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Abstract: Current standards for reinforcement steel may not accurately reflect
the actual properties of steel used in construction, leading to potentially
underestimating the resistance and longevity of structures. The study discusses
the discrepancy between minimum permissible steel properties required by
current standards such as ASTM A615/A615M, BS 4449:2005, and ES 262-
2/2015 and actual properties of steel frequently used in construction and its
impact on the sustainability and progressive collapse resistance of reinforced
concrete structures. This discrepancy may lead to false sense of how
sustainable and reliable structures are against progressive collapse. The study
employs two-dimensional fiber element models to simulate the behavior of
structures under progressive collapse. The study quantifies the difference in
mechanical properties between actual steel used in construction and the
standards it should meet. Correlation relationships are developed to forecast
the structure progressive collapse behavior and ductility using the structure
known material mechanical properties. Tests of hypothesis and confidence
intervals are employed to draw conclusions and demonstrate the impact of
underestimating steel properties on the structure longevity and resistance to
progressive collapse. This study addresses a crucial aspect of structure design
by highlighting the importance of using accurately steel properties to ensure
safety and longevity of structures.

Keywords: Progressive collapse, reinforcement steel, catenary action,
reliability index, confidence intervals, test of hypothesis, finite element
modeling

1 Introduction

The progressive collapse phenomenon occurs as a result of structural damage in a localized area,
leading to the collapse of adjacent elements, which then triggers further collapse [1]. This phenomenon
has been observed in several major events like the 1968 Ronan Point building (UK), 1995 Murrah
Federal Building (US), 2001 World Trade Center (US), and 1986 New World Hotel (Singapore) [2],
[3]. These events have raised concerns related to the adopted building guidelines and practices. Several
design standards and guidelines have developed provisions and recommendations for designing against
progressive collapse [1], [4], [5], [6]. For example, guidelines by GSA, General Services Administration
[1], and DOD, U.S. Department of Defense (DOD) [7], suggest that the progressive collapse resistance
can be estimated based on the structural resistance against several vertical element removal scenarios
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through APM, Alternate Path Method [8] [9]. Other design standards use the term "robustness” to
describe a structural attribute that denotes the resistance to local failure and the capability of a structure
to withstand damage without major failure [10]. The Eurocode 1 defines it as the structure's capacity to
survive calamities such as fire, explosions, impact, and human error without causing excessive damage
[4].

The severe consequences of the structure progressive collapse have intensified various
experimental and numerical investigations on the structure progressive collapse resistance. EI-Ariss et
al. [11] invented a mitigating scheme comprising steel reinforcement/rebar embedded within the
thickness of reinforced concrete floor and placed around a potentially failed column to upgrade
progressive collapse resistance of framed structures. Weng et al. [12] presented criteria to assess flexural,
shear, and axial damages during numerical analysis of reinforced roncrete (RC) frame exposed to
progressive failure using 2D fiber element model. Abedini and Mutalib [13] presented a set of variations
in a damage index for reinforced concrete structures under different blast load scenarios, offering an
overview of damage criteria and examining the modes of failure when subjected to explosive loads.
Sangiorgio et al. [14] suggested a unique damage index designed particularly for blast loading on RC
structures, which provides important insights into damage mechanisms under high loading
circumstances. Abedini and Zhang [15] numerically evaluated the blast load-behavior of un-
strengthened and FRP-strengthened RC columns subjected. Scalvenz et al. [16] numerically
investigated the effect of CFRP strengthening on the robustness of low-rise RC frame buildings
designed to resist gravity loads in accordance with Eurocode standards. Kumar et al. [17] presented a
comprehensive review of recent research on the resistance of RC frames to progressive collapse,
including multiple damage assessments and evaluation techniques. Very few studies can be found in
the literature with an aim at employing a probability-based analysis when examining progressive
collapse of structures. For example, Ellingwood and Galambos [18] presented a thorough framework
for the probability-based design of RC buildings, including methods for incorporating uncertainty into
structural analysis and design. Le and Xue [19] developed a stochastic numerical model for probabilistic
analysis to examine the collapse behavior of 2D reinforced concrete frames in response to specified
local structural damage. Li et al. [20] evaluated the progressive collapse resistance of RC structures by
proposing a probabilistic index by performing an APM analysis considering all possible initial local
failure schemes outlined in current code regulations. lbrahim et al. [9] investigated the structural
resilience against progressive collapse in cases of column or shear wall removal at various tiers using
deterministic analysis. Moreover, several reliability-based studies have been carried out to assess the
resistance of gradual collapse of RC frames [21], [22], [23]. Zhou et al. [24] presented a reliability-
based study of gradual collapse behavior of fully assembled pre-cast structural frames.

The aforementioned studies emphasized on the behavior of the structural system whether being an
ordinary, special or retrofitted RC frame evaluating its strength, resistance and/or robustness. However,
material properties portray a significant contribution to the behavior of the structure under progressive
collapse which attracted scholars to further research this topic. Previous studies [25], [26], [27], [28]
indicated that randomness in material’s mechanical properties and geometric sizes can result in
variations in failure resistance of the structure. Other investigations have addressed impact of corrosion
in steel on the gradual collapse resistance of buildings [29], [30], [31], [32]. Feng et al. [33] proposed a
probabilistic approach for assessing the redundancy of both corroded and uncorroded structures during
disproportionate collapse, utilizing time-dependent reliability indicators derived from the probability
density evolution method (PDEM). Elsayed et al. experimentally evaluated the impact of reinforcement
debonding on the gradual failure resistance of framed buildings designed as per provisions of the
Egyptian seismic design code. Jagatheswari et al. [35] studied the performance of multiple bare RC
buildings of various stories and different steel grades subjected to column elimination scenarios with
nonlinear static conditions. Alrubaidi et al. [36] employed numerical investigations on mitigating
gradual failure of steel beam—column joint by means of steel plates of different grades (A36 and A572).
It was concluded that the average enhancement in ultimate load due to varying the plate thickness was
around 22% and 8% for grades A36 and A572, respectively, while the A572 steel plates amplified the
ultimate load by 30%. Shaijal et al. [28] assessed the Robustness index as an indicator for resistance
against collapse of the structure after considering uncertainties (aleatory or epistemic) to calculate a
adjustment parameter for the capacity reduction factor, R, which could subsequently be incorporated in
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design code guidelines to address the implications of material uncertainty in construction.

