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Abstract

The aim of this research project is to investigate, experimentally and analytically, the effects of
reinforcement corrosion on the flexural, shear and blast behaviours of reinforced concrete beams.
As part of the experimental study, twenty-four beams reinforced were tested under quasi-static and
simulated blast loads using the University of Ottawa Shock tube. All beams had dimensions of 125
mm x 250 mm x 2400 mm and were tested under four-point bending. Tension reinforcement
consisted of either 2 — 10M (p=1%) or 2 — 15M bars (p=1.6%) for the flexure dominant specimens,
and 2 — 25 M bars (p=4%) for the shear-dominant specimens. In all cases, transverse reinforcement
consisted of 6 mm stirrups spaced at s = 100 mm (d/2) throughout the beam span. Eighteen of the
specimens were subjected to an accelerated corrosion process to induce different amount of mass
loss in the longitudinal and transverse steel reinforcement. The test variables included: the type of
corrosion (i.e. on the longitudinal or transverse reinforcement), the amount of corrosion (i.e. %
mass loss in the steel reinforcement) and the extent / location of corrosion on the tension steel

reinforcement (i.e. over the full length, middle span or end spans).

The results from the experimental tests showed that corrosion of the tension and transverse steel
reinforcement decreased the strength and ductility of the reinforced concrete beams under static
loading, ultimately changing the failure mode. Similarly, the results from the blast tests showed
that corrosion of the longitudinal and transverse reinforcement affected maximum displacements
and support rotations, reduced blast capacity, increased damage and fragmentation, and ultimately
changed the failure process from ductile to brittle. Results under both static and blast loads were

sensitive to the amount and extent/location of the corrosion.

As part of the analytical study, the static results were predicted using 2D finite nonlinear element
(FE) modelling. The effects of corrosion were considered using several modeling features
including: reduction in steel bar cross-sectional area, modification of the steel stress-strain
response, and introducing corrosion-induced cracking using applied pre-strains. The predicted
results from the FE simulations were to provide acceptable predictions in terms of load capacity

and failure mode when compared to the experimental static test results.

The blast results were predicted using two approaches, including: 1) single-degree of freedom

(SDOF) analysis (with the resistance functions developed using FE modelling); and 2) the blast

il



analysis capabilities of FE software VecTor2. Overall both approaches led to acceptable

predictions of maximum mid-span displacements when compared to the experiments.
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Notations

Symbol Definition
Olpit Pitting factor
AApit Area reduction due to pitting
Abar Original cross-section area of bar
Esy Yield strain
Esu Ultimate strain
agl??x Sever reduction percentage
A Ultimate strain in corroded state
aq Regression coefficient
Acorr Section loss
Ao Ultimate strain in un-corroded state
£ Reduced compressive strength
Coefficient related to bar roughness and diameter
€1 Average tensile strain in the cracked concrete
€co Strain at the peak compressive stress (fc)
Ecorr Pre-strain
d Expanded diameter
d Original diameter
br Increased width by corrosion
bo Original width
Npars Number of the bars in the top layer
ds(t) Thickness of corrosion product form
v, Poisson’s ration of concrete
ft Tensile strength of concrete
E.¢ Effective elastic modulus of concrete (a = (dp + 2d,y)/2)
dp Diameter of reinforcement bars
dy Thickness of the annular layer of concrete pores
b The outer radii of the thick wall cylinder (b = S/2)
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fy and fy
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ay, o and o
Js

Jfyand fu

Es

&y, &sh and &y
As(exp)

u

X
dexp
&
Eavg
€1

€2

DIF

Rebar spacing

Ultimate bond strength of uncorroded and corroded reinforcing bars
Concrete compressive strength
Concrete cover depth

Diameter of steel bar

Modulus of elasticity

Original weight of the steel bar
Weight of steel bar after corrosion
Diameter of corroded steel bar
Value of 2 for uniform corrosion
The corrosion penetration depth

Reduction in steel bar area
Original steel bar area

Corroded steel bar area

Yield and ultimate stresses in the corroded state

Yield stress and ultimate stress in the un-corroded state
Regression coefficients

Steel stress

Yield and ultimate stresses

Steel strain

Yield, hardening and ultimate strains of steel reinforcement
Total expanded area of corroded steel bar

Ratio of steel-to-corrosion product density

The penetration of corrosion

Expanded diameter of corroded steel bar
Corrosion-induced strain in the reinforcement
Average of corrosion-induced strains for both legs of the stirrup
Corrosion-induced strain for the first leg of the stirrup
Corrosion-induced strain for the second leg of the stirrup
Beam width

Dynamic increase factor
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DIFy

DIF,

Kim

m

u(t) and {i(t)
R(u(t))
APr(t)

A

Pr(t)

Strain rate

Dynamic increase factor at yield

Dynamic increase factor at ultimate
Load-mass transformation factor

Mass of the system

Beam mid-span displacement and acceleration
Beam resistance function

Loading function

The impacted area of the LTD

The idealized triangular pressure-time history
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Chapter 1: Introduction

1.1 Introduction

Corrosion of steel reinforcement is considered one of the main deterioration mechanisms of
reinforced concrete (RC) structures. In the presence of sufficient quantities of chloride ions and/or
carbonation of the concrete cover, corrosion leads to damage of the protective passive film around
the steel reinforcement. This corrosion process reduces the cross-sectional area of the longitudinal
and transverse reinforcement, which can degrade the load-carrying capacity of RC members. In
addition to the reduction of the steel cross-sectional area, the lower-density by-products of the
corrosion process can exert an expansion on the surrounding concrete, eventually leading to cover
cracking (Bicer et al., 2018). Likewise, corrosion leads to a deterioration of the bond between the
steel bars and concrete, which can also influence the ultimate strength, deformation capacity and
ductility of RC flexural members (Hou et al., 2019). The degradation of bond also reduces stiffness
and increases deflections (Zhang et al., 2018). Thus, corrosion of steel reinforcement is a major

problem which can affect the safety and service life of RC structures (Li et al., 2018).

As noted by Zhang et al. (2019), Soltani et al. (2019) and others, corrosion of steel reinforcement
is the most influencing factor affecting the durability and maintenance of RC infrastructure,
especially in marine and cold climate environments due to exposure to chlorides from seawater or
de-icing salts, respectively. The problem of deterioration due to corrosion is especially problematic
in North America. In the United States, the 2017 American Society of Civil Engineering (ASCE)
Infrastructure Report Card gave grades of C+ and D+ when rating “overall” and “bridge”
infrastructure, respectively (ASCE, 2017; Soltani et al., 2019). Deterioration is also a major
problem that affects the safety and service life of Canada’s RC infrastructure (Mirza, 2006).
Indeed, failures such as the “de la Concorde” overpass collapse in Laval, QC, Canada in 2006 put
into evidence the consequences of deterioration on the safety of concrete structures in Canada
(Mitchel et al., 2011; Wood, 2008). Thus, it is of great importance to investigate the effects of

corrosion on the structural behaviour of RC structures.

Nowadays, it becomes increasingly important to ensure that critical RC structures are blast-
resistant due to the increased risks from malicious and accidental explosions. While previous blast

research has primarily focussed on civilian and military buildings, critical bridges, transportation
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assets and parking garages are also vulnerable to blast loads (Williamson et al., 2011). Since such
structures can be affected by corrosion, there is a need for experimental and analytical research on

the blast behaviour of corrosion-affected RC structures and components.

1.2 Research Significance

Over the years, extensive studies have focussed on the structural evaluation of corrosion-damaged
RC structures. Soltani et al. (2019) presented a comprehensive review of 33 previous studies from
1955 to 2017, which examined the shear and flexural behaviour of RC beams. Among these studies
the vast majority focussed on the behaviour of beams subjected to quasi-static conditions, with a
few studies conducted under cyclic or reverse-cyclic loads. Conversely, research on the impact
and blast response of corrosion-affected RC beams is very limited (indeed, a review of literature
reveals a single experimental study, conducted on a limited number of beams, tested under impact
loads). Thus there is an important need for experimental and numerical research on the blast

behaviour of corrosion-damaged RC beams.

Corrosion can also affect the anchorage regions of the longitudinal tensile reinforcement in RC
beams. However, a review of the literature indicates only limited studies have examined the flexure
response of RC beams when the tensile reinforcement is corroded at different locations (mid
length, full length and end lengths). Thus, there is also a need for further experimental and
numerical research to better understand the influence of location of longitudinal reinforcement

corrosion on the static and dynamic flexure behaviour of corrosion-damaged RC beams.

Finally, in addition to experimental research, there is a need to develop numerical approaches that
can be used to predict the blast behaviour of corrosion-damaged RC structures, including the use
of simplified tools commonly used in engineering practice (such as single-degree-of-freedom

analysis), and more advanced finite-element modelling.



1.3 Thesis Objectives and Scope
1.3.1 Objectives

The main objective of this thesis is to gain a better understanding of the effects of reinforcement
corrosion on the blast behaviour of RC structures, with the focus on flexural members. The thesis
also aims at a better understanding of the effect of influential parameters such the extent and
location of reinforcement corrosion on the static and blast response of RC beams. Furthermore,
the thesis aims at demonstrating the ability of two-dimensional (2D) nonlinear finite element (FE)

modelling to reliably predict the static and blast responses of corrosion-damaged RC beams.

1.3.2 Scope

The thesis scope includes experimental and analytical/numerical components. The experimental
program includes twenty-four beams which are tested under quasi-static bending and simulated

blast loads using the University of Ottawa Shock-tube.
The experimental research program includes the following aspects:

% Investigates the effect of longitudinal reinforcement corrosion on the flexural response of
RC beams subjected to quasi-static and simulated blast loads;

¢ Investigates the effect of transverse reinforcement corrosion on the shear and flexural
response of RC beams subjected to quasi-static and simulated blast loads;

*» Examines the effect of influential parameters such as % of steel mass loss and corrosion
location on the static and blast response of RC beams.

The numerical research program includes the following aspects:

*

¢ Investigates the ability of 2D nonlinear FE modelling to predict the shear and flexural
response of corrosion-affected RC beams under static loading;

¢ Investigates the ability of Single Degree of Freedom (SDOF) analysis to predict the
maximum displacement response of corrosion-affected RC beams under blast loading;

% Investigates the ability of 2D nonlinear FE modelling to predict the shear and flexural

response of corrosion-affected RC beams under blast loading;



1.4 Thesis Organization
This thesis consists of eleven chapters which are listed as follows:

Chapter 1: Introduction

e Provides an introduction to the thesis topic, and clarifies the thesis objectives.

Chapter 2: Literature Review

e Presents background information on the mechanism of corrosion and summarizes previous
studies, which have focused on the flexural, shear and impact / blast behaviours of corroded

RC beams, and presents an overview of corrosion modeling in RC beams.

Chapter 3: Experimental Program

e Describes the experimental program of the thesis, which includes overview of the test
matrix, details of the specimen design, material parameters, corrosion acceleration process,

tests set ups and testing procedures.
Chapter 4: Static Experimental Results

e Presents detailed experimental results of ten beams, which were tested under quasi-static

loading.
Chapter 5: Discussion of Static Results

e Discusses the effects of the test parameters on the static performance of the beams. The
effects are examined by comparing the maximum strength, maximum displacement,
stiffness, ductility, toughness, and failure mode of the beams.

Chapter 6: Dynamic Experimental Results

e Presents the experimental results of fourteen beams tested under blast loading using the

shock-tube.



Chapter 7: Discussion of Blast Results

e Discusses the effects of the test parameters on the blast performance of the beams. The
effects are examined by comparing the maximum and residual displacements, support

rotations, blast capacities, failure modes, damage and fragmentation.
Chapter 8: Finite Element Analysis of Corrosion-Damaged Beams under Static Loading

e Presents the first phase of the numerical research program, which aims to predict the
behaviour of the beams under static loading, and provides a comparison between the FE

and the experimental results.
Chapter 9: SDOF Analysis of Corrosion-Damaged Beams under Blast-Loading

e Presents the second phase of the numerical research program, which aims to predict the
blast response of the beams using single degree of freedom (SDOF) analysis, and provides
a comparison between the experimental and analytical maximum displacements.

Chapter 10: Finite Element Analysis of Corrosion-Damaged Beams under Blast Loading

e Presents the last phase of the numerical research program, which aims to predict the full
dynamic response of the tested beams under blast-loading using 2D FE modelling, and
provides a comparison between the FE and the experimental results.

Chapter 11: Conclusions and Recommendations

e Summarizes the conclusions from the experimental and numerical research programs, and

provides recommendations for future research.



Chapter 2: Literature Review

2.1 Chapter Overview

Corrosion of steel reinforcement is one of the most significant deterioration mechanisms in
reinforced concrete structures. The focus of this chapter is to provide a comprehensive review of
previous studies on the impact of corroded steel reinforcement on the structural behaviour of
reinforced concrete beams under static-four-point bending and blast loadings, including both

flexural and shear governed responses.
2.2 Mechanism of Corrosion in Reinforced Concrete Beams

As shown in Figure 2-1 (a), corrosion in reinforced concrete flexural members leads to a reduction
in the cross-sectional area of the longitudinal and transverse steel bars and reduces the bond
between the steel reinforcement and surrounding concrete. In addition to the negative influence on
flexural and shear capacity, these mechanisms affect ductility, reduce maximum displacements
and lead to bond and anchorage failures, as (illustrated in Figure 2-1 (b)) Soltani et al., (2019).
The corrosion process also leads to the formation of corrosion by-products, which leads to extra

expansion on the surrounding concrete, resulting in cracking and spalling of the concrete cover.
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Figure 2-1 Corrosion effects in RC flexural members (Reproduced from Soltani et al., 2019)
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The corrosion process in reinforced concrete structures is an electrochemical process involving

reactions at anodic and cathodic half-cells at the microscopic and/or macroscopic levels. The



anodic iron dissolution reaction at high pH solutions and in the absence of chloride ions is given

by:

Fe — Fe*" +2¢ (2-1)
The anodic reaction is balanced by the following cathodic reaction:
1/202 + H,0 + 2¢" — 20H" (2-2)

The combination of Fe?" and OH- ions produce a stable passive film as shown in Figure 2-2 (a).

Figure 2-2 (b) shows that Cl" ions compete with OH- ions to react with Fe** ions, forming soluble
complexes that damage the passive film. The soluble iron-chloride complexes diffuse away from
the steel bars, resulting in the formation of expansive corrosion products. The free Cl” ions migrate

back to the anode reacting more with the iron of the steel bar (Hansson et al., 2012).

Reinforced concrete structures exposed to a salty environment, where de-icing salts are widely
used, have the reinforcement de-passivated when enough chloride ions penetrate the concrete
cover, leading to the corrosion process initiation (Rivera-Corral et al., 2017). The high alkali
content in the concrete protects the reinforcement against corrosion by forming a passive film on
the surface of the steel bars in the concrete. However, this passive film can be damaged by a high
content of chloride ions and low pH in the concrete, leading to steel corrosion. Thus, the
composition and microstructure of the steel reinforcement have a big influence on the forming and
breaking of the passive film (Bertolini et al., 2013). Factors that contribute to steel corrosion in
concrete are low pH around the steel bars and the ingress of CO2, O> and chloride-laden water

through the cracks of the concrete cover reaching the surface of the steel bars (Song et al., 2019).
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Figure 2-2 Corrosion Mechanism (Reproduced from Hansson et al., 2012)




2.3 Previous Studies on the Static Behaviour of Corroded Reinforced Beams Tested

Statically

This section reviews some previous studies that investigated the flexural and shear behaviour of
corroded reinforced concrete beams tested under static loading. Tables 2-1 to 2-4 summarize these
studies, including material properties, specimen details and test setup used. More details are

provided in the following sub-sections.
2.3.1 Flexural Behaviour

Al-Sulaimani et al. (1990) studied the impact of reinforcement corrosion and cracking on the
capacity and the bond behaviour between steel reinforcement and concrete by testing 24 reinforced
concrete beams with dimensions of 150x150x1,000 mm as shown in Figure 2-3 (a). The test
program included four stages, and the corrosion process was applied to the entire length of the
bottom steel bar in the third and fourth stages. The top steel bars and stirrups were isolated from
the bottom steel bar to avoid corrosion. The reinforced concrete beams were tested under four-
point bending test. The results from the study showed that the ultimate bond capacity decreased
with the increase of corrosion level. In addition, there was no effect on the ultimate flexural load
at a corrosion level of 1.5%; however, the ultimate load was reduced by 12% at a corrosion level

of 4.5% as illustrated in Figure 2-3 (b).
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Figure 2-3 Beam dimensions and results from Al-Sulaimani et al. (1990)

Rodriguez et al. (1997) investigated the corrosion process and the impact of different corrosion

levels on the load-carrying capacity and serviceability of reinforced concrete beams; 31 reinforced



concrete beams were built with dimensions of 150x200%x2,050 mm and 150x200%2,300 mm as
presented in Figure 2-4. The study program included casting six types of reinforced concrete
beams, and the corrosion was applied to the bottom bars, top bars and stirrups based on the type
of reinforced concrete beam. Four-point bending test was used to test all the beams. From the
obtained results, it was observed that the corrosion process in the reinforced concrete beams
increased their deflections and crack widths at service load, and it decreased their strength at

ultimate load. Moreover, the failure mode for the tested beams was due to shear in most cases.
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Figure 2-4 Beam dimensions from Rodriguez et al. (1997)

Mangat and Elgarf (1999) studied experimentally the residual flexural capacity of 111 corroded
reinforced concrete beams at different levels of corrosion. The reinforced concrete beams were
constructed with and without stirrups with dimensions of 100x150x910 mm as shown in Figure
2-5 (a) and Figure 2-5 (b). The accelerated corrosion process was applied to the entire length of
the tensile reinforcing bars. All the reinforced concrete beams were tested using four-point bending
test. The flexural load capacity and deflection of the reinforced concrete beams were affected by
the corrosion process as illustrated in Figure 2-5 (¢). The residual strength of the beams was

reduced due to loss of bond between the steel bar and the concrete.
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Figure 2-5 Beam dimensions and results from Mangat and Elgarf (1999)

Castel et al. (2000) assessed the mechanical properties of corroded reinforced concrete beams
when compared with non-corroded ones. Four reinforced concrete beams were built with
dimensions of 150%280%3,000 mm as shown in Figure 2-6 (a). The corrosion process was applied
on the entire beams by spraying them with salt fog (NaCl). According to the procedure of this
study, all the beams were tested under sustained load using a three-point bending test. The results
illustrated that the cracks on the compression zone did not influence the mechanical properties of
corroded reinforced concrete beams. The stiffness of the corroded beams was reduced by 35% due
to the bond decay between the steel and concrete in the tension zone. The residual bearing capacity
of the corroded beams was affected only by reducing the cross-section area of the tensile steel
reinforcement. In addition, the ductility was reduced by 70% in the corroded beams as shown in

Figure 2-6 (b).
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Figure 2-6 Beam dimensions and results from Castel et al. (2000)

El Maaddawy et al. (2005) investigated the performance of reinforced concrete beams under a
corrosion process and sustained loads. Nine reinforced concrete beams were constructed with
dimensions of 152x254x3,200 mm as presented in Figure 2-7 (a). The middle span of the corroded
beams was cast by adding 2.25% salt into the concrete mix at a height of 100 mm and length of
1,400 mm, confining the corrosion region on the tensile bars at the mid region of the reinforced
concrete beams. The stirrups in the corrosion region were coated with epoxy, and the contact points
between stirrups and longitudinal steel bars were wrapped with plastic tape to avoid corrosion.
Four corroded beams were tested under sustained loading (equivalent to approximately to 60% of
the yielding moment of the control beam) using four-point bending test during the corrosion
process, whereas the other four corroded beams were tested the same as the control beam under
four-point bending test only. The results showed that the load-carrying capacity of the beams was
reduced due to the corrosion process. In addition, there was a slight effect of flexural cracks
resulting from sustained loading on the steel mass loss and the reduction of the beams’ capacity.
The deflection capacity of the corroded beams was reduced when the mass loss of steel reached

15% and above as illustrated in Figure 2-7 (b).
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Figure 2-7 Beam dimensions and results from El-Maaddawy et al. (2005)

Azad et al. (2007) focused on evaluating the flexural behaviour of corroded reinforced concrete
beams and predicting the residual flexural strength by developing a model based on the
experimental results. The experimental program of this study consisted of 56 reinforced concrete
beams with dimensions of 150x150x1,100 mm as presented in Figure 2-8 (a). The corrosion
process was accelerated on the entire length of the tensile steel bars and stirrups at different periods
of 4, 6 and 8 days; however, the compression steel bars were coated by epoxy to avoid corrosion.
Under a four-point bending test, all reinforced concrete beams were tested statically. The obtained
results showed that the corroded beams were affected with the increase of mass loss percentage as
illustrated in Figure 2-8 (b). The maximum mass loss percentage reached was 34.8%. The residual
flexural strength of corroded reinforced concrete beams was predicted using a numerical model
with acceptable accuracy at low corrosion rates. Moreover, the load-deflection behaviour of the

corroded beams was softer than the uncorroded ones due to loss of flexural stiffness.
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Figure 2-8 Beam dimensions and results from Azad et al. (2007)

Torres-Acosta et al. (2007) discussed the flexural capacity reduction of corroded reinforced

concrete beams in a humid environment. Twelve reinforced concrete beams were constructed with

one steel bar in the tension zone and with dimensions of 100x150%1,500 mm, as shown in Figure

2-9 (a). The corrosion process was accelerated on the entire length of the tensile bar for a period

of 40, 80 and 200 days. This study used three-point bending test to examine all the beams. The

results showed that cracks evolved rapidly in a dry environment when compared to a wet

environment. During the acceleration process of corrosion, the pitting formation on the surface of

the steel bar was increased in the wet environment. In addition, the flexure load capacity was

reduced due to pitting corrosion as illustrated in Figure 2-9 (b).
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Figure 2-9 Beam dimensions and results from Torres-Acosta et al. (2007)
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Oyado et al. (2011) also examined the performance of corroded reinforced concrete beams under
different corrosion-inducing regimes. This study consisted of thirteen reinforced concrete beams
with dimensions of 100x200%2,100 mm as presented in Figure 2-10 (a). The corrosion process
was applied on the whole reinforcement cage of the beams using either a salty environment (EX
specimens) for a period of time ranging between 20 months and 12 years or an accelerated electric
corrosion process (EL specimens) for a time period that did not exceed 54 days. All the reinforced
concrete beams were tested under four-point bending test. The beams that were corroded using a
salty environment had a higher steel mass loss than those corroded with an accelerated corrosion
process. Furthermore, the majority of the corroded reinforced concrete beams failed due to
concrete compression failure after the tensile steel bars had yielded. Figure 2-10 (b) and Figure

2-10 (c) show the results of the accelerated corroded beams (EL) and long-term corroded beams

(EX), respectively.
60—
2100
150 700 400 700 150
) ; Z 40
IStlrrun \ IL"ﬂF""gI Compression B:Lr ' =
D6-$D295A @100@ Point @ 2x06-SD295A <
=) " : P 2 20-
d D . EL Specimen
A . . { =C5 ¥ : Failure of tensile bar
Supporting Tensile Bar 2xD13-SD345 Supp(;ting 0 , MR . I
Point Point 0 20 40 60 80
Displacement &(mm)
. . b) Load-deflection curves of accelerated
a) The dimension of the beams )
corroded beams (EL)

60—

Load P (kN)
¥

P2

EX Specimen

P2

40

60

Displacement & (mm)

B0

c) Load-deflection curves of long-term corroded beams (EX)

Figure 2-10 Beam dimensions and results from Oyado et al. (2011)
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Xia et al. (2012) aimed to investigate the flexural strength of corroded reinforced concrete beams
under different levels of corrosion and to predict their residual flexural strength. This investigation
included twenty reinforced concrete beams with dimensions of 150%200x1,500 mm, as shown in
Figure 2-11 (a). The beams were divided into two types (Al and BIl) based on the concrete mix
and the stirrups diameter. The corrosion zone was on the mid-span of the tensile steel bars with a
length of 1,000 mm. The beams were tested under four-point bending. At a corrosion level of 12%
mass loss, the stiffness and flexural capacity of the reinforced concrete beams were reduced, and
the maximum and average corrosion- induced crack widths were increased. In addition, the failure
mode of the beams changed from ductile to brittle failure when the corrosion level reached 12%.
Figure 2-11 (b) and Figure 2-11 (c) illustrate the load-deflection curves for beams type Al and
BII, respectively.
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Figure 2-11 Beam dimensions and results from Xia et al. (2012)
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Zhu et al. (2013) evaluated the behaviour of reinforced concrete beams subjected to a corrosion
regime for 26 years. Four reinforced concrete beams were built with dimensions of 150x280x1,150
mm as illustrated in Figure 2-12 (a). The corrosion process was applied on the entire reinforcement
of the beams using a saline environment while they were under sustained loading. All the
reinforced concrete beams were tested under three-point bending test. The results showed that the
control beams failed in shear, while the corroded beams failed in flexure due to the impact of the

corrosion process. Figure 2-12 (b) shows the load-deflection behaviour of the beams after testing.
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Figure 2-12 Beam dimensions and results from Zhu et al. (2013)

Liu et al. (2016) intended to evaluate the flexural behaviour, residual capacity and ductility of
corroded reinforced concrete beams under sustained loading. Twelve reinforced concrete beams
were constructed without stirrups in the pure bending-moment region and had dimensions of
150%250%2,000 mm as shown in Figure 2-13 (a). The corrosion process was accelerated on the
entire length of the tensile reinforcement only, and the stirrups were coated with epoxy resin to
prevent corrosion. A four-point bending test was used to test all the reinforced concrete beams
statically under sustained loads. The results show that the flexural rigidity, maximum strength
capacity and the ductility ratio of corroded reinforced beams under heavy simultaneous sustained
loads (up to 80% of the ultimate load) were reduced as presented in Figure 2-13 (b). However,

the ductility ratio was affected mostly by the levels of sustained loads.
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Figure 2-13 Beam dimensions and results from Liu et al. (2016)

Dong et al. (2017) focused on experimentally assessing the crack propagation and flexural
response of corroded reinforced concrete beams having rectangular cross-section under
simultaneous sustained loading. Seven reinforced concrete beams were constructed with
dimensions of 250x180x%1,200 mm as shown in Figure 2-14 (a). In the shear span, stirrups were
spaced at 100 mm, while mid-span U-shaped stirrups were used at a spacing of 150 mm. The
corrosion region was mainly distributed on the tensile bars in the mid-span of the reinforced
concrete beams for a length of 400 mm. The behaviour of the reinforced concrete beams was
examined using four-point bending test. The results of this study illustrated that corroded
reinforced concrete beams under simultaneous sustained loading experienced severe cracks.
Furthermore, the sustained loading did not affect the maximum capacity of the corroded beams

with low corrosion levels (2% and 3% mass loss); however, at this level of corrosion the ductility
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of the beams was decreased. Figure 2-14 (b) illustrates the load-deflection behaviour of the beams

after testing.
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Figure 2-14 Beam dimensions and results from Dong et al. (2017)

Lu et al. (2018) examined the fatigue life of reinforced concrete beams with corroded
reinforcement. This examination included fourteen reinforced concrete beams with dimensions of
120%x200%1,700 mm as illustrated in Figure 2-15. The corrosion process was accelerated on the
tensile reinforcement in the mid region of the reinforced concrete beams for a length of 500 mm,
along which there were no stirrups. Two types of tests were conducted: monotonic static loading
and simultaneous fatigue loading. The fatigue performance of the corroded reinforced concrete
beams was affected significantly in terms of crack patterns, ductility, fatigue life and stiffness. The
fatigue life of the corroded beams decreased as the maximum fatigue load and corrosion levels
were increased. Finally, under simultaneous fatigue loading and corrosion, both uniform and

pitting corrosion occurred simultaneously in the reinforced concrete beams.
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Table 2-1 Summary of the studies on flexural response: part one

0 Beam dimensions Longitudinal Stirrups - oo~
0 £ % f reinforcement 2 g @ 2 g g § < S< | 5~ 2
= © c = o =~ B2 ‘D © = = R =) >
= el ~ | ~ wn N2 = = E = > >
E = S B H L | (MPa) Top | Bottom | Size s’ % 3| 3 g < % § % = = § % g 2 2
< :2 (mm) | (mm) | (mm) (mm) | (mm) | O § n S o~ O g <‘§_ 2 (ORS —~
Al-
Sulaimani 24 150 | 150 | 1000 40 2-10 1-12 6 50 - - - B*FL*, | Acc* 2000 - 4PB*
(1990) Stirrups
Rodriguez ) 85,
etal 31 150 | 200 52(5)8 34-52 | 2,4-8 10212 6 150, - 3 - \gfhole Acc* 100 - 4PB*
(1997) 5 170 cam
Mangat _
and Elgart | 111 | 100 | 150 | 910 | 40 | 2:6 | 210 | 6 | 70 | 25 | i | | BUEL* | Acer |yt | 0210 | gppe
(1999) ,
Q| Castel et Whole | Saline SL*,
é al (2000) 4 150 | 280 | 3000 45 2-6 2-12 6 220 10 - - beam Env* - 4745 IpB*
El-
1] 80 8.9 — 50,110 SL*
2| Maaddawy 9 152 | 254 | 3200 | 40.5 2-8 2-15 8 ’ 25 | 225 B*ML* | Acc* | 215mA i ’
'—‘8 et al (2005) 333 316 210,310 4PB*
2| Azad etal 2- 25 2 54— | B¥FL* 2000
< _ 5 > > E3 s %k
) "Gogry | 56 | 150 | 150 [ 1100 | 407 | 28 | o5, | 6 | 90 |5k | S| Sag | stimups | AT | 000 | H68 | 4B
Torres-
Acosta et 12 100 | 150 | 1500 27 - 1-10 - - 20 3 5’1150’ B*FL* | Acc* 80 4%’()%0’ 3PB*
al (2007)
Oyado et 21.7- Whole | Env*, 600 to *
al (2011) 13 100 | 200 | 2100 13 2-6 2-13 6 100 - 3 50 beam | Acc* - 4330 4PB
: %k
%‘0?2‘;‘1 20 | 150 | 200 | 1500 2355'96’ 210 | 2-16 [8,10| 100 | 30 | 5 | 4-12 | B*ML* ilfc* 200 | L% | 4pBs
Zhu et al 10, 20.5— | Whole | Saline SL*,
(2013) 4 150 | 280 | 1150 60 2-6 2-12 6 220 14 - 3498 | beam Env* - 9490 IpB*

S*: Spacing. B*: Bottom. FL*: Full length. ML*: Mid length. EM*: Electro-migration. Acc*

sustained loads. 4PB*: Four-point bending test. 3PB*: Three-point bending test. Env*: Saline environment.
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Table 2-2 Summary of the studies on flexural response: part two
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2.3.2 Shear Behaviour

Higgins and Farrow. (2006) investigated the shear behaviour and shear capacity of corroded
reinforced concrete beams. The reinforced concrete beams were constructed with three different
cross-sections (rectangular, T and IT); eight of the reinforced concrete beams had rectangular
cross-section with dimensions of 254x610%3,050 as shown in Figure 2-16 (a). The corrosion
process was accelerated on the stirrups on one side of the beams for a length of 1,068 mm (test
section in Figure 2-16 (a)), and the stirrups located on the opposite side as well as the flexural
reinforcement were epoxy coated to prevent corrosion of the steel. The corroded reinforced
concrete beams were tested under four-point bending. The results showed that the cross-section of
the corroded stirrups was reduced due to severe local pitting corrosion leading to a decrease in the

capacity and ductility of the reinforced concrete beams, as illustrated in Figure 2-16 (b).
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Figure 2-16 Beam dimensions and results from Higgins and Farrow (2006)

Juarez et al. (2011) studied the effect of moderate and severe corrosion levels on the ultimate shear
strength of reinforced concrete beams. Sixteen reinforced concrete beams were built with
dimensions of 200x350%2,000 mm as shown in Figure 2-17 (a). These beams were classified into
two groups with different spacing between stirrups: 150 mm and 200 mm. The beams were
constructed without compression steel bars and with stirrups along the 600-mm shear span. The
tensile steel bars were epoxy coated to avoid corrosion. All beams were tested using four-point

bending test. From the results, it was observed that the ultimate shear strength of the reinforced
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concrete beams was decreased by 30% at moderate and severe corrosion levels (20% and 50%
steel mass loss, respectively) due to loss of the bond between the stirrups and concrete as presented
in Figure 2-17 (b) and Figure 2-17 (c). The ductility of the beams was also reduced due to the

increase in corrosion level.
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Figure 2-17 Beam dimensions and results from Juarez et al. (2011)

