cases (I-1V). It is
shown that the geometrical and mechanical damage induced by an earthquake event can
substantially decrease the fire resistance of the structure, specifically in the occurrence of
bidirectional excitation (see Table 2). This observation has a significant consequence on the
design aspects of the system for multi-hazard analysis. The design load combination, the
number of structural modes incorporated in the seismic design as part of the multi-hazard
investigation and the structural element section type are very influential parameters.
Although the current study has not included a detailed investigation of the effects of
different cross-section shapes, specifically tubular members, the results presented provide
a valuable insight into the significant effects of a PEF event on a steel framed structure,
and also on the importance of choosing a suitable column section in earthquake-prone
zones. Furthermore, based on these results, it is proposed that using tubular sections is
essential in earthquake zones to provide extra resistance in a PEF scenario, even though
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other sections may satisfy the seismic design requirements (that do not consider PEF). This
is clearly an area that requires further research. Further, the load combinations provided in
international codes do not currently include provisions for post-earthquake fire and each
event is considered completely independently. The results presented herein do not support
such an approach.
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Figure 14. Images from a Case III PEF analysis with a real earthquake (PGA = 0.35 g, natural period = 0.24 sec), bi-directional
excitation in the x- and z-direction including (a) the residual deformation of the structure at the end of earthquake event
and (b) the shape and mechanism of failure of the structure after the PEF event.
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Figure 16. Comparison of the displacement values at a point which is 1.4 m along the column length for both the fire-only
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Figure 17. Images from a Case IV PEF analysis with an artificial earthquake (PGA = 0.35 g, natural period = 0.16 sec),
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earthquake event and (b) the shape and mechanism of failure of the structure after the PEF event.
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Figure 19. Comparison of the displacement values at a point which is 1.4 m along the column length for both the fire-only
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Figure 20. Comparison of the fire-only analysis versus the PEF analysis for the time -temperature response including
(a) case I, (b) case II, (c) case III and (d) case IV.

Table 2. Results comparison for all analysed circumstances.

Case No. Type of Analysis Type of Excitation Time (seq) Failure Tem. °C) TimeFf::-lgl:l,yClger\Eirsed to Type of Failure
Fire-Only Fire-Only No excitation 336 480 - Local /Symmetrical
Casel PEF Unidirectional 272 455 —19% Local/Asymmetrical
Case I PEF Unidirectional 277 455 —18% Local/Asymmetrical
Case III PEF Bidirectional 185 306 —45% Global/Asymmetrical
Case IV PEF Bidirectional 185 306 —45% Global/Asymmetrical

6. Conclusions

This paper presents a detailed analysis of the influence of a post-earthquake fire on the
behaviour of a steel framed building. It is clear that there are grave consequences in terms
of occupant and structural safety during this type of multi-hazard scenario. Therefore, an
accurate analysis of the response of structures exposed to such an event is required at the
design stage, especially for very important buildings. The likelihood of a fire occurring
following an earthquake is reasonably high, despite PEF being the subject of relatively
little research in the available literature. In most design codes, structures exposed to
multiple hazards such as earthquakes and then fires are analysed and designed separately.
Structures subjected to an earthquake experience partial damage, and the subsequent
occurrence of a fire may lead to structural collapse. Most available analysis procedures
and design codes do not address the association of the two hazards. Thus, the design of
structures based on existing standards may present a high risk of structural failure.

A suitable method of analysis has been developed in this paper to investigate the be-
haviour of structures that are exposed to such sequential hazards. Investigating the effects
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of PEF on structures classified as “ordinary” in the design codes (such as educational and
residential buildings, for example) is necessary as these types of building are very common
in urban and well-populated environments. A performance-based design consideration
requires structures to remain within the ‘life safety” level of response under the design for
the occurrence of an earthquake and fire, separately. In the current paper, two types of
failure mechanisms are detected for steel framed buildings subjected to PEF—global and
local failure. Local failure happens in the beams, whereas global failure is evidenced by
significant lateral movement in the columns due to bidirectional excitation. Interestingly,
the majority of the fire-only analyses discussed herein resulted only in a local collapse,
while all of the PEF analyses with bidirectional excitation resulted in a global collapse.
Therefore, it is clear that the failure mode for a PEF can be quite different compared to a
single hazard event. Consequently, it is suggested that columns with greater bi-directional
stiffness (e.g., tubular sections) are likely to offer the greatest ultimate resistance in earth-
quake hazard zones under the combined effects of bidirectional earthquake excitation and
subsequent fire. Despite the investigations in this paper being performed in relation to a
particular class of structures, the results confirm the need to incorporate PEF as a load case
during both the analysis and design stages. Further studies need to be performed either
numerically or experimentally, using complete a seismic soil-structure interaction analysis,
to develop a better understanding of the issue.
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Abstract: In this paper, the parametric analysis of the thermal and structural response of a two-storey,
single-zone steel frame building on fire is made considering different parameters Monte Carlo
simulation is used to generate random variables for the opening factor, fire compartment area and
finally the beam flange thickness. Using the random parameter generated, a sequential thermal and
mechanical analysis was conducted using the finite element software ABAQUS. The first step was
a heat transfer analysis, followed by mechanical analysis. The effect of different parameters on the
thermal and mechanical response of the structure was studied.

Keywords: City University; fire temperature; opening factor; compartment area; thermal analysis

1. Introduction

Steel has been the forefront of efficient construction in the last few years, where
it has been used widely in the construction of high-rise buildings, industrial structures
and residential structures. What makes steel one of the most appealing materials in the
construction industry is its engineering properties. The most appealing properties of steel
are its strength to weight ratio, ductility and flexibility. Such properties allow designers to
build structures such as skyscrapers, which certainly would have not been possible with
any other material. Steel can also be prefabricated and shipped to construction sites easily,
which is quite beneficial when it comes to meeting the ever-increasing demands of new
buildings. Nevertheless, there is a huge downside to using steel as a construction material
because of its low resistance to fire when compared to other construction materials such
as concrete. Steel loses almost half of its strength when subjected to temperature which is
equal to or greater than 590 °C, which will eventually lead the structure to fail. The losses
that follow structural failures caused by fire are colossal and can take different forms, such
as loss of human lives, environmental loss and economical loss. Hence, the insurance of
structural stability of a building under fire loading has been one of the most important and
challenging aspects when it comes to designing a new structure [1]. It is important that in
the event of a fire, structures are able to withstand the minimum level of life safety not only
for the occupants but also fire fighters and the public that are in proximity of the building.
The minimum level of fire safety design must ensure a reduction of the risk of deaths and
injuries, protect the contents of a building, and ensure that the building continue to function
after the fire with the least amount of repair possible.

In order to ensure that the structure meets the fire safety design objectives, designers
have to follow one of two methods; the first is the prescriptive method, where a detailed
description of the types and shapes of materials used in the design, the thickness of
protection layer on structural elements and even the details of construction are given.
However, this method relies solely on previous experience of the standard structural fire
design tests. While this approach is very useful when it comes to static situations, it
sometimes fails to meet the fire safety requirements of a building, raising concerns about
the limitations of this method. One of its limitations is that the standard structural fire
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design tests assume that the structural elements of a building work independently, which
is not the case in reality [2,3]. This approach is usually used for quick solutions and for
junior designers, because it does not require an in-depth knowledge of the field.

The second method is the performance-based approach, which indicates how a struc-
ture will perform when subjected to different load conditions. Designers who use this
method need to develop an accurate numerical simulation for fire loading to assess the fire
safety resistance of the structure [4-7]. There are three main components to this approach:
fire modelling, thermal analysis and structural analysis [2,3]. Keeping this in mind, this
method allows designers to come up with solutions to build complex structures that were
never possible with a standard prescriptive approach. This approach is usually adopted
for more optimum solutions that require computational skills and deep understanding of
the field.

There are a number of different modelling techniques commonly used today to predict
the different fire scenarios instead of carrying out experimental tests. The techniques
used range from simple hand calculations to more advanced computational techniques.
Deciding which technique to use depends on the level of accuracy needed for the project,
time restrictions and computational resources. With the development of software packages,
designers can use a number of methods to predict possible fire scenarios in a building
in order to further control the risk of a fire event. Some of these methods include zone
models, computational fluid dynamics (CFD) [8] models and finite element (FE) models [9].
Zone models are simple computational models that operate on the basis of dividing a
compartment area into separate zones, with the assumption that the temperature condition
is uniform throughout each zone. CFD models are more sophisticated than zone models,
because they analyze the fluid flow and heat transfer by solving the fundamental equations
of fluid dynamics. Finally, FE models operate by dividing a large geometry into several
hundred smaller parts that interact with each other. Given the different methods designers
can adopt to predict the different fire scenarios, the uncertain nature of the different factors
affecting a fire event the structural stability of a building one of the most challenging
responsibilities for structural engineers. The fuel, load density and ventilation areas are all
factors that contribute to a fire event and its duration. Moreover, the unpredictable nature
of the response of structural elements to fire makes the whole fire process stochastic. As a
result, the engineering design of structural fire is either based on empirical studies of the
behavior of fire or on reliability analysis [10].

The FE modelling technique is one of the most straightforward methods used to
predict the thermal and structural behavior of the structural members, according to [4-7].
The simulation works by breaking up large geometry to hundreds of smaller and simpler
parts that interact together. In order to run the simulation using the finite element modelling
technique, the thermal and mechanical properties of the material used in construction have
to be calculated according to design codes. Design codes such as Eurocode provide formulas
to calculate the thermal properties of a material and curves to obtain gas temperatures.
The values obtained from the formulas provided can then be applied directly to the model
using software packages.

However, most variables used during the fire analysis are either estimated or assumed,
which makes the efficiency of the design in doubt and highlights the importance of the
concept of intensive parametric study in structural fire design. As in reality, the parameters
vary due to different fire scenarios; to effectively study the influence of different parameters,
one of the promising methods is the Monte Carlo simulation [11]. This method generates
hundreds of random variables for the different stochastic parameters that relate to fire,
which allow designers to analyze the buildings under different fire scenarios, and thus to
maximize the reliability and safety of the design.

Therefore, in this paper, the parametric analysis of the thermal and structural response
of a two-story, single-zone steel frame building to fire is made considering different pa-
rameters; Monte Carlo simulation is used to generate random variables for the opening
factor, fire compartment area and the beam flange thickness. Using the random parameters
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generated, a sequential thermal and mechanical analysis was conducted using the finite
element software ABAQUS. The first step was a non-linear heat transfer analysis, followed
by a non-linear mechanical analysis. The effect of different parameters on the thermal and
mechanical response of the structure was studied.

2. Monte Carlo Simulation

The Monte Carlo Simulation is used here to generate the random parameters which
will affect the fire scenarios and the thermal response of the structural steel members in a
steel framed building. The key factors affecting the fire scenarios and thermal response of a
structure under fire conditions are explained here

2.1. Time-Temperature Curves for a Compartment

The room temperature of a building in fire can be calculated using the formulas
from Eurocode, BS EN 1993-1-2: Eurocode 1 part 1.2 [12] which gives the parametric time
temperature of a compartment in fire:

0, =20+ 1325 (1 —0.324 792" —0.204e7 17 — 0.472e—19f*) 1)
With
tr=txT 2
I = [O/b]?/(0.04/1160)> 3)
O = Ay y/heg/ A (4)
b= /(ocA) ()

where 0, is the gas temperature in the fire compartment (°C), t is the time (m), O is the
opening factor (m'/2), b is the thermal diffusivity (J/m? s!/2 K), p is the density (kg/m?),
C is the specific heat (J/kgK), A is the thermal conductivity (W/mK), A is the total internal
surface area of the compartment (m?), A, is the area of ventilation (m?) and heq is the height
of openings (m) [12,13].

2.2. Thermal Response of Structural Members

For unprotected steel sections, the increase of temperature in a small time interval is
given by BS EN 1993-1-2: Eurocode 3 [13] as follows:

An/V:
Aea,t = ksh mThnetAt (6)

CaPa

where, A, is the increase of temperature. A,V is the section factor for unprotected steel
member. Ay, is the exposed surface area of the member per unit length. V is the volume if
the member per unit length. c, is the specific heat of steel. p, is density of the steel.

2.3. Monte Carlo Simulation

Based on above formulas from the design code, three main parameters dominate the
room temperature and thermal response of the structural member. They are the opening
factor (O), the compartment area (Acom) and the cross-sectional area of the structural
members (Ap). Therefore, in the Monte Carlo simulation, the opening factor (O), the
compartment area (Acom) and the thickness of the flange for the steel I-section beam were
selected as the key parameters for the random simulation. These three parameters were
selected based on Equations (1) and (3), since these three parameters play important roles in
determining the thermal response of the structural members. The Monte Carlo simulation
code was developed using MATLAB [11]. The code developed uses an inbuilt command
called ‘normrnd’ to generate normal random numbers between the specified range to form
a set of inputs that generate the different fire scenarios. The specified limits for the opening
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factor (O) and the compartment area (Acom) were set according to the British Standard
Institutes [12], and the limits for the flange thickness of the I-beam section were chosen
according to the British Standard Institutes [12,13], as shown in Table 1. The number
of simulations chosen was 500, which is believed to be sufficent to produce reasonable
parameters in a real fire scenario.