Standards such as American Society for Testing and Materials Standard Specification for
Deformed and Plain Carbon-Steel Bars for Concrete Reinforcement (ASTM A615/A615M) [37],
British Standards Institution Criteria of Steel for the Reinforcement of Concrete (BS 4449:2005) [38],
and Egyptian Standard for Steel Bars (ES 262-2/2015) [39] obligate engineers to test steel bars to ensure
that the bar steel material properties comply with the minimum permissible properties either chemically,
physically or mechanically. Construction materials, mainly reinforcement steel in this study, used in
the design of structures show higher mechanical properties than the adopted standard material minimum
permissible properties. This discrepancy between the minimum permissible and actual property values
of the steel bars can lead to underestimating the structure actual disproportionate collapse resistance.
This disparity is, hence, thought to be the cause why some structures remain standing still despite of
some of their column visible collapses, as shown in Fig. 1. Although a major load carrying component
was damaged, progressive collapse did not materialize.

3T T R 3 N

Fig. 1. Building remains standing after column loss [40]

Based on the above-mentioned review, no studies could be found in the literature that address the
impact of the discrepancy between the minimum permissible steel properties required by current
standards and the actual properties of steel frequently used in construction on the structures progressive
collapse resistance and longevity. In the absence of such studies, this paper aims to fill in this gap. The
novelty of this study is the assessment of how reliable a steel grade/standard is in the structure resistance
to gradual collapse. Two-dimensional fiber element models were employed and several key statistics
of several steel samples following different standards were used to show how mechanically different
the actual steel used in construction is compared with the adopted standard and to demonstrate that steel
with higher mechanical properties improve the structure longevity and resistance. In addition,
correlation relationships were constructed to predict some structural outputs related to the progressive
collapse behavior. Finally, statistical methods such as tests of hypothesis and confidence intervals were
used to draw conclusions.

This study presents a novel examination of the discrepancies between the actual mechanical
properties of reinforcement steel utilized in construction and the minimum acceptable properties
specified in design standards. It further explores the implications of these discrepancies on the longevity
and resistance of RC buildings to disproportionate failure. Using two-dimensional numerical models
and statistical tools, the study quantifies these differences, establishes predictive correlations for
structural behavior, and underscores the critical importance of accurately estimating material properties
to augment the longevity and resistance of structures to gradual failure.

2 Steel Grades and Standards

The relation between concrete and steel reinforcement is crucial to the performance of reinforced
concrete structures. This interaction is characterized by several important factors such as bond
characteristics between concrete and steel, load transfer mechanisms, and material property influence
on the overall behavior of the structure. If a localized failure occurs, such as loss of column, interaction
between the concrete and steel plays a vital role in redistributing the loads throughout the structure. The
steel capacity to support and re-distribute load when concrete is compromised is essential for averting
progressive collapse. Steel is a combination of iron and carbon reinforced with other alloying elements.
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It has different chemical compositions and production procedures, resulting in a wide range of steel
grades. These grades exhibit a variety of characteristics and are employed for different purposes. To
control these variations, engineers and manufacturers rely on steel standards, which serve as critical
frameworks for categorizing, analyzing, and distinguishing the material, chemical, mechanical, and
metallurgical properties of various steel grades. These criteria are critical in the manufacturing of
reinforcement steel bars [41].

Standards are primarily used to set the minimum acceptable mechanical properties, chemical
compositions, testing procedures, and specific physical features. As a result, a steel specimen created
in accordance with a certain standard must meet the defined constraints to be considered suitable for
construction. Thus, steel used in the construction industry often requires mechanical properties that
meet or exceed the values specified in the standards.

Steel standards could be internationally used or even developed locally. Prominent examples of
widely employed global standards include ASTM A615/A615M [37] and BS 4449:2005 [38], while
standards such as ES 262-2/2015 [39] serves as a domestically formulated steel standard adopted within
the Arab Republic of Egypt. These standards include a range of grades with diverse chemical, physical,
and mechanical properties. In this study, particular focus is directed towards ASTM A615/A615M
Grade 60, BS 4449:2005 B500B, and ES DWR B500B. Tables 1 and 2 appended herein summarize the
minimum mechanical properties and chemical compositions corresponding to each grade, respectively.