Wang et al. (2011) evaluated the effects of corrosion on one side of the shear span, which was
partially damaged, on the load capacity of corroded reinforced concrete beams. This study included
fourteen reinforced concrete beams with dimensions of 150x180x1,800 mm as illustrated in
Figure 2-18 (a). These beams were designed by considering the followings: two shear span-to-
effective depth ratios of 2 and 3, two different partial lengths, and three bond characteristics
(complete bond loss, moderate and high reduction in bond strength). The lengths of the partially
damaged region were 200 mm and 300 mm for a shear span-to-effective depth ratio of 2 and 300

mm and 450 mm for a shear span-to-effective depth ratio of 3. An accelerated corrosion regime
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was applied on the longitudinal bars and stirrups located in this region. All the reinforced concrete
beams were tested under four-point monotonic loading. From the testing results, it was observed
that the corroded beams with 10% mass loss still behaved in a ductile manner. The beam with the
longest partial damage length and high level of corrosion displayed the lowest load capacity,
irrespective of the shear span-to-effective ratio. Furthermore, the failure mode of the corroded
beams was brittle with reduction of the load capacity due to a 25% steel mass loss on the

longitudinal reinforcement and severe pitting and rupture of stirrups, as illustrated in Figure 2-18

(b).
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Figure 2-18 Beam dimensions and results from Wang et al. (2011)

Khan et al. (2014) evaluated the effect of long-term corrosion on the shear behaviour of reinforced
concrete beams. Three reinforced concrete beams were built with dimensions of 150x280x1,500
mm as shown in Figure 2-19 (a). The corrosion process was induced on the whole reinforced
concrete beam using a saline environment. The beams were stored under sustained loading using
a three-point bending test. The corrosion process applied to the beams did not change their failure
mode. The mass loss induced on the stirrups caused a loss in the ductility of the reinforced concrete
beams. On the other hand, the corroded longitudinal steel bars barely decreased the load-bearing

capacity of the reinforced concrete beams as shown in Figure 2-19 (b).
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Figure 2-19 Beam dimensions and results from Khan et al. (2014)

Lachemi et al. (2014) inspected the shear response of self-consolidating concrete (SCC) beams
under the influence of corrosion. Twenty reinforced concrete beams with dimensions of
150%220%1,400 mm were constructed, as shown in Figure 2-20 (a), with either normal concrete
(NC) or SCC. The corrosion process was accelerated on both the tensile steel bars and stirrups of
the reinforced concrete beams. However, the compression steel bars were coated with epoxy to
prevent corrosion. The reinforced concrete beams response was tested using a four-point bending
test. The study results showed that the load capacity, stiffness and energy dissipation of the
corroded reinforced concrete beams were rapidly decreased at corrosion levels of 10%, 15% and
20% steel mass loss as illustrated in Figure 2-20 (b) and Figure 2-20 (¢). In addition, the bond
strength between the concrete and reinforcement was reduced due to large cracks on the beams.
The corrosion level had a significant impact on changing the failure mode of the reinforced
concrete beams (NC and SCC). Moreover, the failure mode of both the NC and SCC corroded

beams was flexure-shear failure, shear failure and bonding failure.
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Figure 2-20 Beam dimensions and results from Lachemi et al. (2014)

Xue et al. (2014) studied the effect of corroded stirrups on the shear behaviour of reinforced
concrete beams. The experimental program included thirteen reinforced concrete beams with
dimensions of 120x240x1,400 mm as illustrated in Figure 2-21 (a). The tensile steel bars in the
reinforced concrete beams were fixed from outside using nuts to prevent anchorage failure. The
corrosion process was applied on the stirrups only, and the contact points between the longitudinal
steel bars and stirrups were isolated to ensure corrosion occurred only on the stirrups. The shear
behaviour of the reinforced concrete beams was investigated using a three-point bending test. The
shear strength of the reinforced concrete beams with corroded stirrups was decreased due to 32%
steel mass loss, as shown in Figure 2-21 (b). In addition, severe corroded stirrups in the reinforced

concrete beams led to diagonal tension failure and a reduction of stiffness and shear strength.
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Figure 2-21 Beam dimensions and results from Xue et al. (2014)

Wang et al. (2015) examined the impact of corrosion on two types of shear reinforcement (stirrups
and inclined bars) in reinforced concrete beams. This study consisted of fourteen reinforced
concrete beams with dimensions of 250%500%3,600 mm as illustrated in Figure 2-22 (a). The
corrosion process was applied on the beams in two stages: first on stirrups only by insulating the
longitudinal reinforcement and inclined bars using epoxy coating and tape, and second, on both
stirrups and inclined bars. All the reinforced concrete beams were tested statically under four-point
bending. The results showed that low levels of corrosion (up to 10% steel mass loss) on the stirrups
and inclined bars had a slight influence on the shear strength and initial shear stiffness; however,
high levels of corrosion (up to 68% steel mass loss) on the stirrups and inclined bars reduced the
post-cracking shear stiffness, as shown in Figure 2-22 (b). Furthermore, the failure mode of the
reinforced concrete beams with corroded stirrups and inclined bars was not affected, even though

the corroded reinforcement ruptured early.
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Figure 2-22 Beam dimensions and results from Wang et al. (2015)

El-Sayed et al. (2016) conducted an experimental program to study the impact of the corroded
stirrups on the shear response and strength of reinforced concrete beams. This study included
fourteen reinforced concrete beams with dimensions of 200x350%2,800 mm as presented in
Figure 2-23 (a). These beams were reinforced with epoxy coated steel bars at the tension and
compression zones to ensure corrosion occurred on the stirrups only. Moreover, the longitudinal
reinforcement was wrapped with electrical tape at the point of contact with the stirrups to prevent
any electrical connection. All the reinforced concrete beams were tested by four-point bending.
The results showed that the stiffness and shear strength of the corroded reinforced concrete beams
were reduced when compared with the control beams, and this reduction was more significant at
high corrosion levels (up to 24% steel mass loss) as shown in Figure 2-23 (b). Failure of beams

with corroded stirrups was due to stirrups rupture.
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Figure 2-23 Beam dimensions and results from El-sayed et al. (2016)

Imam and Azad (2016) investigated experimentally the effect of corroded stirrups on the strength
capacity of reinforced concrete beams and used the experimental results to predict the residual
shear capacity. This investigation consisted of seventeen reinforced concrete beams with
dimensions of 140%220%1,150 mm and 150x240x1,150 mm, as illustrated in Figure 2-24 (a). The
compression bars were coated with epoxy to prevent corrosion; however, the tension bars were
left uncoated and exposed to the same corrosion regime as the stirrups. All the reinforced concrete
beams were tested statically under four-point bending. From the results, it was found that the most
important parameters that initiate damage in the corroded reinforced concrete beams were
corrosion rate (2 mA/cm?) and the duration of the corrosion process (up to 10 days). Figure 2-24
(b) shows the load-deflection behaviour of the corroded (up to 39% steel mass loss) and

uncorroded (control) reinforced concrete beams.
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Figure 2-24 Beam dimensions and results from Imam and Azad. (2016)
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Zhang et al. (2019) studied the shear behaviour of reinforced recycled aggregate concrete (RRC)
beams with corroded stirrups and strengthened with sheets of carbon fiber reinforced polymer
(CFRP). Ten reinforced concrete beams were constructed with dimensions of 120x200x1,500 mm
as illustrated in Figure 2-25 (a). The intersections between stirrups and longitudinal reinforcement
were insulated to ensure the corrosion occurred only on the stirrups. The CFRP sheets were placed
on the shear zones at a spacing of 100 mm. All the reinforced concrete beams were tested using
four-point bending. The test results highlighted that using CFRP sheets on corroded RRC beams
decreases the extension of diagonal cracking and delays the critical cracks. The failure mode of
the strengthened corroded RRC beams and strengthened reinforced concrete beams was shear

failure. Figure 2-25 (b) shows the behaviour of strengthened and unstrengthened corroded beams.
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Figure 2-25 Beam dimensions and results from Zhang et al. (2019)
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Table 2-3 Summary of the studies on shear response

2 Beam dimensions Lpngitudinal Stirrups —_ . - - o o~
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= ~| ~ n O = = = o= >
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< S | (mm) | (mm) | (mm) (mm) | (mm) | O Z| A | 3 S° |SF| $5 |o°® =
Higgins _ 203,
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Wang et 150, 10 - LR*, % «
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Khan et al Whole | Saline SL*,
5 (2014) 3 150 | 280 | 1150 45 2-8 2-16 8 220 40 - - beam Env* - 9490 IpB*
Z | Lachemi et 45.5, 120, 5,10,15 | Stirrups, % 15,30,45 «
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o J—
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S*: Spacing. Acc*: Accelerated corrosion process. 4PB*: Four-point bending test. LR*: Longitudinal reinforcement. w/d*: wet/dry
cycles. Env*: Saline environment. SL*: sustained loads. 3PB*: Three-point bending test. B*: Bottom. FL*: Full length.
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2.3.3 General Guidelines for Modeling Corrosion in RC Beams

Coronelli and Gambarova (2004) proposed a finite element procedure for modeling corroded

reinforced concrete beams to predict their structural behaviour. Concrete was modelled by 4-4-

node plane stress elements, while steel reinforcement was modeled using 2-node truss elements.

The bond action between concrete and steel bars was modelled through link elements. Figure 2-26

(a) shows constitutive models used for concrete, steel and bond. Figure 2-26 (b) shows a typical

finite element mesh whose geometry or associated mechanical properties are modified to account

for corrosion-induced damage. The proposed procedure included the followings:

Reducing the cross-sectional area of the corroded longitudinal steel bars and stirrups that
are attacked by either chloride ingress or carbonation. The reduction percentage of steel

bar cross-section due to corrosion pitting is done through a pitting factor oyit, defined as:

AApit

(2-3)

Olpit =
where: opic = 0 in virgin material. A4t = Area reduction due to pitting and Apar = original

cross-section area of bar.

Changing the ductility of the corroded steel bars due to the pitting process of chloride
ingress. This change can be done by considering the severe reduction on the cross-section
area of steel bar in the ultimate strain of the steel bar as shown in this equation:

Evu= Egt (- E9) (- apic | afif™ ) for apy < apil (2-4)
where: &, = yield strain, &, = ultimate strain, apy~ = Severe reduction percentage

which ranges from 0.5 to 0.1.

Another approach adapted from Lay et al. (2003) is used as follows:

A= (1= ai*Acorr) * Ao (2-5)
where: A = ultimate strain in the corroded state, a; =regression coefficient, A, = section
loss, A¢ = ultimate strain in the uncorroded state.

Reducing the compressive strength due to cracking and spalling of the concrete cover.

according to the following model (Vecchio and Collins, 1986):
ffo=f/ 1+ K&/ €co (2-6)
where: K = coefficient related to bar roughness and diameter, & = average tensile strain in

the cracked concrete, and €., = strain at the peak compressive stress (fc).
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e Changing the strength and ductility of the reinforced concrete beams in compression due
to induced micro-cracking by expansion of steel bars.
e Changing the tension stiffening of corroded tensile steel bars due to losing concrete cover
and bond between concrete and steel bars.
e Changing the bond between steel bars and concrete depending on the corrosion level as
illustrated in Figure 2-26 (c).
Figure 2-26 (d) and Figure 2-26 (e) show a comparison between experimental results and finite
element results for un-corroded and corroded beams tested under four-point bending, respectively.
The results demonstrate that the analytical assessment of corroded reinforced concrete beams can
be achieved by simulating concrete cover spalling, reducing the cross-sectional area of corroded
steel bars, and decreasing the cross-section of the beam, which leads to deterioration of the stiffness
and bond conditions between concrete and steel reinforcement. As result, the strength and ductility

of the corroded reinforced concrete beams are affected.
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2.3.4 Previous Studies of Corrosion Modeling in RC Beams

Dekoster et al. (2003) proposed a finite element model to evaluate the flexural response of corroded
reinforced concrete beams. The corroded beams were modelled using the CASTEM 2000
software. The concrete model was modelled by either an elasto-plastic model based on smeared
cracking or by a damage approach in which the concrete modulus was modified using a damage
variable (D), whose value varied between 0O (virgin material) and 1 (failure). The steel
reinforcement was modeled using an elasto-plastic model with two-node linear bar elements. Rust
was modelled as an elastic interface material between the steel and concrete to simulate the
increase in volume of the initial steel section, as illustrated in Figure 2-27 (a). The proposed model
was validated using the data of two experimental studies on beams with different dimensions and
reinforcement data. Figure 2-27 (b) and Figure 2-27 (c) show the load-deflection curves for both
the experimental and numerical results assuming uniform corrosion along the tensile reinforcement
using the elasto-plastic (EPA) and damage (DA) approaches, respectively. The results
demonstrated that the most fundamental parameters for modeling the flexural behaviour of
corroded reinforced concrete beams were the mass loss of the steel bars and the degradation of the
steel-concrete interface based on a layer of rust elements. In addition, the finite element results had
acceptable results in terms of stiffness, yield load and maximum load when compared with the
experimental ones. However, the ultimate deflection of the modeled beams was different than that
of three experimental beams. A parametric analysis of the size of the layer of rust elements

concluded that this should be small.
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Figure 2-27 Corrosion modelling and results from Dekoster et al. (2003)

Francois et al. (2006) proposed a model using finite element analysis to evaluate the mechanical
behaviour of corroded reinforced concrete beams tested under three-point bending. The
mechanism of the model relied on the execution of macro-elements with a length equal to the
distance among two flexural cracks and the height equal to the beam height. The feasibility of the
proposed model was assessed by using experimental data from corroded reinforced concrete beam
tests, as shown in Figure 2-28 (a). Figure 2-28 (b) shows that the transfer length between concrete
and steel bars was increased to consider the effect of corrosion on the bond between concrete and
steel bars in the damaged region of the corroded beams. The proposed model had acceptable results
when compared with the experimental results for both corroded and uncorroded beams as
illustrated in Figure 2-28 (c¢). The mechanical behaviour of the corroded reinforced concrete

beams changed due to the corrosion-induced loss of bond between the concrete and reinforcement.
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Figure 2-28 Beam dimensions and results from Francois et al. (2006)

Kallias and Rafiq (2010) investigated the effect of corrosion on reinforced concrete beams using
the non-linear finite element package DIANA. Four-node plane-stress elements were used to
model the concrete. All the steel reinforcement was modelled using truss elements with an elasto-
perfectly plastic approach. In addition, 2D interface elements were used to model the bond between
the tensile steel bars and concrete. The finite element model was validated using two experimental
studies of reinforced concrete beams (11-type beams and T-type beams) with different geometry
and reinforcement details, as illustrated in Figure 2-29 (a). The corrosion process was accelerated
on either the entire reinforcement cage or the tensile reinforcement and stirrups located in the mid-
600 mm of the beams. Figure 2-29 (b) and Figure 2-29 (c) present that the finite element model
results had good prediction in terms of load-deflection when compared with the experimental
results. The obtained results highlighted the mass loss of the steel bars as one of the main causes
to reduce the strength and bending stiffness of the corroded reinforced concrete beams.

Furthermore, the compressive strength of the concrete had only a slight effect on the predicted
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load-deflection behaviour of either uncorroded or corroded beams. The increase of bond

deterioration between concrete and steel bars led to an increase in the crack widths.
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Figure 2-29 Beam dimensions and results from Kallias and Rafiq (2010)

Sanchez et al. (2010) utilized a finite element approach to simulate the deterioration of corroded
reinforced concrete beams. The concrete was modeled using a continuum strong discontinuity
approach (CSDA), and the steel reinforcement was modelled using an elasto-plastic constitutive
relation. In addition, the steel-concrete interface was simulated using contact linear triangle
elements. A 2D mesoscopic model was applied to predict the residual load carrying capacity of
the corroded reinforced cocnrete beams, with beam components (concrete, steel and steel-concrete

interface) as shown in Figure 2-30 (a). Figure 2-30 (b) illustrates the methodology of linking
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cross-sectional damage to the structural member (beam) model in the finite element software. The
performance of the finite element model was validated using experimental studies of three
corroded reinforced concrete beams with different dimensions as illustrated in Figure 2-30 (c).
The corrosion process was applied on the entire reinforcement of the beams. Figure 2-30 (d) and
Figure 2-30 (e) show the load-deflection curves of the numerical model when compared with the
experimental studies of the corroded beams (beams 11-4 and 31-3). The results show that the finite
element model can simulate the majority of the corrosion mechanisms such as steel bars expansion,
damage/cracking in the concrete, yielding in the steel bars, bond stress degradation at the interface

and steel cross-section reduction.
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Bernard (2013) presented the methodology of using finite element modelling to simulate the shear
resistance of corroded reinforced beams. A 2D nonlinear finite element software (VecTor2) was
used for the simulation. Plain concrete was modelled with 4-node rectangular plane-stress
elements. Shear reinforcement (stirrups) was modelled as smeared across concrete elements for
non-critical sections and as truss elements for critical sections where corrosion was simulated. The
longitudinal reinforcement was modelled using 2-node truss elements with one degree of freedom
per node. Perfect bond was used for all steel reinforcement during the modelling. Corrosion
damage was introduced into the model by reducing the cross-sectional area of the stirrups and by
inducing cracks in the concrete surrounding the stirrups through pre-strains to simulate corrosion
product build-up, as given by Eq. (2-7) and illustrated in Figure 2-31 (a). The model was validated
using experimental data from reinforced concrete beams, with dimensions and a typical finite
element shown in Figure 2-31 (b) and Figure 2-31 (c), respectively. The load-deflection curve of
the finite element model for an un-corroded beam had a good agreement with the experimental
results in terms of stiffness and the maximum strength and deflection as presented in Figure 2-31
(d). The modelled beams with and without pre-straining had also reasonable results in terms of
their behaviour when compared with the experimental beam with a mass loss of 13.2% as
illustrated in Figure 2-31 (e). Finally, at high levels of corrosion the induced cracks using pre-

straining became more effective in terms of reproducing the induced damage at failure.

d'-d
Ecorr = drzc (2-7)

where: €., = pre-strain, d'= expanded diameter, d = original diameter, ¢ = concrete cover.
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Table 2-4 Summary of the studies on corrosion modeling

» | Beam dimensions Longitudinal Stirrups - -~
2 2 % " reinforcement 8 g 3| 8 g g 8g| 52 | § s | &
2| £ |£ : 5SS |, 82 | 32| Es |3 2
£ E S B H L | (MPa) | o5 | Bottom | Size | S* | £ 5| F | 2% | E § ES| 38 |E52| 3
< g | (mm) | (mm) | (mm) (mm) | (mm) | O Z| @A |3 S= | SE| $5 |37 =
Coronelli 34 24 25
and - el >
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(o]
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=
Kallias and (Whole
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(1;8?8) 2 | 150 | 200 | Jgoq | 25-50| 2-8 168 s | = | - | 3016 | @ene | Acc 350 - 4PB
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w010, | 8 | 150 | 200 2000 | 34-50 | 24-8 | T | 6 | S| - | - - | hole | pcer | 100 _ | 4pp*
8 ]?gggr)d 4 | 254 | 610 |3048 | 331 | 222 | 525 | 13 12552 s | . 132,23, Stirrups | Acc* ] | upps
2

S*: Spacing. T*: Top. B*: Bottom. FL*: Full length. ML*: Mid length. Acc*: Accelerated corrosion process. 3PB*
bending test. 4PB*: Four-point bending test. N*: Natural corrosion.

42

: Three-point




2.4 Previous Studies on the Behaviour of Corroded Reinforced Concrete Beams Tested

under Impact Test and Blast Loading

This section covers previous studies that have investigated the flexural behaviour of corroded
reinforced concrete beams tested under impact, and other studies that examined structural

performance under blast loading.
2.4.1 Impact Test

Dai et al. (2016) examined the behaviour of corroded reinforced concrete beams under impact
loading. The reinforced concrete beams were built without stirrups. In total, eight reinforced
concrete beams were built with dimensions of 120%x200%1,600 mm as presented in Figure 2-32
(a). The corrosion process was applied on the entire length of the top and bottom reinforcing steel
bars. All the reinforced concrete beams were tested using a falling-weight impact and three-point
bending tests. From the results, it was observed that the failure mode of the reinforced concrete
beams was governed by shear. In addition, at high corrosion rates (up to 18% steel mass loss) the
maximum impact force and reaction force were reduced in the reinforced concrete beams as
illustrated in Figure 2-32 (b). The energy dissipation capacity of the reinforced concrete beams

under impact loading was also negatively affected by corrosion.
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Figure 2-32 Beam dimensions and results from Dai et al. (2016)

Tamai et al. (2020) studied the effects of different levels of corrosion on the flexural response of
RC beams using quasi-static and falling-weight impact load tests. Eighteen beams were
constructed with dimensions of 100x120%1,200 mm as shown in Figure 2-33 (a). The corrosion
was applied on the tensile reinforcement using a current of 700 mA, while the contact points
between the stirrups and tensile bars were insulated. The beams were tested in three-point bending
using static or falling-weight impact setups. The obtained results showed that the stiffness and
maximum strength of the corroded RC beams were reduced when static testing was applied. Under
single impact loading, the corrosion degree had minor effects on the initial peak load and maximum
amplitude of the response waveform; however, the second wave was reduced, with an increase in
its duration. In addition, the maximum displacements and damage in the beams increased when

the corrosion level increased (especially beyond 10%). This result can be observed when the
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corrosion level reaches 12.8% in Figure 2-33 (b). Under repeated impacts, the impact resistances
of the corroded beams were 59% and 15% of that of the sound beam when the corrosion level
reached 5.3% and 12.9%, respectively. Compared to static loading, the impact resistance was more

significantly affected as the corrosion degree increased.
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Figure 2-33 Beam dimensions and results from Tamai et al. (2020)

2.4.2 Blast Loading

To the knowledge of the author no experimental research exists on the blast performance of
corrosion-damaged RC structures. However, Yalciner (2014) presented an analytical study which
examined the effect of blast loads on the performance of corroded and uncorroded reinforced
concrete buildings. A corrosion rate of 0.4 uA/cm? was considered in the analysis. Three major
corrosion effects were considered, including: loss of bar cross-sectional area, reduction in concrete
strength and reduction in bond. The stress-strain relationship of concrete was modeled using the
Kent and Park model, while the steel reinforcement was modeled using Mander’s model.

Reduction in concrete strength was taken into account using a model developed by Yalciner et al.
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(2012). The model considers the effect of corrosion on volumetric expansion, which increases the

member width. The increase in member width is calculated as follows:

41 dg(t) __ 2mbfy
(1—vc)/(%)ﬁ+(1+vc)(§)JE et

by - bo = 1pgys( ) (2-8)
where: br = Increased width by corrosion. bp = Original width, n,,. = Number of the bars in the
top layer, ds(t) = Thickness of corrosion product form, v, = Poisson’s ration of concrete, f;=
Tensile strength of concrete, E ¢ = Effective elastic modulus of concrete (a = (dp + 2d,)/2),
dp= Diameter of reinforcement bars, d, = Thickness of the annular layer of concrete pores, b =
The outer radii of the thick wall cylinder (b = 5/2), § = Rebar spacing. Once the corrosion rate is

known, the model can be used to reduce the concrete strength.

The ultimate bond strength of uncorroded and corroded reinforcing bars was also considered using

the following relationships proposed by Yalciner et al. (2012):

For uncorroded: Ty, = —2.7143 + 0.3621f', + 2.3296 (%) (MPa) (2-9)

Vi c
For corroded: 7, = £ (001572f (+022957(5)+0.13946C; +1.75913) (MPa) (2-10)

where: f’ = Concrete compressive strength, ¢ = Concrete cover depth, D = Diameter of steel bar.

The calculated bond strengths were then used to predict bar slippage using the model developed

by Alsiwat and Saatcioglu (1992).

The reduced concrete strength, loss in bar cross-sectional area, reduced bond strength and slip
rotations were then used to modify the moment-curvature relationships and used to define the

member force-deformation relationships using a plastic-hinge model defined in FEMA-356.

Different blast load scenarios were considered, with four different explosion standoff distances of
6,9, 12 and 24 m. While the damage of the structure was reduced as the explosion distance was
increased, corrosion-induced damage such as increase in crack widths and reduction of steel cross-
sectional area had major impacts on the blast performance of the corroded structural members,

leading to premature yielding of steel reinforcement and reduced energy absorption capacity.
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2.5 Research Gap

Based on the literature review, extensive studies have been conducted over the past 50-60 years to
study the problem of reinforcement corrosion on the quasi-static shear and flexural responses of
reinforcement concrete beams. However, most of the studies have focused on specimens with
corrosion concentrated at mid-span or over the entire length of the longitudinal reinforcement of
RC beams. Limited research has investigated extensively the effect of corrosion location, in
particular that concentrated in the anchorage regions of reinforced concrete beams. Compared to
flexural tests, studies focussed on shear response are also relatively more limited. Thus, there is a
need to conduct research examining the influence of the corrosion process at different locations of

the reinforced concrete beams (full length, mid length, ends length and stirrups).

Compared to research under static loads, the literature on the effect of reinforcement corrosion on
the response of flexural members subjected to dynamic loading is scarce, with no published
experimental research on the blast performance of corrosion-damaged RC members. Thus, there
is a need for this research to better understand the effect of extreme blast loading on the flexural
and shear behaviours of corroded reinforced concrete beams. Moreover, there is need to study the
influence of parameters such as corrosion mass loss % and corrosion location on the dynamic

response of such beams.

Previous research demonstrates the ability of finite element modelling to predict the static load
response of corrosion damaged beams. However, given the limited parameters studied in most
experiments, FE simulations should be used to conduct further parametric studies related to
influential parameters that affect the structural response of corrosion-damaged RC beams. Recent
studies also demonstrate the ability of nonlinear FE modelling to predict the impact and blast
response of RC beams; however, research is needed to examine the ability of FE modelling to
provide reliable predictions of the blast response of corrosion-damaged RC structures. There also
a need for further research on the ability of single-degree-of-freedom (SDOF) analysis to predict

the blast response of corrosion-damaged RC structure.
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Chapter 3: Experimental Program

3.1 Chapter Overview

This chapter presents the details of the experimental program in which twenty-four reinforced
concrete beams were built and tested under static and blast loads. The beams, which had different
reinforcement details, were subjected to an accelerated corrosion regime to different corrosion
levels and locations in their longitudinal or transverse steel reinforcement. This chapter
summarizes the following details related to the test program: the specimen design, material

properties, construction procedure, experimental setups, and testing procedure.
3.2 Beams Geometry

A total of twenty-four reinforced concrete beams were built and tested in this research program.
Eighteen beams were subjected to an accelerated corrosion process on their longitudinal tension
steel reinforcement (full length, middle length and ends length) or on their transverse shear
reinforcement to achieve a targeted steel mass loss of 15% and 30%. Ten beams were tested
statically under four-point bending test, while fourteen beams were tested dynamically under blast
loading using the University of Ottawa shock tube. The beams design details are shown in Figure

3-1 and Table 3-1.

In all cases, the beams had dimensions of 125%250%2,440 mm and were tested under simply-
supported conditions with a clear span of 2,232 mm between the supports with a constant moment
region of 750 mm and shear spans of 741 mm. All the beams were reinforced with 2-10M (top)
compression bars; however, there were variations in the amounts of tension steel reinforcement,
with three sets of beams each consisting of 2-10M, 2-15M and 2-25M, respectively. The 10M and
15M steel bars were provided with a 90-degree hook at their ends, while the 25M bars were kept
straight. The transverse reinforcement consisted of U-shaped stirrups made from 6.3-mm wire
spaced at 100 mm throughout the full length of the beam. The clear concrete cover under the

stirrups was 40 mm for all the beams.

The beams were classified into three groups (10M, 15M and 25M groups) based on the longitudinal
steel bars size. Table 3-1 presents the details for the beams of each group, including the beam ID,

steel reinforcement details, corrosion location, target mass loss and loading type.
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The specimen nomenclature follows the following logic: CB or B refers to control beam or
corroded beam, respectively; FC, MC and SC refers to corrosion of the longitudinal tension steel
over the full length, mid-length (central 750 mm) or shear spans (end 741 mm regions),
respectively, while EMC refers to extreme mid-length corrosion; SHC refers to corrosion in the
shear/transverse stirrups; 10M, 15M and 25M refers to the bar size in the tension region; and, ##%
refers to the percentage of actual corrosion in terms of mass loss. CR used in the nomenclature of
some beams indicates that the cover was removed (i.e., the beam was built without cover) prior to

the corrosion process.

For example: CB-10M-0% is the control beam constructed with 2-10M tension bars without
corrosion (0% mass loss), while B-FC-10M-13% is the companion beam with full corrosion over
the entire length of the 10M tension bars with an actual mass loss of 13%. In comparison, B-MC-
10M-13% has corrosion in the mid-span only with a mass loss of 13%, while B-SC-10M-11% has
corrosion at the ends of the 10M steel bars with an actual mass loss of 11%. Similarly, B-EMC-
10M-22% is a beam with extreme corrosion in the mid-span region with a mass loss of 22% in the
10M tension bars. B-CR-MC-15M-4% is a beam built with 2-15M bars but without cover and 4%
corrosion in the mid-span region. Finally, B-SHC-25M-10% is a beam with 2-25M bars and

corroded shear reinforcement with 10% mass loss in the stirrups.
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Steel reinforcement details and geometry
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Figure 3-1 The geometry of the beams with reinforcement details
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Table 3-1 Main properties of the beams

Longitudinal reinforcement Stirrups
X X °
3 = s |g.| B
2 Beam ID Top £ T Corrosion location | S 5| 2 & =
5 p(%) | Bottom | pn(%) | E z 2 2= | %
%z w
CB-10M-0% 2-10M 1 2-10M 1 6.3 100 - 0 0 S/D
B-FC-10M-13% | 2-10M 1 2-10M 1 6.3 100 Full length 15| 13 S
Middle length
B-MC-10M-13% | 2-10M 1 2-10M 1 6.3 100 iddle leng 15 | 13 S
(central 750 mm)
E
B-SC-10M-11% | 2-10M 1 2-10M 1 6.3 100 nds spans 15 | 11 S
(2x 741 mm)
Middle length
B-MC-10M-14% | 2-10M 1 2-10M 1 6.3 100 iddle lengt 30 | 14 S
(central 750 mm)
Middle length
= | B-MC-10M-11% | 2-10M 1 2-10M 1 6.3 100 lacie eng 15 | 11 D
= (central 750 mm)
Middle length
B-MC-10M-15% | 2-10M 1 2-10M 1 6.3 100 1adie feng 30 | 15 D
(central 750 mm)
End
B-SC-10M-7% | 2-10M | 2-10M | 63 100 nas spans 15 7 D
(2x 741 mm)
B-FC-10M-12% | 2-10M 1 2-10M 1 6.3 100 Full length 15 | 12 D
B-EMC-10M-22% | 2-10M 1 2-10M 1 6.3 100 Middle length 30 | 22 D
(central 750 mm)
Middle length
B-CR-MC-10M-5% | 2-10M 1 2-10M 1 6.3 100 1adie feng 30 | 5 D
(central 750 mm)
CB-15M-0% 2-10M 1 2-15M 1.6 6.3 100 ] 0 0 S/D
Middle length
B-MC-15M-10% | 2-10M 1 2-15M 1.6 63 100 1adie feng 30 | 10 S
(central 750 mm)
= | B-MC-15M-12% | 2-10M 1 2-15M 1.6 63 | 100 | Middlelength(750 | 50| 5 | p
) mm)
p—
Middle length
B-EMC-15M-17% | 2-10M 1 2-15M 1.6 6.3 100 iddle lengt 30 | 17 D
(central 750 mm)
Middle length
B-CR-MC-15M-4% | 2-10M 1 2-15M 1.6 6.3 100 1adie feng 30 | 4 D
(central 750 mm)
CB-25M-0% 2-10M 1 2-25M 4 6.3 100 - 0 0 S/D
B-SHC-25M-10% 2-10M 1 2-25M 4 6.3 100 Stirrups (full span) 15 10 S
% B-SHC-25M-12% 2-10M 1 2-25M 4 6.3 100 Stirrups (full span) 30 12 S
B-SHC-25M-11% | 2-10M 1 2-25M 4 6.3 100 | Stirrups (full span) | 15 | 11 D
B-SHC-25M-12% | 2-10M 1 2-25M 4 6.3 100 Stirrups (full span) 30 12 D

Note: s* = Stirrups spacing in mm. S = Static test. D = Dynamic test. T = Target mass loss. A = Actual mass loss.
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3.2.1 10M Group

This group included a total of twelve (12) beams, which were doubly-reinforced with 2-10M bars
each for the tension and (top) compression reinforcement. Transverse reinforcement consisted of
U-shaped stirrups made from 6.3-mm wires spaced at 100 mm throughout the full beam length.
The group included 2 control beams and ten beams with different corrosion characteristics
classified based on the location of the corrosion on the tensile steel bars (full length, mid length
and ends length) and the % of mass loss, which varied between 5% and 22%. Beam B-CR-MC-
10M-5% also had its cover removed over the central region before application of the corrosion
regime. Five beams were tested under static four-point bending with the other seven beams tested

under blast loading.
3.2.2 15M Group

The second beam group included six (6) specimens, which were reinforced with 2-15M
longitudinal bars in tension and 2-10M longitudinal bars in compression (top). U-shaped stirrups
made from 6.3-mm wire were spaced at 100 mm throughout the full beam length. The set included
two control beams without corrosion and four companion beams with different levels of mid-
length corrosion, which varied between 4% and 17% of steel mass loss. Similar to the previous
group, one beam was designed to have both reinforcement corrosion and cover loss over the central
beam region (B-CR-MC-15M-4%). This set included two beams tested under static loading and

four beams tested under dynamic blast loading.
3.2.3 25M Group

The third and final test group consisted of six (6) reinforced concrete beams, which were
constructed with 2-25M longitudinal bars in tension and 2-10M bars in compression (top).
Transverse reinforcement consisted of “minimum” U-shaped stirrups made from 6.3-mm wire
spaced at 100 mm throughout the full length of the specimens. The longitudinal steel and stirrup
design was selected to ensure a shear-to-flexural resistance ratio near 1.0 to study the effect of
corrosion in more shear-dominant beams. The beam classification was related to the amount of
corrosion on the stirrups based on % mass loss of 10-12% (four beams), with two control beams
without corrosion. Three beams were tested statically and the remaining three beams were tested

under blast loading.
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3.3 Materials

This section provides the details of the materials used in this research in terms of concrete mix
design and steel reinforcement stress-strain relationships. The properties of the concrete in terms

of fresh and hardened states are provided in Section 3.4.
3.3.1 Concrete Mix

The same concrete mix design was used for all beams and consisted of water, general use (GU)
Portland cement, fine aggregates (concrete sand), coarse aggregate with a maximum size of 19
mm and 3% salt (NaCl), which was added as a percentage of the cement weight. The quantities of

the different mix components are listed in Table 3-2.