Table 1. Range of the parameters used for Monte Carlo simulation.

02<0<L0.
Opening Factor, O (m!/?) 0.02 —[12] <02
<
Compartment Area, Acom (m?) ACOIFlE] 500
Beam Flange Thickness, T (mm) 7.5 T1§]< 55

The MATLAB code generated 500 random numbers for each parameter. Amongst the
500, only five numbers were chosen in this paper. These values are tabulated in Table 2.

Table 2. Chosen values from the Monte Carlo simulation.

0 =0.0251
O =0.0554
Opening Factor, O (m!/?) 0=0.1129
0=0.1689
O =0.1961

Acom =329
Acom =42
Compartment Area, Acom (mz) Acom =56
Acom =70

Acom =79.8

T =7.9066
T =9.3202
Beam Flange Thickness, T (mm) T =16.7989
T =19.3693
T =25.8854

The values noted above were used to run the heat transfer analysis in Section 3. The
corresponding unique nodal temperatures were extracted for all cases and used to run the
mechanical analysis explained in Section 3.

3. Finite Element Analysis
3.1. Finite Element Model

The finite element analysis procedure was split into two stages: (1) Heat Transfer
Analysis and (2) Mechanical Analysis. The FE model is a two-story, one-bay by one-bay
steel frame structure. Each story is 3 m high, making the whole structure 6 m high in total
and 7 m by 5.5 m in width. This is a typical steel frame office dimension, according to
(Tagawa et al., 2015). Different element types have been tried in order to choose the suitable
element to simulate the behavior of the composite connections. 3D continuum elements
were used. C3D8R element with reduced integration (1 Gauss point) has been chosen for
the simulation of all the components in the model. The model simulates a corner fire with a
three hour duration. Due to time constrictions, only the steel frame was modelled without
the slab. ABAQUS was used for both simulations.

3.2. Heat Transfer Analysis

In order to construct the two-story steel frame structure on ABAQUS, three main parts
were created: a 6 m column, 5.5 m and 7 m beams, and a partitioned midway. The values of
the steel’s conductivity (Aa), steel’s specific heat (Ca) and steel’s density (pa) were obtained
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from Eurocode. All three parts were assigned the same steel material. Furthermore, an
instance was created and the three different parts were added in order to assemble the
elements as one whole structure. This was done with the use of the offset, rotate and
translate commands.

After that, a heat transfer step was created with a time period of 10,800 s, and the
maximum increment per step was set to 10. Before simulating the heat transfer analysis,
an amplitude of the gas temperature was obtained from Equation (1) for simulating the
different fire scenarios using the parameters generated from the Monte Carlo simulations.

ABAQUS will fail to run any heat transfer analyses if the absolute zero temperature
and Stefan-Boltzmann constant (o) were not inputted. Hence, from model attributes, a
value of —273.5 was given to the former and a value of 5.67 x 10~ to the latter. Before
the analysis was submitted for results, the entire structure was meshed using hexagonal
element shapes and assigned an element type of heat transfer. After the analysis was
submitted, and the heat analysis results were completed, the unique nodal temperatures at
three different locations were extracted and the average value was taken in order to apply
them at the heat load analysis stage.

For the convergence criterion, the default solution control parameters defined in
ABAQUS/Standard are designed to provide reasonably optimal solutions of complex
problems involving combinations of nonlinearities as well as efficient solutions of simpler
nonlinear cases. However, the most important consideration in the choice of the control pa-
rameters is that any solution accepted as “converged” is a close approximation to the exact
solution of the nonlinear equations. In this context “close approximation” is interpreted
rather strictly by engineering standards when the default value is used, as described below.

3.3. Mechanical Analysis

The mechanical analysis was subsequently carried out using ABAQUS. The true
stress-strain curve was used for the material model of the steel. The most relevant me-
chanical properties for this model are the yield stress (oy), plastic strain (ep), expansion
Co-efficient (x), young’s modulus (E) and Poisson’s ratio (v). Thereafter, a solid homo-
geneous section was created with the new material, which was then assigned to the
three different parts.

Following that, a step from the general static type was created, with a time period of
10,800 s, and the maximum number of increments was set to 1000, initial of 10, minimum of
0.108 and maximum of 60. The next step was to create a boundary condition for the fixed
supports of the steel frame and apply the gravity load (dead and live loads) to the entire
structure; this was done directly from the model tree.

Before the load was applied, the unique nodal temperature obtained from the heat
transfer analysis was used to create an amplitude. The temperature on each node from the
heat transferring analysis step was added through a predefined field; hence, a predefined
field of the type ‘temperature’ was then created, and the relevant parts of the geometry
were selected in order to simulate the same corner fire from the previous step. This was
to simulate the corner fire test from the Cardington fire test, which is believed to be the
worst-case scenario for a building on fire. The magnitude of the predefined field was
set to 1 and the amplitude to the one created using the unique nodal temperatures from the
heat transfer analysis.

For this type of analysis, the software for the normal hexagonal elements type was
first used for meshing the structure; however, due to the complexity of the geometry of the
structure, the assembly could not be meshed properly. Instead, the structure was meshed
using the tetrahedral elements type. About 10 different mesh sizes were tried before a
final mesh size was determined. This was done through assigning different seeds in the
mesh module in ABAQUS, and ABAQUS generated the mesh automatically. Finally, a job
was created and submitted; the energy results were then viewed, and the values for the
displacement of the beams in all x, y and z directions were extracted.

147



Fire 2022, 5, 25

4. Parametric Analysis
4.1. Effect of Opening Factor

The first set of results were obtained from both finite element analyses: (1) Heat transfer
analysis, and (2) heat load analysis corresponded to the different opening factors obtained from
the Monte Carlo simulation (Table 2). The different opening factors were applied to a steel
frame with fixed dimensions (5.5 X 7 m) in terms of temperature amplitudes The results of the
heat transfer load are shown in the form of nodal temperatures (NT11), whereas the results
obtained from the mechanical analysis are shown in the form of displacement (U).

e  Scenario 1: An opening factor with a value of 0.0251 was used, and the corresponding
results are shown in Figure 1a,b.

Figure 1. Effect of opening factors. (a) The nodal temperature corresponding to the opening factor of
0.0251. (b) The displacement corresponding to the opening factor of 0.0251.

e  Scenario 2: An opening factor with a value of 0.0554 was used, and the corresponding
results are shown in Figure 2a,b.

(@) (b)

Figure 2. Effect of opening factors. (a) The nodal temperature corresponding to the opening factor of
0.0554. (b) The displacement corresponding to the opening factor of 0.0554.

e  Scenario 3: An opening factor with a value of 0.1129 was used, and the corresponding
results are shown in Figure 3a,b.

Figure 3. Effect of opening factors. (a) The nodal temperature corresponding to the opening factor of
0.1129. (b) The displacement corresponding to the opening factor of 0.1129.
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e  Scenario 4: An opening factor with a value of 0.1689 was used, and the corresponding
results are shown in Figure 4a,b.

Figure 4. Effect of opening factors. (a) The nodal temperature corresponding to the opening factor of
0.1961. (b) The displacement corresponding to the opening factor of 0.1961.

e  Scenario 5: An opening factor with a value of 0.1961 was used, and the corresponding
results are shown in Figure 5a,b.

(@) (b)

Figure 5. Effect of opening factors. (a) The nodal temperature corresponding to the opening factor of
0.0554. (b) The displacement corresponding to the opening factor of 0.0554.

4.2. Effect of Compartment Area

The second set of results shown in this section represent the finite element analyses that
correspond to the different compartment area dimensions (Table 2). While the dimension of the
plan of the steel frame changed, the temperature amplitude and heat load remained constant.
In order to achieve the desired compartment area size, one of the beams was given a fixed
length of 7 m, while the other beam changes with every scenario. The results are represented
below in the form of NT11 and U for each scenario generated by the Monte Carlo simulation.

e Scenario 1: A compartment area with a size of 32.9 m? was modelled, and the beam
lengths were 7 and 4.7 m in length. The corresponding results are shown in Figure 6a,b.

@ (b)

Figure 6. Effect of Compartment Area. (a) The nodal temperature corresponding to the compartment
area of 32.9 m?. (b) The displacement corresponding to compartment area of 32.9 m?.

149



Fire 2022, 5, 25

e  Scenario 2: A compartment area with a size of 42 m? was modelled, and the beams
were 7 and 6 m long. The corresponding results are shown in Figure 7a,b.

(@) (b)
Figure 7. Effect of Compartment Area. (a)The nodal temperature corresponding to the compartment

area of 42 m2. (b) The displacement corresponding to the compartment area of 42 m?.

e  Scenario 3: A compartment area with a size of 56 m? was modelled, and the beams
were 7 and 8 m long. The corresponding results are shown in Figure 8a,b.

Figure 8. Effect of Compartment Area. (a) The nodal temperature corresponding to the compartment
area of 56 m2. (b) The displacement corresponding to the compartment area of 56 m?.

e  Scenario 4: A compartment area with a size of 70 m? was modelled, and the beams
were 7 and 10 m long. The corresponding results are shown in Figure 9a,b.

Figure 9. Effect of Compartment Area. (a) The nodal temperature corresponding to compartment
area of 70 m?. (b) The displacement corresponding to to compartment area of 70 m?>.

e  Scenario 5: A compartment area with a size of 79.8 m? was modelled, and the beams
were 7 and 11.4 m long. The corresponding results are shown in Figure 10a,b.
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(@) (b)

Figure 10. Effect of Compartment Area. (a) The nodal temperature corresponding to the compartment
area of 79.8 m?. (b) The displacement corresponding to the compartment area of 79.8 m?.

4.3. Effect of Flange Thickness

The third and last set of results represented in this section are related to the beam flange
thickness. The thickness of the flange varied from 7.9 to 25.8 mm while the dimensions of
the steel frame including the beams webs were fixed. The temperature amplitude and heat
load applied to the structures were also fixed. The results represented are in the form of
NT11 and U.

e  Scenario 1: The thickness of the flange was set to 7.9 mm, and the corresponding
results are shown in Figure 11a,b.

@) (b)
Figure 11. Effect of flange thickness. (a) The nodal temperature corresponding to the flange thickness

of 7.9 mm. (b) The displacement corresponding to the flange thickness of 7.9 mm.

e  Scenario 2: The thickness of the flange was set to 9.3 mm, and the corresponding
results are shown in Figure 12a,b.

(b)

Figure 12. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness of

9.3 mm. (b) The displacement corresponding to flange thickness of 9.3 mm.

e  Scenario 3: The thickness of the flange was set to 16.7 mm, and the corresponding
results are shown in Figure 13a,b.
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Figure 13. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness of
16.7 mm. (b) The displacement corresponding to flange thickness of 16.7 mm.

e  Scenario 4: The beam flange thickness was set to 19.3 mm, and the corresponding
results are shown in Figure 14a,b.

(@ (b)
Figure 14. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness of
19.3 mm. (b) The displacement corresponding to flange thickness of 19.3 mm.

e  Scenario 5: The beam flange thickness was set to 25.8 mm, and the corresponding
results are shown in Figure 15a,b.

@ (b)

Figure 15. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness of
25.8 mm. (b) The displacement corresponding to flange thickness of 25.8 mm.

4.4. Summary

From the parametric temperature-time curve Equation (1), it is clear to see that the
opening factor plays an important role when it comes to determining the spread time of
the fire along with the gas temperature increase in the fire compartment. Therefore, when
looking at the gas temperature curves obtained from the different opening factors, it can
be observed that the larger the opening factor is, the higher the gas temperature will be.
The highest opening factor reaches the highest temperature in the shortest time. In fact, the
highest gas temperature reached was by the largest opening factor, around 1300 °C. This is
almost twice as much as the maximum gas temperature reached by the smallest opening
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factor, which was around 800 °C. However, the maximum specified limit of opening factor
by Eurocode is 0.2.

From the ABAQUS model, it can be also seen that with different opening factors, the
regions with the highest nodal temperatures were the upper flanges of both the beams
and the inner web of the column, which was expected due to the fact that the load in both
analyses was applied in those regions. The highest observed nodal temperature was found
to be 1347 °C, corresponding to the opening factor of 0.1961; similar results were obtained
for the opening factor of 0.1689, where it was around 1343 °C. On the other hand, the
lowest observed temperature was found when the opening factor was 0.0251, where the
temperature only reached 838.6 °C. When compared to the recorded temperatures from the
Cardington tests [5], the temperatures from the numerical analysis are higher. In fact, the
maximum nodal temperatures observed here are almost the same as the gas temperatures
reached. This is mainly due to the fact that the steel was designed to be unprotected and
there were no slabs modelled. Thus, the upper flange of the beam has a hotter temperature
because it is in direct contact with the gas temperature.

The maximum displacement in the y-direction was plotted for the different opening
factors as shown in Figure 16. In general, all beams started to deflect at around the same
time; however, the highest deflection recorded was associated with the one of the highest
opening factors (O = 0.1689), where it reached to around 0.014 m.
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Figure 16. Beam displacement in the y-direction corresponding to the different opening factors.