Table 1. Minimum Mechanical Properties of Steel Grades

Steel grade Minimum Yield Minimum Tensile Minimum
Strength* Strength* Elongation %
ASTM A615/A615M Gr60 [37] 420 620 7%
BS 4449:2005 B500B [38] 500 540 5%
ES DWR B500B [39] 500 650 8%

*Values are in MPa

Table 2. Chemical Composition of Steel Grades

- — - >
Steel grade Chemical Composition (maximum % by mass)

C S P N Cu Mn Si CEV*
ASTM A615/A615M Gr60 [37] - - 0.066 - - - -
BS 4449:2005 B500B [38] 0.24 0.055 0.055 0.014 0.85 - - 0.52
ES DWR B500B [39] 0.32 0.04 0.04 0.012 - 1.8 0.55 0.61

* CEV stands for “Carbon Equivalent Value”

3 Fiber Element Modeling

Node at x;
Gauss Section "1"

Gauss Section "2"
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Fig. 2. Discretization of a typical reinforced concrete cross-section [43]

In this study, the finite element program SeismoStruct [42] was employed in this study fiber-
element-based numerical model to account for the structure geometrical nonlinearity and material
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inelasticity when simulating the structure gradual collapse behavior due to column exclusion. The
member cross-section is modeled as distinct fibers characterizing steel and concrete materials separately,
as displayed in Fig. 2. These fibers are assigned corresponding concrete and steel material stress-strain
models. The stress-strain states of the fibers at any cross-section are then computed by integration of
stress-strain states of the individual fibers, which are typically numbered 100 to 150 and partitioned into
the section. In addition, the distribution of plasticity throughout the element is numerically derived by
integrating equations of equilibrium using nonlinear cubic formulation with two Gauss points. Fig. 2.
illustrates the detachment of typical RC cross section using the aforementioned technique.

To forecast the disproportionate collapse performance of framed structure, displacement-
controlled push-down was performed at the removed column location. As the push-down was gradually
increased, the strains and stresses in the different fibers were computed and compared against a
predefined set of material damage criteria that defined the damage types and traced their sequence. The
sum of the reactions generated in all the columns of the frame as a result of the push-down displacement
represented the load applied at the failed column location. A typical load-vertical displacement
(deflection) curve at the location of failed column is depicted in Fig. 3. with key points identified on
the curve and energy types labelled beneath the curve.
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Fig. 3. Major points and areas under the graph for the pushdown curve

4 Numerical Modeling

This study is twofold: numerical modelling and simulations using Seismostruct software and
statistical analysis. The statistical analysis is addressed in the sections below.

Seismostruct stands out as a finite element software tool designed exclusively for structural
analysis. Its strong capabilities include successfully estimating the significant deformation responses of
frames exposed to static or dynamic loading situations while accounting for geometric nonlinearities
and material inelasticity [42]. Leveraging these inherent features, the research conducts a thorough
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evaluation of the consequences of using various steel grades with differing mechanical properties. The
study considered 2D RC frame with no slabs as one of the approaches regularly utilized by many
researchers in investigating progressive collapse of structures. Modelling structures as 2D RC frames
may not be perfect structure but it can provide fairly acceptable findings and; hence, it has become a
viable approach that has been frequently and widely used by researches. Large number of studies that
model structures as 2D RC frames in the investigation of disproportionate failure behavior are readily
available in the literature. As one example of these studies that have modelled structures as 2D RC
frame with no slabs is a study by Le and Xue [19]. The numerical model used in this study was
comprehensively verified by the authors in prior published study (experimental evidence is found in
reference [43] in the manuscript). In that work, an extensive database was compiled, comprising
experimental results from 29 different tests on RC frames and RC sub-assemblages related to
progressive collapse scenarios. This database was used for comparison, tuning, and validation of the
utilized numerical model. The validated numerical model was also used in previous published work
[44], [45], [46], [47], [48] by the authors showing accurate structural responses. Therefore, the validated
model was employed for producing the numerical simulations in this study (experimental evidence to
support the validation of the model can be found in reference [43]). To investigate and compare the
actual performance of reinforcement steel with different specifications, three samples sized 286, 27,
and 37 steel specimens were collected from various laboratories complying with the specification
standards of BS 4449/05 Gr B500B, ASTM A 615 GR 60, and B500 DWR, which are briefly designated
as S1, S2, and S3, respectively. Each specimen was tested for its yield stress, tensile stress, and
elongation to be used as input data. This data is then utilized to obtain the structure responses to
progressive collapse such as flexure (6,:, Pf), arch (6;, P;), and catenary (6., P.) key points as well as

the energy consumed for flexure (Ef), arch (E;), catenary (E.) and total energy (E:,:) as outputs.
These outputs for each specimen, as well as the same outputs for each specification Standard value of
inputs, were obtained using the Seismostruct software.

4.1 Framed Structure Used in the Study
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Fig. 4. Design details of the RC test frame specimen (Unit: mm).

Fig. 4. shows a schematic representation of the four-bay six-story RC 2D framed building
considered in this study. The 2D frame features a 6-meter center-to-center spacing between columns
and a 3-meter story height. The longitudinal reinforcement employed in the considered building beams
and columns were deformed bars of diameters ranging from 14 mm to 20 mm. Ties and stirrups of 10
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mm diameter were included at spacings of 100 mm and 125 mm for columns and beams, respectively.
The frame is symmetrical around the vertical axis that passes through the middle columns. All columns
of each floor have the same cross-section, as shown in Fig. 4. Detailed reinforcement configurations
for both beams and columns are precisely outlined in Fig. 5. and Table 3 for a comprehensive
explanation. All sections were modeled as inelastic plastic-hinge force-based frame element
“infrmFBPH” which is an option that is suitable for most practical applications [42]. Middle column of
ground floor was considered as failed column. It should be noted that the use of 2D fiber element models
has been well-documented in the literature verifying their effectiveness in predicting the behavior of
RC structures with different loading conditions, including progressive collapse. While 2D fiber element
models offer a robust and efficient means of simulating the gradual collapse of buildings, it is essential
to recognize their limitations and the potential for overlooking critical out-of-plane effects. For in-depth
investigation on the implications of out-of-plane behavior on the overall structural response, 3D analysis
could be used to complement the 2D analysis. However, with careful interpretation of the 2D findings,
2D models can provide valuable insights and help in understanding the fundamental mechanisms of
failure without the added complexity of 3D models, making it a practical choice for preliminary
assessments and simulations or when resources are limited. This efficiency allows for the analysis of
larger structures or more complex scenarios within a reasonable timeframe.