Table 3-2 Concrete mix components

Mix components Quantities

Water 199 kg/m’
GU Cement 410 kg/m’
Coarse aggregate 1099 kg/m?
Fine aggregate 609 kg/m?
Salt 12.3 kg/m?
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3.3.2 Steel Reinforcement Bars

Four types of steel reinforcement were used in this research. The 10M bars with diameter of 11.3
mm and cross-sectional area of 100 mm? were used as compression (top) bars in all beams, and as
tension steel in the “10M group” specimens. The 15M bars with diameter of 16 mm and cross-
sectional area of 200 mm? were used as tension reinforcement in the second group of specimens,
while the 25M bars with diameter of 25.2 mm and cross-sectional area of 500 mm? were used in
the third group. In all cases, smooth steel wire with a diameter of 6.3 mm and cross-sectional area

of 32 mm? was used as transverse reinforcement.

Testing of the 10M, 15M and 6-mm steel coupon samples was conducted using a GALDABINI
SUN 60 Universal Floor Standing Testing Machine as illustrated in Figure 3-2. The 25M steel bar
was not tested due to the limitation in capacity of the testing machine. The properties of the tested
steel bar types are summarized in Table 3-3, including bar diameter and area, yield strain and
strength, ultimate strain and strength and strain at rupture. In addition, the stress-strain curves for

the three bar types and their comparison are shown in Figure 3-3.

Figure 3-2 GALDABINI SUN 60 Universal Floor Standing Testing Machine, Ottawa University
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Table 3-3 Physical and average mechanical properties of steel bars

Steel type dv (mm) Ap (mmz) Eey Yleli‘} (MPa) Eeu Ultlmjl(ze(MPa) Rug:rure
6.3 6.3 32 0.0042 533.69 0.046 617.75 0.058
10M 11.3 100 0.0023 507.61 0.115 658.90 0.136
15M 16 200 0.0029 478.81 0.103 653.30 0.115

dy = Steel bar diameter. Ay = Steel bar area. g., = Yielding strain. f, = Yielding stress. €., = Ultimate strain. f, =
Ultimate stress. . = Rupture strain
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Coupon test Stress-strain curves
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Figure 3-3 Stress-strain curves for each steel bar
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3.4 Construction Procedure

All the twenty-four reinforced concrete beams were built at the University of Ottawa Structures
Laboratory. This procedure included: preparing the wood formwork of the beams, bending the
steel bars, painting the steel bars with epoxy, building the steel bar cages, installing strain gauges,

installing electrical wires for the accelerated corrosion process, casting of the concrete and curing.
3.4.1 Preparation

The wood formwork that was used to cast the beams was built from plywood and each form was
suitable for seven beams. Each formwork had as base a plywood sheet of 4’x 8x1/2”. The interior
and sides of the form were built using plywood sheets of 4’x 8°x3/4” which was cut according to
the height of the beams as illustrated in Figure 3-4. In addition, the sides of the formwork were

supported by two wood studs with dimensions of 27 x 4” x 8.

The steel cages of all the beams were built with 2-10M longitudinal straight steel bars in the
compression zone. In the tension zone, the beams were reinforced with three different types of
longitudinal steel bars (10M, 15M and 25M). The 10M and 15M steel bars were bent at their ends
with 90-degree hooks, while the 25M steel bars were kept straight. The tensile reinforcement was
coated using Plasti Dip (epoxy) coating at different locations (ends and mid-length) as presented
in Figure 3-5 (a) and (b). For the beams with corroded shear reinforcement, the longitudinal
reinforcement in compression and tension zones was isolated using electrical tape to prevent

corrosion as shown in Figure 3-5 (¢).

Transverse reinforcement consisted of U-shaped (open) stirrups made from 6.3-mm wires which
were bent manually as shown in Figure 3-6 (a). These stirrups were spaced at 100 mm throughout
the full length of the specimens. In the 10M and 15M groups, the stirrups were isolated using
electrical tape to target corrosion in the tension reinforcement and avoid corrosion in the stirrups,

as shown in Figure 3-6 (b). Figure 3-7 shows the different steel cages after construction.

Strain gauges were installed at the mid-span of the tensile reinforcement using the following
procedure: 1) the mid-span region of two tension steel bars was prepared (made smooth) using a
manual grinder as shown in Figure 3-8 (a); 2) strain gauges were placed at these locations, as

shown in Figure 3-8 (b); and, 3) the strain gauges were protected using electrical tape, as shown
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in Figure 3-8 (¢). Two types of strain gauges were used; 120-Q gauges were installed on the beams

to be tested statically, while the 350-Q type was used for the beams tested dynamically.

Electrical wires were installed in some steel cages to ensure the accelerated corrosion process. This
was done by placing the electrical wire in the desire location of corrosion on the tensile steel bar,
and this wire was fixed using stainless steel clamps as illustrated in Figure 3-9 (a). For corroded
shear reinforcement, all the stirrups were connected with 6.3-mm wire using welding, and this wire

was connected directly to the power supply using an electrical wire as shown in Figure 3-9 (b).

Prior to casting, the formwork was oiled to allow easy removal of the beams after casting and to
make this form reusable. Plastic chairs with 40-mm height were placed inside the formwork after
oiling to ensure the desired concrete cover. Finally, steel cages were placed inside the formwork

prior to concrete casting.
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Plywood 3/4”

Figure 3-4 Formwork of the beams
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a) Epoxy-coating on the longitudinal
reinforcement ends

b) Epoxy-coating on the longitudinal
reinforcement mid length

c) Isolated steel bars in tension and compression zones

Figure 3-5 Forming steel cages

a) Uninsulated stirrups

b) Insulated stirrups

Figure 3-6 U-shaped stirrups
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c) 25M steel cage

Figure 3-7 Steel cages of the beams
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c) Covering the strain gauges

Figure 3-8 Strain gauges application steps

i
AR
b 12

a) Electrical wire on tensile bar

b) Electrical wire on stirrups

Figure 3-9 Placing electrical wires at different locations on the beams
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3.4.2 Mixing and Curing

A 420-volt electric pan-mixer with capacity of 225 L located in the University of Ottawa Structures
Laboratory was used to mix the concrete of the beams, as shown in Figure 3-10. After mixing, the
concrete was poured in layers inside the formwork, and it was vibrated to ensure uniform concrete
distribution between the steel bars. The remaining concrete for each batch was used to cast concrete
cylinders. The concrete surface in all beams was leveled to ensure the beams had correct
dimensions. After casting, the beams were covered with plastic sheets to ensure proper moisture
conditions. The following day, all the cast beams were removed from the formwork and cured
using wet burlap and plastic sheets over a period of seven days. After this period, the burlap and

plastic sheets were removed and the beams were cured in ambient air until testing.

Figure 3-10 Concrete mixer

3.4.3 Concrete Properties at Fresh State

A standard slump test (ASTM C143/C143M “Standard Test Method for Slump of Hydraulic-
Cement concrete”) was used to obtain the fresh state properties of the concrete mix for all beams.
This test consisted of pouring the fresh concrete mix in three layers inside the metal cone. Each

layer was rodded twenty-five times until the cone was filled. After leveling, the metal cone was
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carefully removed and the slump was measured. Table 3-4 summarizes the slump test values for

each beam. Figure 3-11 shows a sample photo of the slump test procedure.

Table 3-4 Concrete properties at fresh state

Groups Beam ID Concrete type Test type Slump (mm)
CB-10M-0% NC S 91
CB-10M-0% NC D 90

B-FC-10M-13% NC S 91
B-MC-10M-13% NC S 91
B-SC-10M-11% NC S 100

oM B-MC-10M-14% NC S 90
B-MC-10M-11% NC D 91
B-MC-10M-15% NC D 101
B-SC-10M-7% NC D 92
B-FC-10M-12% NC D 100
B-EMC-10M-22% NC D 98
B-CR-MC-10M-5% NC D 100
CB-15M-0% NC S 96
CB-15M-0% NC D 91

15M B-MC-15M-10% NC S 85
B-MC-15M-12% NC D 92
B-EMC-15M-17% NC D 100
B-CR-MC-15M-4% NC D 96
CB-25M-0% NC S 94
CB-25M-0% NC D 90

.y B-SHC-25M-10% NC S 88
B-SHC-25M-12% NC S 99
B-SHC-25M-11% NC D 97
B-SHC-25M-12% NC D 94

NC: Normal concrete, S: Static test, D: Dynamic test.
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Figure 3-11 Sample of slump test

3.4.4 Concrete Properties at Hardened State

Three concrete cylinders with dimensions of 100 mm x 200 mm were casted for each concrete
batch. After end grinding, the cylinder samples were tested in compression using a 1,000-kN
PILOT CONTROL machine to obtain the compressive strength, as shown in Figure 3-12. Table
3-5 summarizes the concrete compressive strength for each beam, where the results represent the
average from three cylinders on the day of beam testing. In some cases, a dual LVDT setup was
used to obtain the entire stress-strain relationship. Figure 3-13 shows a sample concrete stress-
strain curve for normal-strength concrete, and Figure 3-14 shows a typical concrete cylinder after

testing.

o i g e P

Figure 3-12 Cylinder compressive testing
machine
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Table 3-5 Concrete compressive strength (cylinders) for each beam

Concrete | Beam | Compressive strength (MPa)
Croups Beam ID type test type Average at testing day

CB-10M-0% NC S 344
CB-10M-0% NC D 49.5
B-FC-10M-13% NC S 46.9
B-MC-10M-13% NC S 40.6
B-SC-10M-11% NC S 42.3
oM B-MC-10M-14% NC S 38.4
B-MC-10M-11% NC D 42.1
B-MC-10M-15% NC D 31.3
B-SC-10M-7% NC D 36.9
B-FC-10M-12% NC D 40.6
B-EMC-10M-22% NC D 32.9
B-CR-MC-10M-5% NC D 43.2
CB-15M-0% NC S 47.4
CB-15M-0% NC D 44.5
15M B-MC-15M-10% NC S 43.7
B-MC-15M-12% NC D 40.7
B-EMC-15M-17% NC D 39.6
B-CR-MC-15M-4% NC D 44.5
CB-25M-0% NC S 46.4
CB-25M-0% NC D 34.8
.y B-SHC-25M-10% NC S 42.8
B-SHC-25M-12% NC S 41.8
B-SHC-25M-11% NC D 38.6
B-SHC-25M-12% NC D 344

NC: Normal concrete, S: Static test, D: Dynamic test.
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Figure 3-13 Stress-strain curve for concrete Figure 3-14 Concrete cylinder after testing

3.5 Corrosion Acceleration Process

In this research corrosion was accelerated using an impressed current technique. The acceleration
corrosion procedure started by placing the beams in a wooden form/tank, which was sealed with
three layers of plastic sheets and filled with normal tap water, as shown in Figure 3-15. The depth
of water in the tank was approximately 110 mm. Wet sponges were then placed on the top of each
beam, and stainless steel plates, which acted as cathodes, were placed on top of the wet sponges at
the location of intended corrosion. In addition, blocks (loads) were placed on top of the stainless
steel plates to ensure full contact between the stainless steel plates and wet sponges. All the beams
were connected to a power supply, as illustrated in Figure 3-16, at a selected current level to reach
the target mass loss specified in Table 3-1. The reinforcement to be corroded (either tensile
reinforcement or stirrups) was connected to a positive terminal of the power supply to act as anode,
whilst the stainless steel plates were connected to the negative terminal of the power supply to act
as a cathode. The beams were covered with plastic sheets during the accelerated corrosion regime
to keep the concrete cover moist. The current impressed on each beam was calculated from

applying Faraday’s law to the desired reinforcement mass loss, i.e.,
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mS :_.Icorr.t (3-1)

where m; is the mass loss (g), M is the metal molar mass (55.85 g/mol for iron), z is the valence of
the ion formed as a result of iron oxidation (i.e., z= 2 for Fe — Fe’" +2e"), F is Faraday’s constant
(F = 96,485 C/mol), Lo is the corrosion current (A), and ¢ is the time elapsed since corrosion
started (s).. The applied current depended on the location of corrosion and the size of steel bars as
tabulated in Table 3-1. Table 3-6 summarizes the applied currents and corresponding corrosion
rates with the duration of application for each beam obtained from Eq. (3-1). Figure 3-17

illustrates a typical beam after the corrosion process.

st mless steel
@ hode)

Figure 3-15 Beams inside the tank Figure 3-16 Corrosion setup components

Figure 3-17 Typical beam after corrosion process
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Table 3-6 Applied current and corrosion rates with duration of application

Corrosion rate .
Groups Beam ID Current (A) Duration (days)
(nA/cm?)

B-FC-10M-13% 0.42 225 66
B-MC-10M-13% 0.23 439 30
B-SC-10M-11% 0.23 349 43
B-MC-10M-14% 0.18 345 77
B-MC-10M-11% 0.19 366 37

10M
B-MC-10M-15% 0.2 412 66
B-SC-10M-7% 0.26 400 39
B-FC-10M-12% 0.52 287 54
B-EMC-10M-22% 0.16 295 111
B-CR-MC-10M-5% 0.08 148 132
B-MC-15M-10% 0.27 359 111
| B-MC-15M-12% 0.27 348 115

5M
B-EMC-15M-17% 0.17 232 216
B-CR-MC-15M-4% 0.11 143 148
B-SHC-25M-10% 0.44 166 43
B-SHC-25M-12% 0.55 208 67

25M
B-SHC-25M-11% 0.49 186 44
B-SHC-25M-12% 0.59 222 66
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3.6 Experimental Tests Setup

This section describes the experimental test steps that were used in the quasi-static and dynamic

beam tests.
3.6.1 Static Loading Test

The setup shown in Figure 3-18 was used to test all beams under quasi-static four-point bending.
The beams were simply supported over a span of 2,232 mm, with a constant moment region of
750 mm and two equal shear-spans of 741 mm. A manually operated hydraulic jack was used to
apply the loading which was then transferred to the specimens as two point loads using a steel
spreader beam. The load was recorded using a load-cell placed below the hydraulic jack, with
displacement at mid-span captured using a cable displacement transducer. Strains in the
reinforcing bars were monitored using strain gauges, which were applied on the tension steel at
mid-span. Loading of the beams began under load-control with 10-kN incremental loading until
signs of yielding were detected. Upon yielding, loading continued under displacement-control with

5-mm increments until failure of the specimens (concrete crushing or shear collapse).

Tubes for CeII

Hyjdraﬂullc JacE i .‘I. I ‘

Spreader Beam

Figure 3-18 Static load test setup
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3.6.2 Blast Loading Test (Dynamic)
3.6.2.1 Shock Tube

Blast testing was conducted using the shock-tube facility at the University of Ottawa. Figure 3-19
illustrates the main components of the shock-tube which included: a variable length driver section,
a spool section, an expansion section and a rigid-end test frame. The driver section generates the
blast energy, while the firing of the shockwave was controlled using the double-diaphragm spool
section. The rigid-end test frame had a square opening with dimensions of 2 m x 2 m where test
specimens (beams) can be attached. In this research, a load-transfer device was used to collect the
blast energy and transfer it onto the specimens at two points with a four-point loading setup, which
was consistent with the static tests. A typical beam before testing with the blast test setup is shown

in Figure 3-20.
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Figure 3-19 Shock-tube
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Figure 3-20 Typical beam with blast test setup
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3.6.2.2 Lateral Load Transfer Device

A load transfer device (LTD) was used to collect the shockwave pressure at the shock-tube opening
and redirect it onto the beam specimens, since they are not planar and do not cover the entire
opening of the shock-tube. The LTD resulted in the application of blast loading under four-point
bending, which closely matched the loading configuration used in the static testing. The LTD
consisted of two side-by side rigid steel panels (2,032 mm % 1,000 mm) covering the 2 m x 2 m
rigid end test frame square opening, and two I-steel load transfer beams (160 mm x 165 mm X
1,200 mm) which applied the loading as two point loads. To allow for free lateral movement of
the middle portion of the LTD, sliding hinges were provided near the top and bottom supports.

Figure 3-21 presents the lateral load transfer device in detail.

2438 mm

Top Load|Cell

Pressure Relief Vents

Stiffened Front Suppart

Sliding Hinges
Hollow Steel Section Member

Mid-Span LVDT

Load Transfer Beam

Rear Support

Load Transfer Panels Bottom Load Cell

Figure 3-21 Isotropic view of lateral load transfer device (reproduced from Bastami, 2019)
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3.6.2.3 Supports

The blast loading test had the same load configuration as the static loading and similar simply-
supported boundary conditions, which were implemented using the front and rear supports at the
top and bottom beam reaction locations. The front supports consisted of square HSS sections with
dimensions of 152 x 152 x 1,000 mm welded to a circular load cell and tightened using four 19-
mm diameter threaded-steel rods. The rear supports consisted of two square HSS sections with
dimensions of 51 x 51 x 500 mm and 51 x 51 x 440 mm, respectively, which were welded to the

LTD. The support details are illustrated in Figure 3-22.

Rear Support
51 mm x 51 mm x 500 mm

Beam Specimen

Top Load Cell Threaded Steel Rod

Roller Support

— “:ﬁf o
=

Stiffened Front Support
152 mm x 152 mm x 1000 mm HSS

Figure 3-22 Support details (reproduced from Bastami, 2019)
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3.6.2.4 Data Acquisition System

The data for each test was collected using a Yokogawa SL1000 High-Speed Data Acquisition Unit.
The data included strains, displacements, pressure readings and support reactions during the test.

The system had a capacity of recording 100,000 data samples per second.
3.6.2.5 Pressure Sensors

Two PCB Piezotronics Model #112A22 piezoelectric pressure sensors were used to record the
complete blast shock wave pressure time history during each blast test. The two sensors were

located at the bottom and side of the end frame section of the shock-tube.
3.6.2.6 Strain Gauges

The strains in the steel reinforcement were measured using two 350-Q strain gauges with a length

of 6 mm (FLA-6-350-11), which were installed at the mid-span of the tensile steel bars.
3.6.2.7 Linear Variable Displacement Transducer (LVDT)

One LVDT was used to record the displacement time history of the beams during testing. The
LVDT was placed at the mid-span of the beams.

3.6.2.8 High-Speed Video Cameras

The instrumentation during the blast load tests also included two high-speed cameras (AOS
Technology X-PRI), which were located at the front and side of the beams. These two cameras
had the capability of recording the response of the beams at a frame rate of 2,000 frames per
second. In addition to capturing the video response, the software and cameras were capable of
capturing displacements, especially for those shots where the failure was expected to be brittle.
Figure 3-23 compares displacement time histories obtained using the cameras and LVDT; it is

obvious that the cameras provided reliable and accurate results.
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Figure 3-23 Camera validation

3.6.2.9 Testing Procedure

The beams in this study were tested by applying different blast pressures, which were selected

based on the expected moment resistance and corrosion/deterioration properties. In all cases, the

driver was kept constant at 9 ft (2,743 mm), while the driver pressure was increased from 17 psi

to 90 psi based on the beam test group.

The blast sequence for the 10M, 15M and 25M group beams was as follows:

10M group beams: most beams were tested at driver pressures of 17 psi and 50 psi, except

one beam with corrosion at the ends, which was tested with an additional intermediate 35-

psi shot.

15M group beams: most beams were tested at driver pressures of 17 psi and 70 psi, except

for two beams, which were tested under a single blast of 70 psi only.

25M group beams: all beams were tested under one blast of 90 psi.

In general, the intention of applying an initial 17-psi shot was to test the beams under elastic or

near-yield conditions. The remaining shots (50 psi, 70 psi and 90 psi) were applied on the beams

to cause damage up to failure. Figure 3-24 shows an example of typical blast shots for each group
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of beams. Table 3-7 summarizes the shockwave properties for each blast in terms of peak reflected

pressure (P;), positive phase duration (tq) and reflected impulse (I;), as measured under the positive

phase of the pressure time histories.

— Blast 1 (17 psi) — Blast 1 (17 ps?)
60 L —— Blast 2 (50 psi) 80 —— Blast 2 (70 psi)

70 1 .

Pressure (kPa)
Pressure (kPa)

-20 ! ! ! ! ! !
50 0 50 100 150 200 250 300 -50 0 50 100 150 200 250 300
Time (ms) Time (ms)
a) 10M beams group b) 15M beams group
100 T T T T
—— Blast 1 (90 psi)
80 B
‘© 60}
a
=
[}
5 40 |
wn
(%]
o
I 20}
0
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Time (ms)

c) 25M beams group

Figure 3-24 Typical blast shots for each group of beams
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Table 3-7 Blast shots properties

. Average Average
Driver ' Average ..

Driver length reflected Positive

Blast ID pressure () reflected mpulse (I Phase
mm (ft impulse (Ir ;
kPa (psi) pressure (P;) kPa Duration, tq

kPa-msec msec
Blast 1 (10M) 117 (17) 2743 (9) 28.86 248.74 18.84
Blast 2 (10M) | 345 (50) 2743 (9) 60.62 544.30 21.11
Blast 1 (15M) 117 (17) 2743 (9) 26.45 249.42 18.84
Blast 2 (15M) | 483 (70) 2743 (9) 78.87 721.29 22.14
Blast 1 (25M) | 621 (90) 2743 (9) 94.37 918.67 23.63

3.7 Mass Loss Measurement

After static and blast testing, the corroded beams were broken using either a jack hammer or a
manual sledge hammer as shown in Figure 3-25. The corroded steel bar at the target corrosion
location was then cut using a grinder. The steel bar was then cut into smaller pieces with
approximate lengths of 100 mm as shown in Figure 3-26. These pieces were cleaned by following
ASTM G1-03 (2011). The cleaning process was done in the Environmental Civil Engineering
Laboratory at the University of Ottawa. The procedure of cleaning included the following steps:
1) preparing the cleaning tools and materials, which included a small plastic container, plastic
brush, glass container, 500 mL of hydrochloric acid, 500 mL of water and 3.5 g of hexamethylene
tetramine as shown in Figure 3-27; 2) filling the plastic container with 500 mL of water and 500
mL of hydrochloric acid using the glass beaker; 3) adding 3.5 g of hexamethylene tetramine to the
water mixture; 4) mixing the solution using a plastic brush; 5) putting the small pieces of corroded
steel bar inside the container and leaving them for 10 minutes before cleaning; 6) cleaning each
small piece of corroded steel with the brush and water as shown in Figure 3-28; 7) weighting each
small piece of corroded steel bar using the balance; and, 8) calculating the mass loss for each small
piece of corroded bar by subtracting the original weight from the new weight after corrosion.

Figure 3-29 shows a corroded steel bar after cleaning.
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Figure 3-26 Corroded steel bar before
cleaning

Figure 3-27 Tools and materials for steel bar
cleaning

Figure 3-29 Corroded steel bar after cleaning
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Chapter 4: Experimental Results: Details Results from the Static Tests

4.1 Introduction

This chapter presents the detailed experimental results of the ten beams which were tested in the

experimental program under static loading. The following data was collected for each beam:
e The load-deflection response;
e The load vs tensile strain in the longitudinal steel reinforcement (when available);
e The maximum flexural and shear crack-widths as a function of load or displacement, and;
e Photographs at key load stages.
In addition, the following key parameters are extracted from the static load-deflection curves:
e The load and displacement at yielding (Py, Ay);
e The beam stiffness after cracking (K)
e The maximum load (Pmax)
e The post-peak displacement corresponding to 85% of Pmax (Ass)
e The maximum displacement at failure or end of testing (Amax)
e The ductility (in terms of Ags/Ay and Amax/Ay)

e The toughness Auss and Aumax (defined as the area under the load-deflection curve until

Asgs and Amax) and the failure mechanism.

A visual representation of the different variables is shown in Figure 4-1.

80



80 T T T T T T -

Load (kN

0 20 40 60 80 100 120 140
Displacement (mm)

A: load corresponding to yielding of specimen;
B: maximum load revisited by the specimen;
C: load corresponding to 85% of the peak load;
D: failure of specimen;

E: displacement at failure;

F: displacement corresponding to when load reached
85% of peak load;

G: displacement at yield;

Aoascr or Aoascpe toughness or area under the curve
(shaded in grey).

Figure 4-1 Key static test load-deflection parameters

4.2 Summary of Results

A total of ten (10) reinforced concrete beams were tested, including five (5) beams in the 10M

group, two (2) beams in the 15M group and three (3) beams in the 25M group. The results for all

beams in terms of load-deflection response are presented in Figure 4-2 and Table 4-1. Section 4.3

presents the detailed results of all beams, beginning with the control beam and followed by the

corroded specimens in each of the 10M, 15M and 25M groups. The next chapter provides a

comparison and discussion of these results.
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Figure 4-2 Experimental results for all beams in the 10M, 15M and 25M groups
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Table 4-1 Key load-deflection results for all beams

Load (kN) Displacement (mm) Stiffness Ductility Toughness .
(kN-mm) Failure
Beam ID K A A Mechanism
Py | Pum Ay Ass Anmax (N/mm) =8 max Auss Amax
Ay Ay
CB-10M-0% 54 61 11 90 120 4,836 8 11 4,881 6,525 Concrete
crushing
B-MC-10M-13% 48 52 10 42 66 4,638 4 6 1,896 3,323 Flexural
failure
B-MC-10M-14% 49 53 11 35 71 4,366 3 6 1,562 4,605 Rebar rupture
B-SC-10M-11% 50 57 8 49 121 5,981 6 14 2,444 6,247 Flexural
failure
B-FC-10M-13% 48 53 10 54 140 4,767 5 14 2,532 7,154 Rebar rupture
CB-15M-0% 106 | 110 17 51 82 6,136 3 5 4,544 8,817 Concrete
crushing
B-MC-15M-10% 82 87 14 25 4 5,639 2 3 1,506 4,079 Flexural
failure
CB-25M-0% - 190 - 25 84 - - - 3,017 8,635 Shear failure
B-SHC-25M-10% - 198 - 19 64 - - - 2,462 6,000 Shear failure
B-SHC-25M-12% - 202 ; 19 60 - : - 2,715 3,873 Shear failure
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4.3 Detailed Experimental Results
4.3.1 10M Group

The 10M group included five beams which were doubly-reinforced with 2-10M bars in tension
and compression (top bars). In all cases, transverse reinforcement consisted of U-shaped stirrups
made from 6.3-mm wire spaced at 100 mm throughout the beam span. Corrosion was applied on

the 10M tension bars at different locations including: middle span, end spans and full span.
4.3.1.1 10M: Control (0% mass loss) (CB-10M-0%)

Beam CB-10M-0% serves as the reference (control) beam in the 10M group. The results in terms
of the load-deflection response, tensile strain readings, and maximum crack-widths (in flexure and
shear) are presented in Figure 4-3 and Figure 4-4 . Figure 4-5 shows key load stages in the beam

response. A summary of key load and displacement results is provided in Table 4-2.

The yield strength for this beam occurred at a load of 54 kN and a displacement of 11 mm. The
maximum load of 61 kN was recorded at a displacement of 59.4 mm. The displacement at the end
of testing reached 120 mm (limitation of the testing device) with the beam showing a residual
capacity of 55 kN. The failure displacement based on 0.85Pmax (Ass) was 90 mm. This beam
experienced a ductile flexure failure with significant yielding of the longitudinal bars in tension
prior to crushing of the concrete. Failure was associated with crushing of the concrete in the

compression zone in the mid-span region.

Table 4-2 : Key results: CB-10M-0%

. . Toughness
Load (kN Displacement (mm i Ductilit
(kN) P (mm) Stiffness y (KN-mm) Failure
K Ags Amax Mechanism
P y Piax Ay Ags Amax (N/ mm) - —_— Augs AUmax
A, A,
54 | 6l 1 90 120 4,836 8 1 4881 | 6525 | conerete
crushing
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Figure 4-3 Experimental results: Load-displacement response (CB-10M-0%)
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Figure 4-4 Experimental results: strains and crack widths (CB-10M-0%)
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Experimental Parameters

Description

Load Stage

Load (kN)

Mid-Span Deflection (mm)

20

2.5

First hairline cracks appear
in the flexural zone

Mid-Span Deflection (mm)

25

3.6

First hairline cracks appear
in the shear zone

Load Stage

Load (kN)

Mid-Span Deflection (mm)

11

53.5

11

Steel reinforcement
yielding

Load Stage

Mid-Span Deflection (mm)

20

61.3

Concrete at the
compression zone started
crushing

Mid-Span Deflection (mm)

26

55

120

A o

Concrete crushed at the
compression zone and
failed in flexure
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Figure 4-5 Main events during testing (CB-10M-0%)




4.3.1.2 10M: Mid-span corrosion — 13% mass loss (B-MC-10M-13%)

The second beam in the 10M group was subjected to corrosion over a length of 750 mm in the
mid-span region. The target mass loss was 15%. After testing, the actual average mass loss was
determined to be 13%. Considering all extracted samples, the maximum mass loss was 17% as

shown in Figure 4-6.

Figure 4-7 shows the condition of the beam prior to testing. It was observed that the corrosion
resulted in staining of the concrete surface and cracking over the length of the beam. The cracks

were mainly horizontal near the tension and compression steel reinforcement.

The test results in terms of load-deflection response and maximum crack-widths are presented in
Figure 4-8 and Figure 4-9. The important events are shown in Figure 4-10. A summary of key

results is presented in Table 4-3.

The beam showed a yield strength of 48 kN at a displacement of 10 mm. The maximum load
reached 52 kN at a displacement of 34 mm. The final displacement for this test was 66 mm with
the beam showing a residual capacity of 46.68 kN (it was noted that the test was stopped due to
the malfunction of the loading device). The failure displacement corresponding to 0.85Pmax (Ass)
occurred at 42 mm. Although the beam did not show a brittle failure, the corrosion of the steel
reinforcement led to reductions in the maximum load, stiffness, ductility and toughness when
compared to the control beam. In addition, the corrosion process increased the crack widths which
resulted in more severe (and random) cracking at equivalent load stages. The beam experienced
significant crushing/spalling of the top cover concrete cover in the mid-span compression zone

with the development of very large cracks in the tension zone.

Table 4-3 : Key results: B-MC-10M-13%

. . Toughness
Load (kN Displacement (mm i Ductilit

(kN) p (mm) Stiffness y (KN-mm) Failure
K Ags Amax Mechanism

Py Pinax Ay Ass Amax | (N/mm) — —_— Augs AUmax

A, A,

48 | 521 | 104 | 424 | 66 4,638 4.1 6.4 1,896 | 3,323 Flexural
failure
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Figure 4-6 Mass loss distribution along the middle length of the tensile bars (B-MC-10M-13%)

Figure 4-7 Cracking in the beam before testing (B-MC-10M-13%)

88



— B-MC-10M-13%

70 B L14: Concrete crushing in ]
compression zone

L19:Test stopped

60 = L8: Rebar yielding

Load (kN)

L3: First hairline cracks

/4 in shear zone ]

L2: First hairline cracks
in flexural zone ]

0 10 20 30 40 50 60 70 80
Displacement (mm)

Figure 4-8 Experimental results: load-displacement response (B-FC-10M-13%)

50 ———r——————————————— 50
45 E 45 i
I *oo ¥ ] S o ¥
40 i * ......... R * 1 40 : *** .......
B K ] 3B
~ 30} *'. = 30: *l
S I s
> 250 % S 25| *
8 o 8 i
J 20« Jd 20 %
15 [ ] 15
10 ,; : 10;'&.
59; : 5%
0 L 1 0 L L L L L L L L
0 08 16 24 32 4 48 56 64 7.2 8 0 0.5 1 15 2
Crack width (mm) Crack width (mm)
a) Maximum flexural cracks b) Maximum shear cracks

Figure 4-9 Experimental results: crack widths (B-MC-10M-13%))

&9




Experimental Parameters Description
Load Stage Load (kN) Mid-Span Deflection (mm)
2.3 12, 18 0.95, 2 o
First hairline

cracks appear in
the flexural and
shear zones

Load Stage Load (kN) Mid-Span Deflection (mm)
8 48 10.3
Steel
reinforcement
yielding
Load Stage Load (kN) Mid-Span Deflection (mm)
14 51.1 34 ) CraCkS widths
increased at the

tension zone and
concrete starts
crushing at
compression
zone

Load Stage Load (kN) Mid-Span Deflection (mm)

19 48.5 66

Top concrete
cover spalls with
large cracks in
the tension zone
(test stopped)

Figure 4-10 Main events during testing (B-MC-10M-13%)
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4.3.1.3 10M: Mid-span corrosion — 14% mass loss (B-MC-10M-14%)

The third beam in the 10M group was subjected to corrosion over its mid-span region over a length
of 750 mm. The target mass loss for the 10M reinforcement was 30%. After testing, the actual
average mass loss on the bars was determined to be 14%; however, the mass loss in some of the

extracted bar samples reached 23% and 20% as shown in Figure 4-11.