The results of the displacement in the y-direction for the different compartment areas
are plotted in Figure 17. The plot shows that the highest deflection recorded was for the
area of 70 m?, and it was around 0.014 m. It was also noted that in general there were
around two general trends followed: one was followed by the plots corresponding to both
32.9 and 70 m?, and the other one followed by the remaining three. However, the latter
curves started to deflect quicker than the former. The reason for this could be the fact that
the results extracted from the model were chosen at random, even though an average of
value was taken from three different nodes to minimize errors.
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Figure 17. Beam displacement in the y-direction corresponding to the different compartment areas.

The displacement in the y-direction corresponding to the different flange thickness are
plotted in Figure 18. From the figure, it can be said that the beams with the thinner flange
thickness deflected quicker than the thicker flanges, which can be explained by the amount
of time it takes for the heat to radiate from the top flange to the bottom one.
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Figure 18. Beam displacement in the y-direction corresponding to the different beam flange thickness.

From all scenarios, it can be observed that the general behavior of the beam is similar,
despite the different factors affecting the final result. This is not surprising because in some
cases the heat load applied or the compartment area was fixed.. From the general displaced
shapes for all cases, shown in Section 4, it is safe to say that the expansion co-efficient of
steel had the most influence when it comes to heat load, even though it was also observed
that some of the results are exaggerated in some cases, such as the nodal temperatures; this
is mainly due to the absence of the slab.

As explained in [14], the tortional restraint is very important for the bare steel beams.
It should be modeled in the ABAQUS model, but in reality, the beams are restrained directly
by the slabs, which actually help to resist the lateral tortional buckling of the beam. We
did not model the lateral restraint so as to provide a worst-case scenario for the study. The
fire protection is an important factor affecting the global and local response of a structure
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on fire, but in this study, non-fire protection is assumed; this also provided a worst-case
scenario for the study.

As explained in [15,16], the joints play an important role in the local and global
behavior of the structure, as the moment and rotation capacity of the joints will affect
the response of the structure. Therefore, the most accurate way to assess the joints is to
physically model the bolts and endplate. Attempts have been made by the authors, but for
a 3D frame system, the modeling of the bolted connection causes a convergence problem in
the model, due to the complexity of the frame. Therefore, the beams are directly tied to
the columns to replicate a perfect rigid connection, to reduce the computational cost while
remaining reasonably accurate.

A further study will be performed by the authors to address the above limitations.

5. Conclusions

The aim of this project was to apply a parametric study of a steel frame in fire through
sequential thermal and mechanical analyses. A two-story steel frame structure was sim-
ulated to investigate the influence of the opening factor, compartment area, and beam
flange thickness using a Monte Carlo simulation to generate the random parameters. The
following conclusions can be made:

1. The opening factor was found to be the parameter with the most influence on the rate
of spread and temperature increase in the fire compartment.

2. The flange thickness also has significant influence on the response of structural mem-
bers, due to its influence on the section factors.

3. The compartment area has less of an effect on the response of the structural member
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Nomenclature

Acom  Area of Compartment

Ay Area of total internal surface of fire compartment
Ay Area of ventilation

B Width of Section

b Thermal Diffusivity

C Specific Heat

Ca Specific Heat of Steel

D Depth of Section

heq Height of Openings

(@) Opening Factor

T Thickness of Flange

t Time

U Displacement

o4 Expansion Co-efficient

€p Plastic Strain

0Oa Steel’s Temperature

0g Gas Temperature in the Fire Compartment
A Thermal Conductivity

Aa Thermal Conductivity of Steel

P Density

Pa Density of Steel
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o Stephan-Boltzmann Constant
oy Yield Stress
v Poisson’s Ratio
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Abstract: The requirements for the fire resistance of steel structures of oil and gas facilities for
transportation and production of hydrocarbons are considered (structures of tankers and offshore
platforms). It is found that the requirements for the values of fire resistance of structures under
hydrocarbon rather than standard fire conditions are given only for offshore stationary platforms.
Experimental studies on the loss of integrity (E) and thermal insulating capacity (I) of steel bulkheads
and deck with mineral wool under standard and hydrocarbon fire regimes are presented. Simulation
of structure heating was performed, which showed a good correlation with the experimental results
(convective heat transfer coefficients for bulkheads of class H: 50 W/m?2.K; for bulkheads of class
A: 25 W/m?2-K). The consumption of mineral slabs and endothermic mat for the H-0 bulkhead
is predicted. It is calculated that under a standard fire regime, mineral wool with a density of
80-100 kg/m? and a thickness of 40 to 85 mm should be used; under a hydrocarbon fire regime,
mineral wool with a density above 100 kg/m? and a thickness of 60~150 mm is required. It is shown
that to protect the structures of decks and bulkheads in a hydrocarbon fire regime, it is necessary
to use 30-40% more thermal insulation and apply the highest density of fire-retardant material
compared to the standard fire regime. Parameters of thermal conductivity and heat capacity of the
applied flame retardant in the temperature range from 0 to 1000 °C were clarified.

Keywords: oil and gas facility; offshore platform; tanker; steel structure; bulkhead; deck; hydrocarbon
fire mode; fire-resistance limit; fire protection

1. Introduction

Building structures of reservoirs, equipment and structures in an accident, accom-
panied by fire and explosion, are subjected to high-temperature impact due to the large
number and type of fire load [1,2]. In Europe and the USA, combustion of hydrocarbons
(oil, oil products) and the development of fire are considered on the hydrocarbon fire curve,
at which, in the first minutes of the fire, the temperature reaches 1000 °C and higher [34].
In the design of structures of the oil and gas complex (O&G) in Russia, the condition of fire
development on the standard (“cellulose”) curve according to ISO 834 [5] is used.

Tankers are in second place in the total transportation volume of oil and petroleum
products (after oil pipes). The highest risk of formation of explosive mixtures inside the
tanker occurs during tanker unloading. When the liquid level drops, the air is exhausted
into the tank and mixed with petroleum product vapors [6]. As petroleum vapors are heav-
ier than air, they can spread through tanker rooms and ignite over large areas. Ships and
offshore platforms consist of decks, compartments and interior spaces that contain several
systems, subsystems and components necessary for operation. Explosion, fire or flooding of
compartments can damage equipment and cause a critical risk to operations [7-9]. In [10],
an empirical method was used to calculate the compressive strength limit in the center of
the deck, according to the results of which, the maximum compressive stress on the deck
was 175.53 MPa; the deflection value in the middle part of the deck did not exceed the ac-
ceptable value. In [11], the design of a working barge with a displacement of 5000 tons was

157



Fire 2022,5,9

demonstrated. Mechanical calculation showed sufficient strength under normal loading
conditions and even in an emergency. In [12], the steel deck’s behavior under different
hydrocarbon ignition scenarios using ANSYS software was studied. Numerical studies of
steel decks under the combined action of mechanical load and hydrocarbon fire regime
are given, showing an increased deformation of the deck and reduced deck fire resistance
under the considered fire scenarios. In [13,14], a fire was simulated using FDS structures of
offshore platforms, and the fire risk was calculated. The authors investigated the behavior
of steel structures of the upper part of an offshore platform under fire and hydrocarbon
explosion and under wind load; the calculation was performed in ABAQUS software [15].
The thermophysical characteristics of the intumescent paints used as fire protection of steel
structures were obtained in [16].

Steel structures in the ship’s hull and structures of cargo tanks, decks and bulkheads
that separate industrial rooms are designed with certain fire-resistance classes, depending
on the parameters of the fire-resistance limits and temperature exposure modes: A, B,
C and H (standard regime—A, B, C classes, and hydrocarbon—H class). The same fire-
resistance classes are established for oil platforms [17]. In [18], a simulation of the thermal
impact on the steel structure A-60 was presented, from the results of which the temperature
distribution was calculated. The analysis results allow consideration of the design and
safety planning aspects of an offshore living compartment.

According to SOLAS Regulation II-2/17 [19], decks and bulkheads shall be made of
non-combustible materials and are classified as follows:

(1) “B” class divisions: B-15 and B-0;
(2) “A” class divisions: A-60, A-30, A-15 and A-0;
(8) “C” class divisions: divisions constructed of approved non-combustible materials.

Another classification of decks and bulkheads is also regulated in [17]:

(4) “H” class divisions: H-120, H-60 and H-0.

Figure 1 shows the location of the H-120 deck and A-60 and B-15 class bulkheads on

the tanker.
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Figure 1. (a) Tanker with H-120 deck location. (b) Fragment of the section of the first deck with the
arrangement of the bulkheads.

Figure 2 shows the location of the H-120 deck and A-60 and H-120 class bulkheads on
an offshore platform.
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Figure 2. (a) Offshore platform with deck location. (b) Fragment of the section of the first deck with
the arrangement of the bulkheads.

Fire-resistance tests of structures for ships and offshore structures are conducted
following the requirements stated in SOLAS Regulation II-2/17 [19], International Maritime
Organization (IMO) resolutions and guidelines of IMO member countries, for example,
American Bureau of Shipping (ABS) [20] and Russian Maritime Register of Shipping
(RS) [21]. Tests for fire resistance are carried out using both methods for determining the
fire resistance of structures by the standard temperature regime (curves for A, B, C), which
is similar to that established in ISO 834 [5], and by the hydrocarbon fire regime (curve
H) for island structures and floating platforms. In the USA, the standard UL 1709 [22] is
applied, which differs from the European EN 1363-2:1999 [23] in the development of a fire
in the first minutes [24,25].

According to ISO 834-75 [5], IMO Res. A.754 [26] and the Russian State Standard GOST
30247.1 “Elements of building constructions. Fire-resistance test methods. Loadbearing and
separating constructions” [27] harmonized with ISO 834 [5], the following limit conditions
are distinguished for fire-resistance limits of enclosure structures, which include bulkheads
and decks of tankers and platforms:

— Loss of integrity resulting from the formation of through cracks or openings in the
structures through which combustion products or flame (E) penetrate to the unheated
surface;

—  Loss of thermal insulating capability (I) due to an average temperature rise of more
than 140 °C at the unheated surface of the structure or at any point on that surface
of more than 180 °C compared with the temperature of the structure before the
test or more than 220 °C regardless of the temperature of the structure before the
test (additional limit conditions of structures and the criteria of their occurrence are
established, if necessary, in the standards for tests of particular structures). It should be
noted that the same requirements for the quantitative values of the thermal insulating
capacity (I) and qualitative features of the loss of integrity (E) are established for the
enclosing structures.

Minimum requirements for fire resistance of bulkheads and decks are established
in [17,20,28], for example, for bulkheads in [17] (Table 1).
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Table 1. Fire integrity of bulkheads separating adjacent spaces/areas.

091

Spaces @ 2 @ @ (5) (6) (7) (8) ) (10) 1 12)
Control stations including central =) A0 A0 A-60 A0 A-15 A-60 A5 H60  A60 A0 . A0
process control rooms
Corridors 2) C B-0 113-(()) B-0 A-60 A-0 H-60 A-0 A-0 * B-0
Accommodation spaces 3) C z:?) B-0 A-60 A-0 H-60 A-0 A-0 * C
. B-0 B-0 " B-0
Stairways 4) A-0 A-0 A-60 A-0 H-60 A-0 A-0 A-0
Service spaces (low risk) (5) C A-60 A-0 H-60 A-0 A-0 * B-0
Machinery spaces for category A (6) * A-0 H-60 A-60 A-60 * A-0
Other machinery spaces (7) A-0 H-0 A-0 A-0 * A-0
Process areas, storage tank areas, . *
wellhead /manifold areas ®) Sy e - H-60 H-60 H-60
Hazardous areas 9) - A-0 * A-0
Service spaces (high risk) (10) A-0 * A-0
Open decks (11) - *
Sanitary and similar spaces (12) C

Note: * The division is to be of steel or equivalent material, but is not required to be of an A-class standard.
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Insulation materials should generally be non-combustible or show low combustion
spreading to ensure structural fire resistance of ships and platforms [29-31]. Mineral
wool of various densities is widely used in passive fire protection (PFP) [32,33] and less
commonly used in epoxy-based fire-retardant intumescent paints [4]. Fire protection is
applied (mounted) between thin metal walls as bulkhead panels on vertical structural
elements of offshore structures. Studies related to the design, calculation and modeling
of decks and bulkheads include either only calculations of the compressive strength and
deflection values at the center of the structure [10,11] or only modeling of hydrocarbon fire
and explosion scenarios [12-15,18]. In [34], two experiments of bulkheads under standard
and hydrocarbon fire regimes are given, with their subsequent modeling confirming the
correlation of the obtained temperatures, from which the conclusion about the possibility
of prediction and justification of the fire-resistance limits by simulation is made.

The purpose of this article is to simulate experimental data for determining the fire-
resistance limit of bulkheads of different classes and deck for an offshore platform to solve
the following problems: calculation of the parameters of thermal insulation of bulkheads
and deck; prediction of the fire-resistance limits of the structure on the example of the H-0
bulkhead depending on the thickness of mineral wool and its density for the H-0 bulkhead
under a hydrocarbon fire regime with the variant to replace the used fire protection to
endothermic mat based on ceramics and basalt fibers; calculation of the H-0 bulkhead on a
deflection in the center of the considered structure under thermal load; and clarification of
calculated coefficients of thermal conductivity and heat capacity for mineral wool in the
temperature range from 0 to 1000 °C.