L)

X
h h
Fig.5. Beams and Columns cross-sections

Table 3. Section details of beams and columns

Geometry Main reinforcement Ties/stirrups
Section h b Cover As, As, Size Spacing

/mm /mm /mm Top Bottom /mm

A-A 550 550 50 12#18 #10 100
B-B 500 500 50 12#18 #10 100
C-C 450 450 50 12#16 #10 100
D-D 450 450 50 12#18 #10 100
E-E 450 450 50 12420 #10 100
F-F 600 250 50 2#20 4#18 #10 125
G-G 600 250 50 3#20 2#18 #10 125
H-H 600 250 50 2#20 4#18 #10 125
-1 600 250 50 3#20 3#18 #10 125
J-J 600 250 50 4#14 4#18 #10 125
K-K 600 250 50 2#18 2#18 #10 125

4.2 Material Properties of the Framed Structure

The concrete material was modeled using the nonlinear concrete model (con_ma) of Mander et al.,
which is embedded in the library of Seismostruct [42]. The input material properties needed for this
model are the cylinder 100 x 200 mm compressive strength, tensile strength, modulus of elasticity,
strain at peak stress, and specific weight. The average 28-day concrete compressive strength for all
stories was 35 MPa while the tensile strength was 2.2 MPa (default value). The modulus of elasticity
was 27.8 GPa with strain at peak stress of 0.002 (default value). Finally, the specific weight was 24
kN/m3 (default value). The properties of concrete are constant for all models.
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As for the reinforcement, laboratory tests of 376 steel specimens from different manufacturers and
universities were obtained. The specimen mechanical properties are presented in Fig. 6. to Fig. 8. and
Table 4. The reinforcement was modelled using the Bilinear steel model (stl_bl) which is also found in
the library of Seismostruct. This model encompasses both elastic and plastic responses of the
reinforcement steel. In the elastic phase, the stress and strain relation is linear. Upon reaching the yield
strength of the steel, it transitions into the plastic region, where it demonstrates strain hardening,
resulting in an increase in stress with further increase in strain. The material properties needed for this
model are the modulus of elasticity, yield strength, strain hardening parameter, fracture/buckling strain
and the Specific Weight. The Strain Hardening Parameter is defined using Eq. (1) [42] that has been
specified by the software library [42]. The modulus of elasticity and specific weight have values of 200
GPa and 78 kN/m?3 respectively for all specimens.
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Fig. 7. Mechanical properties of tested specimens (S2)
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ES DWR B500B
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Fig. 8. Mechanical properties of tested specimens (S3)
Table 4. Summary of steel specimens’ mechanical properties

Spec # of specimens F? F.? Elongation Fu/Fy
S1 286 508 - 630 602 - 739 6% - 12% 1.10-1.22
S2 27 522.9 - 684.2 633.6 - 790.4 11% - 17% 1.15-1.44
S3 37 468.39" - 632 607.18" - 874 13% - 21% 1.19-1.40

@ All values are in MPa.
b Some samples have properties lesser than the minimum allowable

5 Results and Discussion

5.1 Numerical Analysis Results
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Fig. 9. Load-deflection curves of structures with steel reinforcement used in the specimens and structures with
steel reinforcement in compliance with standards.
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As discussed in a previous section, a pushdown analysis is performed on a total of 376 modeled
2D RC frames with the geometry and material properties presented in sections 4.1 and 4.2. All models
had the same concrete properties as defined in section 4.2 but are different in the steel mechanical
properties. Fig. 9. shows the load-deflection (deflection is the downward displacement at the excluded
column location) curves for structure with steel bar mechanical property values used in the samples and
structure with steel bar mechanical values complying with the standards.

The curves in Fig. 9. reveal that although all frames for a respective standard had different steel
properties, there is a very mild change in the flexural and arch action softening behavior. Moreover, the
figure demonstrates that the deflection for the flexural and arch action softening of the progressive
collapse was slightly increased while a higher peak load and a larger deflection/ductility at the
maximum catenary capacity compared to the respective standard steel properties were evident. Fig. 9.
demonstrates that the standards potentially undermine the ductility and; therefore, the longevity of the
structures. In addition, the slopes of the curves during the catenary action phase exhibit variations,
indicating differences in stiffness. The area under each curve, representing the energy absorbed, differs
from one sample to another. Although the final (maximum) deflection appears similar across most
curves, there are subtle differences. Table 5. provides strong evidence supporting this claim, as the
standard deviation (S) for final (maximum) deflection &, is not zero for any of the three specifications,
albeit very small, indicating low variance. Further discussion on the final displacement is presented in
section 5.2.

5.2 Analysis of Key Statistics and Correlations

The histogram and Probability Density Function (PDF) curves for the samples of the three
specifications are shown in Fig. 10. to Fig. 13., representing yield stress, tensile stress, elongation, and
ratio. Both curves were scaled to unity for easier comparison. The input and output data for each
specimen was normalized by dividing it by the corresponding specification value, expressing it as a
ratio of the Standards. The histograms show the behavior of the sample, while the PDF approximates
the behavior of the entire population, from which the sample was drawn. Fig. 10. and Fig. 11. indicate
that S2 performs better in yield and tensile stress, while Fig. 12. and Fig. 13. show that S3 and S1 have
higher values in elongation and ratio. Additionally, the PDF of the obtained data closely resembles a
Gaussian distribution in all four figures.