Prior to beam testing, the beam showed signs of corrosion-induced cracking and damage over its
length, with the main type of cracks corresponding to horizontal cracking at the level of the

longitudinal bars in the tension and compression zones as shown in Figure 4-12.

The results in terms of load-deflection response and maximum crack-widths responses are
presented in Figure 4-13 and Figure 4-14, respectively. In addition, the main events during testing

are shown in Figure 4-15. Results for this beam are also summarized in Table 4-4.

This beam reached a yield strength of 49 kN at a displacement of 11 mm. The maximum load was
53 kN and occurred at a displacement of 33 mm. Considering the 85% drop in load capacity, the
beam reached 0.85Pmax (45 kN) at a displacement Ags = 35 mm. A more sudden drop in load
occurred at a displacement of 71 mm due to rupture of the 10M reinforcement. As a result, the
beam showed lower ductility and a more brittle failure mode when compared to the control
specimen. In addition, the beam also showed reductions in maximum load, stiffness and overall
toughness when compared to the control specimen. The corrosion also affected the cracking
process both in terms of crack widths (larger flexural cracks at equivalent stages) and crack
patterns, with a more random crack distribution as shown in Figure 4-15. In addition to the more
sudden bar rupture failure, concrete damage in terms of crushing and spalling was also more

significant in the corroded beam as shown in Figure 4-16.

Table 4-4 : Key results: B-MC-10M-14%

. . Toughness
Load (kN Displacement (mm i Ductilit
(kN) P (mm) | Stiffness y (KN-mm) Failure
K Ags Arax Mechanism
l)y Pinax Ay Ags Amax (N/mm) - — Augs Aumax
A, A,
Rebar
49 53 11 35 71 4,366 3.1 6.3 1,562 4,605
rupture
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Figure 4-11 Mass loss distribution along the middle length of the tensile bars (B-MC-10M-14%)

Figure 4-12 Cracking in the beam before testing: B-MC-10M-14%
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Figure 4-14 Experimental results: crack widths (B-MC-10M-14%)
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Experimental Parameters

Description

Load Stage

Load (kN)

Mid-Span Deflection (mm)

4
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First hairline

cracks appear

in the flexural
and shear zones
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Figure 4-15 Main events during testing (B-MC-10M-14%)




Figure 4-16 Bar rupture and concrete damage at the end of testing (B-MC-10M-14%)
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4.3.1.4 10M: End/Side corrosion — 11% mass loss (B-SC-10M-11%)

The fourth beam in the 10M group was subjected to corrosion of the steel reinforcement in both
shear regions. The target mass loss was 15% for both ends. After testing, the actual average mass
loss was determined to be 11%, although the mass loss of the individual extracted bar samples

reached 16-17% at some locations (see Figure 4-17).

Figure 4-18 shows the condition of the beam prior to testing. It was observed that the corrosion
led to staining of the concrete surface and concrete cracking, with the formation of horizontal
cracks at the level of the longitudinal steel reinforcement. The cracking was more significant in

the end shear spans.

The results in terms of load-deflection response and maximum crack-widths are presented in
Figure 4-19 and Figure 4-20, respectively. The main events during testing are shown in Figure

4-21. Table 4-5 summarizes the key results from the test.

The yield strength of the beam occurred at a load of 50 kN and a displacement of 8§ mm, while the
maximum strength reached 57 kN at a displacement of 43.5 mm. The displacement at the end of
testing was 121 mm with the beam maintaining a residual capacity of 55 kN. The displacement
corresponding to 0.85Pmax (Ass) was 49 mm. The beam showed reduced peak strength, ductility
and toughness when compared with the control specimen. The corrosion process also led to an
increase in crack widths at equivalent load stages with more random cracking. As shown in Figure
4-21, the beam experienced failure of the cover concrete cover in the compression zone with the

development of large crack widths in the tension zone at failure.

Table 4-5 : Key results: B-SC-10M-11%

. . Toughness
Load (kN Displacement (mm i Ductilit

(kN) P (mm) Stiffness y (KN-mm) Failure
K Ags Ao Mechanism

P y Pinax Ay Ags Amax (N/ mm) - — Augs AUmax

4, A,

s0 | 57 | 83 | 49 121 5,981 6 14.4 2444 | 6247 Flexural
failure
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Figure 4-18 Cracking in the beam before testing (B-SC-10M-11%)
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Figure 4-19 Experimental results: load-displacement response (B-SC-10M-11%)
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Figure 4-20 Experimental results: crack widths (B-SC-10M-11%)
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Experimental Parameters Description
Load Stage Load (kN) Mid-Span Deflection (mm)
3 15 1.2
First hairline

cracks appear in
the flexural zone

Load Stage Load (kN)

5 25 3

First hairline
cracks appear in
the shear zone

Load Stage

11 50 8.3

Steel
reinforcement
yielding

Load Stage Load (kN)
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Concrete at the
compression
zone starts
crushing

Load (kN) Mid-Span Deflection (mm)

25 54.5 121

T — e ERA N

Concrete spalled
at the
compression
zone with large
cracks in the
tension zone

Figure 4-21 Main events during testing (B-SC-10M-11%)
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4.3.1.5 10M: Full length Corrosion - 13% mass loss (B-FC-10M-13%)

The final beam in the 10M group was subjected to corrosion of the tension steel reinforcement
over the entire beam length. The target mass loss for the 10M bars was 15%. After testing, the
actual average mass loss on the bars was determined to be 13%. Considering all extracted bar
samples, the maximum and minimum mass loss values were 27% and 6%, respectively (see Figure

4-22).

The condition of the beam prior to testing is shown in Figure 4-23. The beam showed corrosion-
induced cracking and damage over its entire length, with horizontal cracks at the level of the

longitudinal bars in the tension zone.

The results in terms of load-deflection response and crack widths are presented in Figure 4-24 and
Figure 4-25, respectively, while the main events at different load stages are shown in Figure 4-26.

Table 4-6 provides a summary of the key test results.

The yield strength of 48 kN occurred at a displacement of 10 mm, while the maximum load of 53
kN was recorded at a displacement of 50 mm. The displacement corresponding to 85% drop in
load capacity (0.85Pmax = 45 kN) occurred at a displacement of 54 mm. Prior to failure, the cover
in the mid-span tension region began to show signs of spalling, with debonding at the level of the
tension steel bars. Eventually the beam experienced a sudden drop in load capacity at a
displacement of 140 mm due to rupture of the tension steel bars. In addition to the brittle failure,
the beam also showed a reduction in maximum load, stiffness, ductility and toughness when

compared with the control specimen.

Figure 4-27 shows a close-up of the beam damage which was associated with beam collapse and

spalling of the concrete cover over the mid-span region.

Table 4-6 : Key results: B-FC-10M-13%

. . Toughness
Load (kN) Displacement (mm) : Ductility
Stlflféless (kN-mm) Failure
A A Mechanism
Py | Puax | Ay | Ass | A | (Wmm) | (55 ) | Augs | At
A, A,
48 53 10 54 140 4,767 5.4 14 2,532 | 7,154 | Rebar rupture
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Figure 4-22 Mass loss distribution along the entire length of the tensile bars (B-FC-10M-13%)

Figure 4-23 Cracking in the beam before testing (B-FC-10M-13%)
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Figure 4-24 Experimental results: load-displacement response (B-FC-10M-13%)
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Figure 4-25 Experimental results: crack widths (B-FC-10M-13%)
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Experimental Parameters

Description

Load Stage Load (kN) Mid-Span Deflection
(mm)
2 15 1.1

First hairline cracks
appear in the flexural
and shear zones

Load Stage Load (kN) Mid-Span Deflection
(mm)
10 48.15 10.1

Steel reinforcement
yielding

Load Stage Load (kN) Mid-Span Deflection
(mm)
14 44 55.3

Losing bond between
concrete cover and
reinforcement and

concrete starts
crushing at
compression zone

Load Stage Load (kN) Mid-Span Deflection
(mm)
19 14.5 152

Beam splits into two
with severe spalling on
the concrete cover and

rebar rupture in the
tension zone

Figure 4-27 Beam collapse with severe spalling and bar rupture (B-FC-10M-13%)
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4.3.2 15M group

This group consists of two beams which were doubly-reinforced with 2-15M bars in tension and
2-10M in compression (as top bars). In all cases, transverse reinforcement consisted of U-shaped
stirrups made from 6.3-mm wire spaced at 100 mm throughout the full beam span. Corrosion was

applied on the 15M bars over the mid-span region for one of the beams.

4.3.2.1 15M: Control (0% mass loss) (CB-15M-0%)

Beam CB-15M-0% was the first beam tested in the 15M group and serves as the reference beam
in this group. The test results in terms of load-deflection response, tensile strains, and maximum
flexural and shear crack-widths are presented in Figure 4-28 and Figure 4-29. Furthermore, main

events during testing are shown in Figure 4-30. Table 4-7 summarizes the test results.

The test results show that the yield strength of this specimen occurred at a load of 106 kN at a
displacement of 17 mm, while the maximum load of 110 kN was recorded at a displacement of
31.8 mm. The failure displacement based on 0.85Pmax (Ags) was 51 mm. The beam showed a
sudden drop in capacity due to concrete crushing with a final displacement of 82 mm. This
specimen experienced a ductile flexure failure with significant yielding of the longitudinal bars
prior to crushing of the concrete in the compression zone. This failure was also associated to severe

buckling of the top longitudinal bars in the mid-span compression zone (see Figure 4-30).

Table 4-7 : Key results: CB-15M-0%

. . Toughness
Load (kN Displacement (mm i Ductilit
(kN) P (mm) Stiffness y (KN-mm) Failure
K Ags Anax Mechanism
Py Pmax Ay Ag 5 Amax (N/ mm) —_— e AUg 5 Aumax
A, A,
Severe concrete
106 110 17.2 | 50.5 82 6,136 3 5 4,544 | 8,817 crushing and
buckling
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Figure 4-28 Experimental results: load-displacement response (CB-15M-0%)
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Figure 4-29 Experimental results: strains and crack widths (CB-15M-0%)
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Experimental Parameters

Description

Load Stage

Load (kN)

Mid-Span Deflection (mm)

4

20

3

First hairline cracks
appear in the flexural
and shear zones

Load Stage

Load (kN)

Mid-Span Deflection (mm)

21

106

17.2

Rebar yielding

Load Stage

Load (kN)

23

102.4

40.3

Concrete starts
crushing in
compression zone

Mid-Span Deflection (mm)

28

37

100

Significant flexural
failure associated with
crushing of concrete
and buckling of the
longitudinal bars in the
compression zone
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4.3.2.2 15M: Mid-span corrosion — 10% mass loss (B-MC-15M-10%)

The second beam in the 15M group was subjected to corrosion of the 15M bars over 750 mm in
the mid-span region. The target mass loss was 30%. After testing the actual average mass loss was
found to be 10%. Considering all extracted bar samples, the maximum mass loss did not exceed

13% (see Figure 4-31).

Figure 4-32 shows the condition of the beam prior to testing. The beam showed signs of staining
and concrete cracking over its length. The main types of cracking were horizontal at the level of
the tension and compression longitudinal reinforcing bars. These effects were mainly concentrated

in the mid-span constant moment region.

The results in terms of load-deflection response, tensile strain measurements and maximum crack-
width response are shown in Figure 4-33 and Figure 4-34, respectively. The main events during
testing are presented in Figure 4-35. Table 4-8 provides a summary of the key results from the

test.

The beam reached its yield strength of 82 kN at a displacement of 14.4 mm. The maximum strength
of 87 kN occurred at a displacement of 23 mm. The displacement based on 0.85Pmax (Ass) was 25
mm. A major drop in load occurred at a displacement of 42 mm due to the effects of corrosion. In
addition to the more brittle failure, the beam showed reductions in maximum load, stiffness,

ductility and toughness when compared to the control specimen.

The corrosion of the steel reinforcement affected the cracking process in terms of crack widths and

cracking patterns, with more random crack distribution as shown in Figure 4-35.

Figure 4-36 shows that the flexure failure was associated with severe buckling of the longitudinal

bars in the compression zone and severe spalling of the concrete cover.

Table 4-8 : Key results: B-MC-15M-10%

. o Toughness
Load (kN Displacement (mm i Ductilit
(kN) P (mm) | Stiffness y (KN-mm) Failure
K Ags Apax Mechanism
1)y Prnax Ay A85 Amax (N/mm) ~ A Au85 Aumax
A, A,
Significant
82 87 14.4 25 42 5,639 1.7 3 1,506 4,079 buckling and
spalling
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Figure 4-31 Mass loss distribution along the middle length of the tensile bars (B-MC-15M-10%)

Figure 4-32 Cracking patterns of the beam before testing (B-MC-15M-10%)
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Figure 4-33 Experimental results: load-displacement response (B-MC-15M-10%)
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Figure 4-34 Experimental results: strains and crack widths (B-MC-15M-10%)
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Experimental Parameters Description

Load Stage Load (kN) Mid-Span Deflection
(mm)
5 24 3.5

First hairline cracks appear in
the flexural and shear zones

Load Stage Load (kN) Mid-Span Deflection
(mm)
16 81.5 14.5

Rebar yielding

Load Stage Load (kN) Mid-Span Deflection
(mm)
18 79 25.6

Concrete starts crushing in the
compression zone

Load Stage Load (kN) Mid-Span Deflection
(mm)
25 _ 8 7 Significant flexural failure

associated with buckling of
longitudinal bars in the
compression zone, with severe
spalling of cover concrete

Figure 4-36 Severe buckling and spalling (B-MC-15M-10%)
110




4.3.3 25M Group

The 25M group included three beams which were built with 2-25M bars in tension and 2-10M bars
in compression (as top bars). The increased tensile steel ratio was intended to increase the shear
demands in this beam series. In all cases, transverse reinforcement consisted of U-shaped stirrups
made from 6.3-mm wire spaced at 100 mm throughout the full beam span, which corresponds to
the minimum required by the CSA A23.3-14 standard (i.e., s = d/2). The corrosion process in this

series was on the transverse reinforcement throughout their spans.

4.3.3.1 25M: Control — 0% mass loss (CB-25M-0%)

Beam CB-25M-0% was the reference beam in the 25M group. The test results in terms of load-
deflection response, strains, and crack-widths are presented in Figure 4-37 and Figure 4-38,
respectively. Figure 4-39 shows the main events during the test. Key results are summarized in

Table 4-9.

The results show that this beam reached a maximum load of 190 kN at a displacement of 18 mm.
Soon after reaching the peak load, the beam showed a steady drop in load-carrying capacity,
reaching an ultimate displacement of 84 mm at the end of testing, with a residual load of 61 kN.
Considering 0.85Pmax, the failure displacement Ags was 25 mm. Although the tension steel just
reached yielding, this specimen experienced a gradual shear failure, with concrete crushing and
diagonal shear cracking in the right shear span. This failure was also associated with buckling of
the top longitudinal bars in the compression zone in the shear-span region, as shown in Figure

4-40.

Table 4-9 : Key results: CB-25M-0%

. . Toughness
Load (kN Displacement (mm ; Ductilit
(kN) p (mm) Stiffness Y (kN-mm) Failure
K Ags Amax Mechanism
Py Pnax Ay Ag 5 Amax (N/ mm) —_— AU3 5 Aumax
a, A,
- 190 - 25 84 - - - 3,017 8,635 Shear failure
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Figure 4-37 Experimental results: load-displacement response (CB-25M-0%)
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Figure 4-38 Experimental results: crack widths (CB-25M-0%)
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Experimental Parameters

Description

Load Stage

Load (kN)

Mid-Span Deflection (mm)

4

20

1.9

First hairline cracks
appear in the flexural
and shear zones

Load Stage

Load (kN)

Mid-Span Deflection (mm)

28

183.3

18.8

Rebar yielded suddenly
associated with
significant shear cracks
and concrete crushing
in compression zone

Load Stage

Load (kN)

34

57.2

84.5

f
—

T ~ —

Significant shear failure
associated with
significant buckling of
longitudinal bars in
compression zone

Figure 4-39 The main events during testing (CB-25M-0%)

Figure 4-40 Buckling of top bars in shear span region (CB-25M-0%)
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4.3.3.2 25M: Shear corrosion — 10% mass loss (B-SHC-25M-10%)

Beam B-SHC-25M-10% had the same properties as the control beam, but was subjected to
corrosion of the U-shaped stirrups throughout its span. The corrosion process aimed for a mass
loss of 15% in the stirrups. The actual average mass loss was 10%, with a maximum mass loss not

exceeding 17% over the length of the extracted stirrups as shown in Figure 4-41.

Before testing, the beam showed clear signs of corrosion in terms of staining of the concrete
surface and cracking over its length and depth, particularly at the stirrup locations as shown in
Figure 4-42. The primary cracks before testing consisted of vertical cracks coinciding with the

location of the stirrups.

Figure 4-43 and Figure 4-44 show the results in terms of load-deflection response, tensile strains
and maximum crack-widths, respectively. Key events during testing are presented Figure 4-45. A

summary of results is provided in Table 4-10.

The maximum capacity of this beam reached 198 kN at a displacement of 19 mm, which was
slightly higher than that of the control specimen. Shortly after reaching its peak strength, the load
dropped suddenly to 125 kN, after which the beam showed a more gradual decrease in capacity.
The displacement at the end of the test was 64 mm. Compared to the control, the beam showed
lower toughness (area under the load-deflection curve). Furthermore, the corrosion process
increased the cracks widths during the test and resulted in a more random cracking pattern. The
shear failure was associated with concrete crushing at the point load location and buckling of the
top longitudinal reinforcement in the compression zone in the right shear-span region (see Figure

4-46). Moreover, the beam showed loss of the side concrete in the failure region.

Table 4-10 : Key results: B-SHC-25M-10%

Tough
Load (kN) Displacement (mm) | Syiffness Ductility (](:Ilif rrrll :)S Eail
ailure
K .
A A Mechanism
PY Prax Ay Ass Amax (N/mm) <i5) < max) Augs AUmax

A, A,

- 198 - 19 64 - - - 2,462 6,000 Shear failure
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Figure 4-41 Mass loss distribution along the stirrups in shear span (B-SHC-25M-10%)

Figure 4-42 Cracking in the beam before testing (B-SHC-25M-10%)
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Figure 4-43 Experimental results: load-displacement response (B-SHC-25M-10%)
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Figure 4-44 Experimental results: strains and crack widths (B-SHC-25M-10%)
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Experimental Parameters Description

Load Stage Load (kN) Mid-Span Deflection (mm)

11 55 44

First hairline cracks

appear in the flexural
zone

Load Stage Load (kN) Mid-Span Deflection (mm)

13 65 52

First hairline cracks
appear in the shear zone

Load Stage Load (kN) Mid-Span Deflection (mm)

23 1 15 9' Significant shear cracks

appear and concrete
starts crushing in
compression zone

~—

Load Stage Load (kN) Mid-Span Deflection (mm)

44 32.1 64.3

Significant shear failure

associated with
significant buckling of
longitudinal bars in
compression zone

Figure 4-45 Main events during testing (B-SHC-25M-10%)

—

Figure 4-46 Buckling of the longitudinal bars and loss of side cover (B-SHC-25M-10%)
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4.3.3.3 25M: Shear corrosion — 12% mass loss (B-SHC-25M-12%)

The final beam in the 25M group had the same properties as the control specimen, but was
subjected to corrosion of the U-shaped stirrups throughout the beam span. The corrosion process
aimed at producing a mass loss of 30% in the stirrups. The actual average mass loss was 12%,
which was lower than the 30% target, with a maximum mass loss not exceeding 22% at any one

location over the length of the extracted stirrups as shown in Figure 4-47.

Prior to beam testing, the beam showed clear signs of corrosion in terms of staining and concrete
cracking over its length and depth, particularly at the stirrup locations as shown in Figure 4-48.
The cracks before testing consisted of horizontal cracks at the locations of the longitudinal bars in

tension and compression and also, vertical cracks at the stirrups.

The results in terms of load-deflection response, tensile strain measurement and maximum crack-
widths responses are presented in Figure 4-49 and Figure 4-50, respectively. In addition, the main

events during testing are shown in Figure 4-51. Key results are also summarized in Table 4-11.

The beam reached a maximum capacity of 202 kN at a displacement of 19 mm. After its peak
strength, the load dropped suddenly with a residual strength of 37 kN. The final displacement at
the end of testing was 60 mm. In addition to the more brittle shear failure, the beam showed lower
toughness (area under the load-deflection curve) when compared to the control. Moreover, the
corrosion process increased the cracks widths during the test and resulted in a more random
cracking pattern. Similar to the previous beam, the shear failure was associated with concrete
crushing at the point load location and buckling of the top longitudinal reinforcement in the
compression zone in the right shear-span region. Moreover, in addition to the diagonal cracking,
the beam experienced loss of the side concrete cover in this region. As shown in Figure 4-52, the

damage was also associated with rupture of the corroded transverse reinforcement.

Table 4-11 : Key results: B-SHC-25M-12%

. o Toughness
Load (kN) Displacement (mm) : Ductility
Stlfgess (kN-mm) Failure
A A Mechanism
1)y Prnax Ay ASS Amax (N/mm) % = Au85 Aumax
A, A,
- 202 - 19 60 - - - 2,715 3,873 Shear failure
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Figure 4-47 Mass loss distribution along the stirrups in shear span (B-SHC-25M-12%)

Figure 4-48 Corrosion-induced cracking in the beam before testing (B-SHC-25M-12%)
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Figure 4-50 Experimental results: strains and crack widths (B-SHC-25M-12%)
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Experimental Parameters

Description

Load Stage

Load (kN)

Mid-Span Deflection (mm)

45

4

9
R

First hairline
cracks appear in
the flexural zone

Load Stage

Load (kN)

Mid-Span Deflection (mm)

10

50

4

First hairline
cracks appear in
the shear zone

Load Stage Load (kN) Mid-Span Deflection (mm)
31 190 17 Rebar yielding
with significant
shear cracks
appear
Load Stage Load (kN) Mid-Span Deflection (mm)
32 37 25
Load drops
suddenly with
spalling of the

concrete cover

Load Stage

Load (kN)

Mid-Span Deflection (mm)

36

16

60

Y a

A

Significant shear
failure associated
with rupture of
stirrups and
crushing of
concrete cover

Figure 4-51 Main events during testing (B-SHC-25M-12%)
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Figure 4-52 Rupture of stirrups and severe concrete damage (B-SHC-25M-12%)
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Chapter 5: Discussion of Static Results

5.1 Chapter Overview

This chapter discusses the effects of test parameters on the reinforced concrete beams tested
statically under four-point bending. These parameters were examined by comparing the maximum

strength, maximum displacement, stiffness, ductility, toughness, and failure mode of the beams.
The parameters discussed in the following sections include:

e Effect of mid-span corrosion:
o 10M group: CB-10M-0% vs B-MC-10M-14% vs B-MC-10M-13%
o 15M group: CB-15M-0% vs B-MC-15M-10%

e Effect of end-span corrosion:

o 10M group: CB-10M-0% vs B-SC-10M-11%

e Effect of full-span corrosion:

o 10M group: CB-10M-0% vs B-FC-10M-13%

e Effect of corrosion location (mid, end and full span):

o 10M group: B-MC-10M-13% vs B-SC-10M-11% vs B-FC-10M-13%

e Effect of shear corrosion and mass loss in stirrups:

o 25M group: CB-25M-0% vs B-SHC-25M-10% vs B-SHC-25M-12%
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5.2 Effects of mid-span corrosion
5.2.1 10M group: CB-10M-0% vs B-MC-10M-14% and B-MC-10M-13%

The results of beams CB-10M-0%, B-MC-10M-14% and B-MC-10M-13% were compared to
examine the effect of corrosion of the tension steel in the mid-span region on the flexural response
of the beams in the 10M group. All beams had identical design properties, which included 2-10M
bars in tension and compression with U-shaped stirrups at 100 mm throughout the span. Beams B-
MC-10M-14% and B-MC-10M-13% were subjected to corrosion of the 10M tension bars over the
central 750-mm mid-span region, with an actual average mass loss of 14% and 13%, respectively.
Figure 5-1 compares the beam load-deflection responses, while photos of the beams at failure are

shown in Figure 5-2. Figure 5-3 compares key response parameters in a bar chart format.

It was observed that the corrosion affected all aspects of beam flexural behaviour under static
loading. Examining the effect on strength, the maximum and yield strengths of beam B-MC-10M-
14% showed reductions of 13% and 9%, respectively, when compared to beam CB-10M-0%. The
reduction in strength can be explained by the reduction in tension reinforcement area due to
corrosion. The corroded beam also showed a reduction of 10% in stiffness. Similar reductions in

strength and stiffness were observed in beam B-MC-10M-13%.

Testing of beam B-MC-10M-13% was ended early; however, the ductility and failure mode can
be compared for the remaining two beams. Beam B-MC-10M-14% showed a reduction of 41% in
maximum displacement when compared to the control beam, with a sudden drop in capacity at A
=71 mm due to rupture of the 10M tension bars. In comparison beam CB-10M-0% continued to

carry significant load up to the end of testing at A = 120 mm.

Considering 0.85Pmax, the ductility (Ass/Ay) and toughness (Augs) of beam B-MC-10M-14%
decreased by 63% and 68%, respectively, when compared to CB-10M-0%. Both beams failed in
flexure, with significant yielding of the tension steel reinforcement; however, the failure of B-MC-
10M-14% was more brittle and was associated with sudden rupture of the 10M bars in the mid-

span region and more significant spalling of the cover concrete, as shown in Figure 5-2.
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Figure 5-1 Load-deflection comparison: effect of mid-span corrosion (10M group)
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Figure 5-2 Failure mode comparison: effect of mid-span corrosion (10M group)
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Figure 5-3 Comparison of key results: effect of mid-span corrosion (10M group)
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5.2.2 15M group: CB-15M-0% vs B-MC-15M-10%

The results of beams CB-15M-0% and B-MC-15M-10% were compared to examine the influence
of corrosion on the flexural response of the beams in the 15M group. Both beams were constructed
with identical design properties, which included 2-15M bars in tension and 2-10M bars in
compression, with U-shaped stirrups at 100 mm spacing throughout the beam span. Beam B-MC-
15M-10% was subjected to corrosion of the 15M tension bars over a length of 750-mm in the mid-
span region, with an actual average mass loss of 10%. Figure 5-4 shows a comparison of the beam
load-deflection responses, and Figure 5-5 presents photos of the beams at failure. Comparison of

key response parameters is shown in Figure 5-6.

Examining Figure 5-4, it was observed that beam B-MC-15M-10% showed reductions of 21%,
23% and 8% in maximum strength, yield strength and stiffness when compared to beam CB-15M-
0%. Beam B-MC-15M-10% showed a significant and sudden drop in load capacity at A =42 mm.
As aresult, the displacement Ags, ductility (Amax/Ay) and toughness (Aum.x) decreased by 51%, 40%
and 54%, respectively, when compared to the control beam. Both beams failed in flexure with
significant yielding of the tension steel; however, the failure mode of beam B-MC-15M-10% was
associated with more sudden crushing of concrete, buckling of the longitudinal bars and severe

spalling of the cover concrete in the mid-span of the beam.
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Figure 5-4 Load-deflection comparison: effect of mid-span corrosion (15M group)
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Figure 5-5 Failure mode comparison: effect of mid-span corrosion (15M group)
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Figure 5-6 Comparison of key results: effect of mid-span corrosion (15M group)
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5.3 Effects of corrosion in the end span region
5.3.1 10M group: CB-10M-0% vs B-SC-10M-11%

The results of beams CB-10M-0% and B-SC-10M-11% were compared to examine the effect of
corrosion in the end-span regions on the flexural response of the beams in the 10M group. Both
beams were doubly reinforced with 2-10M bars in tension and compression with U-shaped stirrups
at 100 mm throughout their span. However, the end spans of the bottom 10M bars in beam B-SC-

10M-11% were corroded over a length of 1,850 mm, with an actual average mass loss of 11%.

Figure 5-7 compares the beam load-deflection responses, while photos of the beams at failure are

shown in Figure 5-8. Figure 5-9 shows a comparison of key response parameters.

Figure 5-7 shows that unlike the mid-span case, the corrosion of the bar end spans had minor
effect on the flexural response under static loading. Nonetheless beam B-SC-10M-11% showed
slight reductions in yield strength, maximum strength and maximum displacement when compared
to CB-10M-0% due to bond slippage in the shear-span. Conversely, the corroded beam showed a
higher stiffness with an increase of 24%, when compared to the control beam. The corrosion effects
were more noticeable when examining the ductility (Ags/Ay) and toughness (Augs), where beam B-
SC-10M-11% showed reductions of 25% and 50%, respectively, when compared to CB-10M-0%.
As shown in Figure 5-8, both beams failed in flexure with significant yielding of the tension steel;
however, beam CB-10M-0% showed more gradual crushing of concrete in the mid-span region.
Crushing in beam B-SC-10M-11% was relatively more sudden with a clear increase in flexural
crack widths in the mid-span region. Nonetheless, the overall structural responses of both beams

were quite similar.
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Figure 5-7 Load-deflection comparison: effect of end-span corrosion (10M group)
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Figure 5-8 Failure mode comparison: effect of end-span corrosion (10M group)
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Figure 5-9 Test results comparison: effect of end-span corrosion (10M group)
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5.4 Effects of corrosion over the full span

5.4.1 10M group: CB-10M-0% vs B-FC-10M-13%

The results of beams CB-10M-0% and B-FC-10M-13% were compared to investigate the effect
of full-span corrosion on flexural response. Both beams were identical, except that beam B-FC-
10M-13% was subjected to corrosion of the 10M tension bars over the entire length, with an actual

average mass loss of 11%.

The comparison of beam load-deflection responses is shown in Figure 5-10, while Figure 5-11

presents the beams photos at failure. Key response parameters are shown in Figure 5-12.

Examining Figure 5-10, the corrosion affected all aspects of beam flexural behaviour under static
loading. The stiffness was only slightly reduced by 1.4%; however, beam B-FC-10M-13% showed
reductions of 13% and 11% in maximum and yield strengths, respectively, when compared to CB-
10M-0%. Considering the Ags displacement, the ductility (Ags/Ay) and toughness (Auss) were also
reduced by 38% and 48%, respectively, when comparing B-FC-10M-13% to CB-10M-0%. The
overall toughness (Aumax) of B-FC-10M-13% showed an increase of 9% since the test was
continued for a longer period in order to observe the rupture of the steel reinforcement (as a result

the final displacement and area under the load-deflection curve were larger for the corroded beam).

As shown in Figure 5-11, both beams failed in flexure, with significant yielding of the tension
steel reinforcement and gradual crushing of concrete in the mid-span compression region. However,
the failure of beam B-FC-10M-13% was associated with sudden bar rupture, severe spalling and

collapse of the beam at the end of testing.
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Figure 5-11 Failure mode comparison: effect of full-span corrosion (10M group)
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Figure 5-12 Test results comparison: effect of full-span corrosion (10M group)
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5.5 Effect of corrosion location (mid, end and full span corrosion)
5.5.1 10M group: B-MC-10M-14% vs B-SC-10M-11% vs B-FC-10M-13%

The results of beams B-MC-10M-14%, B-SC-10M-11% and B-FC-10M-13% were compared to
inspect the effect of the extent of corrosion (or corrosion location) on the flexural response of the
beams in the 10M group. All beams had similar properties and masses losses (14%, 11% and 13%);
however, the bottom 10M bars were subjected to corrosion over different locations: mid-span only,

end-span only and full-span.

Figure 5-13 compares the load-deflection responses of the beams. Photos at failure are shown in

Figure 5-14. Figure 5-15 compares key response parameters in bar chart format.

It was observed that the extent of corrosion was an influential parameter that affected the load-
deflection response and failure mode of the beams. Examining the effect on strength, the greatest
reductions in maximum and yield strengths were observed for beams B-MC-10M-14% and B-FC-
10M-13% when compared to the control CB-10-0% beam. Conversely the beam with end
corrosion (B-SC-10M-11%) showed only a slight decrease in beam capacity at yield and maximum
strength. Indeed, this beam showed a similar load-deflection response when compared to the
control specimen. Comparing the ductility and toughness at Ags, all corroded beams showed
reductions in ductility and toughness when compared to the control specimen; however, the

greatest decrease in Ags/Ay and Augs were observed for beam B-MC-10M-14%.