2. Materials and Methods

Experimental samples of H-class bulkheads and deck were tested to determine the
time of reaching the limit state during fire exposure according to IMO FTP Code Part 3
IMO Res. A.754 (18) [26] under the condition of establishing a hydrocarbon temperature
regime in the fire chamber of the furnace according to EN 1363-2: 1999 [23], characterized
by dependence (1):

T — Ty = 1080 x (1 —0.325 x e 0167t _ 0,675 x =25 ) )

where T means the temperature inside the furnace in °C, corresponding to the relevant
time t; T is the temperature in °C inside the furnace prior to the start of heat impact; ¢ is
the time in minutes from the start of the test.

Experimental samples of A-class bulkheads were tested to determine the time of
reaching the limit state during fire exposure according to IMO FTP Code Part 3 IMO Res.
A.754 (18) [26] under the condition of creating in the fire chamber of the furnace a standard
temperature regime according to ISO 834 [5], characterized by dependence (2):

T — Ty = 345 x 1g(8t + 1) @)

The furnace temperature was determined by means of twelve thermoelectric transduc-
ers with a switching head uniformly distributed at a distance of approximately 100 mm
from the exposed side of the test sample according to IMO Res. A.754 (18) [26]. The
temperature in the furnace during the fire tests was maintained according to the appro-
priate temperature regimes [23]. The temperature on the test samples was measured by
cable thermoelectric chromel-alumel thermocouples. According to the test reports of the
structure, each thermocouple is inserted through a steel pipe of standard weight, and the
end of the pipe from which the welded junction protrudes is to be open. The thermocouple
junction protrudes % in (12.7 mm) from the open end of the pipe.

The ambient temperature during the tests was averaged according to the test reports
and assumed 20 °C.

The software package (SP) ELCUT [35] was used to analyze the temperature distribu-
tion over the cross-section of the considered structures.
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2.1. Experiments on Bulkhead and Deck Structures

The fire resistance of H-class bulkheads (H-0, H-60, H-120), A-class bulkheads (A-15,
A-60) and deck (H-120) with mineral wool materials was investigated.

Fire tests of the H-0, H-60 and H-120 bulkheads were carried out at the Danish Institute
of Fire and Security Technology (DIFT). The bulkheads were installed in a reinforced
concrete frame and welded on four sides to the restraint frame. The dimensions of the
structural core were following IMO Resolution A.754 (18). The test samples were tested
with the insulation and the stiffeners toward the furnace.

The H-0 bulkhead has the following external dimensions: height 2480 mm, width
2420 mm, thickness 64.5/129.5 mm. The bulkhead consisted of a standard structural steel
core insulated with Rockwool insulation (Hedehusene, Denmark), attached to the bulkhead
with 3 mm pins and ©28 mm washers. The pins on the level were located in 3 lines and a
line on each of the stiffeners. The vertical center distance between the pins on the level was
400 mm along all lines. The vertical center distance between the pins on the stiffeners was
300 mm along all lines. The steel sheet thickness of 4.5 mm with the pins on the stiffeners
at a distance of 600 mm was insulated with two layers of 30 mm Rockwool HC Firebatt
(Hedehusene, Denmark) mineral wool with a density of 150 kg/ mS.

The H-60 bulkhead has the following external dimensions: height 2480 mm, width
2420 mm, thickness 75/115 mm. The steel sheet thickness of 5 mm with the pins on the
stiffeners at a distance of 600 mm was insulated with two layers of mineral wool: 40 mm
Rockwool HC Wired Matt (Hedehusene, Denmark) with a density of 150 kg/m? and 30 mm
Rockwool HC Firebatt with a density of 150 kg/m?3. Installation of the insulation to the
bulkhead is similar to the H-0 bulkhead.

The H-120 bulkhead has the following external dimensions: height 2480 mm, width
2420 mm, thickness 95/155 mm. The steel sheet thickness of 5 mm with the pins on the
stiffeners at a distance of 600 mm was insulated with two layers of mineral wool: 40 mm
Rockwool HC Wired Matt with density of 150 kg/m? and 50 mm Rockwool HC Firebatt
with a density of 150 kg/m?. Installation of the insulation to the bulkhead is similar to the
H-0 bulkhead.

The temperature on the test samples was determined by cable thermoelectric chromel-
alumel thermocouples designed as described in IMO Resolution A.754 (18) [26] and
mounted on the unheated surfaces of the sample (Figure 3). The location of the ther-
mocouples for the H-60 bulkhead is the same as on the H-120 bulkhead.
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Figure 3. (a) Location of thermocouples on bulkhead H-120. (b) Location of thermocouples on
bulkhead H-0.
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The A-15 and A-60 (sample No. 1 and sample No. 2) bulkheads were built following
IMO Resolution A.754 (18) [26] and insulated on the stiffened side not exposed to the fire.
The mineral wool panels are secured to the bulkhead plate through steel pins and washers
welded with a pitch of 300 mm.

Fire tests of A-15 and A-60 (sample No. 1) class bulkheads were performed at RINA
Services Spa (Genoa, Italy); fire test of A-60 (sample No. 2) class bulkhead was performed at
FGBU VNIIPO EMERCOM of Russia (Balashikha, Moscow region, Russia). The bulkheads
were tested in the vertical position exposing to the fire the uninsulated bulkhead side,
mounted within a steel restraint frame having a refractory concrete lining 50 mm thick. The
temperature on the test samples was measured by cable thermoelectric chromel-alumel
thermocouples, installed in the amount of 7 pieces on the unheated surfaces of the sample.

The A-15 bulkhead has the following external dimensions: height 3020 mm, width
3020 mm, thickness 44.5/69.5 mm. The steel sheet thickness of 4.5 mm with the pins on the
stiffeners at a distance of 600 mm was insulated with one layer of mineral wool: 40 mm
PAROC Marine Fire Slab (Helsinki, Finland) with a density of 80 kg/m?.

The A-60 bulkhead (sample No. 1) has the following external dimensions: height
3020 mm, width 2420 mm, thickness 65/90 mm. The steel sheet thickness of 5 mm with
the pins on the stiffeners at a distance of 600 mm was insulated with two layers of mineral
wool: 60 mm and 25 mm PAROC Fire Slab (Helsinki, Finland) with a density of 100 kg/ mS.

The A-60 bulkhead (sample No. 2) has the following external dimensions: height
2480 mm, width 2420 mm, thickness 54.5/79.5 mm. The steel sheet thickness of 4.5 mm
with the pins on the stiffeners at a distance of 600 mm was insulated with two layers of
25 mm TIZOL-FLOT Fire (Yekaterinburg, Russia) with a density of 100 kg/m?3.

Fire tests of the steel deck H-120 were carried out at the Fire Safety Scientific and Test
Center of the FGBU VNIIPO EMERCOM of Russia (Balashikha, Moscow region, Russia).
The temperature on the sample was measured by thermocouples, installed in the amount
of 7 pieces on the unheated surface of the sample.

The H-120 deck has the following external dimensions: height 2440 mm, width
3040 mm, thickness 126/246 mm. The steel sheet thickness of 6 mm with the pins on
the stiffeners at a distance of 600 mm was insulated with two layers of 60 mm Rockwool
mineral wool panels with a density of 100 kg/m?.

2.2. Simulation of Bulkhead and Deck Section Heating

SP ELCUT allows solving tasks related to the heating of structures [36]. All calculations
of the structures are performed by the finite element method based on the two-dimensional
finite element model in the ELCUT software. To solve the task, it is necessary to specify the
geometry, describe the properties of the medium and define the boundary conditions. The
input of the task parameters consists of marks divided into three groups [35]:

Block marks that describe the material properties in the model;

Rib marks describing the boundary conditions on the outer and inner surfaces of
the model;

Vertex marks that describe the anchoring conditions (boundary conditions) applied to
certain points in the model.

In the simulation of heating, the thermal conductivity equation is used in the flat

case (3) [37]:
d oT d oT T
8x<Aax> + E)}/(Ayay) = A x gy ®)

where T is the temperature in °C; ¢ is the time in seconds; A means the components of the
thermal conductivity tensor in W/ (m-K); g is the specific power of heat source in W/m?; ¢
is the specific heat capacity in J/(kg-K); and p is the density in kg/m3.

A number of boundary conditions, such as temperature, heat flow, convection and
radiation, are set at the outer and inner boundaries of the computational domain. The
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value of Tj is given as a linear function of coordinates. The heat flow is described by the
following Relations (4) and (5) [35]:

F, = —gs—on the outer borders (4)

Ef — F; = —gs—on the inner borders (5)

where F; is the normal component of the density vector of heat flow, where “+” and “—"
mean “left of the border” and “right of the border,” respectively, in W/m?; gs is the power
surface of the source for the inner border, for the outer, the known value of heat flow
through the border in W/ m?2.

Convective heat transfer is determined according to (6) [38]:

Fi=ax(T—-Ty) (6)

where a is the convective heat transfer coefficient in W/m?2-K; Ty is the ambient temperature
in K.

The radiation condition is set at the outer border of the model; the radiation heat
transfer is determined according to (7) [35]:

Fy = kep X B x (T4 - Tg) @)

where ksp is the Stefan-Boltzmann constant in W/(m? - K*); B is the surface absorption
coefficient; and Ty is the temperature of an absorbing medium in K.

Simulations were performed for bulkheads and deck under hydrocarbon and standard
fire regimes.

Initial steel characteristics: steel grade D36 [39]; density 7800 kg/m?; thermal conduc-
tivity and heat capacity are variable depending on temperature (values are taken from the
program reference book). The boundary conditions are presented in Table 2.

Table 2. Boundary conditions set in the SP ELCUT.

Name of the Value Value Information Source
Degree of blackness of ship’s alloy steel 0.35 [40]
Degree of blackness of mineral wool 0.92 [40]
Degree of blackness of endothermic mat 0.96 [40]
Convection heat transfer coefficient at standard temperature 25 38]
regime, W/ (m? - K)
Convection heat transfer coefficient at hydrocarbon 50 38]
temperature regime, W/ (m? - K)
Surface absorption coefficient 0.5 [37]
The emissivity of steel 0.8 [37]
The emissivity of mineral wool 0.7 [37]
Initial ambient temperature, °C * 20 -
Time step for calculating the temperature gradient of the 60 .

structure, second

Note: * According to the test reports, the temperature measured by thermocouples in the furnace was determined
as an absolute value, and the temperature on the unheated surface was recorded and displayed as the difference
between the ambient temperature and the temperature on the unheated surface.

The characteristics of the mineral wool for the different bulkheads and deck are shown
in Table 3. It is assumed that the density value does not change during heating. The
value of heat capacity is assumed to be averaged for all types of mineral wool according
to manufacturer’s website and [41]; the trend of heat capacity change with temperature is
assumed according to [42]. Moreover, the main influence on the heat transfer in the solid
material layer has thermal conductivity [37].
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Table 3. The main characteristics of mineral wool for structures.

Structure/ P A, Wim-K) Cp, J/(kg-K) o Organic Thickness of
Manufacturer KT/M® 10°C 100°C 300°C 10°C 100°C 300°C e Substances, %  Plates, mm
H-0 (Rockwool) 150 0.034 0.045 0.078 840 860 900 0.24 1.30 60/125
H-60 (Rockwool) 150 0.034 0.045 0.078 840 860 900 0.20 0.40 70/110
H-120 (Rockwool) 150 0.034 0.045 0.078 840 860 900 0.20 0.40 90/150
A-15 (PAROC) 80 0.037 0.047 0.095 840 860 900 0.34 1.50 40/65
A-60 (PAROC) * 100 0.037 0.047 0.095 840 860 900 0.28 3.09 60/85
A-60 (TIZOL) ** 100 0.035 0.046 0.085 840 860 900 0.25 2.00 50/75
H-120 (Rockwool) 100 0.034 0.045 0.078 840 860 900 0.20 0.40 120/240

Note: * Sample No. 1; ** Sample No. 2.

3. Results and Discussion
3.1. Experimental and Simulation Results

For the H-0 bulkhead, the fire test was stopped at 122 min according to the require-
ments for this class of bulkheads (the limit condition for H-0 bulkheads is loss of integrity
(E)). When the required time was reached, no smoke and flame penetration to the unheated
side was observed, the integrity of the sample was preserved, and the deflection of the
sample in the center of the bulkhead (60 mm) and the changing of the color of the open
surface to yellow were recorded. According to the test results, it was found that the H-
0 bulkhead with a steel sheet thickness of 4.5 mm, insulated with mineral wool with a
thickness of 60/125 mm and a density of 150 kg/m3, has fire resistance under the action
of a hydrocarbon fire regime for at least 30 min before reaching the parameter of thermal
insulating capacity (I) and at least 120 min before reaching the parameter of loss of integrity
due to the temperature increase on the unheated surface of the structure on average more
than 140 °C. According to the DIFT report, the H-0 bulkhead may also be classified as H-30
regarding the experimental data obtained.