Furthermore, the MATLAB software was also used to calculate the required key statistics for each
specification, consisting of four inputs and eight outputs [49]. These evaluated statistics included the
mean (x), standard deviation (S), minimum (min), maximum (max), range (R), reliability
index (R.1.) aswell as the upper bound (U.B.) and lower bound (L.B.) for 99% confidence intervals
(C.1.). Moreover, the R.I. for the collected sample and (1 — «a) confidence interval for the
population is given by Eq. (2) and (3) respectively [50], [51].

R.l.= 2

CI _ )_( SXta/Z,n )_(+Sxta/2,n (3)
; Jno A

providing that t ,/,, is the value of t-distribution with n-degrees of freedom achieving

P(T<t a/2,n) = (1- a/2),and n is the sample size. In addition, these evaluated key statistics
were tabulated in Table 5, while Table 6 and Table 7 included the correlation coefficients and their
descriptions between the inputs and outputs.

As aresult, the analyzed figures and statistics have highlighted several key findings. Regarding the
yield stress, S2 provided the best (x/F,), higher (min/F,) and (max/F,) with higher upper (U.B./F,)
and lower bounds (L.B./Fy) for C.I. valued at 135.83%, 124.50%, 162.90%, 131.03% and 140.64%,
respectively. In addition, S1 provided the highest R.1., lowest (S/F, ), and lowest (R/F,) with values of

24.43, 4.63%, and 24.40%, respectively. In what concerns the tensile stress, S1 has shown the best
000087 -10
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statistics in all studied items except (max/F,), which was higher in S3 with a value of 139.84%. It was
observed also that S3 had minimum values of 93.68% and 96.80% for both (min/F,) and (min/F,)
respectively, which doesn’t meet the standards’ one. The total readings that violated the standard’s
minimum value for S3 were 4 specimens out of 37, i.e. 10.81%. Investigating the elongation statistics,
S3 showed higher (x/¢), higher (min/¢) and (max /<) with higher upper (U.B./¢) and lower bound
(L.B./g) for C.I. valued at 252.11%, 166.63%, 388.75%, 237.01% and 267.21%, respectively. In
contrast, S1 had the highest R.I. and lowest (S/¢) of 9.5 and 17.64%, while S2 had the lowest (R /¢) of
85.71%. S1 displayed the finest statistics for the ratio (tensile/yield) across all of its items, with the
exception of the higher (max /ratio), which was represented as 112% in S3. Furthermore, S2 had a
ratio lower than the standard for all of its specimen. In summary, S2 performed better in yield strength
overall, while S1 excelled in tensile strength and ratio. S3 had the highest performance in elongation.

The histograms and PDF curves for the samples from the three specifications are displayed in Fig.
14. through Fig. 23. These figures represent the outcomes for flexure, arch softening action, catenary
action points (ultimate load, displacement, and energy), and total energy. Overall, in this collection of
figures, the preceding curve has lower i, while the flatter one has greater S values. Additionally, the
majority of the resulting PDF curves exhibited Gaussian characteristics. However, some of the S2 and
S3 curves were less smooth due to the small sample size.
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Table 5. Key statistics for the collected steel samples as part of BS 4449/05 Gr B500B, ASTM A 615 GR 60 and B500 DWR expressed as ratios of the specification’s values.