Examining the effect of corrosion on failure mode, all corroded specimens showed more
significant damage in terms of the extent of concrete crushing and increase in crack widths when
compared to the control specimen. However, failure was most severe and sudden in beam B-MC-
10M-14%, which suffered bar rupture failure at A = 71 mm. Beam B-FC-10M-13% also
experienced bar rupture, but at a much larger mid-span displacement (A > 140 mm). Nonetheless,
both specimens showed more severe damage (cracking, crushing, spalling of cover concrete) in

the mid-span region when compared to the control beam.
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Figure 5-15 Test results comparison: 10M group (effect of corrosion location)
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5.6 Effects of corrosion in the shear reinforcement
5.6.1 25M group: CB-25M-0% vs B-SHC-25M-12% and B-SHC-25M-10%

The results of beams CB-25M-0% vs B-SHC-25M-12% and B-SHC-25M-10% were compared to
examine the effect of corrosion on the shear-flexure response of the beams in the 25M group. All
beams had identical design properties which consisted of 2-25M bars in tension, 2-10M bars in
compression and provision of minimum U-shaped stirrups at 100 mm spacing throughout the beam
span. However, the stirrups in beams B-SHC-25M-12% and B-SHC-25M-10% were subjected to
corrosion. The actual average mass loss of the stirrups was determined to be 12% and 10% for
beams B-SHC-25M-12% and B-SHC-25M-10%, respectively. Figure 5-16 compares the beam
load-deflection responses, while photos of the beams at failure are shown in Figure 5-17. Figure

5-18 compares key response parameters in bar chart format.

It was observed that all three beams reached yielding prior to failure and therefore showed similar
maximum capacities. In fact, the maximum strength of beam CB-25M-0% reached 190 kN, which
was slightly lower than beam B-SHC-25M-12% (Pmax = 198 kN). Beam B-SHC-25M-10% showed
an even higher capacity of 202 kN, which can possibly be explained by variations in material
properties (e.g., actual yield strengths of the 25M bars) in each beam. Likewise, both beams
showed similar stiffness in their ascending branch. The effect of corrosion of the transverse
reinforcement was more evident when comparing the failure modes and post-peak beam responses.
Considering the 0.85Pmax criteria, all three beams showed similar Ags displacement; however, a
much more sudden and steep drop in load occurred in beam B-SHC-25M-12%. As a result, the
failure was more brittle in B-SHC-25M-12%, which showed a reduction of 55% in toughness when
computed up to Amax (3,873 vs 8,635 kN-mm). The failure was more gradual in B-SHC-25M-10%;
however, its toughness (6,000 kN-mm) was also reduced when compared to the control specimen.
All three beams experienced shear failure, with diagonal shear cracking, which was also associated
with concrete crushing and buckling of the longitudinal bars near the point load location. However,
damage in beam B-SHC-25M-12% occurred more suddenly and resulted in severe spalling of the
side concrete cover with rupture of the stirrups, as shown in Figure 5-17. Damage was also
extensive in B-SHC-25M-10%; however, rupture of the stirrups did not occur at the critical

location.
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Chapter 6: Dynamic Experimental Results

6.1 Chapter Overview

This chapter summarizes the experimental results from the blast testing program. The results from
the blast tests are presented in terms of blast shockwave properties, specimen response in terms of
mid-span displacements, damage progression, steel reinforcement strains and dynamic reactions.

Where applicable, results from post-blast residual static testing of the beams are also summarized.
6.2 Summary of the Results

A total of fourteen (14) reinforced concrete beams were tested under shock-tube induced blast
loading, including seven (7) beams in the 10M group, four (4) beams in the 15M group and three
(3) beams in the 25M group.

The results for all beams are presented in Table 6-1 and include: (Pq) driver pressure, peak
reflected pressure (P;), positive phase duration (tq), reflected impulse (I) for each blast, along with
the specimen response in terms of maximum and residual mid-span displacements (Amax and Ares),
maximum support rotation (Omax), and observed damage. Figure 6-1 presents a photographic

record of the beams at the end of blast testing.

In addition to the above, the experimentally recorded maximum support rotations are also

compared with the expected damage levels in the CSA S850 standard as shown in Table 6-2.
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Table 6-1 Blast test results for all beams

Beams Shockwave properties Displacements Support rotation
Pd Pr Ir ta Amax Ares emax CSA SSSO
ID . Damage
(psi) (kPa) (kPa-ms) (ms) (mm) (mm) ©) State
CB-10M-0% 17 313 250 18.5 154 43 0.72 Superficial
50 61.0 550 20.8 72.6 52.0 3.40 Moderate
17 27.3 257 19.3 18.0 7.0 0.84 Superficial
- - - V)
B-MC-10M-11% 50 64.3 547 22.4 86.3 64.3 4.10 Heavy
17 27.8 249 19.3 15.6 5.4 0.72 Superficial
- - - o,
B-MC-10M-15% 50 59.3 529 21.0 107.0 43 4 4.90 Heavy
B-EMC-10M-22% | 50 61.0 541 21.0 217.3 181.4 10.10 Hazardous/
Blowout
17 29.2 239 18.5 20.4 6.6 0.95 Superficial
B-SC-10M-7% 35 48.5 356 19.3 33.0 15.0 1.60 Moderate
50 61.5 555 21.6 70.1 45.2 3.30 Moderate
B-FC-10M-12% 50 52.0 540 21.0 83.7 61.7 4.00 Heavy
B-CR-MC-10M-5% 50 65.6 548 21.0 79.0 57.0 3.70 Moderate
17 24.0 248 19.3 10.6 32 0.50 Superficial
- -0o,
CB-15M-0% 70 78.8 734 224 70.6 50.5 3.30 Moderate
B-MC-15M-12% 17 29.0 251 18.5 11.0 2.0 0.50 Superficial
70 80.0 703 22.4 71.2 51.0 3.40 Moderate
B-EMC-15M-17% 70 80.1 729 224 169.0 149.2 8.00 Hazardous
B-CR-MC-15M-4% 70 77.0 720 21.6 76.0 54.0 3.60 Moderate
CB-25M-0% 90 91.4 927 23.2 46.0 22.4 2.20 Moderate
B-SHC-25M-11% 90 96.7 903 23.2 92.6 68.5 4.40 Heavy
B-SHC-25M-12% 90 95.2 926 24.7 45.5 32.0 2.20 Moderate

Note: P4 = driver pressure, Pr = peak reflected pressure, t4 = positive phase duration, I, = reflected impulse (area under
the positive phase of the pressure-time history); Amax = maximum mid-span displacement; A = residual mid-span
displacement; Omax = maximum support rotation.

Table 6-2 CSA S850 damage levels (reproduced from the CSA S850 Standard)

Angle (support rotation)

_ . Double- Response Limit Expected Damage Level
Single-reinforced beam .
reinforced beam
6<1° 6<1° <Bl1 Superficial
1°< 0 <2° 1°< 9 <4° B2-B1 Moderate
2°<9 <5° 4°< 0 <6° B3-B2 Heavy
5°<0<10° 6°< 0 <10° B4-B3 Hazardous
0>10° 6>10° >B4 Blowout
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Figure 6-1 Photos of the beams at the end of blast testing
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6.3 Detailed Experimental Results

6.3.1 10M Group

The 10M group included seven beams which were tested under shock-tube blast loads. The beams
were doubly-reinforced with 2-10M bars in tension and compression (as top bars), and they were
provided with U-shaped stirrups made from 6.3-mm wire, which were uniformly spaced at 100

mm throughout the beam span.

6.3.1.1 10M: Control (0% mass loss) (CB-10M-0%)

Beam CB-10M-0% was the first beam tested under blast loading and was the reference beam in
the 10M group. No corrosion was applied prior to testing. The beam was subjected to two blasts
at driver pressures of 17 and 50 psi. The key results that include the properties of shockwaves and
displacements at these blasts are shown in Table 6-3. Complete reflected pressure, reflected
impulse and mid-span displacement time histories are shown in Figure 6-2. Photos that show
damage after each blast are provided in Figure 6-3. The dynamic resistance results and measured

strains in the tension steel are shown in Figure 6-4.

Blast 1 (17 psi) was the first shot applied on this specimen and resulted in the formation of hairline
flexural cracks in the constant moment region and the formation of inclined flexural-shear cracks
in the shear spans. The maximum and residual displacements were recorded as 15.4 mm and 4.3
mm, respectively, while the maximum strain reached 0.00367 mm/mm indicating steel yielding.

The support rotation (Bmax) was 0.72°, which corresponds to superficial damage.

Blast 2 (50 psi) resulted in the extension of existing flexural cracks and increased crack widths in
the constant moment region. The width of the most severe crack reached 6 mm and was located
near the beam mid-span. The maximum and residual displacements reached 72.6 mm and 52 mm,
respectively, with a maximum support rotation of Omax = 3.4°, which corresponds to moderate
damage. The maximum strain in the tension bars reached 0.024 mm/mm, indicating the tension
steel reinforcement was well into the inelastic range. Despite the relatively large support rotation
and noticeable residual displacement, the beam only showed minor crushing in the mid-span

compression zone, with no significant cover spalling.

Since the beam had limited damage, it was again tested under quasi-static four-point bending to

assess its residual capacity, and the results are presented in Figure 6-5. The cumulative residual
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displacement during the blast test was 56 mm, which was the starting point of the test. It was

observed that the beam followed a similar trend when compared to the companion undamaged

beam, which was tested under static loads only. The blast-damaged beam reached a maximum

residual capacity of Pmax” = 57 kN, which was only slightly below the undamaged peak capacity

of Pmax = 61 kN. The beam also showed an ability to carry sustained loads, reaching a displacement

Amax” =131 mm, with a residual load of Pend" = 56 kN at the end of testing. The ductile flexural

failure was associated with concrete crushing of the top cover in the mid-span region.

Table 6-3 Key blast test results: CB-10M-0%

Beams Shockwave properties Displacement ..
prop P Omax Response limit and
10)) Pq P L tp Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) °)
17 31.3 250 18.5 154 4.3 0.72 <Bl1 Superficial
CB-10M-0%
50 61.0 550 20.8 72.6 52.0 3.40 | B1-B2 Moderate
Pressure and Impulse Time History Pressure and Displacement Time History
Control 10M - Blast 1: 9ft Driver, P4 = 17 psi Control 10M - Blast 1: 9ft Driver P4= 17 psi
50 500 50 ‘ 50
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a) Shockwaves properties and displacement for Blast 1
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b) Shockwaves properties and displacement for Blast 2
Figure 6-2 Reflected pressure, impulse and mid-span displacement histories (CB-10M-0%)
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c¢) High-speed camera
showing Blast 2 fragments

d) Mid-span cracking (one
side) (Blast 2)

e) Mid-span cracking
(other side) (Blast 2)

f) Mid-span cracking
(tension face) (Blast 2)

Figure 6-3 Beam damage after the blast shots (CB-10M-0%)
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Figure 6-4 Blast load resistance and strain time history curves (CB-10M-0%)
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b) Photos of the beam before and after the residual test

Figure 6-5 Residual test results (CB-10M-0%)
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6.3.1.2 10M: Mid-span corrosion-11% mass loss (B-MC-10M-11%)

The second beam in the 10M group was subjected to corrosion over a length of 750 mm in the
mid-span region. The aimed mass loss for the 10M longitudinal reinforcement in the tension zone
was 15%. After testing, the actual average mass loss on the 10M bars was determined to be 11%.

Examining all extracted bar samples, the largest mass loss reached 16% (see Figure 6-6).

Prior to testing, signs of cracking and damage were observed over the beam length due to the
effects of corrosion. The main cracks type was horizontal cracking at the level of the longitudinal

bars in the tension and compression zones, as shown in Figure 6-7.

This specimen was subjected to two blasts at driver pressures of 17 and 50 psi. The key data from
these tests are summarized in Table 6-4. The pressure, impulse and displacement histories are
presented in Figure 6-8, while the damage after each test is shown in Figure 6-9. The resistance

curve as obtained from the dynamic reactions is plotted in Figure 6-10.

Blast 1 (17 psi) resulted in maximum and residual displacements of 18 mm and 7 mm, respectively.
Similar to the previous beam, the blast resulted in the formation of hairline flexural and flexural-

shear cracks. The support rotation remained below 1°, corresponding to superficial damage.

Blast 2 (50 psi) resulted in failure of the specimen in flexure, with significant spalling of the
concrete cover in the mid-span tension region due to the effects of corrosion. Also, significant
crushing occurred in the compression face at the mid-span of the beam. The high-speed video
showed the formation of significant blast fragments at failure. The maximum displacement and
residual displacement reached 86.30 mm and 64.30 mm, respectively. The maximum support
rotation was 4.1°, which corresponds to heavy damage. Because of the significant failure, no

residual static test was conducted on this beam.
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Table 6-4 Key results: B-MC-10M-11%

Beam Shockwave properties Displacement B Rtseypamee it el
D Pq Pr I & Amax Ares expected damage
(psi) | (kPa) | (kPa-ms) (ms) (mm) (mm) Q)
B-MC-10M- 17 27.3 257 19.3 18.0 7.0 0.84 <Bl1 Superficial
11% 50 | 643 547 22.4 863 | 643 | 410 | B3-B2| Heavy
20 ;
A 1 Let steel bar
—— Right steel bar
Average
15} ]

7
=

Meass [oss (%)
3
|
—

- —

[ — —C

1 1 1 1 1 1 1 ﬂ|
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Length {mm)

Figure 6-6 Mass loss distribution along the middle length of the tensile bars (B-MC-10M-11%)

Figure 6-7 Cracking in the beam before testing (B-MC-10M-11%)
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b) Shockwaves properties and displacement for Blast 2 (50 psi)

Figure 6-8 Reflected pressure, impulse and mid-span displacement histories (B-MC-10M-11%)
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a) Blast 1 (17 psi)

c¢) High-speed camera

showing (Blast 2) fragments

d) Significant concrete
spalling in mid-region (one
side) (Blast 2)

e) Significant concrete
spalling in mid-region (other
side) (Blast 2)

f) Significant concrete
spalling and cracks in mid-
region (tension face) (Blast 2)

Figure 6-9 Beam damage after testing (B-MC-10M-11%)
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—— Dynamic response (blast 1)
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Figure 6-10 Blast load resistance curves (B-MC-10M-11%)
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6.3.1.3 10M: Mid-span corrosion-15% mass loss (B-MC-10M-15%)

The third beam in the 10M group was subjected to corrosion over a length of 750 mm in the mid-
span region. The intended mass loss for the 10M longitudinal reinforcement in the tension zone
was 30%; however, after testing, the actual average mass loss on the 10M bars was determined to
be 15%. The measured mass loss on the extracted bar samples was lower than 30% over the entire

750 mm length; however, some portions reached 18% and 19%, as shown in Figure 6-11.

Before testing the beam showed signs of cracking and damage over its length due to the effects of
corrosion, with the main type of cracks corresponding to horizontal cracking at the level of the

longitudinal bars in the tension and compression zones, as shown in Figure 6-12.

This specimen was subjected to two blasts at driver pressures of 17 and 50 psi. Table 6-5
summarizes the key data from these tests including the shockwaves properties and beam response
in terms of displacements and damage. The pressure, impulse and mid-span displacement histories
for each blast are presented in Figure 6-13, while the damage after each test is shown in Figure

6-14. The dynamic resistance and strain time history curves are illustrated in Figure 6-15.

Blast 1 (17 psi) resulted in maximum and residual displacements of 15.6 mm and 5.4 mm,
respectively, which were similar to the control specimen. The strain in the tension 10M bars
reached a maximum value of 0.010 mm/mm, which indicates yielding. Similar to the previous
beams, the blast resulted in the formation of hairline flexural and flexural-shear cracks. The support
rotation remained below 1°, corresponding to superficial damage. However, additional damage in
terms of slight crushing and loss of side cover was observed when compared to the control

specimen.

Blast 2 (50 psi) resulted in complete failure of the specimen in flexure, with severe spalling of the
concrete cover in the mid-span tension region and rupture of the main tension reinforcement due
to the effects of corrosion. Important crushing also occurred on the compression face at mid-span.
The high-speed video showed the formation of significant blast fragments at failure. The recorded
maximum and residual displacements were 107.0 mm and 43.4 mm, respectively, which were
larger than those of the control beam. The strain in the tension steel reached a maximum reading

of 0.019 mm/mm before it failed. The maximum support rotation was 4.9°, which corresponds to
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heavy damage. Since bar rupture occurred, no residual static testing was conducted on this

specimen.
Table 6-5 Key results (B-MC-10M-15%)
Beams Shockwave properties Displacement .
max Response limit and
D Py Pr L t Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) ©
B-MC-10M- | 17 27.8 249 19.3 15.6 5.4 0.72 <Bl Superficial
15% 50 | 593 529 21.0 107.0 | 434 490 | B3-B2 | Heavy
25 T T T T T T
) B Left steel bar
" — Right steel bar
_— —— Average
20 | -4 a =
g
o 15 — -
k]
o
2 10 -
=
5 L .
0 1 1 1 1 1 1 1 ﬁ?-I-;ztlhﬂﬁln
0 500 1000 1500 2000 2500
Length (mm)

Figure 6-11 Mass loss distribution along the middle length of the tensile bars (B-MC-10M-15%)

Figure 6-12 Beam cracking before testing (B-MC-10M-15%)
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Pressure and Impulse Time History
Mid Corrosion 10M- 15% - Blast 1: 9ft Driver, P4= 17 psi
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b) Shockwaves properties and displacement for Blast 2

Figure 6-13 Reflected pressure, impulse and mid-span histories (B-MC-10M-15%)
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c¢) High-speed camera showing

(Blast 2) fragments

d) Severe concrete spalling
in mid-region (one side)
(Blast 2)

e) Severe concrete spalling
in mid-region (other side)
(Blast 2)

f) Severe concrete spalling and
bar rupture in mid-region
(tension face) (Blast 2)

Figure 6-14 Beam damage after testing (B-MC-10M-15%)
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Figure 6-15 Blast load resistance and strain time history curves (B-MC-10M-15%)
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6.3.1.4 10M: Full length corrosion-12% mass loss (B-FC-10M-12%)

The next beam in the 10M group was subjected to corrosion of the tension reinforcement over the
entire beam length. The target mass loss for the 10M bars in the tension zone was 15%; however,
the actual average mass loss was found to be 12%. Examining all extracted samples, the maximum

mass loss exceeded 15% in some portions as shown in Figure 6-16.

Before testing the beam showed clear signs of corrosion staining and cracking over its length and
depth. The cracks were horizontal and mainly concentrated at the level of the longitudinal

reinforcement in the tension and compression regions as shown in Figure 6-17.

This specimen was subjected to two blasts at driver pressures of 17 and 50 psi; however, the results
of blast 1 (17 psi) were not recorded properly due to a malfunction in the data acquisition system.
Table 6-6 summarizes the key results, and the reflected pressure, impulse and mid-span
displacement histories are presented in Figure 6-18. Beam damage at the end of testing is shown

in Figure 6-19, while the results from the residual static test are shown in Figure 6-20.

Blast 1 (17 psi) resulted in the formation of hairline flexural and flexural-shear cracks. No
displacement data was recorded during the test. Blast 2 (50 psi) resulted in flexure damage, with
concrete crushing in the mid-span zone and significant cracking on the tension face. The high-
speed video showed the formation of some blast fragments at failure. The displacement reached a
maximum of 83.70 mm, while the residual displacement reached 61.70 mm. The maximum

support rotation was Omax = 4°, which corresponds to Heavy damage.

Since the beam had limited damage, its residual capacity was examined under static four-point
bending. The starting point of the test was 68.60 mm, which corresponded to the cumulative
residual displacement during the blast test. The results of the test are shown in Figure 6-20. It was
observed that the beam followed the same trend observed in the undamaged companion specimen
which was tested under static loads only. The maximum residual capacity of the blast-damaged
beam was 50 kN at a displacement of 88 mm. This maximum displacement sustained by the beam
was 110 mm with a residual load of 49 kN just prior to failure. The beam failed in flexure due to

rupture of corroded tensile bars with crushing of the concrete in the compression zone.
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Table 6-6 Key results (B-FC-10M-12%)

Beams Shockwave properties Displacement B o it ol
D Pq Pr I & Amax Ares expected damage
(psi) | (kPa) | (kPa-ms) (ms) (mm) (mm) Q)
B-FC-10M-
12% 50 52.0 540 21.0 83.7 61.7 4.00 B3-B2 Heavy
J Left steel bar
—— Right steel bar
— Average
= i} .
< 27
-
g 15 1
I N
= 10 iqu::':‘ k—‘—_rtr_ll—_lir ]
5 L p
0 =

0 500 1000 1500 2000 2500
Length {mm)

Figure 6-16 Mass loss distribution along the entire length of the tensile bars (B-FC-10M-12%)

Figure 6-17 Beam cracks before testing (B-FC-10M-12%))
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Pressure and Impulse Time History Pressure and Displacement Time History
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Shockwaves properties and displacement for Blast 2

Figure 6-18 Reflected pressure, impulse and mid-span displacement histories (B-FC-10M-12%)
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c¢) High-speed camera

a) Blast 1(17 psi) showing (Blast 2) fragments

d) Significant concrete e) Significant concrete f) Significant cracks in mid-
crushing in mid-region (one | crushing in mid-region (other >18 .
side) (Blast 2) side) (Blast 2) region (tension face) (Blast 2)

Figure 6-19 Beam damage after testing (B-FC-10M-12%)
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Residual Results
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a) Load- deflection curve and results for residual test
Before the residual test Comments

Initial crushing and
cracking prior to
residual static test.

Comments

Concrete crushing
and severe cracks
in the mid-span
Zone.

Rupture of the 10M
bars in the tension
zone.

b) Photos of the beam before and after the residual test

Figure 6-20 Residual test results (B-FC-10M-12%)
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6.3.1.5 10M: End/side corrosion-7% mass loss (B-SC-10M-7%)

The next beam in the 10M group was subjected to corrosion of the 10M tension reinforcement at
both shear regions. The target mass loss for the 10M bars was 15%. After testing, the actual average
mass loss was determined to be 7%; however, after examining all extracted samples, the maximum

mass loss reached 11% and 12% in some portions (see Figure 6-21).

Prior to testing, the beam had horizontal cracking at the level of the longitudinal bars in the tension
and compression zones. Some corrosion stains were also observed over the beam length (refer to

Figure 6-22).

This beam was tested under blast loads at three driver pressures of 17, 35 and 50 psi. The 35 psi
shot was applied since this beam was the first to be tested in the research program. The key data
including the shockwave properties and beam response is summarized in Table 6-7. Figure 6-23
shows the reflected pressure, impulse and mid-span displacement histories for each blast. The
beam damage progression is presented in Figure 6-24. The results from the residual static test are

shown in Figure 6-25.

Blast 1 (17 psi) resulted in the formation of hairline flexural cracks in the mid-span region and the
formation of horizontal hairline cracks at the level of the tensile bars in the shear-span region. The
maximum and residual displacements were recorded as 20.4 mm and 7 mm, respectively, with a

maximum support rotation of 1°, which corresponds to superficial damage.

Blast 2 (35 psi) resulted in the extension of the existing cracks and increase in crack widths in the
mid-span and shear-span regions. The maximum and residual displacements reached 33 mm and

15 mm, respectively.

Blast 3 (50 psi) resulted in significant flexural cracks in the constant moment region, and concrete
cover spalling on the tension face in the top shear-span just above the point load location. The
width of the most severe crack reached 5 mm and was located in the mid-span region. The recorded
maximum and residual displacements reached 70 mm and 45 mm, respectively, with a maximum

support rotation of 3.3°, which corresponds to moderate damage.

Since the beam had limited damage, it was tested under quasi-static four-point bending to assess

its residual capacity (see Figure 6-25). The initial point of the test was 65.80 mm, which was the
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cumulative residual displacement during the blast test. The maximum residual capacity reached

61.30 kN at a displacement of 83 mm, which was higher than the maximum resistance of the

undamaged companion beam which was tested under static loads only. The beam showed an ability

to carry sustained loads, reaching a displacement of 136 mm with a residual load of 55 kN. The

flexural damage at the end of testing was associated with concrete crushing in the mid-span region.

Table 6-7 Key results (B-SC-10M-7%)

Beams Shockwave properties Displacement B Rtsoome [l s
ID Py Pr L tp Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) ©
17 29.2 239 18.5 20.4 7.0 0.95 <Bl1 Superficial
B-SC-10M-
7% 35 48.5 356 19.3 33.0 15.0 1.60 B2-B1 | Moderate
50 61.5 555 21.6 70.0 45.0 3.30 B2-B1 | Moderate

15
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Figure 6-21 Mass loss distribution along the ends length of the tensile bars (B-SC-10M-7%)

Figure 6-22 Cracking in the beam before testing (B-SC-10M-7%)
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Pressure and Impulse Time History
Corrosion (ends) 10M- 7%- Blast 1: 9ft Driver, P4= 17 psi
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¢) Shockwaves properties and displacement for Blast 3

Figure 6-23 Reflected pressure, impulse and mid-span displacement histories (B-SC-10M-7%)
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a) Blast 1 (17 psi)

c) Blast 3 (50 psi)

d) High-speed camera
showing (Blast 3)

fragments

e) Cover spalling in the top
shear-span and cracks (one
side) (Blast 3)

f) Cover spalling in the top
shear-span and cracks (other
side) (Blast 3)

e) Cover spalling in top
shear-span and cracks
(tension face) (Blast 3)

Figure 6-24 Beam damage after testing (B-SC-10M-7%)
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a) Load-deflection curve and summary of residual test results

Before the residual test Comments

Significant cracks
in the mid-span.

Concrete spalling
in the tension-
region.

Comments

Concrete crushing
in the compression
zone.

b) Photos of the beam before and after the residual test

Figure 6-25 Residual test results (B-SC-10M-7%)
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6.3.1.6 10M: Mid-span corrosion- 22% extreme mass loss (B-EMC-10M-22%)

The next beam in the 10M group was subjected to “extreme” corrosion over a length of 750 mm
in the mid-span zone. The aimed mass loss was 30% on the longitudinal bars in the tension zone,
but the actual average mass loss was determined to be 22%, even though one portion of the

extracted bar samples exceeded the mass loss of 30% (see Figure 6-26).

The observed cracks before testing were horizontal and located at the level of the longitudinal bars
in the tension and compression zones. Concrete staining due to the corrosion was also observed in

the mid-span region as shown in Figure 6-27.

This beam was subjected to a single blast at a driver pressure of 50 psi. The key data from this test
is summarized in Table 6-8, while the results in terms of reflected pressure, impulse and mid-span
displacement histories are shown in Figure 6-28. The beam damage after the blast test is presented

in Figure 6-29, whereas Figure 6-30 shows the reinforcement strain time history.

Blast 1 (50 psi) resulted in complete failure of the beam in flexure, with severe spalling of the
concrete cover mainly in the mid-span zone and rupture of the two tension reinforcing bars due to
the effects of corrosion, which resulted in the beam nearly splitting into two portions (see Figure
6-29). The maximum and the residual displacements were recorded at 217.3 mm and 181.4 mm,
respectively, which were much larger than those of the control specimen. The maximum strain in
the tensile bars reached 0.025 mm/mm prior to failure. The maximum support rotation reached

10.1°, which corresponds to blowout damage.

Table 6-8 Key results (B-EMC-10M-22%)

Beams Shockwave properties Displacement B Response limit and
ID Pq P, L tp Ammax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) | Degree
BEMEA M| 50 | 610 541 210 | 2173 | 1814 | 1010 | >B4 | Blowout
(1]
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Figure 6-26 Mass loss distribution along the middle length of the tensile bars (B-EMC-10M-
22%)

Figure 6-27 Corrosion-induced cracking in the beam before testing (B-EMC-10M-22%)
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Shockwaves properties and displacement for Blast 1

Figure 6-28 Reflected pressure, impulse and mid-span displacement histories (B-EMC-10M-22%)
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a) Blast 1 (50 psi)

b) High-speed camera showing Blast 1

fragments

c) Bars rupture and beam
splitting in mid-span zone
(one side) (Blast 1)

d) Bars rupture and beam splitting
in mid-span zone (other side)
(Blast 1)

e) Bars rupture and beam
splitting in mid-span zone
(tension face) (Blast 1)

Figure 6-29 Beam damage after testing (B-EMC-10M-22%)
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Figure 6-30 Strain time history in the tension 10M bars (B-EMC-10M-22%)
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6.3.1.7 10M: cover-removal with mid-span corrosion — 5% mass loss (B-CR-MC-10M-5%)

The last beam in the 10M group was subjected to the combined effects of concrete cover removal
and mid-span corrosion. The concrete cover was first removed, and then the 10M tension
reinforcement was subjected to corrosion over a length of 750 mm in the mid-span region. The
intended mass loss for the 10M longitudinal bars in the tension region was 30%; however, after
testing, the actual average mass loss was measured to be only 5%. Considering all extracted bar

samples, the maximum mass loss did not exceed 6% (see Figure 6-31).

Before testing the beam showed limited signs of damage with the exception of some corrosion

spots on the concrete cover and rusting of the tensile bars at mid-span as shown Figure 6-32.

Similar to the previous beam, this specimen was subjected to a single blast at a 50 psi driver
pressure. Table 6-9 provides a summary of the key data, whereas Figure 6-33 shows the reflected
pressure, impulse and mid-span displacement histories for this test. Photos of the beam damage

after testing are shown in Figure 6-34.

Blast 1 (50 psi) resulted in significant flexural cracks, which were mainly distributed in the mid-
span region and resulted in concrete crushing in the compression zone. Additional minor cracks
were observed in the shear regions. The most significant crack width reached 4 mm and was
located in the mid-span zone. The maximum and residual displacements were recorded as 79 mm

and 57 mm, respectively, with a maximum support rotation of 3.7°, which corresponds to moderate

damage.
Table 6-9 Key results (B-CR-MC-10M-5%)
Beams Shockwave properties Displacement B Response limit and
ID Pq P, L tp Ammax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) | Degree
B-CR-MC-
10M-5% 50 65.6 548 21.0 79.0 57.0 3.70 B2-B1 | Moderate

175




[ 0 Left steel bar
—— Right steel bar
FAs —_— —— Awerage
6 ]
= - -
2
° 4t _
B
g 3t :
2r ]
1r ]
- ——
(e ———E
0 . . . . . L L L L
0 500 1000 1500 2000 23500

Length {mm)

Figure 6-31 Mass loss distribution along the middle length of the tensile bars (B-CR-MC-10M-
5%)
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Figure 6-32 The condition of the beam before testing (B-CR-MC-10M-5%))
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Figure 6-33 Reflected pressure, impulse and mid-span displacement histories (B-CR-MC-10M-
5%)
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b) High-speed camera showing Blast 1

fragments

¢) Concrete crushing in
compression zone and some
cracks in the mid-span (one
side) (Blast 1)

d) Concrete crushing in
compression zone and some
cracks in the mid-span (other

side) (Blast 1)

¢) Corroded bars at the mid-
span (tension face) (Blast 1)

Figure 6-34 Beam damage after testing (B-CR-MC-10M-5%)
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6.3.2 15M Group

The 15M group included four beams which were tested under shock-tube blast loads. The beams
were doubly-reinforced with 2-10M bars in tension and 2-15M bars in compression (as top bars),
and they were provided with U-shaped stirrups made from 6.3-mm wire which were uniformly

spaced at 100 mm throughout the beam span.
6.3.2.1 15M: Control (0% mass loss) (CB-15M-0%)

Beam CB-15M-0% was the first beam tested under blast loading in the 15M group and was the
control specimen in this group. Before testing, no corrosion was applied. The beam was subjected
to two blasts at driver pressures of 17 and 70 psi. Table 6-10 shows the key results that include
the properties of the shockwaves and displacements at these blasts. Figure 6-35 presents the
complete reflected pressure, reflected impulse and mid-span displacements time histories. Photos
that show damage after each blast are provided in Figure 6-36. The dynamic resistance results (as
obtained from the support load cells) and measured strains in the tension steel are shown in Figure

6-37.

Blast 1 (17 psi) resulted in the formation of hairline flexural cracks in the constant moment region
and the formation of inclined flexural-shear cracks in the shear spans. The maximum and residual
displacements reached 10.6 mm and 3.2 mm, respectively, while the maximum strain recorded as
0.00206 mm/mm indicating the steel was near yielding. The support rotation (Omax) reached 0.5°,

which corresponds to superficial damage.

Blast 2 (70 psi) resulted in the extension of existing flexural cracks and increased crack widths in
the mid-span region. The most severe crack width reached 4 mm and was located in the mid-span
of the beam. The maximum and residual displacements were recorded as 70.6 mm and 50.5 mm,
respectively, with a maximum support rotation of Omax = 3.3°, which corresponds to moderate
damage. The maximum strain in the tension bars reached 0.024 mm/mm, indicating the tension
steel reinforcement was well into the inelastic range. Despite the relatively large support rotation
and noticeable residual displacement, the beam only showed minor crushing in the mid-span

compression zone, with no significant cover spalling.

After testing, the beam was tested under quasi-static four-point bending to evaluate its residual

capacity, and the results are presented in Figure 6-38. The starting point of the test was at 53.56
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mm, which is the cumulative residual displacement during the blast test. It was observed that the
beam followed a similar trend when compared to the companion undamaged beam which was
tested under static loads only. The blast-damaged beam reached a maximum residual capacity of
Pmax = 102.50 kN, which was slightly below the undamaged peak capacity of Pma.x = 110 kN. The
beam also showed an ability to carry sustained loads, reaching a displacement Amae =103 mm, with
a residual load of Penar = 98 kN at the end of testing. The flexural failure at the end of the test was

associated with concrete crushing and buckling of the longitudinal bars in the compression region

at the beam mid-span.