For the H-60 bulkhead, the fire test was stopped at 123 min when the critical tempera-
ture on the unheated surface of the structure reached an average of more than 140 °C (the
technical customer’s request extended the test), no smoke and flame penetration on the
unheated side was observed, the integrity of the sample was preserved, and the deflection
of the sample in the center of the bulkhead (42 mm) and the changing of the color of the
open surface to yellow were recorded. According to the test results, it was found that the
H-60 bulkhead with a steel sheet thickness of 5 mm, insulated with mineral wool with a
thickness of 70/110 mm and a density of 150 kg/m?, has fire resistance under the action of
a hydrocarbon fire regime for at least 120 min.

For the H-120 bulkhead, the fire test was stopped at 125 min when the critical temper-
ature on the unheated surface of the structure reached an average of more than 140 °C (the
technical customer’s request extended the test), no smoke and flame penetration on the
unheated side was observed, the integrity of the sample was preserved, and the deflection
of the sample in the center of the bulkhead (24 mm) and the changing of the color of the
open surface to yellow were recorded. According to the test results, it was found that the
H-120 bulkhead with a steel sheet thickness of 5 mm, insulated with mineral wool with a
thickness of 90/150 mm and a density of 150 kg/m?, has fire resistance under the action of
a hydrocarbon fire regime for at least 120 min.

The H-class bulkheads’ appearance before and after the fire test did not change, and
the deflection at the center of the bulkheads did not reach the limit value of 1/20 in each
test [27]. For example, the heated and unheated sides before and after the fire test of H-120
bulkheads (Figures 4 and 5) and mineral wool after the fire test of H-120 and H-0 bulkheads
(Figure 6) are shown.
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(b)

Figure 4. (a) Heated side of H-120 bulkhead before fire test. (b) Heated side of H-120 bulkhead after

fire test.

(a) (b)
Figure 5. (a) H-120 bulkhead at the beginning of fire test. (b) H-120 bulkhead at the end of fire test.

(a) (b)

Figure 6. (a) Mineral wool after fire test of H-120 bulkhead. (b) Mineral wool after fire test of H-0
bulkhead.

For the A-15 bulkhead, the fire test was stopped at 30 min according to the require-
ments. No smoke and flame penetration on the unheated side was observed, the sample’s
integrity was preserved, and the deflection of the sample in the center of the bulkhead
(105 mm) was recorded. No cracks and holes in the sample were found. According to the
test results, it was found that the A-15 bulkhead with a steel sheet thickness of 4.5 mm,
insulated with mineral wool with a thickness of 40 mm and a density of 80 kg/m?, has fire
resistance under the action of a standard fire regime for at least 15 min.

For the A-60 bulkhead (sample No. 1), the fire test was stopped at 60 min when the
critical temperature on the unheated surface of the structure reached an average of more
than 140 °C. No smoke and flame penetration on the unheated side was observed, the
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sample’s integrity was preserved, and the deflection of the sample in the center of the
bulkhead (70 mm) was recorded. No cracks and holes in the sample were found. According
to the test results, it was found that the A-60 bulkhead (sample No. 1) with a steel sheet
thickness of 5 mm, insulated with mineral wool with a thickness of 60/85 mm and a density
of 100 kg/m?, has fire resistance under the action of a standard fire regime for at least
60 min.

For the A-60 bulkhead (sample No. 2), the fire test was stopped at 60 min according to
the customer’s requirements. No smoke and flame penetration on the unheated side was
observed, and the integrity of the sample was preserved. No cracks, holes or other visible
changes on the sample were found, and the deflection value was not measured. According
to the test results, it was found that the A-60 bulkhead (sample No. 2) with a steel sheet
thickness of 4.5 mm, insulated with mineral wool with a thickness of 50/75 mm and with a
density of 100 kg/m?, has fire resistance under the action of a standard fire regime for at
least 60 min.

Considered A-class bulkheads did not change their appearance before and after the
fire test, and the deflection at the center of the bulkheads did not reach the limit value of
1/20 in each test [27]. For example, the heated and unheated sides after the fire test of the
A-15 bulkhead are shown (Figure 7).

(b)
Figure 7. (a) Heated side of A-15 bulkhead at the end of the fire test. (b) Unheated side of A-15
bulkhead at the end of the fire test.

For the deck H-120, the fire test was stopped at 125 min when the critical temperature
on the unheated surface of the structure reached an average of more than 140 °C. No smoke
and flame penetration on the unheated side was observed, and the integrity of the sample
was preserved. No cracks, holes or other visible changes on the sample were found, and the
deflection value was not measured (Figure 8). According to the test results, it was found
that deck H-120, with a steel sheet thickness of 6 mm, insulated with mineral wool with a
thickness of 120/240 mm and a density of 100 kg/ m3, has fire resistance under the action
of a hydrocarbon fire regime for at least 120 min.

Figure 9 shows the time-temperature curves of the bulkheads and deck during the
fire test. The graph shows the averaged values of the difference between the values of
thermocouples located directly on the unheated surface of the sample and the initial
ambient temperature (20 °C, Table 3).
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Figure 8. (a) Deck H-120 before the fire test. (b) Deck H-120 after the fire test.

H-0

A-60 (sample No. 2)

0 ————t—t—t+—t+—+—t—
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125
Time, min

Mineral wool s =40 mm, o = 80 kg/m3 e Mineral wool s = 50/75 mm, @ = 100 kg/m3
Mineral wool s = 60/85 mm, o = 100 kg/m3 e Mineral wool s = 60/125 mm, o = 150 kg/m3
Mineral wool s = 70/110 mm, o = 150 kg/m3 = Mineral wool s = 90/150 mm, o = 150 kg/m3

= Mineral wool s = 120/240 mm, o = 100 kg/m3 e Temperature limit value
Standard time —temperature curve «=—=Hydrocarbon temperature curve

Figure 9. Temperature curves of experimental samples during fire tests.

As a result of the simulation, visualizations of the heating of the experimental bulk-
heads and deck were obtained (Figure 10). The location of the thermocouples on the
structures is shown in the analytical model. Each analytical model represents % of the
structure since it consists of similar and repeating fragments. For H-class bulkheads and
H-120 deck, the fire exposure was from the mineral wool side, and for A-class bulkheads,
from the steel plate side.
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H-60 bulkhead

H-120 bulkhead

H-120 deck
1100 990 881 771 662 552 443 333

Temperature scale for hydrocarbon fire regime
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A-15 bulkhead

A-60 bulkhead (sample No. 1)

* A-60 bulkhead (sample No. 2)
842 758 674 590 5(])5 421 337 253 168 84 0

Temperature scale for standard fire regime

Figure 10. Analytical models of structures and thermocouple locations and visualization of the
heating of bulkhead and deck structures.

The temperature-time dependences at the thermocouple location on the unheated
surface were obtained for H-class bulkheads and deck H-120 (Figure 11).

The graph shows the averaged values of the difference between the values of ther-
mocouples located directly on the unheated surface of the sample and the initial ambient
temperature (20 °C, Table 3). The different location of the thermocouples over the cross-
section of the samples is shown in Figure 10. Heat and mass transfer processes were not
considered in the modeling.
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Figure 11. Experimental and simulated temperature curves of samples during the fire test under the
hydrocarbon fire regime.

The results of the simulation show excellent correlation of the results (difference in
values not more than 5%), except for the results for the H-0 bulkhead (25% in the range of
20 to 30 min), which has a smaller plate thickness (60 mm) compared to the other samples.
Mineral wool is a dry fire retardant; however, it contains organic substances and water
(Table 3). At a sharp temperature effect in the hydrocarbon fire regime in the range from 30
to 100 °C, the processes of heat and mass transfer are intensified, which may explain the
excess of simulation results compared with the experimental values of temperatures.

Analysis of Figure 11 shows that the graph for the H-0 bulkhead grows more rapidly
because the bulkhead warms up faster due to the fact that it has a smaller plate thickness
(60/125 mm) at the same density (150 kg/m?). The graph for the deck H-120 with lower
density (100 kg/m?) during the first 30 min shows higher temperature values compared
to the H-120 bulkhead (150 kg/m?); after 45 min, due to the higher insulation thickness
(120/240 mm), the graph for the deck H-120 shows a smoother temperature increase until
the limit value is reached.

The temperature-time dependences at the thermocouple location on the unheated
surface were obtained for A-class bulkheads (Figure 12).

Analysis of Figure 12 shows that the graph for the A-15 bulkhead grows more rapidly
because the bulkhead warms up faster due to the fact that it has a smaller plate thickness
(40 mm) and a lower density (80 kg/m?3) while the A-60 bulkheads have higher values:
density 100 kg/m? and plate thickness 60/85 mm for sample No. 1 and 50/75 mm for
sample No. 2. Samples No. 1 and No. 2 for A-60 bulkheads with a density of 100 kg/m?
have similar dynamics of temperature increase up to 30 min, then sample No. 1 continues
to heat uniformly, while sample No. 2, which has a plate thickness of 10 mm less than the
thickness of sample No. 1, increases sharply and reaches equilibrium state after 40 min
of heating.
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Figure 12. Experimental and simulated temperature curves of samples during the fire test under the
standard fire regime.

In the example of the H-0 bulkhead, the deflection in the center of the considered
structure under the thermal load was calculated in SP ELCUT using the connection of
tasks of unsteady heat transfer and mechanical stresses and strains, which resulted in a
deformation diagram shifted by 63 mm relative to the original position (Figure 13).
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Figure 13. Deformation diagram of H-0 bulkhead under heat load.

According to [27], the limit value of deflection at the center of the bulkhead is deter-

mined according to (8):
1 2480
Thus, the deflection value obtained during the experiment (60 mm) and from the sim-
ulation (63 mm) does not exceed the acceptable value and confirms that the H-0 bulkhead

subjected to high-temperature fire exposure maintains its integrity throughout the test.

3.2. Discussion

The calculated temperature values on the considered structures, obtained from the
simulation results in the SP ELCUT, perfectly correlate with the experimentally obtained
temperature values in any time period. In the example of the H-0 bulkhead, the thickness
of used mineral wool was evaluated, and other variants of the rate of consumption of
mineral wool under the hydrocarbon fire regime were presented (Figure 14). The choice
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of the bulkhead is justified by the maximum temperatures obtained from the experiment
and simulation. The graph shows the averaged values of the difference between the values
of thermocouples located directly on the unheated surface of the sample and the initial
ambient temperature (20 °C, Table 3). The different locations of the thermocouples over
the cross-section of the samples are shown in Figure 10. The H-0 bulkhead is also certified
as H-30. According to the initial data, the H-0 bulkhead has two layers of mineral wool
with a total thickness of 60 mm (2 x 30 mm) with a density of 150 kg/m3. One of the
ways to reduce the consumption of mineral plates is to increase their density. For example,
when choosing the density of mineral wool as 240 kg/m? (PAROC mineral wool [43]), the
temperature at 30 min is reduced by 40 °C, which shows the overconsumption of used fire
protection. There are two variants to reduce the thickness of mineral wool with a density of
240 kg/m?3: using two layers of thickness of 25 mm and two layers of thickness of 20 mm.
At a total thickness of 40 mm (2 x 20 mm), the temperature at 30 min reaches 138 °C,
which shows optimal thickness use, providing the required fire protection efficiency in
hydrocarbon fire mode.
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eeeseee Endothermic mat ¢ = 865 kg/m3 (2 x 20 mm) e+ Endothermic mat o = 865 kg/m3 (20 mm)

Temperature limit value

Figure 14. Variations of flame-retardant application for H-0 bulkhead.

Endothermic mats with high fire-resistance limits and high cost relative to mineral
wool are also used as insulation systems in O&G [44]. Thermophysical characteristics were
taken for flexible endothermic mat “3M Interam” with a thickness of 20 mm with basalt
fiber and endothermic ingredients (Table 4).

Table 4. Coefficients of thermal conductivity and heat capacity of the endothermic mat “3M Interam”
as a function of temperature [45].

T, °C 93 177 316 399 482
A, W/K-m 0.151 0.175 0.100 0.118 0.140
C,J/K-m 1155 1155 1155 1155 1155
o, kg/m® 865 865 865 865 865
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When using an endothermic mat with a thickness of 40 mm, the temperature at 30 min
reaches 37 °C, which proves the need to reduce the consumption of the used insulation
system. When reducing the thickness of the endothermic mat to 20 mm, the temperature at
30 min reaches 139 °C, which proves the use of optimal thickness, at which the required
fire protection efficiency in hydrocarbon fire mode is provided.

The values of coefficients of thermal conductivity and heat capacity of mineral wool
manufacturers Rockwool (1), PAROC (2) and TIZOL (3) were clarified (Table 5). The
calculated values of thermophysical characteristics obtained from the simulation correlate
with the values in Table 3. For temperatures above 400 °C, the obtained values require
experimental confirmation but can be used in solving thermal engineering tasks with
unsteady thermal conductivity.

Table 5. Calculation coefficients of thermal conductivity and heat capacity of mineral wools.