Inputs Outputs
Yield Tensil Elongati  Ratio Flexure Arch Catenary Flexure Arch Catenary Total
Fy B, € Fu/Fy 8f P 8t P 8c P E¢ E; Ec Eiot
Spec. 500 550 0.05 11 179.59 2047.0 601.76 1348.2 14344 2819.8 287625.9 681576.9 1679130. 2648333.
D Values ' ' 9 02 39 08 65 18 786 853 187 151
] x 113.18 118.63 167.67 104.86 103.91 102.18 99.42 105.05 140.21 143.69 105.36%  101.94%  230.94%  184.10%
@ S 463% 4.44% 17.64% 2.48% 457% 0.64% 0.85% 231% 954% 8.66% 6.03% 2.25% 33.17% 21.12%
O min. 101.60 109.45 120.00 100.00 100.00 100.30 97.81  99.44 113.03 118.73 100.04% 96.40% 142.25%  127.78%
5 max. 126.00 134.36 230.00 110.91 113.87 103.65 99.88 111.32 172.04 18259 118.61%  106.32%  374.45%  275.64%
2 R 2440 2491 11000 1091 13.87 3.34% 207% 1189 59.01 63.86 18.57% 9.92% 232.20%  147.87%
3 R.I. 2443  26.75 9.5 42.24 22.73 159 116.66  45.51 14.7 16.6 17.47 45.23 6.96 8.72
R 99 U. 11247 11795 16497 104.48 103.21 102.08 99.29 104.70 138.74 14236 104.44% 101.60%  225.86%  180.87%
Cl L. 11389 119.31 170.38 105.24 104.62 102.28 99.55 10541 141.67 145.02 106.29%  102.29%  236.03%  187.34%
Spec. 420 620 0.07 1.4761 167.11 1989.6 588.39 1250.4 1782.7 33735 260853.1 657980.0 2706195. 3625028.
g Values ' 90 29 8 43 97 55 64 817 353 413 63
@ x 135.83 109.66 188.44  80.56 111.35 105.28 101.75 11349 140.08 142.69 115.76%  106.06%  221.50%  192.94%
8 S 9.01% 7.99% 21.28% 3.97% 561% 0.89% 0.83% 4.11% 1.20% 7.23% 7.64% 1.69% 11.10% 8.55%
o min. 12450 102.19 157.14  77.70 107.48 103.78 100.04 109.01 13491 13593 110.40%  101.35%  203.03%  179.10%
< max. 162.90 127.48 24286  97.30 122,39 107.75 102.15 12598 14055 164.97 130.94%  107.88%  254.03%  218.22%
= R 3840 2529 85.71%  19.59 1491 396% 211% 16.97 5.64%  29.04 20.55% 6.52% 51.00% 39.12%
e R.I. 15.07 13.73 8.86 20.28 19.86 11820 123.16 27.59 116.87 19.75 15.15 62.93 19.96 22.56
< 99 U. 13101 10539 177.07 78.43 108.35 104.81 101.31 111.29 139.44 138.83 111.68%  105.16% 215.57%  188.37%
Cl L. 14065 11394 199.82 82.68 11435 105.76 102.20 115.69 140.72 14656 119.85%  106.96%  227.44%  197.51%
Spec. 500 625 0.08 1.25 179.59 2047.2 600.91 1334.8 1957.0 37709 287629.2 683568.2 3449792. 4420989.
Values 92 26 34 93 56 4 789 249 081 585
o X 110.26 11197 25211 10151 103.20 101.67 99.68 104.31 127.98 123.96 104.38%  101.06%  170.19%  155.22%
= S 7.73% 9.88% 46.54% 4.84% 510% 1.16% 0.84% 4.05% 0.04% 8.60% 6.79% 2.33% 9.61% 7.78%
g min. 93.68 96.80 166.63  94.40 99.98 99.18 97.95 9592 12793 109.29  99.79% 96.09% 152.25%  140.37%
3 max. 126.40 139.84 388.75 112.00 113.87 103.73 102.06 113.01 128.22 148.09 118.62%  106.03%  194.46%  174.62%
@ R 32.72  43.04 22213 17.60 13.89 455% 4.10% 17.09 0.29%  38.80 18.83% 9.95% 42.21% 34.25%
0 R.I 1426  11.34 5.42 20.96 20.22 87.75 11883 2578 3164.0 1442 15.38 43.44 17.71 19.95
99 U. 107.67 108.66 236.53  99.89 101.49 101.28 99.40 10295 127.96 121.08 102.10%  100.28%  166.97%  152.61%
Cl L. 11285 11528 267.69 103.13 10491 102.06 99.96 105.66 127.99 126.84 106.65% 101.83% 173.41% 157.83%
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After analyzing the key statistics and figures for the system response outputs, it can be concluded
that S2 had the best performance for flexure (&, P;), arch action (&, P;), flexure energy (E;), arch
action energy (E;), and total energy (E;,;). Looking at the flexural performance, the analysis showed
that S2 had the highest x/6¢, X/P;, min/6s, min/Ps, max/6s, max/Ps, U.B./6f, U.B./Py,
L.B./6; and L.B./Pr butachieved the lowest R.Ls,. However, S1 had the lowest S/&; and S/P¢
in addition to the highest R.1.s £ and R.Ip ;- Additionally, S2 demonstrated better statistics for the arch

action performance compared to other systems, although S1 had a slightly lower S/P, and higher
R.1.p, values. In terms of catenary action performance, S1 had the highest x/5, and x/P, that
slightly outperformed S2. Moreover, it achieved the highest max/6., max/P., U.B./P. and
L.B./5. where the last two statistics slightly outperformed S2. On the other hand, S2 slightly
outperformed S1 in U.B./§. and L.B./P.. Although S1 and S2 showed competitive catenary action
performance, S1 generally showed very low R.I. values coupled with the highest S/58. , S/P., R/6,
and R/P. showing very high dispersion in the catenary action performance. Despite showing the worse
catenary action performance, S3 had an outstanding R.I.s_ value of 3164.09 coupled with a very low
S/6. value of 0.04% indicating that &, is the same for all actual S3 steel. Overall, S2 performed the
best in terms of output statistics, except for catenary, where S1 had a slight edge.

For summary, Fig. 14 to Fig. 23 visually show the previously shown statistics and its PDF for
easier comparison. Fig. 14. and Fig. 15. present the histogram and PDF for flexural performance metrics.
The findings reveal that S2 generally outperformed the other specifications, exhibiting slightly higher
%/6; and significantly higher x/Pr. Both S1 and S3 showed similar flexural performance showed in
the form of approximately equal x/&; and x/P; values.
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Fig. 16. Histogram and PDF of &, for the three Fig. 17. Histogram and PDF of P, for the three
specifications’ samples specifications’ samples
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Fig. 16. and Fig. 17. address the performance metrics related to arch action. Similarly, S2 outpaced
the other specifications, showcasing the highest x/5; and x/P, while both S1 and S3 showed similar
flexural performance showed in the form of approximately equal x/&; and x/P; values.

Fig. 18 and 19 concentrate on the metrics for catenary action. The PDFs for S1 and S2 have
approximately the same x/&. and x/P. values. S1 shows a flat 5. PDF indicating a wide range of
difference between actual and standard values for S1 while S3 shows the opposite behavior where there
is a very narrow PDF indicating a narrow difference between actual and standard values.
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Fig. 18. Histogram and PDF of &, for the three Fig. 19. Histogram and PDF of P_. for the three
specifications’ samples specifications’ samples
Fig. 20 to Fig. 23 display the histograms and PDFs for various energy metrics, such as flexural
energy (Ey)archenergy (E.), catenary energy (E.),and total energy (E,,). The superiority of S2in
flexural and arch action performance was clearly reflected on higher means for Ef, E; and E., while
S1 slightly outperforms S2 in E..