Table 6-10 Key results (CB-15M-0%)

Beams Shockwave properties Displacement . .
prop P Omax Response limit and
D P4 P: Ir tp Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) °)
17 24.0 248 19.3 10.6 3.2 0.50 <B1 Superficial
CB-15M-0%
70 78.8 734 224 70.6 50.5 3.30 | B1-B2 Moderate
Pressure and Impulse Time History Pressure and Displacement Time History
Control 15M - Blast 1: 9ft Driver, P4= 17 psi Control 15M - Blast 1: 9ft Driver, P4= 17 psi
40 . . . . 400 40 . . . . 40
Pressure Pressure
—— Impulse Displacement
{300 30+ 130
7 3
g 1™ £ g E
=3 & = =
g {100 = 2 £
0n 3 @ 8
] 3 3 8
x o g a &
= a
4 -100
P,= 24 kPa
I= 248 kPa-ms Amax= 10.51 mm
td=19.23 ms Ares=3.14 mm
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Time (ms) Time (ms)
a) Shockwaves properties and displacement for Blast 1
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b) Shockwaves properties and displacement for Blast 2

Figure 6-35 Reflected pressure, impulse and mid-span displacement histories (CB-15M-0%)
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b) Blast 2 (70 psi) ¢) High-speed camera

showing Blast 2 fragments

d) Mid-span cracks with e) Mid-span cracks with . . .
. . . . f) Mid-span cracks in tension
slight concrete crushing (one slight concrete crushing face (tension face) (Blast 2)
side) (Blast 2) (other side) (Blast 2) cey (Blas

Figure 6-36 The beam damage after testing (CB-15M-0%)
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Figure 6-37 Blast load resistance and strain time history curves (CB-15M-0%)
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Before the residual test

Comments

Flexural and shear
cracks distributed

over the length of

the beam.

Slight concrete
crushing in the mid-
span at compression
zone.

After the residual test

Comments

Concrete crushing in
the compression
zone associated with
buckling of the top
longitudinal
reinforcement.

b) Photos of the beam before and after the residual test

Figure 6-38 Residual test results (CB-15M-0%)
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6.3.2.2 15M: Mid-span corrosion — 12% mass loss (B-MC-15M-12%)

The second beam in the 15M group was similar to the reference specimen in terms of design
properties; however, it was subjected to corrosion over a length of 750 mm in the mid-span region.
The target mass loss was 30% for the 15M longitudinal bars in the tension zone; nonetheless, the
actual average mass loss was found to be 12%. The maximum mass loss reached 19% in one

portion of the extracted bar samples (see Figure 6-39).

Prior to beam testing, the observed cracking consisted of horizontal cracks in the mid-span region
at the level of the tension and compression longitudinal bars, and there were signs of corrosion

stains on the concrete surface as shown in Figure 6-40.

Similar to the reference specimen, this beam was subjected to two blast loads at 17 and 70 psi
driver pressures. Table 6-11 summarizes the properties of the shockwaves and beam response in
terms of displacements. The reflected pressure, impulse and mid-span displacements histories for
each blast are shown in Figure 6-41. The damage in the beam during the tests is shown in Figure
6-42. Figure 6-43 shows the dynamic resistance curve, as obtained from the support load cells,

and the strain time history curves for the instrumented 15M bars.

Blast 1 (17 psi) resulted in maximum and residual displacements of 11 mm and 2 mm, respectively,
which were similar to the control specimen. The strain in the tension 15M bars reached the
maximum value of 0.0013 mm/mm, which indicates the bars were still in the elastic range. Similar
to the previous beam, the blast resulted in the formation of hairline flexural and flexural-shear

cracks. The support rotation remained below 1°, corresponding to superficial damage.

Blast 2 (70 psi) resulted in failure of the specimen in flexure, with severe spalling of the concrete
cover in the mid-span in tension and crushing of the top concrete cover in compression. The high-
speed video showed the formation of significant blast fragments at failure. The recorded maximum
and residual displacements were 71.2 mm and 51 mm, respectively. The strain in the tension steel
reached a maximum reading of 0.025 mm/mm before it failed. The maximum support rotation was
3.4°, which corresponds to moderate damage. Due to the severe failure, no residual static test was

conducted on this specimen.
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Table 6-11 Key results (B-MC-15M-12%)

Beams Shockwave properties Displacement B Rtsoome [l s
D Pq Pr I & Amax Ares expected damage
(psi) | (kPa) | (kPa-ms) (ms) (mm) (mm) Q)
B-MC-15M- 17 29 251 18.5 11 2 0.5 <Bl1 Superficial
12% 70 | 80 703 24 | 712 | 51 34 | B2-Bl | Moderate
%
3 Left steel bar
—— Right steel bar
— Average
o0 | 2
£ 5]
® 10}
=
5 L
0 =
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Figure 6-39 Mass loss distribution along the middle length of the tensile bars (B-MC-15M-12%)

Figure 6-40 The condition of the beam before testing (B-MC-15M-12%)

184




Pressure and Impulse Time History
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b) Shockwaves properties and displacement for Blast 2

Figure 6-41 Reflected pressure, impulse and mid-span displacement histories (B-MC-15M-12%)
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c¢) High-speed camera
showing Blast 2 fragments

T

d) Severe concrete spalling
and crushing in mid-zone
(one side) (Blast 2)

e) Severe concrete spalling
and crushing in mid-zone
(other side) (Blast 2)

e) Severe concrete spalling
(tension face) (Blast 2)

Figure 6-42 Photos of the beam damage after testing (B-MC-15M-12%)
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Figure 6-43 Blast load resistance curve and strain time history curves (B-MC-15M-12%)
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6.3.2.3 15M: Mid-span corrosion — 17% extreme mass loss (B-EMC-15M-17%)

Beam B-EMC-15M-17% was constructed with similar design properties as the control specimen,
but it was subjected to corrosion of the 15M bars over a length of 750 mm in the mid-span region.
The intended mass loss for the 15M longitudinal reinforcement in the tension zone was 30%;
however, after testing, the actual average mass loss was measured to be 17%. Despite this, the

mass loss reached 29% and 28% in some portions of the extracted bar samples (see Figure 6-44).

The observed cracks before testing were horizontal cracks mainly distributed at the level of the
longitudinal bars in the tension and compression zones, with associated corrosion stains on the

concrete surface in the mid-span region as shown in Figure 6-45.

This beam was subjected to a single blast at a 70 psi driver pressure. The key results are
summarized in Table 6-12, while the complete reflected pressure, impulse and mid-span
displacement time histories are shown in Figure 6-46. The damage of the beam after the test is
presented in Figure 6-47, whereas Figure 6-48 shows the strain time history curve for the

instrumented 15M bars.

Blast 1 (70 psi) resulted in complete failure of the beam in flexure, with severe spalling of the
concrete cover in the mid-span region and rupture of the two main 15M tension bars due to the
effects of corrosion, which resulted in the beam nearly splitting in two (see Figure 6-47). The
maximum and residual displacements reached 169.0 mm and 149.2 mm, respectively, which were
much larger than those of the control specimen. The maximum strain in tensile bars reached 0.022

mm/mm, with maximum support rotation of 8°, which corresponds to hazardous damage.

Table 6-12 Key results (B-EMC-15M-17%)

Beams Shockwave properties Displacement B Response limit and
ID Pq P, Iy tp Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) | Degree
BEME M| 70| g0 729 224 | 1690 | 1492 | 800 | B4-B3 | Hazardous
(1]
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Figure 6-44 Mass loss distribution along the middle length of the tensile bars (B-EMC-15M-
17%)
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Figure 6-45 Condition of the beam before testing (B-EMC-15M-17%)
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Shockwaves properties and displacement for Blast 1

Figure 6-46 Reflected pressure, impulse and mid-span displacement (B-EMC-15M-17%)
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b) High-speed camera showing Blast 1

fragments

¢) Bars rupture and beam
splitting with severe
spalling in mid-zone (one
side) (Blast 1)

d) Bars rupture and beam
splitting with severe spalling in
mid-zone (other side) (Blast 1)

¢) Bars rupture and beam
splitting with severe spalling
in mid-zone (tension face)
(Blast 1)

Figure 6-47 The condition of the beam after testing (B-EMC-15M-17%)
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Figure 6-48 Strain time history curve (B-EMC-15M-17%)
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6.3.2.4 15M: Cover-removal with mid-span corrosion - 4% mass loss (B-CR-MC-15M-4%)

The last beam in the 15M group had similar design properties as the control specimen; however,
it was subjected to combined cover removal and corrosion. The concrete cover in the mid-span
zone was first removed, and the exposed tension 15M bars were then subjected to corrosion over
a length of 750 mm in the mid-span region. The aimed mass loss was 30% for the 15M longitudinal
bars in the tension region; however, the actual average mass loss was determined to be 4%. The
actual obtained mass loss was much lower than 30%, and the maximum mass loss did not exceed

7% in any one portion of the extracted bar samples (see Figure 6-49).

Prior to beam testing, the beam showed no signs of corrosion-induced damage, except that some
corrosion spots were observed on the concrete surface, with rusting of the exposed tensile bars in

the mid-span region as presented in Figure 6-50.

Similar to the previous beam, this specimen was subjected to a single blast at a driver pressure of
70 psi. Table 6-13 summarizes the key data, while the reflected pressure, impulse and mid-span
displacement time histories are illustrated in Figure 6-51. The damage of the beam at the end of

the test is shown in Figure 6-52.

Blast 1 (70 psi) resulted in significant flexural cracks distributed in the mid-span region and
associated with significant concrete crushing in the compression region. The maximum crack
width reached 2 mm in the mid-span region. Some minor cracks were also observed in the shear
span regions. The maximum and residual displacements reached 76 mm and 54 mm, respectively,

with a maximum support rotation of 3.6°, which corresponds to moderate damage.

Table 6-13 Key results (B-CR-MC-15M-5%)

Beams Shockwave properties Displacement B Response limit and
ID Pq P, Iy tp Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) | Degree
B-CR-MC-
15M-4% 70 77.0 720 21.6 76.0 54.0 3.60 B2-B1 | Moderate
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Figure 6-49 Mass loss distribution along the middle length of the tensile bars (B-CR-MC-15M-
4%)

Figure 6-50 The condition of the beam before testing (B-CR-MC-15M-4%)
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Shockwaves properties and displacement for Blast 1

Figure 6-51 Reflected pressure, impulse and mid-span displacement histories (B-CR-MC-15M-
4%)
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b) High-speed camera showing Blast 1
fragments

¢) Concrete spalling in d) Concrete spalling in
compression zone and some | compression zone and some
cracks in the mid-span (one | cracks in the mid-span (other
side) (Blast 1) side) (Blast 1)

e) Corroded exposed
reinforcement at the mid-span
(tension face) (Blast 1)

Figure 6-52 Beam damage after testing (B-CR-MC-15M-4%)
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6.3.3 25M Group

The 25M group included three beams which were built with 2-25M bars in tension and 2-10M bars
in compression (as top bars). The increased tensile steel ratio was intended to increase the shear
demands in this beam series. In all cases, transverse reinforcement consisted of U-shaped stirrups
made from 6.3-mm wire spaced at 100 mm throughout the full beam span, which corresponded to
the minimum required by the CSA A23.3-14 standard (i.e., s = d/2). The corrosion process in this

series was applied on the transverse reinforcement throughout their spans.

6.3.3.1 25M: Control (0% mass loss) (CB-25M-0%)

Beam CB-25M-0% was the first beam tested under blast loading in this series and serves as the
reference beam in the 25M group. No corrosion was applied on this specimen, and the beam was
subjected to a single blast at 90 psi driver pressure. The results for this test in terms of reflected
pressure, impulse and mid-span displacement histories are presented in Figure 6-53, while key
data is summarized in Table 6-14. In addition, plots of the dynamic resistance and tension steel

strains are presented in Figure 6-54. The damage at the end of testing is shown in Figure 6-55.

Blast 1 (90 psi) was intended to cause significant damage in the specimen and resulted in concrete
crushing in the mid-span compression zone. Moreover, significant cracks were formed over the
entire beam length, with the formation of significant diagonal cracking in the shear regions. Unlike
the companion beam, which was tested under static loading, this beam failed in flexure. The change
in failure mode can partly be explained by the beam’s similar flexural/shear capacities, and the
effect of dynamic loading on increasing beam shear resistance. The maximum and residual
displacements recorded during the test were 46 mm and 22.40 mm, respectively. The maximum
strain of the 25M tension reinforcement recorded at 0.0031 mm/mm, which indicates yielding. The

maximum support rotation was 2.2°, which corresponds to moderate damage.

Since the beam damage was limited, its residual capacity was assessed under static four-point
bending (see Figure 6-56). Considering the initial residual displacement of 22.4 mm, the beam
reached a maximum residual capacity of 127 kN at a displacement of 40 mm, which was well
below the maximum resistance of the undamaged beam, but close to the trend of the reference
beam load-deflection curve at a similar displacement. Testing continued until the beam reached 89

mm with a remaining load capacity of 23 kN. Unlike the undamaged beam, failure occurred in
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flexure due to crushing of the concrete in the mid-span compression zone. The beam also showed

significant loss of concrete side cover at failure.

Table 6-14 Key results (CB-25M-0%)

Beams Shockwave properties Displacement
P P I ; A A Omax Response limit and
ID d r r P max res expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) ©
CB-25M-0% | 90 91.4 927 23.2 46.0 22.4 2.20 B2-B1 | Moderate
Pressure and Impulse Time History Pressure and Displacement Time History
Shear Control 25M - Blast 1: 9 ft Driver, P4= 90 psi Shear Control 25M - Blast 1: 9ft Driver, P4= 90 psi
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Shockwaves properties and displacement for Blast 1

Figure 6-53 Reflected pressure, impulse and mid-span displacement (CB-25M-0%)
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Figure 6-54 Blast load resistance and strain time history curves (CB-25M-0%)
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b) High-speed camera showing Blast 1

a) Blast 1 fragments

'W: :

N

¢) Concrete crushing in
compression zone and some
cracks in the mid-span (one cracks in the mid-span
side) (Blast 1) (other side) (Blast 1)

e) Concrete crushing in

d) Cracks in the tension zone at .
compression zone and some

the mid-span (tension face)
(Blast 1)

Figure 6-55 The condition of the beam after the blast test (CB-25M-0%)
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b) Photos of the beam before and after the residual test

Figure 6-56 The residual test results (CB-25M-0%)
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6.3.3.2 25M: shear corrosion — 11% mass loss (B-SHC-25M-11%)

Beam B-SHC-25M-12% had similar design properties as the reference specimen in the 25M group;
however, it was subjected to corrosion of the transverse reinforcement throughout its span. The
targeted mass loss on the stirrups was 15%; however, after testing, the actual average mass loss
was found to be 11%. The mass loss reached 17% and 15% on some portions of the extracted bar
samples as presented in Figure 6-57. Before testing, the specimen showed clear signs of corrosion

in the form of staining of the concrete cover at the stirrup locations as shown in Figure 6-58.

Similar to the reference beam, this specimen was tested under a single blast load at a driver pressure
of 90 psi. The key data from this test is presented in Table 6-15. Figure 6-59 shows the results in
terms of reflected pressure, impulse and displacement time histories. Beam damage at the end of
testing is shown in Figure 6-60. The dynamic reaction and strain data are presented in Figure

6-61.

Similar to the control specimen, Blast 1 (90 psi) resulted in the failure of the beam in flexure.
Nonetheless, the failure was severe and associated with severe concrete crushing and spalling in
the mid-span region. Significant buckling of the longitudinal bars was also noticeable in the
compression region. Additional flexural and diagonal cracks were also observed in the mid-span
and shear-span regions, respectively. The data showed that the beam reached maximum and
residual displacements at 92.6 mm and 68.50 mm, respectively, during the test. The maximum
strain reading on the tension reinforcement was 0.0049 mm/mm, which indicates possible steel
yielding. The maximum support rotation reached 4.4°, which corresponds to s#eavy damage. Due

to the brittle failure, no residual testing was conducted on this specimen.

Table 6-15 Key results (B-SHC-25M-11%)

Beams Shockwave properties Displacement 0
max Response limit and
5 Pq P: I &b Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) | Degree
BEREM 90 | 967 903 232 | 926 | 685 | 440 |B3-B2| Heavy
()
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Figure 6-57 Mass loss distribution along the stirrups in the shear span (B-SHC-25M-11%)

Figure 6-58 The beam before testing (B-SHC-25M-11%)
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Figure 6-59 Reflected pressure, impulse and mid-span displacement (B-SHC-25M-11%)
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b) High-speed camera showing Blast 1 fragments

c¢) Severe crushing and
spalling at mid-span (side)

d) Severe crushing,
spalling, and bar
buckling in the mid-span
(compression face)

e) Severe crushing and
spalling at mid-span
(tension face)

Figure 6-60 Damage in the beam after testing (B-SHC-25M-11%)
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Figure 6-61 Blast load resistance and strain time history curves (B-SHC-25M-11%)
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6.3.3.3 25M: shear corrosion — 12% mass loss (B-SHC-25M-12%)

The final beam in the 25M group had the same properties as the control specimen, but it was
subjected to corrosion of the transverse reinforcement throughout its span. The intended mass loss
on the stirrups was 30%; however, the actual average mass loss was measured to be 12%, with the
maximum mass loss not exceeding 17% at any one location as shown in Figure 6-62. Prior to

testing, the beam showed clear signs of corrosion at the stirrup locations as shown in Figure 6-63.

Similar to the control, this beam was tested under a single blast load corresponding to a 90 psi
driver pressure. The results for this test in terms of reflected pressure, impulse and displacement
time histories are shown in Figure 6-64, while key data is presented in Table 6-16. Damage at the
end of testing is shown in Figure 6-65, while the dynamic reaction and strain data are presented

in Figure 6-66.

Unlike the previous two specimens, Blast 1 (90 psi) resulted in failure of the beam in shear, which
indicated that the corrosion had a more important effect on the shear resistance of this beam. The
shear failure occurred in the bottom shear span and was associated with diagonal cracking and
severe spalling of the concrete cover both at the side and tension faces in the shear span.
Additionally, the beam showed signs of crushing at mid-span, with significant flexural and
diagonal cracking in the central mid-span and top shear span regions, respectively. The data
indicated that the beam experienced maximum and residual displacements of 45.5 mm and 32.0
mm, respectively, during the test. The maximum strain reading on the tension reinforcement
reached 0.0031 mm/mm, which indicates possible steel yielding. The maximum support rotation
reached 2.2°, which corresponds to moderate damage; however, the beam failed severely in shear.

Due to the brittle failure of this beam, no residual testing was conducted on this specimen.

Table 6-16 Key results (B-SHC-25M-12%)

Beams Shockwave properties Displacement .
max Response limit and
D Pq P, L t Amax Ares expected damage
(psi) | (kPa) (kPa-ms) (ms) (mm) (mm) | Degree
BENG M| 90 | 952 926 247 | 455 | 320 | 220 |B2-BI | Moderate
()
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Figure 6-62 Mass loss distribution along the stirrups in the shear span (B-SHC-25M-

12%)

Figure 6-63 The condition of the beam before testing (B-SHC-25M-12%)
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Figure 6-64 Reflected pressure, impulse and mid-span displacement (B-SHC-25M-12%)
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Figure 6-65 The damage of the beam after the test (B-SHC-25M-12%)
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Figure 6-66 Blast load resistance and strain time history curves (B-SHC-25M-12%)
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Chapter 7: Discussion of Blast Results

7.1 Chapter Overview

This chapter presents the effects of the test’s variables on the behaviour of the reinforced concrete
beams, which were tested dynamically under blast loads. The test’s variables were evaluated by
comparing various parameters, including: the maximum and residual mid-span displacements,
support rotations, blast load capacities, failure mode and damage in the beams. The following test’s

variables are discussed in more detail in the following sections:

e Effect of mid-span corrosion:
o 10M group: CB-10M-0% vs B-MC-10M-11% vs B-MC-10M-15% vs B-EMC-10M-22%
o 15M group: CB-15M-0% vs B-MC-15M-12% vs B-EMC-15M-17%

e Effect of end-span corrosion:

o 10M group: CB-10M-0% vs B-SC-10M-7%

e Effect of full-span corrosion:

o 10M group: CB-10M-0% vs B-FC-10M-12%

o Effect of corrosion locations (mid, ends and full span):

o 10M group: CB-10M-0% vs B-MC-10M-11% vs B-SC-10M-7% vs B-FC-10M-12%
e [Effect of mid-span corrosion combined with cover-removal/loss:

o 10M group: CB-10M-0% vs B-CR-MC-10M-5%

o 15M group: CB-15M-0% vs B-CR-MC-10M-4%

o [Effect of shear corrosion:
o 25M group: CB-25M-0% vs B-SHC-25M-12% vs B-SHC-25M-11%
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7.2 Effect of mid-span corrosion

7.2.1 10M group: CB-10M-0% vs B-MC-10M-11% vs B-MC-10M-15% vs B-EMC-10M-22%

Beams CB-10M-0%, B-MC-10M-11%, B-MC-10M-15% and B-EMC-10M-22% were compared
to examine the effects of mid-span corrosion and various levels of corrosion on the blast response
in the 10M group. All beams were constructed using identical design properties, which consisted
of 2-10M bars in tension/compression and had U-shaped stirrups at 100-mm spacing throughout
the beam span. However, the tension 10M bars in beams B-MC-10M-11%, B-MC-10M-15% and
B-EMC-10M-22% had varying levels of corrosion in the mid-span region, corresponding to

average mass losses of 11%, 15% and 22%, respectively.

The control specimen (CB-10M-0%) and the beams with intermediate corrosion (11% and 15%
mass loss) were subjected to two blasts at driver pressures of 17 and 50 psi. Beam B-EMC-10M-
22%, which had heavy/extreme corrosion (22% average mass loss), was subjected to a single blast
load at a driver pressure of 50 psi. Figure 7-1 shows a comparison of displacements for all beams
after each blast, while Table 7-1 provides a summary of the key results in terms of support
rotations and failure mode. Photos of the beams after each blast are presented in Figure 7-2. Figure

7-3 shows images of damage and fragmentation of the beams at failure.

By examining Blast 1 (17 psi) it was observed that the control beam and beams with intermediate
corrosion showed similar maximum displacements. Beam B-MC-10M-11% showed a slightly
higher maximum deformation (18 mm) when compared to its two companions (~16 mm). The
larger displacement can partly be explained by the relatively larger impulse applied on B-MC-
10M-11% when compared to its companions (I; = 257 vs 250 kPa-ms). Both corroded beams
showed larger residual deformations when compared to CB-10M-0%, with increases of 29% and
66% for beams B-MC-10M-15% and B-MC-10M-11%, respectively. All beams showed
maximum support rotations of less than 1°, which qualifies as superficial damage. Indeed, the three
beams showed similar cracking patterns and limited damage; however, some initial signs of side
cover spalling and concrete crushing were observed in beam B-MC-10M-15% and B-MC-10M-
11%.

Blast 2 (50 psi) was meant to test the beams in the inelastic range and therefore the effects of
corrosion were clearer. Examining the deformations in Figure 7-1, the maximum displacements

in beams B-MC-10M-11%, B-MC-10M-15% and B-EMC-10M-22% were increased by 19%, 47%
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and 199% when compared to the control CB-10M-0% specimen. The maximum support rotations
also increased from 3.4° in the control (superficial damage) to 4.1°, 4.9° (heavy damage) and 10.1°
(hazardous/blowout damage) in the corroded specimens with 11%, 15% and 22% average mass
loss, respectively. The residual displacements were also affected with increases of 24% and 249%
for beams B-MC-10M-11% and B-EMC-10M-22%, respectively, when compared to CB-10M-
0%.

While the three specimens showed a flexural dominant response, the damage and failure mode
became more severe as the amount of corrosion was increased (see Figure 7-2). Indeed, greater
concrete damage in terms of crushing and spalling was observed when comparing beams B-MC-
10M-11% (11% mass loss) and CB-10M-0% (control). As the mass loss was increased further to
15%, failure in beam B-MC-10M-15% was associated with more severe cover spalling on the
tension face, more significant crushing on the compression face, and rupture of the main 10M
tension reinforcement. Moreover, inspection of the high-speed video showed the corroded
specimen developed significant blast fragments at failure. At 22% mass loss, beam B-EMC-10M-
22% experienced a severe blowout failure, with significant concrete damage and fracture of the
10M tension reinforcement. In comparison the control beam survived this blast with moderate

damage and showed significant residual load-carrying capacity as discussed in Chapter 6.

In summary, the results showed that corrosion of the tension reinforcement in the mid-span region
affected all aspects of blast response and resulted in increased displacements and damage. The
effects became more significant as the mass loss was increased, with a change in failure mode and
loss of residual capacity as the average mass loss became > to 15%. The mass loss of 22% was

particularly detrimental to blast resistance and resulted in severe blowout failure.

Table 7-1 Key results: effect of mid-span corrosion and mass loss

Blast Displacement (mm) Support rotation
Ir .
Beam ID ID (kPa-ms) Ao dres Ormax CSA S850 Failure mode
(psi) damage
17 250 15.4 4.3 0.72 Superficial | Flexural failure: light concrete
CB-10M-0% . .
50 550 72.6 52.0 3.40 Moderate crushing and extensive cracks
17 257 18.0 7.0 0.84 Superficial Flexural failure: significant
- - - V)
B-MC-10M-11% 50 547 86.3 64.3 4.10 Heavy concrete crushing and spalling
17 249 15.6 5.4 0.72 Superficial Flexural failure: severe
B-MC-10M-15% concrete crushing and spalling,
50 529 107.0 434 4.90 Heavy with rupture of the 10M bars
B-EMC-10M-22% | 50 541 2173 1814 | 10.10 | Hazardous | Blowout failure: Concrete
damage/ Rebar rupture
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Figure 7-1 Displacements for blast 1-2: effect of mid-span corrosion (10M group)
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CB-10M-0%
(Pg= 17 psi): 1% shot

B-MC-10M-11%

B-MC-10M-15%
(Pq =17 psi): 1% shot

B-EMC-10M-22%
No test

(Pa= 17 psi): 1% shot

CB-10M-0%
(P4 =50 psi): 2" shot

B-MC-10M-11%
(P4 =50 psi): 2" shot

B-MC-10M-15%
(P4 = 50 psi): 2" shot

B-EMC-10M-22%
(P4 =50 psi): Single shot

Figure 7-2 Failure mode: effect of mid-span corrosion (10M group)
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B-MC-10M-11%

B-MC-10M-15%

B-EMC-10M-22%

Figure 7-3 Damage and fragmentation at failure: effect of mid-span corrosion (10M group)
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7.2.2 15M group: CB-15M-0% vs B-MC-15M-12% vs B-EMC-15M-17%

Beams CB-15M-0%, B-MC-15M-12% and B-EMC-15M-17% were compared to examine the
effects of mid-span corrosion and various levels of corrosion on the blast response in the 15M
group. All beams were constructed using identical design properties, which consisted of 2-15M/2-
10M bars in tension/compression and had U-shaped stirrups at 100-mm spacing throughout the
beam span. However, the tension 15M bars in beams B-MC-15M-12% and B-EMC-15M-17%
were subjected to corrosion over the central mid-span region, with actual average mass losses of

12% and 17%, respectively.

The control specimen (CB-15M-0%) and beam B-MC-15M-12% were subjected to two blasts at
driver pressures of 17 and 70 psi. Beam B-EMC-10M-17%, which had heavy/extreme corrosion
(17% mass loss), was subjected to a single blast load at a driver pressure of 70 psi. Figure 7-4
compares the displacements for all beams after the 70 psi blast, whereas beam damage at the end
of testing is shown in Figure 7-5. Figure 7-6 illustrates the fragmentation of the beams at failure.

Table 7-2 provides a summary of the key results.

The 17-psi shot tested beams CB-15M-0% and B-MC-15M-12% within the elastic range. Both
beams experienced similar maximum displacements (10.6 and 11mm) with superficial damage.
The 70 psi shot brought all beams into the inelastic range. Although beams CB-15M-0% and B-
MC-15M-12% showed similar maximum and residual displacements (~ 71 mm and 51 mm,
respectively), with support rotations of 3.3° and 3.4°, the corroded specimen experienced greater
damage in terms of concrete crushing and cover spalling over the central mid-span region, with
the development of significant blast fragments at failure. The increased level of corrosion in B-
EMC-10M-17% led to severe increases of 140% and 195% in maximum and residual
displacements, respectively, when compared to beams CB-15M-0% and B-MC-15M-12%. In
addition, the maximum support rotation of B-EMC-10M-17% reached 8°, with hazardous damage.
The severe failure in this beam was associated with concrete crushing and spalling of the concrete
cover in the mid-span zone and rupture of the corroded 15M bars on the tension face, which led to
the beam nearly splitting in two as shown in Figure 7-5. Although spalling and crushing were also

significant in beam B-MC-15M-12%, the lower intensity of corrosion did not result in bar fracture.
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In conclusion, at a moderate level of corrosion (12% mass loss) blast damage was increased;

however, displacements were not affected. An increased level of corrosion (17% mass loss)

affected all aspects of blast response and led to hazardous failure under blast loading.

Table 7-2 Key results: effect of mid-span corrosion (15M group)

Blast Displacement (mm) Support rotation
I .
Beam ID ID (kPa-ms) Ao dres O CSA S850 Failure mode
(psi) damage
17 248 10.6 32 0.50 Superficial Flexural failure: concrete
CB-15M-0% . .
70 734 70.6 50.5 3.30 Moderate crushing and extensive cracks
17 251 11.0 2.0 0.50 Superficial Flexural failure: severe
- _ - 0,
B-MC-15M-12% 70 703 71.2 51.0 3.40 Moderate concrete crushing and spalling
B-EMC-15M-17% | 70 729 169.0 1492 | 8.00 | Hazardous Hazardous failure: severe
concrete damage & bar fracture
220 T T
—— CB-15M-0% (blast 2)
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Figure 7-4 Displacements: effect of mid-span corrosion (15M group)
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CB-15M-0% B-MC-15M-12% B-EMC-15M-17%
(Pq =70 psi): 2" shot (P4 =70 psi): 2" shot (Pg= 70 psi): Single shot

Figure 7-5 Failure mode and damage: effect of mid-span corrosion (15M group)
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CB-15M-0%

B-MC-15M-12%

B-EMC-15M-17%

Figure 7-6 Fragmentation at failure: effect of mid-span corrosion (15M group)
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7.3 Effect of end-span corrosion
7.3.1 10M group: CB-10M-0% vs B-SC-10M-7%

The performance of beams CB-10M-0% vs B-SC-10M-7% was compared to investigate the effect
of end-span corrosion on the blast response of the beams in the 10M group. Both beams were
constructed wusing identical design properties, which consisted of 2-10M bars in
tension/compression and had U-shaped stirrups at 100-mm spacing throughout the beam span.
However, the tension 10M bars in beam B-SC-10M-7% were subjected to corrosion in the end

spans, with an actual average mass loss of 7%.

Both beams were subjected to blasts at driver pressures of 17 and 50 psi. The displacement of the
beams is compared in Figure 7-7, while Table 7-3 summarizes the key results. Figure 7-8 presents

the damage of the beams after each blast.

Examining the results after the 17-psi shot, the maximum and residual displacements of beam B-
SC-10M-7% were respectively 33% and 53% higher when compared to CB-10M-0%. However,
the maximum support rotation in both beams was less than 1°, which corresponds to superficial
damage according to CSA S850. Both beams showed similar cracking patterns and limited damage

after this test.

Both beams showed similar displacements at the 50-psi shot, with slightly lower maximum and
permanent deformations in beam B-SC-10M-7%. Both beams showed similar maximum support
rotation of less than 4°, which corresponds to moderate damage. Furthermore, both beams
experienced flexure failure and similar cracking patterns; however, beam B-SC-10M-7%
displayed larger crack widths and experienced concrete cover spalling on the tension face in the
top shear-span region (see Figure 7-8). In conclusion, the combined effects of low intensity
corrosion, which was only concentrated at the ends of the beam, had minor effect on the beam

blast performance.