T, °C 0 100 200 300 400 500 600 700 800 900 1000
A1), W/K-m 0.0340 0.0450 0.0595 0.0780 0.1021  0.1314 0.1669 02047 0.2432  0.2810 0.3195
A(2), W/Km 0.0370  0.0470  0.0652  0.0950 0.1384  0.1967 0.2589  0.3207 0.3826  0.4453 0.5086
A (3), W/K-m 0.0350  0.0460 0.0729  0.0850 0.1196  0.1652  0.2222  0.2724  0.3229 0.3741 0.4269

C, J/Kkg 840 860 877 900 913 929 943 955 971 988 1004

Analysis of Table 5 shows that the best characteristics (the lowest thermal conductivity
in the range from 0 to 1000 °C) to perform the functions of fire protection and thermal
insulation have material 1 (Rockwool). As stated in Section 2, the heat capacity values were
given the same and averaged for all types of mineral wool due to the lack of accurate data
at elevated temperatures from manufacturers.

4. Conclusions

Test methods of the fire resistance of steel structures for hydrocarbon fuel transporta-
tion facilities are similar to the requirements of onshore structures of the oil and gas complex.
The same parameters under different fire regimes are applied: loss of integrity and thermal
insulating capacity. Based on experimental results, simulation of the fire resistance of
bulkheads of different classes and decks for an offshore platform was carried out. It was
found that to obtain the required fire-resistance limits of bulkheads in standard fire condi-
tions (A-class), mineral wool with a density of 80-100 kg/m? and fire protection material
consumption of 40 to 85 mm (plate thickness) should be used; hydrocarbon mode (H-class)
requires the use of the densest mineral wool (from 100 kg / m?) with a material consumption
of 60-150 mm. Thus, to protect steel decks and bulkheads in a hydrocarbon fire with a
structural steel thickness of 4.5-5 mm, it is necessary to use 30—40% more thermal insulation
and apply the highest density of fire-retardant material compared to the standard fire.

Simulations have shown that constructing the H-0 bulkhead certified as H-30 (for loss
of integrity and thermal insulating capacity) and H-0 (for loss of integrity) with mineral
wool with a density of 150 kg/m3 and a thickness of 60 mm is not optimal in relation to fire
protection overage.

The simulated H-0 bulkhead with mineral wool with a density of 240 kg/m3 and
an insulation thickness of 40 mm and endothermic mat with a density of 865 kg/m3 and
a thickness of 20 mm can reduce the consumption of fire protection by 33% and 66%,
respectively, providing the required fire resistance H-30. It is expected in the future to
use fire protection and thermal insulation plates containing a combination of super-thin
basalt fiber and ceramic fibers, designing a high fire-resistance rating and an adequate final
product cost.

The obtained values of the coefficients of thermal conductivity and heat capacity
for mineral wool can be used in the calculation of structures for fire resistance with the
considered type of fire protection in the temperature range from 0 to 1000 °C.
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Abstract: The panel performance of a prefabricated cabin-type substation under the impact of fires
plays a vital role in the normal operation of the substation. However, current evaluations of the
panel performance of substations under fire still focus on fire resistance tests, which seldom consider
the relationship between fire behavior and the mechanical load of the panel under the impact
of fires. Aiming at the complex and uncertain relationship between the thermal and mechanical
performance of the substation panel under impact of fires, this paper proposes a machine learning
method based on a BP neural network. First, the fire resistance test and the stress test of the
panel is carried out, then a machine learning model is established based on the BP neural network.
According to the collected data, the model parameters are obtained through a series of training
and verification processes. Meanwhile, the correlation between the panel performance and fire
resistance was obtained. Finally, related parameters are input into the thermal-mechanical coupling
evaluation model for the substation panel performance to evaluate the fire resistance performance of
the substation panel. To verify the correctness of the established model, numerical simulation of the
fire test and stress test of the panel is conducted, and numerical simulation samples are predicted by
the trained model. The results show that the prediction curve of neural network is closer to the real
results compared with the numerical simulation, and the established model can accurately evaluate
the thermal-mechanical coupling performance of the substation panel under fire.

Keywords: prefabricated cabin-type substation; panel; BP neural network; thermal-mechanical
coupling; machine learning; fire behavior; impact of fires

1. Introduction

With the development of the national economy, the demand for electricity, from all
walks of life, has increased. After a period of rapid development, large-scale centralized
new energy power generation has gradually extended in the direction of decentraliza-
tion and miniaturization. The requirements of new energy construction cannot be met
by conventional transmission substations. Technological development and the improve-
ment of prefabricated substations have become increasingly prominent. As a new type
of prefabricated substation [1-3], the prefabricated cabin-type substation is becoming an
important development direction benefiting from its high degree of integration and high
level of intensiveness. Fire has an important effect on the safety of buildings and struc-
tures [4,5], thus the performance of the prefabricated substation panel under impact of fires
is a guarantee of safety and plays a vital role in the normal operation of the substation. As
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a structural stress component of the substation panel, at the beginning of the design, the
fire safety of the panel needs to be considered to ensure the safety of the overall structure
of the substation. A high temperature causes the deterioration of the mechanical properties
of the substation panel material, which will bring about different degrees of damage to
the substation panel. Therefore, before the construction of the substation, it is necessary
to carry out a fire resistance performance test under fire on the panel to ensure the fire
resistance safety of the entire project in the event of a fire. Therefore, accurately describing
the fire performance of substation panels has become an important issue for the stability of
current substations.

Since the substation panels are mainly reinforced concrete structures, the fire perfor-
mance of the substation panels can refer to the fire resistance test [6-10] and numerical
simulation method to analyze fire behavior. Naser and Kodur [11] conducted an experi-
mental study on the fire behavior of composite steel girders subjected to high shear loading.
Hawileh et al. [12-14] predicted the performance of concrete beams using a finite element
model. Aguado et al. [15] used a 3D finite element model for predicting the fire behavior of
hollow-core slabs. However, the current research on the performance of substation panels
rarely considers correlations, with little consideration of the nonlinear relationship between
stress performance and fire resistance under impact of fire.

The neural network, a method of machine learning, is widely used in various fields [16-23].
Abuodeh et al. [24,25] used machine learning techniques to predict behavior of RC beams and
compressive strength of ultra-high-performance concrete. Liu et al. [26] established machine-
learning-based models to predict shear transfer strength of concrete joints. The neural
network also has a precedent in the application of substation [27-31]. Da Silva et al. [32]
proposed the use of artificial neural networks to solve the problem of fault location in
substations; Wang et al. [33] used deep learning methods to identify the switch status
of substations; Jiang Hongyu et al. [34] proposed an adaptive suppression method of
transformer noise in substations based on genetic wavelet neural networks for the problem
of transformer noise control; Oliveira et al. [35] carried out automatic monitoring on the
construction site of substations based on deep learning. Neural networks [36-38] with self-
learning, self-organization, and extremely strong linear fidelity capabilities can accurately
reflect the nonlinear relationship between input and output variables to maintain high
accuracy in short-term prediction. Therefore, machine learning is used to establish a
non-linear relationship between panel stress and fire resistance from the perspective of
thermal-mechanical coupling, which is a worthwhile means for evaluating the performance
of substation panels under impact of fire.

To solve the above problem, this paper proposes a machine learning method based on
the principle of BP (back propagation) neural networks to analyze the thermal-mechanical
coupling performance of substation panels under fire. The evaluation factors are selected,
such as the substation panel geometric data, mechanical performance parameters, and fire
resistance performance data. After the model training ends, the relationship between panel
mechanical performance and fire resistance is established. Finally, predictive samples are
input into the model to evaluate the fire resistance performance of the panel. Then, fire
resistance test and the stress test of the panel is carried out. A BP neural network model is
trained and built through a series of training the samples. Then, numerical simulation of
the fire test and stress test of the panel is conducted, and numerical simulation samples
is predicted by the trained model and compared with the real results. The results show
that predicted samples fit well with the actual output values and better than the result of
numerical simulation. Thus, the established model can accurately evaluate the thermal-
mechanical coupling performance of the panel under fire.

2. Research Methods and Contents

2.1. The Research Process for Thermal-Mechanical Coupling Evaluation of Prefabricated
Cabin-Type Substation Panel Performance

The key to the thermal-mechanical coupling evaluation process of a prefabricated
substation panel is to establish an evaluation model based on BP neural networks. By
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inputting the stress state data of the substation panel into the evaluation model, the corre-
sponding fire resistance parameters can be obtained. The thermal-mechanical coupling
performance of the prefabricated substation panel can then be evaluated. The research
process of the thermal-mechanical coupling evaluation of prefabricated substation panel
performance is shown in Figure 1.

2 -
[ Establish evaluation factors of prefabricated cabin-type substation panels

® Geometric parameters (panel length, width, height).
® Refractory performance parameters (baking time, average furnace temperature, average
temperature and pressure of the back surface).

\: Force performance parameters (time and bending load). /’

{ Fire resistance fest and the stress test of the panel ‘
. ¥

v

‘ Use machine learning for evaluation analysis ‘

BP neural network training

b 4

@ /" Numerical simulation
According to the real fire Numerical simulation of fire
resistance and stress test curves resistance and stress test was
of specimens, the predicted carried out on the specimens,
sample data were extracted. and the sample data of numerical

¢ v \_ simulation were extracted. 4

~— '] s

v %

QOutput prediction evaluation results and verify the rationality of the model ]

Figure 1. Research process of thermal-mechanical coupling evaluation of panel performance.

2.2. Thermal-Mechanical Coupling Evaluation Model of the Panel Performance Based on BP
Neural Networks

2.2.1. Establishment of Evaluation Factors

In theory, the performance state of the prefabricated substation panel can be better
described by the more comprehensive evaluation indexes. However, in practical engi-
neering, on the one hand, it is very difficult to collect data. On the other hand, the more
indexes there are, the more complex the nonlinear relationship of the thermal-mechanical
coupling evaluation of the prefabricated substation panel performance is. Therefore, the
determination of evaluation indexes cannot be simply generalized but should be analyzed
in specific cases. As a complex system, the thermal-mechanical coupling evaluation of
panel performance is affected by many factors. This study, adhering to the principles of
representativeness, integrity, and desirability, takes the geometric parameters, mechanical
performance, and fire resistance performance of the panel as evaluation factors of the
thermal-mechanical coupling evaluation of the panel’s performance.

1.  The geometric parameters of the panel include length, width, and height.

2. The fire resistance performance parameters of the panel include the heating time, av-
erage furnace temperature, average temperature of the backfire surface, and pressure
parameters.

3. The mechanical performance parameters of the panel include time and bending load.

2.2.2. Construction of BP Neural Network

The BP neural network as a method of machine learning is suitable for addressing
complex nonlinear problems, such as the nonlinear relationship between the mechanical
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performance and the fire resistance performance of substation panels. The research process
of the BP neural network model for the thermal-mechanical coupling evaluation of substa-
tion panel performance is shown in Figure 2. Firstly, the data parameters are input into
the BP neural network for training. Secondly, the thermal-mechanical coupling evaluation
results of the panel performance can be obtained through the model after model training.
After that, we carried out numerical simulation of fire resistance test and stress test on the
panel. We used the curve data of numerical simulation as sample data to predict the sample
of numerical simulation. Finally, the correctness of the model is verified by comparing the
real results with the numerical simulation results and the neural network prediction results.

———————— | — g |-

Sample data were extracted from real
fire resistance and stress test curves

1 H : g :

i ' i | Repeatstep(2) to calculatethe !

@ i i @ el namaat i i error between the outputresult i
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Figure 2. Research process of the BP neural network model in the thermal-mechanical coupling evaluation of prefabricated

substation panel performance. x1, Xy, ... , X5, respectively, represents input layer parameters of neural network; u1, uy,

..., uy represent hidden layer parameters of the neural network, respectively; y; represents output layer parameters of

neural network; N; represents output results of neural network; w represents weights of neural network and 6 represents

thresholds of neural network.

As shown in Figure 3, the BP neural network used for the thermal-mechanical cou-
pling evaluation training of the prefabricated cabin-type substation panel performance
is composed of three layers, representing the input layer, hidden layer, and output layer,
respectively.

The input layer has seven impact indicators corresponding to the identification in-
dicators, which are the length, width, height, heating time, average furnace temperature,
average temperature, and pressure of the backfire surface. The output layer represents
time and bending load. Therefore, there are seven input layer nodes in this model, six
hidden layer nodes, and two output nodes. Each node is a specific output function, and
each connection between two nodes represents a weighted value (weight) for the signal
passing through the connection. The learning rate determines the amount of weight change
generated in each cycle. The fixed learning rate in this research is 0.1, the training target is
0.00001, and the maximum number of learning iterations is 100. Through repeated iterative
calculations, the correlation coefficient and threshold are determined. After that, the learn-
ing and training process ends, which means the model is successfully established. After the
BP neural network model training, the actual value is compared with the predicted value.
In order to solve the problem of inconsistency in the units and magnitudes of the input
variables in the BP neural network, normalization is used to control the sample data to 0-1.
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Figure 3. Application of the BP neural network in the thermal-mechanical coupling evaluation of
substation panel performance.