The figures, 14-23, presented collectively above illustrate the comparative performance of the
three specifications in relation to various structural behaviors and energy absorption capacities. The
histograms serve as a visual representation of the distribution of each metric, whereas the PDF curves
facilitate an understanding of the possibility of various performance results. The analysis indicates that
Specification 2 typically demonstrates enhanced performance, making it a preferable choice in
construction applications based on the evaluated metrics. This comprehensive examination of the
figures helps in understanding the statistical significance and practical implications of the findings
outlined in the study.
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To evaluate the relation between inputs and outputs, the correlation coefficients p(x,y), displayed
in Table 6., were assessed to examine the correlation between various inputs and outputs, Table 7.
describes the correlation coefficient values. The yield stress of the three specifications exhibited almost
perfect correlation with P, and very strong correlation with Pf. This very strong correlation happened
also for S2 and S3 for &¢, F., Ef, E., and E., and; likewise, the yield strength demonstrated
moderate and strong correlation with §, for S2 and S3, respectively. In contrast, the other correlations
for S1 ranged from very weak for &, to strong for the rest of outputs. Additionally, the three
specifications displayed negative strong correlation with &, while E, showed negative moderate,
negative strong and negative very weak with S1, S2 and S3 respectively. Furthermore, even with smaller
correlation value, the tensile strength generally exhibited the same behavior as yield stress in terms of
positive and negative correlations with outputs. The highest and lowest positive correlations were found
between yield strength and P; and between yield strength and &, in S2 and S1, at 0.999 and 0.052,
respectively. In S2, §; had the highest negative correlation with a value of -0.878 with tensile strength,
while in S3, E, had the lowest negative correlation with a value of -0.090 with yield strength.

Table 6. Correlation relations between inputs and outputs

Flexure Arch Catenary Flexure  Arch  Catenary Total

Ot Ps Ot Pt dc Pc Ef Et Ec Etot
Yield 0.640 0.949 -0.666 0.987 0.052 0481 0.647 -0.355 0.226 0.235
Tensile 0536 0.767 -0.747 0.850 0.117 0564 0542 -0.388 0.292 0.297

St Elongation 0.024 0.062 0.156 -0.007 0.994  0.869 0.024 0.060 0.975 0.973
Ratio -0.254 -0.424 -0.031 -0.358 0.105 0.070 -0.257 -0.001 0.081 0.073

Yield 0.881 0985 -0.862 0.999 0.115 0.939 0.885  -0.593 0.929 0.935

$2 Tensile 0.672 0.707 -0.878 0.796 0.184  0.927 0.674  -0.563 0.856 0.852
Elongation 0.308 0.249 -0.593 0.314 0.470 0473 0.308  -0.453 0.501 0.489

Ratio -0.175 -0.275 -0.150 -0.153 0.133 0.134 -0.176 -0.056 0.039 0.024

Yield 0.758 0986 -0.707 0.998 0.563  0.929 0.768  -0.090 0.969 0.973

$3 Tensile 0.724 0795 -0.781 0.864 0.416 0.946 0.730 -0.261 0.924 0.920

Elongation -0.226 -0.134 0.368 -0.246 0.180 -0.429 -0.227 0.189 -0.355  -0.347
Ratio 0.185 -0.021 -0.354 0.083 -0.073 0.333 0.182 -0.334 0.234 0.220

In contrast to yielding and tensile strengths, the elongation displayed a different pattern of
correlations. S1 had a nearly perfect positive correlation with &, a very strong positive correlation with
P., E. and E;,:, and a very weak positive correlation with other outputs, except P ;, which showed
a very weak negative correlation. In addition, S2 had a positive moderate correlation with all outputs
except 6;, E; which had strong and moderate negative correlations. S3 had moderate positive
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correlation with &,, very weak positive correlation with 5. and E;, very weak negative correlation
with 8r, Pr, Py and Ef and moderate negative correlation with the remaining outputs. In terms of the
ratio (tensile/yield) stress, both S1 and S2 demonstrated very weak positive correlation with 6. , P.,
,E. and E,; and very weak to moderate negative correlations with flexure (Sf,Pf), arch action
(8¢ P), Ef and E;. With a slightly different behavior, S3 exhibited very weak positive correlations
with both &¢, P, Ef, E. and E., with moderate correlation P, while it showed also a very weak
negative correlations with P; and &, and moderate negative correlation with &, and E.. Generally,

Table 6 reveals that the correlation coefficient between &5, and other mechanical properties ranges
from 0.052 to 0.563, except for elongation in S1 and the ratio in S3. This range indicates a weak to
strong relationship, as detailed in Table 7. Consequently, . cannot be reliably predicted based solely
on the mechanical properties of the samples. The aforementioned claim with facts mentioned in the
beginning of section 4 explains why the final displacement for most specimens in Fig. 9. were very
close despite the differences in the mechanical properties.

Table 7. Description of correlation values

Correlation Coefficient Value Description
0< plxy) <025 very weak
0.25 < p(x,y) <0.50 moderate
0.50 < p(x,y) <0.75 strong
0.75 < p(x,y) <0.99 very strong
099 < p(x,y) <1 perfect

The analysis indicates that Specification 2 (S2) outperforms the others Specifications across
multiple metrics, suggesting it may be the most suitable choice for construction applications where
structural integrity and resilience are paramount. The superior performance of S2 in energy absorption
and load-bearing capacity implies that structures designed with this specification may have enhanced
safety margins, particularly in scenarios involving progressive collapse. The findings of this study also
highlight a potential gap between current design standards and the actual performance of available
materials raising a concern that existing standards may underestimate the capabilities of modern
reinforcement steels, which could lead to over-engineering or unnecessary material use.