Figure 7-9 shows the dynamic resistance curves for the beams based on the load-cell recordings.
It was observed that both beams had similar pre-peak and post-peak behaviours; however, the
maximum dynamic load and stiffness of beam B-SC-10M-7% showed a relative increase when
compared to beam CB-10M-0%, which provided further evidence of the limited effects of

corrosion in this comparison set.
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Table 7-3 Key results: effect of end-span corrosion (10M group)

Blast Displacement (mm) Support rotation
Ir .
Beam ID ID CSA S850 Failure mode
o kP = max T max
(psi) (kPa-ms) d dres 0 damage
17 250 15.4 43 0.72 | Superficial | Flexural failure: light concrete
CB-10M-0% . .
50 550 72.6 52.0 3.40 Moderate crushing and extensive cracks
17 239 204 6.6 0.95 | Superficial | Flexural failure: light concrete
- - - 0, . .
B-SC-10M-7% 50 555 70.1 452 3.30 | Moderate crushing and spalling
25 T T 90 T T T
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Figure 7-7 Displacements: effect of end-span corrosion with 7% mass loss (10M group)
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CB-10M-0%
(Pg= 17 psi): 1% shot

B-SC-10M-7%
(Pq =17 psi): 1* shot

CB-10M-0% B-SC-10M-7%
(P4 =50 psi): 2" shot (P4 =50 psi): 3" shot

Figure 7-8 Failure mode: effect of end-span corrosion with 7% mass loss (10M group)
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Figure 7-9 Dynamic reactions: effect of end-span corrosion with 7% mass loss (10M group)
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7.4 Effect of full-span corrosion
7.4.1 10M group: CB-10M-0% vs B-FC-10M-12%

The results of beams CB-10M-0% and B-FC-10M-12% were compared to examine the effect of
corrosion over the full beam span on the blast response of the beams in the 10M group. These
beams were constructed with identical properties, which consisted of 2-10M bars in tension and
compression and had U-shaped stirrups spaced at 100-mm throughout their span. However, the
tension 10M bars in beam B-FC-10M-12% was subjected to corrosion over its entire length, with

an actual average mass loss of 12%.

Beam CB-10M-0% was subjected to two blasts at driver pressures of 17 and 50 psi, while B-FC-
10M-12% was subjected to a single shot at 50 psi. Figure 7-10 shows a comparison of the beams
displacements at the common test shot, and Figure 7-11 compares the damage in the beams at the

end of testing. A summary of the key data is shown in Table 7-4.

Examining the results at the 50-psi shot, the maximum and residual displacements of beam B-FC-
10M-12% showed respectively increases of 13% and 16% when compared to beam CB-10M-0%
due to the effects of corrosion of the 10M tensile bars (see Table 7-4 and Figure 7-10). The
maximum support rotation increased from 3.4° in the control (moderate damage) to 4°, which
corresponds to seavy damage in the corroded beam. Both beams experienced a flexural failure,
with similar cracking patterns; however, beam B-FC-10M-12% showed more significant concrete
crushing in the compression face at mid-span and more significant cracks in the tension face (see

Figure 7-11).

In summary, the application of corrosion corresponding to an average of 12% mass loss over the

entire beam length resulted in moderate effects on the beam response under blast loading.

Table 7-4 Key results: effect of full span corrosion at 12% mass loss (10M group)

Blast Displacement (mm) Support rotation
IT .
Beam ID ID CSA S850 Failure mode
(pSl) (kPa'mS) dmax dres Omax damage
CB-10M-0% 50 550 72.6 520 | 3.40 | Moderate | Fiexural failure: light concrete

crushing and extensive cracks

B-FC-10M-12% | 50 540 83.7 617 | 4.00 Heavy Flexural failure: significant

concrete crushing and cracks
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Figure 7-10 Displacements: effect of full span corrosion at 12% mass (10M group)
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CB-10M-0% B-FC-10M-12%
(Pq = 50 psi): 2" shot (Pq = 50 psi): 2" shot

Figure 7-11 Failure mode: effect of full span corrosion at 12% mass loss (10M group)
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7.5 Effect of corrosion location (mid, end and full span)
7.5.1 10M group: B-MC-10M-11% vs B-SC-10M-7% vs B-FC-10M-12%

The results from beams B-MC-10M-11%, B-SC-10M-7% and B-FC-10M-12% in the 10M group
were examined to study the effects of corrosion location on the blast response in the 10M group.
The three beams were identical in terms of design as discussed in the previous sections; however,
each beam was subjected to corrosion at different locations corresponding to the mid-span, the
end-spans only and the full span, with actual average mass losses of 11%, 7% and 12%,

respectively.

The comparison was made for the 50 psi shot, which was common to the three beams. Figure 7-12
shows the comparison of displacements at this blast, while the damage for each beam is shown in

Figure 7-13. Table 7-5 provides a summary of the key results from this test.

Examining the results at the 50-psi blast, the highest maximum and residual displacements
occurred in beam B-MC-10M-11% when compared to the two other beams. Keeping in mind the
difference in mass loss (11% vs 7%), the increases in maximum and residual deformations were
respectively 23% and 42% for the MC beam (mid-span corrosion) when compared to the SC beam
(end-span corrosion). The corresponding maximum support rotations were 4.1° and 3.4°,
respectively, which represents heavy and moderate damage. Examining the failure photos, beam
B-MC-10M-11% showed more significant crushing and spalling at mid-span, which generated
significant blast fragments at failure. Damage at mid-span was better controlled in B-SC-10M-7%,

while spalling shifts from mid-span to the top shear span (see Figure 7-13).

Comparing B-MC-10M-11% and B-FC-10M-12%, the MC and FC specimens showed very
similar maximum displacements (86 vs 84 mm), residual displacements (64 vs 62 mm) and support
rotations (4.1° and 4°) corresponding to seavy damage. Both beams experienced similar failure
modes; however, relatively more significant damage in terms of crushing and spalling occurred in

B-MC-10M-11% (see Figure 7-13).

In summary, the results seem to indicate that corrosion at mid-span is more critical in terms of the
effect on maximum/residual deformations and damage when compared to corrosion at the end

spans only. Moreover, corrosion in the mid-span and full-span regions resulted in similar blast
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response in terms of displacements; however, damage was greater in the case of MC type

corrosion.
Table 7-5 Key results: effect of corrosion location in the 10M group
Blast Displacement (mm) Support rotation
Ir .
ID
Beam ID . (kPa-ms) o e O CSA S850 Failure mode
(psi) damage
CB-10M-0% 50 550 72.6 520 |340 | Moderate | Fiexural failure: light concrete
crushing and extensive cracks
B-MC-10M-11% | 50 547 86.3 643 | 4.10 Heavy Flexural failure: significant
concrete crushing and spalling
B-SC-10M-7% 50 555 70.1 452|330 | Moderate | Fiexural failure: light concrete
crushing and spalling
B-FC-10M-12% | 50 540 83.7 617 | 400| Heavy Flexural failure: significant
concrete crushing and cracks
120 —
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—— B-MC-10M-11% (blast 2)
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—— B-FC-10M-12% (blast 2)

Displacement (mm)

-20 L L L L L L
-50 0 50 100 150 200 250 300
Time (ms)

Blast 50 psi Avg (Pr=59.7 kPa, Ir=548 kPa-ms)
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Figure 7-12 Displacements: effect of corrosion locations in the 10M group
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CB-10M-0%
(P4 =50 psi): 2" shot

B-MC-10M-11%
(P4 = 50 psi): 2" shot

B-SC-10M-7%
(P4 = 50 psi): 2" shot

B-FC-10M-12%
(P4 = 50 psi): 2" shot

Figure 7-13 Failure mode: effect of corrosion locations in the 10M group
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7.6 Effect of cover-removal with mid-span corrosion
7.6.1 10M group: CB-10M-0% vs B-CR-MC-10M-5%

The results of beams CB-10M-0% and B-CR-MC-10M-5% were compared to evaluate the effects
of corrosion in combination with concrete cover-removal on the blast response of the beams in the
10M group. Both beams had the same 10M-group design properties, with the exception that beam
B-CR-MC-10M-5% was subjected to corrosion after removal of the concrete cover in the mid-
span region over a length of 750 mm. The subsequent corrosion resulted in an actual average mass
loss of 5%. Both beams were subjected to a common blast at a driver pressure of 50 psi. Figure
7-14 provides a comparison of the beam displacements, while Figure 7-15 shows the damage in

the beams at the end of testing. Table 7-6 summarizes additional key results from these tests.

Evaluating the results at the 50 psi shot, beam B-CR-MC-10M-5% showed maximum and residual
displacements of 79 mm and 57 mm, respectively, which were 9% and 10% higher when compared
to beam CB-10M-0%. The maximum support rotation for both beams did not exceed 4°,
corresponding to moderate damage. Both beams failed in flexure; however, beam B-CR-MC-10M-

5% showed more concrete crushing/damage in the mid-span compression region (see Figure

7-15).

Given the low amount of corrosion which did not exceed 5% in terms of average mass loss, it can
be concluded that the cover loss had only limited effects on the blast response in this set. Therefore,
it can be concluded that corrosion of the actual reinforcement is more critical than mere exposure

of the bars due to cover loss.

Table 7-6 Key results: effect of corrosion and cover-removal in the mid-span

Blast L Displacement (mm) Support rotation
Beam ID (Il)ls)i) (kPa-ms) e e O Cg ;?n izzo Failure mode
CB-10M-0% 50 550 726 520 | 340 | Moderate Fclffirlilgf:ﬁg';ft;ﬁ?ﬁeci’faflfﬁe
B'CR'];/([,E'] OM- 50 548 79.0 57.0 3.70 | Moderate col;l:jeltl; ic‘:lrz:;ll;;easzig:;?e?;:ie
cracks
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Figure 7-14 Displacements: effect of corrosion and cover-removal in the mid-span (10M group)
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CB-10M-0% B-CR-MC-10M-5%
(Pa = 50 psi): 2" shot (Pa =50 psi): 1% shot

Figure 7-15 Failure mode: effect of corrosion and cover-removal in the mid-span (10M group)
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7.6.2 15M group: CB-15M-0% vs B-CR-MC-15M-4%

The effects of combined corrosion and cover loss on the blast response were examined in the 15M
group by comparing the results of beams CB-15M-0% and B-CR-MC-15M-4%. Both beams had
similar design properties; however, B-CR-MC-15M-4% was subjected to corrosion after removal
of the concrete cover in the mid-span region, with an actual average mass loss of 4% in the 15M
reinforcement. Both beams were subjected to a common blast at a 70 psi driver pressure. The
displacement comparison is shown in Figure 7-16, while damage in the beams at the end of testing

is presented in Figure 7-17. Table 7-7 summarizes the key results from this test.

Examining the results at the 70 psi shot, the maximum and residual displacements of beam B-CR-
MC-15M-4% increased by 8% and 7%, respectively, when compared to beam CB-15M-0%. Both
beams showed similar maximum support rotations of less than 4°, which corresponds to moderate
damage. Both beams experienced similar flexural failures; however, beam B-CR-MC-15M-4%
showed noticeably more concrete crushing and damage in the mid-span zone when compared to
beam CB-15M-0% (see Figure 7-17). This beam also showed more significant blast fragments at

failure.

In general, the results from this series and previous series indicates that the removal of the concrete
cover in the mid-span region does not have a significant impact on the blast behaviour of beams
with low amounts of reinforcement corrosion as long as reinforcement anchorage is not

compromised.

Table 7-7 Key results: effect of corrosion and cover-removal in the mid-span (15M group)

Blast Displacement (mm) Support rotation
Ir .
Beam ID ID CSA S850 Failure mode
(pSl) (kPa'mS) dmax drcs emax damage
CB-15M-0% 70 734 70.6 505 [330 | Moderate Flexural failure: concrete

crushing and extensive cracks

B-CR-MC-15M- 70 720 76.0 540 360 Moderate Flexural fallu're: significant

4% concrete crushing and cracks
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Figure 7-16 Displacements: effect of corrosion and cover-removal in the mid-span (15M group)
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CB-15M-0% B-CR-MC-15M-4%
(Pa = 70 psi): 2" shot (Pa =70 psi): 1% shot

Blast fragments in beam B-CR-MC-15M-4% at failure

Figure 7-17 Failure mode: effect of corrosion and cover-removed at mid-span (15M group )
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7.7 Effect of shear-span corrosion
7.7.1 25M group: CB-25M-0% vs B-SHC-25M-11% vs B-SHC-25M-12%

The results of beams CB-25M-0%, B-SHC-25M-11% and B-SHC-25M-12% were compared to
examine the effect of corrosion of the transverse reinforcement in the 25M group. All beams had
identical design properties, which consisted of 2-25M bars in tension, 2-10M bars in compression
and provision of minimum U-shaped stirrups. However, the stirrups in beams B-SHC-25M-11%
and B-SHC-25M-12% were subjected to corrosion throughout the beam span, with actual average
mass loss of 11% and 12%, respectively. All beams were subjected to a single blast corresponding
to a driver pressure of 90 psi. Figure 7-18 compares the beam displacements after this blast, while
Figure 7-19 compares the damage at the end of testing. A summary of key data is presented in
Table 7-8. Beginning with the two beams which failed in flexure, beam B-SHC-25M-11% showed
significant increases of 101% and 206% in maximum and residual displacements, respectively,
when compared to beam CB-25M-0% due to the more severe flexural failure. The maximum
support rotation of beam B-SHC-25M-11% reached 4.4°, which corresponds to heavy damage,
compared to 2.2° (moderate damage) in beam CB-25M-0%. Indeed, the failure photos and high
speed video showed more significant concrete crushing, side and tension cover spalling, and blast
fragments for beam SHC-25M-11%. The failure in beam CB-25M-0% was in flexure; however,

the damage was more controlled.

Beam B-SHC-25M-12% recorded similar maximum displacement when compared to CB-25M-
0% due to the difference in failure mode. Unlike CB-25M-0% (control) and B-SHC-25M-11%
which failed in flexure, beam B-SHC-25M-12% experienced a brittle shear failure in its bottom
shear span. Failure was associated with diagonal shear cracking and significant spalling of the

concrete cover on the side and tension faces in the shear failure region as shown in Figure 7-19.

Examining the dynamic resistance curves in Figure 7-20, all beams showed similar pre-peak and
post-peak behaviours; however, the stiffness and maximum dynamic capacities of beams B-SHC-

25M-11% and B-SHC-25M-12% were slightly reduced when compared to beam CB-25M-0%.

In summary, it can be concluded that the corrosion of the transverse reinforcement affects beam
blast performance in terms of damage and failure mode. However, given the variability in the test

results, further research is recommended.
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Table 7-8 Key results: effect of shear corrosion in the 25M group

Blast Displacement (mm) Support rotation
Ir .
Beam ID ID CSA S850 Failure mode
o kP = max T max
(psi) (kPa-ms) d dres 0 damage
Flexural failure: significant
CB-25M-0% 90 927 46.0 22.4 2.20 Moderate concrete crushing and extensive
cracks
B-SHC-25M-11% | 90 903 92.6 68.5 | 440 |  Heavy Flexural failure: severe
concrete crushing and spalling
B-SHC-25M-12% | 90 926 455 320 | 220| Moderate | Shear failure: severe spalling
and extensive cracks
100 T T T
—— CB-25M-0%

—— B-SHC-25M-11%
—— B-SHC-25M-12%

Displacement (mm)

-20 1 1 1 1 1 1
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Blast 90 psi Avg (Pr=94.4 kPa, Ir=919 kPa-ms)
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Figure 7-18 Displacements: effect of shear corrosion in the 25M group
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CB-25M-0% B-SHC-25M-11% B-SHC-25M-12%
(Pa =90 psi) (Pa =90 psi) (P4 =90 psi)

Figure 7-19 Failure mode: effect of shear corrosion in the 25M group
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Figure 7-20 Dynamic reactions: effect of shear corrosion in the 25M group

234




7.8 Effects of corrosion on residual static capacity

Most of the corroded beams in this study failed in a brittle manner under blast loading, without
any residual capacity. However, beams B-SC-10M-7% (10M bars, end-span corrosion, average
mass loss of 7%) and B-FC-10M-12% (10M bars, full length corrosion, average mass loss of 12%)
survived their final blast tests with limited damage and were subsequently tested under four-point
static loads to assess their residual capacity. This section compares the residual results of these two

beams with that of the control CB-10M-0% specimen.

7.8.1 CB-10M-0% vs B-SC-10M-7%

Beam B-SC-10M-7% was tested under blast loads at driver pressures of 17, 35 and 50 psi. After
blast testing, its residual strength was studied under static loading. Figure 7-21 (b) shows that the
beam had a residual capacity of 61.30 kN, which was higher than the peak resistance of the
companion beam tested under static loads only. The beam showed an ability to carry sustained

loads, reaching a displacement of 136 mm with a final residual load of 55 kN.

Figure 7-21 (c¢) compares the residual load-deflection curves of beams B-SC-10M-7% and CB-
10M-0% (control). It was observed that the maximum strength, yield strength and stiffness of beam
B-SC-10M-7% were not decreased when compared with beam CB-10M-0% (in fact the corroded
specimen showed slight increases when compared to the control). Moreover, both beams showed
similar maximum displacement and the same flexural failure mode as shown in Figure 7-22. The
results confirmed that the combined effects of low intensity corrosion, which was only
concentrated in the ends of the beam, had limited effects on the post-blast residual performance of

beam B-SC-10M-7%.
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Figure 7-21 Residual test results: effect of end-span corrosion with 7% mass loss
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Before the residual test Comments

CB-10M-0%

Cracks distributed on the
entire length of the beam.

Some large cracks in the
mid-span region.

Significant cracks in the
mid-span.

Concrete spalling in the
tension- region.

After the residual test Comments

CB-10M-0%

Concrete crushing in the
compression zone at the
mid-region.

Severe cracks in the
moment region.

Concrete crushing in the
compression zone.

TEY S ! Do AR o N,
Figure 7-22 Photos of the beams (CB-10M-0% and B-SC-10M-7%) before and after the residual
test
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7.8.2 CB-10M-0% vs B-FC-10M-12%

Beam B-FC-10M-12% was tested under blast loads at driver pressures of 17 and 50 psi. After blast
testing, its residual strength was studied under static loading. Figure 7-23 (b) shows that the beam
had a residual capacity of 50 kN, which matched the expected residual strength observed in the
companion beam tested under static loads only. However, the blast-damaged beam failed at an

earlier displacement due rupture of the tension steel reinforcement.

The effect of corrosion was observed by comparing the residual test results for beams B-FC-10M-
12% and CB-10M-0% (control). Figure 7-23 (c) shows that the maximum strength and ductility
of beam B-FC-10M-12% decreased when compared to CB-10M-0%. Importantly, beam B-FC-
10M-12% experienced a sudden/brittle failure in flexure associated with bar rupture, whereas
beam CB-10M-0% continued to carry loads with a behavior which was similar to the reference
beam tested under static loading only, as presented in Figure 7-24. The results showed that this

corrosion case had an important effect on the post-blast residual performance of the beams.

Load (kN)
Load (kN)

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160
Displacement (mm) Displacement (mm)

a) CB-10M-0%: Residual vs static only b) B-FC-10M-12%: Residual vs static only
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Figure 7-23 Residual test results: effect of full-span corrosion at 12% mass loss
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Before the residual test

Comments

CB-10M-0%

Cracks distributed on the
entire length of the beam.

Some large cracks in the
mid-span region.

Initial crushing and cracking
prior to residual static test.

Comments

Concrete crushing in the
compression zone at the
mid-region.

Severe cracks in the
moment region.

Concrete crushing and
severe cracks in the mid-
span zone.

Rupture of the 10M bars in
the tension zone.

Figure 7-24 Photos of the beams (CB-10M-0% and B-FC-10M-12%) before and after the

residual test
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7.9 Static vs Dynamic resistance

This section provides a comparison of the resistance curves of the beams under static and dynamic
blast loading. Figure 7-25 shows the results for beams CB-10M-0%, B-SC-10M-7% and B-MC-
10M-11% (10M series), and CB-25M-0%, B-SHC-25M-11% and B-SHC-25M-12% (25M series).
The dynamic resistance results were obtained by summing the support reactions recorded by the
load-cells during testing. It was observed that static and dynamic resistance curves generally
followed similar trends in terms of load-displacement response. The maximum loads under
dynamic and static loading, and their ratio (PPmax / PSmax) were reported in the plots. In general,
the obtained maximum loads from dynamic blast loading were higher than the maximum loads in
static loading for all the beams; this increase can be clarified by the effects of high strain-rate on
the concrete and steel bars which led to increase their strengths. The average of dynamic to static
strengths ratio for all the beams was determined to be 1.26, which was within the range according
to Magnusson et al. (2010). Comparing the individual sets, the average load ratios were 1.38 and
1.15 for the 10M and 25M series, respectively. The results showed that both the flexural and shear
dominant beams showed an increase in resistance under dynamic loading. The results also
confirmed that the increase in strength also occurred in the corrosion-damaged beams, which

would seem to indicate that strain-rate effects were not negated by the steel corrosion.
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Figure 7-25 Comparison of static vs dynamic resistance
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Chapter 8: Finite Element Analysis of Corrosion-Damaged Beams Under
Static Loading

8.1 Chapter Overview

This chapter presents the first phase of the numerical research program, which aims at predicting
the response of the tested beams under static loading. Finite element models of the control and
corroded beams were developed using 2D nonlinear finite element software (VecTor2). The effects
of corrosion were considered by reducing the steel cross-sectional area, modifying the steel stress-
strain relationship, and modelling corrosion-induced cracking in the concrete. The chapter presents
a description of the FE models, a summary of the FE results considering different modelling

features, and a comparison between the predicted and experimental results.
8.2 Numerical Methodology

Two-dimensional nonlinear finite element (FE) software (VecTor2) was used to predict the
flexural and shear responses of the un-corroded (control) and corroded beams under static four-

point bending.

To account for symmetry, half of the simply-supported beams was modelled in VecTor2 as shown
in Figure 8-1. Concrete was modelled using 4-node rectangular plane-stress elements with 2
degrees of freedom per node, with a mesh size of 10 mm x 10 mm for the flexure-governed beams
(10M and 15M groups) (see Figure 8-1 (a) and Figure 8-1 (b)). A slightly larger mesh of 20 mm
x 20 mm was used for the shear-governed beams (25M group) (see Figure 8-1 (¢)). The FE
meshing was selected based on a preliminary sensitivity analysis while also considering the
recommendations in other VecTor2 studies. Longitudinal steel reinforcement was modelled with
2-node truss bar elements, while transverse reinforcement was either smeared in the concrete
elements (for the 10M/15M beams) or modelled using discrete 2-node truss elements (in the 25M
group). Steel plates were placed at the supports and under the load points to distribute the load and
avoid stress concentrations. The analysis was run under displacement control by applying an
increasing displacement at the loading point. In all cases, the steel bars were assumed to be

perfectly bonded to the concrete.

The constitutive models used in the FE analysis for the beams in the 10M/15M and 25M groups
are listed in Table 8-1 and Table 8-2, respectively. The pre-peak and post-peak response of
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concrete in compression was modelled using the Popovics (NSC: normal-strength concrete) and
Popovics/Mander models, respectively. The steel reinforcement was modeled using a trilinear
elastic-hardening curve. Concrete properties (tensile strength, modulus of elasticity and concrete
peak strain) were calculated according to the equations provided in the VecTor2 manual (Wong et
al., 2013), except for the compressive strength (f,), which was determined from the cylinder tests.
When f,/ was over 40 MPa, the modulus of elasticity (E.) was calculated using Equation 8-1. The
maximum crack width was fixed at 2 mm for the flexure-governed beams (10M and 15M groups)
(see Table 8-1), but it was fixed at 5 mm for the shear-governed beams (25M group) (see Table
8-2); these values were chosen after conducting a sensitivity analysis. In general, the remaining

concrete modelling parameters were kept the same as the defaults.
E.=33204/f", + 6900 (8-1)

where: E. (MPa) = modulus of elasticity, f; (MPa) = compression strength.
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Table 8-1 Constitutive models used in FE analysis for 10M and 15M groups

Concrete Constitutive Models

Compression Pre-Peak

Popovics (NSC) Dilation

Variable — Isotropic

Compression Post-Peak

Popovics / Mander Cracking Criterion

Mohr-Coulomb (Stress)

Compression Softening | Vecchio 1992-A (el/e2-Form) Crack Stress Calc Basic (DSFM/MCEFT)
Tension Stiffening Modified Bentz 2003 Crack Width Check 2 mm Max Crack Width
Tension Softening Bilinear Crack Slip Calc Walraven

FRC Tension SDEM-Monotonic Creep and Relaxation Not Considered

Nonlinear w / Plastic

Confined Strength Kupfer / Richart Hysteretic Response Offsets
Reinforcement Models
. . . . Akkaya 2012 (Modified
Hysteretic Response Bauschinger Effect (Seckin) Buckling Dhakal-Mackawa)
Dowel Action Tassios (Crack Slip) Concrete Bond Perfect Bond

Table 8-2 Constitutive models used in FE analysis for 25M group

Concrete Constitutive Models

Compression Pre-Peak

Popovics (NSC) Dilation

Variable — Isotropic

Compression Post-Peak

Popovics / Mander Cracking Criterion

Mohr-Coulomb (Stress)

Compression Softening

Vecchio 1992-A (el/e2-Form) Crack Stress Calc

Basic (DSFM/MCEFT)

Tension Stiffening Modified Bentz 2003 Crack Width Check 5 mm Max Crack Width
Tension Softening Bilinear Crack Slip Calc Walraven
FRC Tension SDEM-Monotonic Creep and Relaxation Not Considered

Nonlinear w / Plastic

Confined Strength Kupfer / Richart Hysteretic Response Offsets
Reinforcement Models
. ) . . Akkaya 2012 (Modified
Hysteretic Response Bauschinger Effect (Seckin) Buckling Dhakal-Mackawa)
Dowel Action Tassios (Crack Slip) Concrete Bond Perfect Bond
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8.2.1 Reduction of steel bar area

Corrosion was simulated by reducing the cross-sectional area of the steel reinforcement based on
the measured mass loss. Mass loss was calculated experimentally (ASTM G1) by measuring the

weight of the steel bars before and after the corrosion process using the following equation:

(Wori—Weorr)

Wori

Mass loss % = (8-2)

where: w,,,.; = original weight of the steel bar, w,,,,- = weight of steel bar after corrosion.

The reduced bar diameter, and thickness reduction, were then determined using the following

equations:

dp—d?

b—zcorr = mass loss % (8-3)
djp

deorr = dp — ax(t) (8-4)

where: d ., (mm) = diameter of corroded steel bar, d;, (mm) = diameter of un-corroded steel bar,
a = 2 for uniform corrosion, x(t) = the corrosion penetration depth, which was assumed to be

uniform around the bar perimeter as shown in Figure 8-2.

The reduced area of the corroded steel bar was then calculated using the following equation:
As(red) = A5 - As(corr) (8-5)

where: Ag(req) (mm?) = reduction in steel bar area, A, (mm?) = original steel bar area, As(corr)

(mm?) = corroded steel bar area.

v _
? _
x(7)

dy(t) | dy

Figure 8-2 Uniform corrosion
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8.2.2 Modified and unmodified stress-strain of corroded and un-corroded steel bars

The stress-strain properties of the un-corroded steel bars were assigned based on the data from the
steel tension coupon tests. To account for the effects of corrosion on the steel stress-strain response,
these properties were then modified using Equations 8-6 to 8-8 as recommended in the
“LIFECON DELIVERABLE D 3.2: Service Life Models Report” (Lay et al. 2003). The stress-
strain responses of the un-corroded and corroded steel bars were then predicted using the model
presented in Equations 8-9 to 8-11 (Wong et al., 2013). Figure 8-3 illustrates the stress-strain
curves for the un-corroded and corroded steel bars (10M, 15M and 6.3 mm). Figure 8-4 shows

how the discrete and smeared steel reinforcement properties were defined in VecTor2.

fy = (1- Oy * Acorr) * fyO (8'6)
fu=(1- 0w * Acorr) * fuo (8-7)
A= (1‘ o * Acorr) * Mo (8'8)

where: fy and f, (MPa) = yield and ultimate stresses in the corroded state; fyo, fuo and Ao (MPa) =
yield stress, ultimate stress and ultimate strain in the un-corroded state; A = ultimate strain in the
corroded state; ay, oy and a1 = regression coefficients (ay = 0.015, oy =0.013 and oy = 0.017; these

values were selected based on the recommendations in Andrade et al. (1991)).

f.=E¢, fore <e, (8-9)
=1 fore, <g <g, (8-10)
4
£, —&
Jz=ﬁ,+(fy—ﬁ,)[;_;] for &, <z, <¢, (8-11)
u sh

where: fs (MPa) = steel stress; fyand fu (MPa) = yield and ultimate stresses; & = steel strain; &, &g,

and ¢, = yield, hardening and ultimate strains of steel reinforcement, respectively.
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8.2.3 Corrosion-induced cracking

Concrete damage caused by the build-up of corrosion products around the steel reinforcement was
also considered in the FE model. Corrosion-induced cracking was simulated using the analogy of
a thick-wall cylinder subjected to internal pressure and introduced in the FE model in the form of
equivalent strains. Prior to loading, compressive pre-strains perpendicular to the corroded steel
bars were applied in the concrete elements near the reinforcement to simulate expansion caused
by the build-up of corrosion by-products. The pre-strained concrete was then released before
loading to induce tensile stresses in the surrounding concrete elements. The amount of pre-strain
was calculated based on the percentage of corrosion attack and associated volume build-up of
corrosion using Equations 8-12 to 8-15. The applied pre-strains were distributed over the
influenced surrounding concrete elements, i.e., within the thick wall cylinder representing the
affected concrete cover as shown in Figure 8-5 (Bernard, 2013). The pre-strain values for the
different corroded beams are listed in Table 8-3, and the locations of the applied pre-strains are

illustrated in Figure 8-6.

The total expanded area resulting from the corrosion products build-up was determined by using
the following expression:

7 (dp—2x)?

, (8-12)

As(exp) = HAs(red) +

where: Agexp) (mm?) = total expanded area of corroded steel bar, p = ratio of steel-to-corrosion
product density (which can vary between 2-4), Agqeq) (mm?) = reduction of steel bar area, d» (mm)=
original diameter of steel bar, and x (mm) = the penetration of corrosion. Equation 8-12 assumes
uniform corrosion around the reinforcing steel bar. In the current study, p was taken as 2 (Bernard,

2013).

The expanded diameter was then calculated as:

,4 A
dexp = % (8-13)

where: dexp (mm) = expanded diameter of corroded steel bar, Agexp) (mm?) = total expanded area
of corroded steel bar. The strain induced in the thick wall cylinder, applied perpendicular to the

corroded longitudinal reinforcement, was then calculated from:
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_ (dexp—dp)

¢ dpt(2xo) (8-14)

where: ¢ (millistrain) = corrosion-induced strain in the reinforcement, dex, (mm) = diameter of steel

bars expanded, d» (mm) = original diameter of steel bars, ¢ (mm) = concrete cover.

The same procedure was used to calculate the corrosion-induced strain in a single leg of stirrup.
However, in the 2D FE model both legs in the stirrup were assumed to be corroding at the same
rate and level, and therefore the compressive pre-strain was adjusted by averaging the strains in

each leg over the width of the beam as follows (see Figure 8-5):

Z(db+26)) (8-15)

savg=(81+82)><( p

where: €avg (millistrain) = average of corrosion-induced strains for both legs of the stirrup, €1
(millistrain) = corrosion-induced strain for the first leg of the stirrup, &> (millistrain) = corrosion-
induced strain for the second leg of the stirrup, d, (mm) = original diameter of the stirrup, ¢ (mm)

= concrete cover, b (mm) = beam width.

, R
Q@ | { 3

stirrup legs

Figure 8-5 Applying corrosion-induced strains on stirrups in RC beam (adapted from Bernard,

2013)
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Table 8-3 Equivalent pre-strains with corresponding mass loss

Beam ID Miess | Location of b c As dp Asexp) desp e
(%) pre-strain ' (mm) | (mm) | (mm?) | (mm) | (mm?) | (mm) | (millistrain)
B-MC- Longitudinal
10M-13% 13 (middle) 2 125 40 100.23 | 11.3 112.84 | 11.98 7.55
B-MC- Longitudinal
10M-14% 14 (middle) 2 125 40 100.23 | 11.3 113.77 | 12.03 8.00
B-SC- Longitudinal
1OM-11% 11 (ends) 2 125 40 100.23 | 11.3 11095 | 11.88 6.45
B-FC- Longitudinal
10M-13% 13 (full-length) | 2 125 40 100.23 11.3 112.84 | 11.98 7.55
= (1]
B-MC- Longitudinal
15M-10% 10 (middle) 2 125 40 200.96 16 220.55 | 16.76 7.93
= (1]
Transverse
2]21\/81}{80_/ 10 (stirrups) 2 125 12.5 31.15 6.3 34.19 6.59 9.59
= (1]
Transverse
;;&Egg/o 12 (stirrups) 2 125 12.5 31.15 6.3 34.78 6.65 11.41

b = Beam width; ¢ = Concrete cover; As = Original steel bar area; d, = Original diameter of steel bar; Agexp) = Total
expanded area of corroded steel bar; dex, = Diameter of steel bars expanded; € = Corrosion-induced equivalent pre-
strain in the concrete.

8.3 Mesh Size Sensitivity

The optimal mesh size was selected based on a mesh sensitivity analysis. The accuracy of the FE
model was examined by gradually decreasing the mesh size and comparing the ultimate loads in
the models and experiments. For the flexure-governed beams, four mesh sizes of 40 mm, 30 mm,
20 mm, and 10 mm were considered as shown in Figure 8-7. The analysis was conducted on the
control (un-corroded) 10M beam. The first mesh (40 mm) resulted in 344 elements and an ultimate
load of 66.7 kN; the second mesh (30 mm) resulted in 676 elements and an ultimate load of 64.6
kN; the third mesh (20 mm) had 1,007 elements with a maximum load of 62.6 kN; and the final
mesh (10 mm) resulted in 3,337 elements and an ultimate load of 61.6 kN. As shown in Figure
8-8, the ultimate load of the un-corroded 10M beam was found to converge at 10 mm; this mesh
also resulted in the best approximation when comparing the experimental and FE load-deflection

curves.