The normalization formula is as follows:

o Xi — Xmin

Y, =
' Xi — Xnax

x4+ B 1

In the formula, X; and Y; represent the variables before and after normalization,
respectively; X, and X4y are the minimum and maximum values of X, respectively; a
is a parameter with a value between 0-1,and g =1 — 5.

3. Case Application Analysis
3.1. Substation Panel
3.1.1. Fire Resistance Test of Panel

The fire resistance test of panel refer to the requirements of GB/T 9978.1-2008 “Fire
resistance Test Methods for Building Components part 1: General Requirements [39]”
and GB/T 9978.8-2008 “Fire resistance Test Methods for Building Components Part 8:
Characteristics of non-load-bearing vertical dividers [40]”, as shown in Table 1. The test
conditions and test plan were formulated according to the requirements of GB/T 9978.1-
2008 [39] and GB/T 9978.8-2008 [40].

The length (m) width (m) x height (m) of the special panel for a box-type substation
is 2.0 x 1.0 x 0.12. Ten temperature measurement points are set on the backfire surface of
the panel with the vertical side on a free side, as shown in Figure 4.

According to the test requirements, the test uses vertical component fire test furnace
device in Beijing Gequ fire test laboratory. The device can meet the requirements of the
furnace temperature and pressure in Table 1. This device also can measure the temperature
and pressure change value of the panel specimen. The data changes during the test can be
visually displayed on the display screen of the equipment.
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Table 1. Reference standards for fire resistance.

Test Items Standard Clause

Judgment Criteria

GB/T 9978.8-2008
Article 10
GB/T 9978.1-2008
Article 10.2.2 Article 8.4

Completeness

The duration of the test specimen’s continuous fire
resistance performance in the fire test. Any one of
the following limited conditions of the test specimen
shall be considered as a loss of integrity:

(a) A cotton pad test is conducted, and the cotton
pad is ignited.

(b) A gap probe of 6 mm penetrates the specimen
into the furnace and moves 150 mm along the length
of the crack; a gap probe of 25 mm penetrates the
specimen into the furnace.

(c) A flame appears on the backfire surface and lasts
for more than 10 s.

Fire resistance

GB/T 9978.8-2008
Article 10
GB/T 9978.1-2008

Article 10.2.
Thermal insulation rticle 1023

If the duration of the fire resistance and heat
insulation performance of the test specimen in the
fire test as well as the temperature rise of the
backfire surface of the test specimen exceeds any of
the following limits, it is considered to have lost the
heat insulation:

(a) The average temperature rise exceeds the initial
average temperature of 140 °C.

(b) The temperature rise at any point exceeds the
initial temperature (including the moving
thermocouple) by 180 °C (the initial temperature
should be the initial average temperature of the back
surface at the beginning of the test).

GB/T 9978.1-2008

If the “integrity” of the test specimen does not meet
the requirements, it is considered that the “heat

Article 12.2.2 insulation” of the test specimen does not meet the
requirements.
| 500 | 500
I |
T T r. *
1#9 : o #12
1 1 1
-1 O R .
! | 1 1 1
| 1 1 1 I
v ! Py 1 o~ !
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I 413 | 4#11 1
L 4 4
500 i 1 i | I Alumimum silicate
| 200| 1 1 ! ~
: ! : -— : fiber of 25 mm
__“,I(___:_,__.@___:__“*_ thickness
1 1
| 4#14 1 4416 1 1o
1 1 ] 1 I
1 1 | 1 I
: 1 250 1200 :
1 1 1
L T S
LS | 4420 1
| | 1 1 1
500 i i L :
) 1 250 I
) 1 1 1 I
— 1 1 I 1 1

x --Maximum temperature rise thermocouple

O--Average temperature rise thermocouple

Figure 4. Schematic diagram of the measuring point layout on the backfire surface of the test specimen.
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The experiment was terminated at 181 min. The test process was observed and
recorded. The test phenomena are shown in Table 2.

Table 2. Test phenomena.

Time Observation Record
0 Test start.
30 No significant change from the previous stage.
60 No significant change from the previous stage.
90 No significant change from the previous stage.
120 Concave deformation.
150 No significant change from the previous stage.
181 Integrity and thermal insulation are undamaged; test is stopped.

The fire resistance data of the panels are shown in Figures 5 and 6.
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Figure 5. Temperature rise curve.

3.1.2. The Stress Test of the Panel

The same panel specimen as Section 3.1.1 was used in this experiment. Static loading
is carried out by force control. A hydraulic jack was used for loading. During the test,
the load is acted on the mid-span position of the panel through the actuating head. Once
the specimen was destroyed, the test was over. The data of the stress test of the panel are

shown in Figure 7.
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Figure 6. Pressure curve at 500 mm below the furnace roof.
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Figure 7. Stress curve of the panel strength test. Bending load refer to a load that causes bending
deformation of a panel during a fixed strength test.

3.2. Thermal-Mechanical Coupling Evaluation of Panel Performance

The values were recorded every minute from the origin of the coordinates.
Figures 5 and 6 show that the test specimen was damaged when heated to the 183rd
minute. Figure 7 shows that the test specimen was damaged under stress at 329.052 s.
The time from loading to failure was divided into 183 segments for the values recorded
every 1.798 s. The fire resistance and stress performance data of the panel are shown in
Appendix A. It should be emphasized that the temperature measured in Table A1l has
subtract the ambient temperature. The data of columns 1 represent the number of samples;
the data of columns 2 represent the heating time of panel; the data of columns 6 represent
the load time of the panel.

According to the BP neural network structure constructed in Section 2.2, the thermal-
mechanical coupling evaluation model of the panel performance was learned and trained:
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1.  Initialize the BP neural network. We randomly selected 100 sets of data from Table Al
as the input node data of the training sample, and the remaining 84 sets of data in
Table A1l were used as prediction samples. Then, the weights and offsets of the neural
network were initialized. Finally, the sample data were normalized.

2. Train the BP neural network. The BP neural network was used to train 100 sets of
training sample data until the calculations at the end of the network training. The
thermal-mechanical coupling evaluation model of the panel performance based on
the BP neural network was obtained when the BP neural network converged after
learning and training.

3. Predict the BP neural network. The randomly selected 84 sets of test sample data
were predicted through the trained BP neural network to finally obtain the prediction
result output. The graph is drawn as shown in Figure 8.

F 3
25 | ® Actual output
# Prediction output
20 o T e0%
g ’ )
S 15t .
(5]
=]
-l P
%ﬂ A
T 10
bﬂ i
m -
5
_f.‘.f':
0 50 100 150 200 250 300 350

Time(s)
Figure 8. Comparison of sample predicted output and actual output.

It can be seen from Figure 8 that the predicted output values of the 84 groups of
predicted samples fit well with the actual output values for the trend of the sample points
showing basically the same, which indicates that the thermal-mechanical coupling evalua-
tion model of panel performance based on a BP neural network is reasonable and accurate.

The mechanical performance data of the panel corresponding to the heating time of
the 162nd minute to the 183rd minute were collected, as shown in Figure 9.

It can be seen from Figure 9 that, when the test specimen reaches the maximum
bending load of 21.443 KN, the corresponding stress time of the substation plate is 294.888 s.
When the time is 325.456 s, the bending load drops sharply from 18.664 KN, which means
the material is damaged at this time. The prediction sample data of the fire resistance
performance of the substation are input into the thermal-mechanical coupling evaluation
model of the panel performance. The corresponding panel performance parameters can
then be obtained. The test specimen reaches the maximum bending load of 21.128 KN
when the predicted value of the neural network is displayed for 297.147 s. The bending
load drops sharply from 18.683 KN for the material being damaged at the time of 323.658 s.
By comparing the predicted value and actual value of the time and bending load, it is
found that the maximum bending load and the corresponding stress time from the thermal-
mechanical coupling evaluation model and actual test is very close, and the two values
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essentially satisfy the error requirements. This further demonstrates the accuracy and
reliability of the thermal-mechanical coupling evaluation model of the panel performance.
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Figure 9. Sample result output of panel performance prediction.
3.3. Numerical Simulation

In order to verify the results of neural network calculation, we carried out numerical
simulation on the specimen. The length (m) x width (m) x height (m) of the special panel
for numerical simulation is 2.0 x 1.0 x 0.12, as shown in Figure 10. The fire resistance test

and pressure test of numerical simulation model are consistent with the actual situation in
Section 3.1.

| 1000

500

unit: mm
Figure 10. Numerical simulation model.

The numerical simulation results are shown in Figures 11 and 12.
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Figure 11. Numerical simulation of fire resistance test.
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Figure 12. Numerical simulation of stress test.

The curve of the fire resistance test and pressure test parameters for the panel is shown
in Figures 13 and 14. Each step in the diagram represents a unit of time.
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Figure 13. The curve of the fire resistance test.

187



Fire 2021, 4,93

12 =

Bending load (kN)

1 I 1 1 1 1 1 I
2500 5000 7500 10,000 12,500 15,000 17,500 20,000

Step

Figure 14. Stress curve of the panel samples. Bending load refer to a load that causes bending
deformation of a panel during a fixed strength test.

The failure time step of numerical simulation corresponds to the failure time of fire
resistance test and pressure test in real time, and the simulated result curve is also divided
into 183 sections. Corresponding values are recorded in each section and 184 sample data
of numerical simulation can be obtained.

According to the BP neural network structure trained in Section 3.2, we conduct
neural network learning, training and prediction using the sample data of numerical
simulation. According to the sample data of numerical simulation, the prediction results of
numerical simulation are obtained. By converting the failure time of the real stress curve
into the corresponding time step, we plotted the prediction curve of the neural network,
the prediction curve of the numerical simulation and the real stress test curve in the same
figure, as shown in Figure 15.
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Figure 15. The stress test curve.

It can be seen from Figure 15 that the curve of prediction result of neural network
and array simulation is basically consistent with the curve of real pressure test. The
force increases gradually and decreases rapidly after reaching the peak value. Numerical
simulation results show that when the time step is 15,850, the maximum bending load
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is 18.11064 kN. The neural network prediction results show that when the time step is
14,687, the bending load reaches the maximum value of 19.963 KN. The actual test results
show that when the time step is 15,889, the bending load reaches the maximum value of
21.443 kN. Compared with the results of numerical simulation, the prediction curve of
neural network is closer to the real pressure curve. The percentage error of the maximum
bending load calculated by numerical simulation is 15.5%, the percentage error of the
maximum bending load calculated by neural network prediction is 6.9%, and the error of
neural network prediction is about half smaller than that of numerical simulation. The
prediction result of neural network is better than that of numerical simulation. Thus, the
accuracy and rationality of the neural network prediction model can be proved.

3.4. The Functional Relationship between Fire Resistance and Stress Resistance

The relationship between the parameters of fire resistance and stress resistance can
be obtained by deriving the training parameters of the neural network, as shown in
Equations (2)—(5):

M
ap =Y vipXi + 1y ()
i=1
by = f(an) 3)
q
y/ = Z whjbh + 9] (4)
h=1
flx) = ! (5)
S 14e X
M refers to the number of nodes in the input layer, M=7; x; (i1=1,2,... ... , M) refers

to length (m), width (m), height (m), heating time (min), average furnace temperature
(°C), average temperature of backfire surface (°C), and pressure parameter (Pa); i refers
to the number of hidden layer nodes, h = 6; g is the number of nodes in the output layer,
q=2;y; (j = 1,2) refers to the values of the time (s) and bending load (KPa), respectively.
v refers to weight parameters from input layer to hidden layer of neural network; r;, refers
to threshold parameters from input layer to hidden layer of neural network; W refers
to weight parameters from hidden layer to output layer of neural network; 6; refers to
threshold parameters from hidden layer to output layer of neural network.

0 0 0 4.4136 —1.6295 —0.0460 —0.1070
0 0 0 0.8386 —0.7978 —2.0962 0.1305
o= 0 0 0 —1.4522 —1.0707 —0.3682 —0.0326
0 0 0 0.1633 —0.3356 —0.6002 —0.0347
0 0 0 1.0436 —0.0877 —0.4381 —0.0416
0 0 0 1.1642 —0.2854 —0.3663 0.1397

mo=| —33526 —1.0328 —02724 06572 —0.1576 09250 |'

6;=[02891 —1.0308 |

v — 0.0798 —0.1080 —0.0044 —0.7329 0.9450 0.2738
| —1.4042 0.0712 —0.6059 —0.4502 0.7257 0.0036

4. Conclusions

Based on the evaluation factors such as the geometric data of the substation panel,
the stress performance, the fire resistance performance data, etc., a BP neural network, a
method of machine learning, was used to establish the nonlinear relationship between
panel performance stress and fire resistance under impact of fire. This model can quickly
predict the performance of the substation panel under fire. The prediction of the thermal-
mechanical coupling evaluation model is very close to the actual test, and satisfy the error
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requirements. Additionally, the specimen was verified by numerical simulation. Compar-
ing the neural network with numerical simulation, the result indicates the error of neural
network prediction is about half smaller than that of numerical simulation, the prediction
result of neural network is better than that of numerical simulation. The correctness and
reliability of the thermal-mechanical coupling performance evaluation model is verified. If
meeting the requirements of the test itself and the amount of data required by the structure
of the neural network, the thermal-mechanical coupling evaluation model constructed
in this study can be directly used for similar models. It does not need to conduct addi-
tional tests. As the types and quantities of data for training become richer, the models
we build will become more and more refined. Therefore, this can provide a reference for
exploring more thermal coupling evaluation models and complex functional relationships
of materials based on neural networks under different loading modes in the future.
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Appendix A
Table Al. Fire resistance and stress performance data of the panel.
Heating Time Average Furnace Average Temperature . Bending Load
Sample (min) Temperature (°C) of Back?)l‘g)Surface Pressure (Pa) Time (s) (KN)

1 0 0 0 0 0.000 0

2 1 79.84 3.29 3.0577 1.798 0.0152
3 2 173.4 3.06 4.349 3.596 0.0619
4 3 267.91 3.12 5.4032 5.394 0.0949
5 4 360.6 49 5.8117 7.192 0.1097
6 5 433.88 2.36 5.1342 8.991 0.1888
7 6 468.52 3 11.858 10.789 0.287
8 7 504.38 2.5 6.7311 12.587 0.3562
9 8 535.65 1.09 8.499 14.385 0.4535
10 9 577.35 3.45 7.9913 16.183 0.5464
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Table A1. Cont.