5.3 Test of Hypothesis

This study highlights two significant queries regarding the data collected. The first query examines
whether each of the three specifications statistically meets the standard requirements for usage in
construction process. The second query is to determine if there is notable variance among the
specifications that would justify choosing one over the others based on extra benefits, such as abundance
or cost-effectiveness, instead of just standard values. The hypothesis test about single mean provides an
answer to the first query. This was undertaken when determining the confidence interval (Cl) for each
specification, where its lower bound exceeded the necessary standard's value in every case. Testing the
alternative hypothesis, H; : |u; — 4| > 0, against the null hypothesis, H, : u; — p, = 0, provides
the answer to the second query. The null hypothesis for one sided critical region is accepted, if the
critical region, t’ < t,,. This is done under the assumption that the two populations’ variance are
unknowns and unequal also which is called Behrens-Fisher problem [50], where, and as shown in Eq.

(4)

S? S?
21,22
nl n2

(4)

t 2‘)_(1—)_(2‘/

providing v is the approximate degree of freedom, called Satterthwaite's approximation, given as
shown in Eq. (5):
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sz s2Y n,
v=|L+=2]/ + (5)
n, n, n-1 n,-1
Table 8. Decision about H,,
fy fu £ fy/fu
t 12.9 5.75 4.92 31.23
to/2,v 2.47 2.47 2.46 2.47
Sland 52 P-value 2.33¢-13 1.80e-06 1.60e-05 0
Decision Rejected Rejected Rejected Rejected
t 2.89 5.24 14.18 5.34
ta/2,v 2.38 2.38 2.38 2.38
Sland S3 P-value 0.00256 8.70e-07 0 5.60e-07
Decision Rejected Rejected Rejected Rejected
t 12.86 1.17 8.9 21.42
ta/2,v 2.42 2.39 2.37 2.39
S2and S3 P-value 1.11e-16 0.12416 3.26e-14 0
Decision Rejected Accepted Rejected Rejected

The tests and p-value of sample data for each specification with others at « = 1%, are then
calculated using Eq. (4) and (5), where the results are tabulated in Table 8. These results demonstrated
that S2 and S3 could be used interchangeably for tensile stress only. Otherwise, there are significant
differences in mean values between any two specifications for all inputs, favoring the specification with
the higher mean.

The above discussion provides few key insights that could advance the current state of knowledge
in this field as presented below:

1. Mechanical properties of reinforcement steel frequently used in construction often exceed the
minimum requirements set by current standards. This finding shows that current design
practices may underestimate the accurate capacity and resilience of structures.

2. Due to this difference, current design standards may not truly represent the full potential of
reinforcement steel. Current design codes may underestimate the progressive collapse
resistance of structures. This could explain why some buildings do not collapse when a major
load carrying member collapses as shown in Fig. 1. in the manuscript. This insight emphasizes
the need to consider the actual properties of steel in the design practices rather than relying
solely on standardized values, which may not reflect real-world conditions.

3. The study findings advocate for a revision of current design codes to better align with the actual
performance of reinforcement steel. This could lead to improved safety and reliability of
structures.

4. By investigating the relationship between reinforcement steel properties and structural
performance, the study enhances the knowledge of the mechanisms that result in progressive
structural collapse. This knowledge is crucial for developing more effective design practices
and mitigation measures to enhance the resilience of structures.

5. The use of statistical tools to measure differences in material properties and establish predictive
correlations for structural behavior represents an advancement in the methodology of structural
analysis. This approach can lead to more informed decision-making and better risk assessment
in engineering practice.

6 Conclusions

This study focused on numerically and analytically investigating the reliability of using
reinforcement steel in compliance with current ASTM A615/A615M, BS 4449:2005, and ES 262-

000087 -17



Ghunaim et al., SUST, 2025, 5(4): 000087

2/2015 standards in RC framed structures to resist disproportionate structural collapse. The study
employed 2D fiber element (FE) models to replicate how structures respond to progressive collapse
caused by the loss of columns.

The study revealed that the steel used frequently in RC framed structures often surpasses the
minimum requirements set by the standards in terms of mechanical properties. The difference in
performance between the steel used and the set standards resulted in an inaccurate assessment of the
structure capacity and resilience to resist progressive collapse in design processes.

This finding is significant because it implies that the current design standards may not truly
represent the full potential of reinforcement steel. It highlights the significance of accurately assessing
the mechanical properties of the steel so that engineers can better assess the behavior and sustainability
of structures. The research also underscores the need to update and revise current design standards to
better match the real performance of construction materials.

The significance of the study is its indication that current design standards may not truly represent
the full potential of construction material properties, specifically reinforcement steel, and can
compromise safety, reliability, and longevity of the structures against progressive collapse. The study
shows that reinforcement steel frequently used in structures has higher mechanical properties than the
standard material minimum permissible properties used in the design process and can; therefore, result
in more sustainable structures.

Addressing the significance of this study in existing standards can be twofold, 1) material property
data from literature and manufacturers can be collected and used to update and revise existing design
standards to reflect the actual performance of construction materials, specifically reinforcement steel;
this may require collaboration with regulatory entities and professional organizations to apply the
revisions, 2) ensure that engineers are mindful of the applied revisions and know how to apply them in
their design.

However, three distinct steel grades were the subject of this investigation, which limit the

generalization of results. Additional research should investigate more different steel grades with a large
sample size with adequately diverse data.

In conclusion, the study underlines the need for a thorough understanding of the material
mechanical properties, particularly reinforcement steel, and importance of incorporating this knowledge
into design standards to improve the reliability and longevity of RC buildings when subjected to
progressive collapse as a result of column exclusion.
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