Average Temperature

Sample Hea:i:;gn")l"ime ,ﬁ‘e ‘r,reliaigr:l tl::;‘r:l(gcce) of Back{iré)Surface Pressure (Pa) Time (s) Bencg?l%nLoad
11 10 625 2.94 10.133 17.981 0.6664
12 11 634.44 2.04 11.221 19.779 0.8527
13 12 643.43 1.94 9.6595 21.577 0.9194
14 13 664.89 1.28 11.8 23.375 1.0552
15 14 690.58 1.9 9.017 25.173 1.1762
16 15 705.34 3.27 11.87 26.972 1.2974
17 16 721.01 3.77 9.6982 28.770 1.4346
18 17 734.37 3.24 8.1376 30.568 1.5541
19 18 742.72 2.88 11.704 32.366 1.7039
20 19 750.87 2.65 12.759 34.164 1.8248
21 20 757.59 3.6 10.145 35.962 1.9602
22 21 763.69 3.13 12.014 37.760 2.114
23 22 773 2.27 13.136 39.558 2.3759
24 23 780.88 2.33 15.751 41.356 2.5796
25 24 794.49 3.52 12.086 43.154 2.7826
26 25 802.42 2.67 14.159 44953 2.9971
27 26 809.7 2.96 16.672 46.751 3.2553
28 27 817.29 2.32 13.244 48.549 3.4676
29 28 828.68 1.68 11.989 50.347 3.659
30 29 840.37 4.26 11.958 52.145 3.8044
31 30 844.53 3.45 14.878 53.943 4.0017
32 31 851.16 3.73 17.732 55.741 4.3081
33 32 857.39 4.34 15.323 57.539 4.5063
34 33 854.14 5.18 13.932 59.337 4.6692
35 34 861.78 6.84 13.22 61.135 49182
36 35 867.05 37 12.95 62.934 5.1096
37 36 871.16 6.4 14.14 64.732 5.3131
38 37 876.67 5.2 18.894 66.530 5.4892
39 38 881.12 5.24 15.398 68.328 5.7004
40 39 884.83 4.83 14.108 70.126 5.8432
41 40 887.87 4.21 13.907 71.924 5.9585
42 41 889.97 2.81 13.67 73.722 6.0633
43 42 893 1.73 12.992 75.520 6.4429
44 43 898.57 1.2 12.621 77.318 6.692
45 44 900.57 1.55 13.437 79.116 6.9692
46 45 905.35 1.64 14.015 80.915 7.1593
47 46 908.14 3.61 13.948 82.713 7.3998
48 47 910.72 2.79 13.949 84.511 7.6056

49 48 914.22 212 13.951 86.309 7.9198
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Table A1. Cont.

Average Temperature

Sample Hea:i:;gn")l"ime ,ﬁ‘e ‘r,reliaigr:l tl::;‘r:l(gcce) of Back{iré)Surface Pressure (Pa) Time (s) Bencg?l%nLoad
50 49 914.51 492 13.954 88.107 8.1175
51 50 9194 3.94 13.989 89.905 8.3583
52 51 922.69 6.19 14.364 91.703 8.634
53 52 925.51 6.38 14.84 93.501 8.8009
54 53 929.22 6.44 14.399 95.299 9.002
55 54 933.64 7.51 14.027 97.097 9.2243
56 55 938.97 9.24 14.843 98.896 9.3998
57 56 942.03 11.24 16.543 100.694 9.5576
58 57 944.37 12.45 18.004 102.492 9.7716
59 58 947.88 14.54 16.851 104.290 9.937
60 59 94427 17.79 13.966 106.088 10.116
61 60 947.25 15.6 13.934 107.886 10.237
62 61 949.48 13.49 14.342 109.684 10.439
63 62 952.08 13.32 15.022 111.482 10.679
64 63 954.15 16.91 16.586 113.280 109
65 64 955.83 19.37 17.402 115.078 11.103
66 65 958.84 18.06 18.863 116.877 11.379
67 66 962.18 21.68 15.877 118.675 11.6
68 67 966.24 20.39 14.384 120.473 11.794
69 68 969.58 20.66 13.91 122.271 12.07
70 69 967.65 21.86 14.387 124.069 12.231
71 70 970.98 19.67 16.629 125.867 12.374
72 71 973.61 23.63 16.834 127.665 12.742
73 72 976.41 24.6 16.088 129.463 12.884
74 73 978.48 26.5 14.731 131.261 13.016
75 74 978.69 28.38 14.053 133.059 13.21
76 75 981.34 29.56 16.432 134.858 13.381
77 76 982.55 31.64 18.029 136.656 13.548
78 77 983.33 31.82 18.777 138.454 13.693
79 78 986 32.33 17.387 140.252 13.835
80 79 985.67 37.18 13.891 142.050 13.985
81 80 986.19 34.77 15.217 143.848 14.102
82 81 987.83 37.34 16.949 145.646 14.218
83 82 989.37 38.31 17.731 147.444 14.448
84 83 992.76 40.21 14.677 149.242 14.555
85 84 997.82 4391 13.965 151.040 14.666
86 85 999.42 42.37 15.563 152.839 14.86
87 86 1001.8 47.47 16.311 154.637 15.123

88 87 1004 47.86 17.738 156.435 15.303

192



Fire 2021, 4,93

Table A1. Cont.

Average Temperature

Sample Hea:i:;gn")l"ime ,ﬁ‘e ‘r,reliaigr:l tl::;‘r:l(gcce) of Back{iré)Surface Pressure (Pa) Time (s) Bencg?l%nLoad
89 88 1005.8 50.86 16.551 158.233 15.469
90 89 1009.2 52.06 14.923 160.031 15.585
91 90 1006.1 45.67 16.52 161.829 15.71
92 91 1007.6 46.3 17.301 163.627 15.968
93 92 1008.8 48.17 16.862 165.425 16.002
94 93 1011.3 50.79 16.047 167.223 16.039
95 94 1013 55.77 15.029 169.021 16.167
96 95 1014.3 55.85 14.896 170.820 16.339
97 96 1016.1 57.01 15.814 172.618 16.428
98 97 1017.8 58.17 14.865 174.416 16.512
99 98 1020.6 56.41 14.865 176.214 16.596
100 99 1020.3 56.48 14.935 178.012 16.681
101 100 1022.5 58.42 16.329 179.810 16.74
102 101 1025.1 53.55 17.756 181.608 16.865
103 102 1026.3 56.35 15.992 183.406 16.986
104 103 1028.8 58.47 15.757 185.204 17.071
105 104 1029.3 61.61 17.863 187.002 17.123
106 105 1031.7 58.83 15.589 188.801 17.229
107 106 1031.5 60.25 14.911 190.599 17.369
108 107 1034.3 60.88 16.814 192.397 17.487
109 108 1036.5 60.93 14.881 194.195 17.605
110 109 1035.1 64.07 14.881 195.993 17.577
111 110 1037.6 65.42 16.92 197.791 17.662
112 111 1037.8 60 15.529 199.589 17.877
113 112 1038.9 58.92 14.885 201.387 17.853
114 113 1040.1 58.82 17.807 203.185 17.876
115 114 1042.2 58.58 15.499 204.983 17.968
116 115 1042.9 60.23 14.923 206.782 18.081
117 116 1043.3 59.86 16.86 208.580 18.181
118 117 1045.1 59.06 14.858 210.378 18.182
119 118 1046.5 58.54 16.83 212.176 18.27
120 119 1045.9 60.74 16.83 213.974 18.366
121 120 1047.3 64.13 16.83 215.772 18.392
122 121 1048.9 58.24 14.897 217.570 18.488
123 122 1051 58.63 17.819 219.368 18.58
124 123 1052.8 59.49 15.749 221.166 18.639
125 124 1054.6 59.2 14.052 222.964 18.655
126 125 1055.7 60.53 14.97 224.763 18.733
127 126 1057.5 60.28 15.006 226.561 18.916
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Table A1. Cont.

Average Temperature

Sample Hea:i:;gn")l"ime ,ﬁ‘e ‘r,reliaigr:l tl::;‘r:l(gcce) of Back{iré)Surface Pressure (Pa) Time (s) Bencg?l%nLoad
128 127 1058.9 58.28 19.863 228.359 18.961
129 128 1060.6 57.76 15.857 230.157 18.998
130 129 1060.7 57 16.98 231.955 19.101
131 130 1063.2 57.95 16.98 233.753 19.139
132 131 1064.8 58.31 15.963 235.551 19.271
133 132 1066.1 57.56 17.866 237.349 19.345
134 133 1068.7 58.53 15.933 239.147 19.469
135 134 1066.8 58.26 18.854 240.945 19.456
136 135 1069.3 58.71 16.037 242.744 19.544
137 136 1070.3 58.68 16.853 244.542 19.677
138 137 1070.7 58.49 17.941 246.340 19.674
139 138 1072 58.11 15.973 248.138 19.672
140 139 1071.6 58.5 16.891 249.936 19.815
141 140 1073.3 59.79 15.738 251.734 19.827
142 141 1074 60.42 14.925 253.532 19.85
143 142 1077.2 59.75 15.367 255.330 19.961
144 143 1075.3 58.78 16.999 257.128 20.132
145 144 1077.2 59.56 16.185 258.926 20.111
146 145 1077.1 59.34 15.405 260.725 20.281
147 146 1077.6 60.26 14.863 262.523 204
148 147 1078 58.89 16.935 264.321 20.36
149 148 1077.2 60.51 15.918 266.119 20.547
150 149 1079.2 63.73 17.923 267.917 20.555
151 150 1081.2 61.49 15.921 269.715 20.593
152 151 1083.1 58.71 17.925 271.513 20.787
153 152 1086 58.99 15.991 273.311 20.758
154 153 1085.5 59.37 17.962 275.109 20.805
155 154 1087.8 59.31 15.892 276.907 20.912
156 155 1090 59.96 15.895 278.706 21.004
157 156 1090.9 59.23 15.895 280.504 21.061
158 157 1092.7 58.71 15.895 282.302 21.038
159 158 1089.6 58.42 15.93 284.100 21.135
160 159 1093.5 58.03 15.933 285.898 21.264
161 160 1095.2 60.64 15.933 287.696 21.275
162 161 1096.7 58.66 16.818 289.494 21.257
163 162 1098.2 58.48 15.868 291.292 21.402
164 163 1096 57.96 15.868 293.090 21.405
165 164 1098.5 58.82 15.868 294.888 21.443
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Table A1. Cont.

Average Temperature

Sample Heatmg Time Average F“m‘:"e of Backfire Surface Pressure (Pa) Time (s) Bending Load
(min) Temperature (°C) ©C) (KN)
166 165 1099.2 60.62 15.868 296.687 20.986
167 166 1099.9 59.08 15.943 298.485 20.603
168 167 1101.3 58.55 15.946 300.283 20.502
169 168 1099 59.65 15.946 302.081 20.263
170 169 1101 58.56 15.946 303.879 19.9
171 170 1101.8 61.27 17.916 305.677 19.858
172 171 1102.2 57.09 15.982 307.475 19.903
173 172 1102.4 56.92 19.039 309.273 19.868
174 173 1102.4 57.55 17.783 311.071 19.913
175 174 1104.5 58.75 15.985 312.869 19.827
176 175 1105 58.93 15.037 314.668 19.665
177 176 1106.2 60.01 16.871 316.466 19.445
178 177 1107 60.76 16.975 318.264 19.301
179 178 1107.5 60.35 18.946 320.062 19.131
180 179 1107.9 61.09 16.06 321.860 18.953
181 180 1108.2 61.39 19.016 323.658 18.834
182 181 1089.3 61.3 16.809 325.456 18.664
183 182 1089.2 61.44 10.868 327.254 16.174
184 183 1010.7 61.69 10.19 329.052 12.114
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