For the shear-governed beams, three mesh sizes were examined: 20 mm, 30 mm, and 40 mm, with

1,064, 579 and 495 elements, respectively, as shown in Figure 8-9. Considering the control 25M

253



beam, the ultimate strengths for the 20-mm, 30-mm and 40-mm mesh cases were 197.7 kN, 199.8
kN and 199.6 kN, respectively. While no clear trend was observed when comparing the maximum
strengths, the different meshes result in distinct load-deflection responses as shown in Figure 8-10.
Based on this analysis, the 20-mm mesh size was deemed to be the most suitable as it provided the

most reasonable numerical result when compared with the experimental load-deflection response.

HEHH 5
{1
a) 10 mm mesh
By
i
i
b) 20 mm mesh
INENNEN
11
¢) 30 mm mesh
— INEDEEN .
H
H
H
H
miii p
d) 40 mm mesh

Figure 8-7 Mesh sizes considered in the analysis of beam CB-10-0% (flexure-dominant)
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Figure 8-10 Experimental vs simulated load-deflection curves for beam CB-25M-0%
8.4 Crack width sensitivity

A sensitivity analysis was also conducted to select the most appropriate crack width parameter in
the FE models, as shown in Figure 8-11. This crack width is a limit defined in VecTor2 above,
which average compressive stresses are reduced. This was implemented to model the inability of
concrete to transmit compressive stresses across large cracks. As noted by Bernard (2013), the
selection of crack width limit can significantly affect the strength and deformation capacities of
the beam model. Moreover, this limit should not be omitted in order for aggregates to properly
interlock and transfer stresses at a crack, and therefore should be adjusted based on the
reinforcement arrangement (Bernard, 2013). By default, VecTor2 sets the crack width limit to a
conservative value of agg/10, where agg is the maximum aggregate size (i.e., for the default
aggregate size of 10 mm, the crack width limit is set to 1 mm). In the current study, different crack
width limits were considered, including: 2 mm, 5 mm, 10 mm, agg/2.5, and agg/5, with agg = 19
mm for the concrete used in this study. For the flexure-governed beams (CB-10M-0%), a
maximum crack width of 2 mm resulted in the most acceptable results as shown in Figure 8-11
(a). While all cases showed similar stiffness, yield load and maximum load, the 2-mm case resulted
in the best approximation of post-peak response and ductility. Setting the crack width limit at 2
mm was considered conservative since crack widths beyond this value were expected in RC beams
(Bernard, 2013). Bernard (2013) suggested a crack width limit of 10 mm (or half the aggregate
size) to engage aggregate interlock in the shear resistance mechanism. In the current analysis, a

maximum crack width of 5 mm was found to be the most appropriate for the shear-governed beams
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(CB-25M-0%) when considering the pre-peak and post-peak responses as illustrated in Figure
8-11 (b).
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Figure 8-11 Crack width sensitivity: results for beams CB-10M-0% and CB-25M-0%
8.5 Sensitivity of different corrosion modeling features on the FE model results

The effects of corrosion were considered using several modeling features including reduction in
steel bar cross-sectional area (Ared), modification of stress-strain response (SS), and introducing
corrosion-induced cracking using applied pre-strains (PS). To better study the effects of these
features and their combination, several analysis cases were considered in the FE models as shown
in Table 8-4. According to the sensitivity analysis, it was found that case 4 was generally most

suitable for the corroded beams as will be discussed in the following sections.

Table 8-4 FE analysis cases considering different corrosion modelling features

Case # D Reduction in steel S.tress-.strain Pre-strain (concrete
bar area (Ared) modifications (SS) damage) (PS)

Case 1 No effect

Case 2a (Ared) X

Case 2b (SS) X

Case 2¢ (PS) "

Case 3 (Ared+SS+PS) X x N

Case 4 (SS+PS)
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8.6 Numerical Results
8.6.1 Flexure-governed beams

Finite element modelling was first conducted to predict the responses of the flexure-dominant
beams in the 10M and 15M series. The analysis included seven beams with different corrosion

scenarios (controls, mid-corrosion, end-corrosion, and full-corrosion).
8.6.1.1 Control Beams (0% mass loss): CB-10M-0% and CB-15M-0%

Beams CB-10M-0% and CB-15M-0% were control specimens which were built with 2-10M and

2-15M tension bars, respectively. The beams were modelled without the effects of corrosion.

Analysis of both beams was conducted using a 1010 mm mesh. Truss bar elements were used to
model the longitudinal reinforcement, while the stirrups were smeared in the concrete elements
(refer to Figure 8-14 (a) and Figure 8-15 (a)). Table 8-5 presents a summary of the FE and
experimental results. The load-deflection responses are compared in Figure 8-12, while Figure
8-13 provides a comparison of the experimental and simulated cracking patterns. Figure 8-14 and

Figure 8-15 provide a summary of steel reinforcement and concrete stresses from the FE models.

In general, the FE models resulted in good predictions of the load-deflection response for both

beams. Considering beam CB-10M-0%, the FE model resulted in yield (P,) and ultimate loads

(Prax) of 55 kN and 62 kN, respectively, with numerical-to-experimental ratios of Pf)ﬂ = 1.01,
y

P,
—2FE = 1.01. However, the stiffness was over-estimated as shown in Figure 8-12 (a). The
max

maximum displacement (A, 4, ) was well predicted, with the beam showing an ability to carry load

at the end of the simulation, which matches the experimental result.

For beam CB-15M-0%, the FE model resulted in a yield and ultimate strengths of 99 kN and 109

. . . P P .
kN, with corresponding ratios of 31; FE =0.93 and % =0.99. However, the stiffness was over-

y max
estimated as shown in Figure 8-12 (b). The maximum displacement was slightly over-estimated

. A . . .
with a ——£E = 1.18; however, the simulation showed the same sudden drop in load. In general,
max

the FE load-deflection response showd a good match with the experimental result.
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Examining Figure 8-13, it was observed that the FE cracking patterns, and failure modes match
well with the experiments for both beams. The steel and concrete stresses profiles in Figure 8-14
and Figure 8-15 further demonstrate that failure occurred after significant yielding of the tension
steel reinforcement, with crushing of the concrete in the top cover region. The results for the 10M
beam showed that the tension steel reached maximum stresses of 615 MPa at the point of maximum
load, indicating that the steel was in the strain hardening range. The maximum compressive
stresses in the concrete reached f; (35 MPa) at maximum load which indicates crushing. Similar
effects was observed for the beam with 15M bars. The maximum strains at the tension bar level
reached 44 mm/m and 27 mm/m in beams CB-10M-0% and CB-15M-0% at the end of testing,

which were below the ultimate strain of the steel reinforcement (&, = 100 mm/m).

Table 8-5 Experimental and simulation results for CB-10M-0% and CB-15M-0%

Load (kN) b Displ.(mm)
P A
Beam ID Exp. FE _MAXFE | YFE | Exp. | FE | —2%*FE | predicted failure mode
Pmax Py Amax
Pmax Py PmaxpE PYFE Amax AmaxFE
Flexural failure with steel
CB-10M-0% 61 54 62 55 1.01 1.01 120 120 1.00 yielding and concrete
crushing
Flexural failure with steel
CB-15M-0% | 110 | 106 109 99 0.99 0.93 82 94 1.14 yielding and concrete
crushing
Average 1.00 0.97 1.07
(S.D.) - - - - (0.01) | (0.04) - - (0.07) -
(C.V) (1.00) | (4.12) (6.54)

Prmax, Py and Amax: experimental ultimate strength, yield strength and maximum displacement;

Prmax(FE), Py(FE), Amaxr): numerical ultimate strength, yield strength and maximum displacement.
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a) Finite element layout
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d) Stress distribution in concrete at peak load

Figure 8-14 Finite element results of beam (CB-10M-0%)
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Figure 8-15 Finite element results of beam (CB-15M-0%)
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8.6.1.2 Mid corrosion: B-MC-10M-13%, B-MC-10M-14% and B-MC-15M-10%

This section presents the FE results of beams B-MC-10M-13%, B-MC-10M-14% and B-MC-
15M-10%, which were subjected to mid-span corrosion. The FE models used a 10x10 mm mesh,
with truss bar elements and smeared reinforcement for the longitudinal and transverse
reinforcement, respectively. Corrosion damage was modelled by reducing the steel area,
modifying the steel stress-strain properties, and inducing cracking in the concrete elements
surrounding the mid-span longitudinal bars over a length of 750 mm (refer to Figure 8-18 (a),

Figure 8-19 (a), and Figure 8-20 (a)).

Various analysis cases were considered as listed in Table 8-4, including case 1: without corrosion
effects, cases 2a-2b-2c, which considered each modelling feature separately (Ared, SS or PS only),
and cases 3 and 4, which combined different features (Ared + SS + PS or SS + PS). Figure 8-16
and Table 8-6 compare the FE and experimental results for all cases. Figure 8-17 provides a
comparison of cracking patterns (case 4), while Figure 8-18 to Figure 8-20 provide a summary of

steel reinforcement and concrete stresses from the FE models (case 4).

By comparing the load-deflection responses in Figure 8-16, it was observed that the results were
more sensitive to the reduction in bar area or modification of steel stress-strain properties,
compared to the introduction of initial pre-strains. In general, case 4 produced the most suitable

results, while case 3 resultd in over-estimation of corrosion effects.

For B-MC-10M-13%, case 2a (Ared), case 2b (SS) and case 4 (SS+PS) showed good agreement
with the test results, when comparing yield strength, ultimate strength, maximum displacement,
and failure mode, since both the reduction in bar area and modified stress-strain properties
considered the effects of mass loss. Case 4, which incorporated stress-strain modification and

. . . .. . P P A
concrete-induced cracking, resulted in prediction ratios of % =1.00, —FE=10] and —~E

y max max
= 0.97. Conversely, case 3 (which combines all features) showed an under-estimation of beam
response. Likewise, the response of the corroded beams was over-estimated by case 1 (no
corrosion) and case 2c¢ (PS only) (see Figure 8-16 (a) and Table 8-6). As shown in Figure 8-17
(a), the case 4 FE model resulted in good prediction of cracking patterns and flexural failure mode.
Figure 8-18 (¢) shows that the maximum stress in the steel reinforcement reached 521 MPa at

peak load, just below the ultimate tensile stress in the corroded steel bar model (f,, = 547 MPa).
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Examination of the strain data showd the development of high strains at the crack locations, with
a maximum tensile strain of 41 mm/m in the 10M steel bars (the strains are significant but below
&, =90 mm/m used in the steel model). The maximum stress in the concrete reached above f;' (40
MPa) at the peak load, which indicates concrete crushing and matches with the experimental

failure mode.

A similar trend was observed for beam B-MC-10M-14%; reasonable agreement was obtained for
cases 2a, 2b and 4, while cases 1/2¢ resulted in over-estimation of the response parameters (see
Figure 8-16 (b) and Table 8-6). Case 3 showed a reasonable prediction of maximum strength and
ductility, with higher stiffness and lower yield strength when compared to the test result (see
Figure 8-16 (b) and Table 8-6). Case 2a, case 2b, case 3 and case 4 showed that the beam failed
in flexure with a sudden drop in load due to rupture of the tension bars, which matches the
experimental result (see Figure 8-17 (b)); conversely, bar rupture did not occur in cases 1 and 2c.
Figure 8-19 (c¢) shows the maximum stress in the tension steel reinforcement at peak load reached
the ultimate stress used in the steel model (f;, = 539 MPa). Inspection of the strain data showed the
development of large tensile strains (above 70 mm/m) where bar rupture occurred. The recorded
stress in the tension steel reinforcement was lost at the end of testing, which further confirms the

bar rupture failure.

Same cases were also considered for beam B-MC-15M-10%; however, the post-peak response was
generally over-estimated in the FE models. As such, case 5, which incorporated case 4 features

and an elasto-plastic steel tension model, was also considered in the analysis. With this

. . . . . . . PyFE _ PmaxpE _
modification, case 5 resulted in the following prediction ratios: = 1.07, - = 1.01 and
y max

A
% = 1.11. Reasonable results for yield strength were obtained for cases 2a, 2b and 4, while
max

this result was over-estimated by cases 1/2¢ and under-estimated by case 3. In general cases 1-4
resulted in over-prediction of ductility, while a more accurate result was obtained for case 5. At
peak load, the maximum stress in the tension steel reached 478 MPa, which matches the yield
stress used in the elastic-plastic steel model for this beam (see Figure 8-20 (c)). Significant
localized cracking was observed in the FE model. The maximum stress in the concrete reacheed
f/ (44 MPa) at peak load, which indicates concrete crushing and matches with the experimental

failure mode (see Figure 8-20 (d) and Figure 8-17 (¢)).
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Table 8-6 Experimental and simulation results for beams with mid corrosion

Load (kN) b Displ.(mm)
P . .
Beam ID Case ID Exp. FE _Maxpp| _YFE Exp. FE | Amaxer | Predicted failure
Prax P, A— mode
Pmax Py PmaxFE PyFE Amax Amaxre
Case 1 61 56 1.17 1.17 64 0.97
Flexural failure
Case 2a 55 50 1.05 1.04 64 0.97 with steel
MC-10M- | Case2b 54 | 48 | 1.03 | 1.00 64 0.97 yielding,
B MS(;OM 52 48 66 significant cracks
° Case 2¢ 61 56 1.17 1.17 64 0.97 in tension zone,
Case 3 47 | 42 | 090 | 0.90 64 | 0.97 | andcrushing at
beam mid-span
Case 4 53 48 1.01 1.00 64 0.97
Case 1 62 55 1.17 1.12 118 1.66
Case 2a 56 48 1.05 0.98 89 1.25
Flexural failure
B-MC-10M- Case 2b 55 45 1.04 0.92 106 1.49 associated with
0 53 49 71 .
14% Case 2¢ 62 55 | 1.17 | 1.12 121 | 1.70 bar rupture in
tension zone
Case 3 47 40 0.89 0.82 75 1.05
Case 4 54 45 1.02 0.92 106 1.49
Case 1 109 98 1.25 1.19 85 2.02
Case 2a 107 88 1.23 1.07 94 2.23 Flexural failure
Case 2b 106 | 84 | 121 | 1.02 91 | 2.17 with steel
B-MC-15M- _ yielding,
10% Case 2¢ 87 82 108 98 1.24 1.19 42 90 2.14 | significant cracks
A . ;
Case 3 95 | 76 | 1.09 | 0.93 81 | 192 | M tensionzone,
and crushing at
Case 4 102 84 1.17 1.02 78 1.85 beam mid-span
Case 5 88 88 1.01 1.07 47 1.11
PmaxFE PJ/FE AmaxFE
All beams Case ID Prax I8 Amax
Avg. S.D. (C.V) Avg. S.D. (C.V) Avg. S.D. (C.V)
Case 1 1.19 0.04 (3.36) 1.16 0.03 (2.58) 1.55 0.43 (27.74)
Case 2a 1.11 0.08 (7.20) 1.03 0.04 (3.88) 1.48 0.54 (36.48)
Statistical Case 2b 1.09 0.08 (7.33) 0.98 0.04 (4.08) 1.54 0.49 (31.81)
data Case 2¢ 1.19 0.03 (2.52) 1.16 0.03 (2.58) 1.60 0.48 (30.00)
Case 3 0.96 0.09 (9.37) 0.88 0.04 (4.54) 1.31 0.43 (32.82)
Case 4 1.67 0.07 (4.19) 0.98 0.04 (4.08) 1.43 0.36 (25.17)
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Figure 8-16 Load-deflection responses for three beams with mid-corrosion
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a) Finite element mesh
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d) Stress distribution in concrete at peak load

Figure 8-18 Finite elements results of (B-MC-10M-13%) (case 4)
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a) Finite element mesh
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Figure 8-19 Finite element results of beam (B-MC-10M-14%) (case 4)
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a) Finite element mesh
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Figure 8-20 Finite element results of beam (B-MC-15M-10%) (case 5)
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8.6.1.3 Corrosion at the ends (B-SC-10M-11%)

Beam B-SC-10M-11% was subjected to corrosion at its ends, with a measured average mass loss
of 11%. The FE model considered the same modelling features presented in the previous section,
except that corrosion effects were introduced at both beam ends only (refer to Figure 8-23 (a)).
Figure 8-21 and Table 8-7 present a comparison of the FE and experimental results for this beam,
while the cracking patterns, and steel and concrete stresses are shown in Figure 8-22 and Figure

8-23, respectively.

When considering the different analysis cases, case 4 (SS + PS) resulted in the best approximation
of the experimental load-deflection response, as illustrated in Figure 8-21. Similar results were
obtained for cases 2a and 2b, while cases 1 and 2¢ resulted in over-estimation of the beam response.
Case 3 resulted in an under-estimation of maximum strength but a reasonable prediction of yield

strength. In general, all cases resulted in over-estimation of the beam stiffness.

Figure 8-22 shows that the case 4 FE model resulted in a reasonable prediction of cracking patterns
and flexural failure mode, including the damage near underneath the loading point. The maximum
steel stress reached 555 MPa at the peak load (slightly below f,, = 565 MPa). The steel strain at
the end of the simulation was 45 mm/m, below the ultimate strain of 93 mm/m in the steel model.
Figure 8-23 (d) shows that the concrete stress reached 37 MPa at peak load, which is near the peak
stress f, = 42 MPa. The model predicted concrete crushing in the compression region, with

significant cracks in the tension region, which matches the experimental result (see Figure 8-22).

Table 8-7 Experimental and simulation results of beam B-SC-10M-11%

Load (kN) Displ.(mm)
B maxpg P YFE Arnax Predicted failure
Beam ID Case ID Exp. FE - | B Exp. FE A_FE s
max
Pmax Py PmaxFE PyFE e g Amax AnmaxFE
Case 1 63 60 1.10 1.20 110 0.91 Flexural failure
Case 2a 58 57 1.01 1.14 110 0.91 w?tl;dgteel
yielding,
B-SC-10M- Case 2b 57 50 57 57 1.00 1.14 11 110 0.91 Si.gniﬁcz?nt cracks
11% Case 2¢ 61 | 60 | 1.07 | 1.20 110 | 091 | in tfénsm zone
and concrete
Case 3 52 | 49 | 091 | 098 110 | 091 crushing in
Case 4 56 | 56 | 098 | 112 110 | 0.91 compression
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Figure 8-21 Load-deflection responses of B-SC-10M-11%
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Figure 8-22 Experimental failure mode vs simulation of B-SC-10M-11% (case 4)
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Figure 8-23 Finite elements results of beam B-SC-10M-11% (case 4)
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8.6.1.4 Full corrosion (B-FC-10M-13%)

The final beam in the flexure series was subjected to corrosion of the tension reinforcement over
the entire beam length, with an average mass loss of 13%. The FE model for beam B-FC-10M-
13% used the same modelling features as previous beams; however, the corroded bar properties
and corrosion induced-cracking in the concrete elements were introduced over the entire tension
bar length (see Figure 8-26 (a)). The FE results for this beam are presented in Figure 8-24 and
Table 8-8. Cracking patterns, and stresses in the reinforcing steel and concrete are presented in

Figure 8-25 and Figure 8-26, respectively.

Consistent with the previous beams, case 4 (SS + PS) resulted in the most reasonable prediction
of the load-deflection response (Figure 8-24), with predictions ratios of 1.0, 0.95, and 1.06 for
yield strength, ultimate load and maximum displacement (see Table 8-8). Similar results were
once again obtained for cases 2a and 2b, which respectively considered area reduction and stress-
strain modification separately. Likewise, cases 1 and 2¢, which did not consider these features,
resulted in an over-estimation of load parameters. Finally, case 3, which combined all features,
resulted in an over-estimation of corrosion effects, with under-estimation of yield strength,
maximum strength, and ductility. Consistent with the previous beams, the stiffness was generally

over-estimated in all FE models.

Figure 8-25 shows that case 4 predicted a flexure failure which was associated with severe
cracking and rupture of tensile steel bars in the mid-span region, matching the experimental failure
mode. Figure 8-26 (c¢) shows that the maximum stress in the steel at peak load reached 539 MPa,
slightly below the ultimate stress of 548 MPa used in the steel model. A maximum strain of 54
mm/m was recorded at the level of the tension bars at the mid-span at the end of the simulation.
On the other hand, the stress in the concrete reached f, =47 MPa at the peak load, which indicates

concrete crushing in the mid-span of the beam (see Figure 8-26 (d) and Figure 8-25).
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Table 8-8 Experimental and simulation results of beam B-FC-10M-13%

Load (kN) Displ.(mm)
Beam ID Case ID Exp. FE Praxps| Fres Exp. FE | Amaxer | Predicted failure
Prax P, A— mode
Bnax by Praxre| Pyre Az AnmaxFE
Case 1 65 58 1.14 1.2 154 1.1
Case 2a 55 49 0.96 1.02 149 1.06
Flexural failure
B-FC-10M- Case 2b 57 48 55 48 0.96 1 140 138 0.99 associated with
13% Case 2¢ 62 58 | 1.08 | 12 133 | 0.95 retbar rupture in
ension zone
Case 3 46 44 0.8 0.92 128 0.91
Case 4 54 48 0.95 1 149 1.06
90 T T
—— B-FC-10M-13%
Case 1: No effect
80 Case 2a: Reduction in area (Ared)
Case 2b: Stress-strain (SS)
Case 2c: Pre-strain (PS)
70 Case 3: Ared+SS+PS
Case 4: SS+PS
Z
o]
®
S
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Figure 8-24 Load-deflection responses of beam B-FC-10M-13%

Experimental

Simulation

Figure 8-25 Experimental failure mode vs simulation for beam B-FC-10M-13% (case 4)
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Figure 8-26 Finite element results of beam B-FC-10M-13% (case 4)
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8.6.2 Shear-governed beams

This section presents the finite element modelling results for the “shear-governed” beams in the
25M group. This set included one control beam and two corroded specimens with different mass
loss %. Unlike the previous set, the FE models used a 2020 mm mesh, with truss bar elements

for both the longitudinal (25M) and transverse (6.3 mm) reinforcement.
8.6.2.1 Control shear beam (CB-25M-0%)

Beam CB-25M-0% was the first beam in the 25M group and was analyzed without considering
the effects of corrosion. The FE model is shown in Figure 8-29 (a), while a comparison of the FE
and experimental results is presented in Figure 8-27 and Table 8-9. Figure 8-28 shows a
comparison of experimental and FE cracking patterns, while Figure 8-29 provides finite element

results in terms of concrete and steel reinforcement stresses.

Examination of the FE results showed that the beam reached a maximum strength of 198 kN and
a load-deflection response which was acceptable when compared to the experimental results (see
Figure 8-27 and Table 8-9); however, the failure mode in the numerical mode corresponded to
severe concrete crushing, rather than shear failure (see Figure 8-28). Beam CB-25M-0% was
designed with a flexure-to-shear capacity of nearly 1.0. In addition, the large tension steel ratio
resulted in over-reinforced conditions, which can explain the difference in failure mode. In
addition to concrete crushing at mid-span, the FE model showed significant diagonal cracking and
damage along the bar length in the shear span. The concrete reached a maximum stress above 40
MPa due to the crushing, while the maximum stress in the transverse reinforcement reached 551

MPa, which indicates the stirrups reached yielding (see Figure 8-29).
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Table 8-9 Experimental and simulation results of beam CB-25M-0%

Load (kN) Displ.(mm)
Beam ID T FE Braxes | Bes [Tp FE | Amaxeg | Predicted failure
Prax B, Amax mode
Bnax by Prnaxre| Pyre Az AmaxFE
Flexural failure
associated with
CB-25M-0% | 190 - 198 - 1.04 - 84 84 1.00 severe concrete
crushing at mid-
span
250 T T T T T
—— CB-25M-0%
225 Predicted
200 ]
175 4
Z 150 :
<
- 125 E
3
5 100 E
75 i
50 ]
25 ]

0
0 10 20 30 40 50 60 70 80 90
Displacement (mm)

Figure 8-27 Experimental and simulation load-deflection responses for CB-25M-0%

Experimental Simulation

Figure 8-28 Experimental failure mode vs simulation for beam CB-25M-0%

278




-84.000

1 T T T T T T A
+
44
H
H
‘P
- : b H -
| | | | | | | 1l 1 | | |
[ | | | ] 1 ] ] 1] 1] ] ] ]
1] i t | | | | | | 11 1] I | I
a) Finite element mesh
[ | |
I I
[ |
| |
| |
et it o e D= 08
B 5076026357 [ 028647 B ©°-10957 B - 57 I 24423 022113
I 4c337to-41914 [ to-24275 o553 I to 11155 I to28845 1048535
B 27452 R o -18.02 B to2112 B to155.78 I to33288 [ to509.58
B 22070 B o -153.80 B to 2210 B to 200.00 I to37850 [ tos5s3.80
b) Stress distribution in steel at peak load
[ | ]
| |
| |
T
gt RS ——
T €56 59 to 806,00 [ [ Rl I ©© 2570 I 24028 I 45183
B £0500tc553.11 [N to-34154 [ e B to 5159 I to292.15 I tos0472
B to-50022 B to 28285 B o709 E to 12448 I to346.05 I toss7et
N o 44732 . o 23570 2420 I o 15737 I to392.94 I toei0s0

c) Stress distribution in steel at the point of load drop

expBeamt Siress (eonc}: fox _Displacement Facior = 0.1
) T -0 T o e - KR [ R ] t© 507
B 53795130 [ R [ G I 2213 I 1232 [ to 204
. o852 . o-3912 . 2943 I fo-19e9 e  —
— N o367 B 2700 I o725 I o 75 I to 223

d) Stress distribution in concrete at peak load

Figure 8-29 Finite element results of beam CB-25M-0%
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8.6.2.2 Shear corrosion beams (B-SHC-25M-10%) and (B-SHC-25M-12%)

This last section presents the FE results for the 25M beams with corroded shear reinforcement.
The same FE model was used; however, corrosion effects were applied on the stirrups over the
entire beam span by reducing their bar area and modifying their steel properties based on 10% and
12% mass loss, respectively, while corrosion-induced cracking was simulated by applying pre-

strains on the transverse reinforcement as shown in Figure 8-32 (a) and Figure 8-33 (a).

Comparison of the experimental and simulation results are shown in Table 8-10 and Figure 8-30.
Figure 8-31, Figure 8-32 and Figure 8-33 present damage profiles, and concrete and steel
reinforcement stresses obtained from the FE models. Various simulation cases were considered

(cases 1 to 4 as listed in Table 8-4).

In general, cases 1, 2a and 2b resulted in peak load ratios of nearly 1.0 when considering both
beams (see Table 8-10). Lower average peak load ratios of 0.87 and 0.86 were obtained for cases
2c and 4, which considered steel stress-strain modification without and with applied pre-strain,
respectively. Case 3 which combined all modelling features results in under-estimation of peak

capacity, especially in the case of beam B-SHC-25M-12% (load ratio = 0.78).

Considering the general trend of the ascending and descending load-deflection responses (Figure
8-30), optimal results were obtained for case 4, while the post-peak response was over-estimated
in cases 1 and 2a. It was also interesting to note that the cases which considered pre-strain (cases

2c, 3 and 4) resulted in better estimation of beam stiffness.

The predicted failure mode was shear failure for both beams; however, a more sudden loss in load
capacity was observed for cases 2¢, 3 and 4 (see Figure 8-30). Large concrete stresses were
observed in both the mid-span and shear-spans regions for both beams B-SHC-25M-10% and B-
SHC-25M-12% in the case 4 simulation, which matches the damage observed in the experiments
(see Figure 8-32 (d) and Figure 8-33 (d)). The maximum stresses in the stirrups were found to be

495 MPa and 460 MPa, respectively, which exceed the yield stress in the steel models.
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Table 8-10 Summary of the experimental and simulation results of beams with corroded stirrups

Load (kN) Displ.(mm)
Beam ID Case ID Exp. FE Praxpg| Pvez | Exp. FE | Amaxg; | Predicted failure
Prax P, Anar Ay mode
Prax | B Praxre| Pyre Amax .
Case 1 199 - 1.00 - 64 1.00
Case 2a 199 - 1.00 - 64 1.00 Shear failure
B-SHC- Case 2b 108 ] 199 - 1.00 - ” 64 | 1.00 | with significant
25M-10% Case 2¢ 180 - | 0.90 - 28 | 0.44 cracking in
h
Case 3 12 | - s | - 22 | 034 | SheATEOm
Case 4 178 - 0.90 - 23 0.36
Case 1 199 - 0.98 - 57 0.95
Case 2a 199 - 0.98 - 57 0.95 Shear failure
B_SHC_ Case 2b 202 ) 199 - 098 - 60 57 0.95 associated Wlth
25M-12% Case 2¢ 169 - | 084 - 31 0.52 | severe cracking
in sh
Case 3 158 | - | o078 | - 23 | oa3g | MECATEONe
Case 4 164 - 0.81 - 27 0.45
PmaxFE AmaxFE
All beams Case ID Prnax Amax
Avg. S.D. (C.V) Avg. S.D. (C.V)
Case 1 0.99 0.01 (1.01) 0.97 0.02 (2.06)
Case 2a 0.99 0.01 (1.01) 0.97 0.02 (2.06_
Statistical Case 2b 0.99 0.01 (1.01) 0.97 0.02 (2.06)
data Case 2¢ 0.87 0.03 (3.40) 0.48 0.04 (8.33)
Case 3 0.83 0.04 (4.81) 0.36 0.02 (5.55)
Case 4 0.86 0.04 (4.65) 0.40 0.04 (10.00)
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Figure 8-30 Experimental and simulation responses of beams with corroded stirrups
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Figure 8-32 Finite element results of beam B-SHC-25M-10% (case 4)
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Chapter 9: SDOF Analysis of Corrosion-Damaged Beams under Blast
Loading

9.1 Chapter Overview

This chapter covers the second phase of the numerical research programme, which includes the
single degree of freedom (SDOF) analysis approach. The goal of this method is to predict the
maximum displacement response of the test beams (both control and corroded) when blast loading
is applied. The 2D nonlinear finite element (FE) programme VecTor2 (Wong et al., 2013) was
used to develop dynamic resistance curves after applying dynamic increase factors (DIF) to the
material properties of the beams. The RCBlast software (Jacques, 2014) was then used to predict
the dynamic responses of the beams. This chapter also covers the SDOF approach procedure, a

summary of the SDOF approach results, and a comparison of predicted and experimental results.
9.2 Procedure of SDOF Analysis Approach

The main purpose of using the SDOF approach is to predict the maximum displacements of tested
beams when they are subjected to blast loading. Two-dimensional nonlinear FE programVecTor2
was used to develop the dynamic resistance function of each beam (R(t)). The FE analysis
considered corrosion effects by modifying the steel stress-strain relationship and modelling
corrosion-induced concrete cracking in the concrete. The same FE approach used in the static
analysis was implemented here, except that DIF factors were applied to material properties to
account for strain-rate effects. Three DIF cases were used to predict the dynamic resistance curve
of the beams: 1- No DIF applied, 2- DIF taken from the UFC design criteria (UFC-3-340-02, 2008)
for the case of bending stresses in the far design range (see Table 9-1), 3- DIF taken from

Saatcioglu et al. (2011) model, with the DIF for concrete and reinforcing bars given as:

0.03In(¢) + 1.30 > 1.0 for ¢ <30s~!

1- Plain Concrete: DIF = {0.551n (&) — 0.47 foré =301 (9-1)
In the simulations, the strain rate ¢ was assumed to be 1.0 s™!, resulting in a DIF of 1.30.
2- Steel reinforcement: a- At yield (DIFy) = 0.034In(¢) + 1.30 > 1.0

b- At ultimate (DIF,) = 0.0101In(¢) + 1.10 > 1.0 (9-2)
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The strain rate (¢) was assumed to be 1 s™! at yield and ultimate, resulting in DIF, and DIF,, of 1.30
and 1.10, respectively. This strain rate was selected based on strain data from the instrumented
steel reinforcement during the shock-tube tests, and the recommendations in previous shock-tube

studies (Li et al., 2018; Algassem et al., 2019; and Jacques E., 2016).

SDOF analysis was used to predict the dynamic responses of the beams by solving the equation of

motion in Eq. (9-3) using software RCBlast:
Kpymi(t) + R(u(t)) = AP-(t) (9-3)

where: Kim = load-mass transformation factor, which is used to transform the real structure into
the equivalent SDOF system taking into account the beam loading and boundary conditions (taken
as 0.6 and 0.56 before and after yield, respectively); m = mass of the system consisting of the
weight of the beam and LTD (taken as 450 kg); u(t) and ii(t) = beam mid-span displacement and
acceleration, respectively; R(u(t)) = beam resistance function; and, APr(t) = loading function,
where A is the impacted area of the LTD (taken as 3.4 m?) and Pr(t) is an idealized triangular
pressure-time history, having the same reflected pressure and impulse observed in the experiments.
Figure 9-1 shows the RCBlast software interface after the SDOF analysis is completed. The output
showed the resistance function which was developed in VecTor2 (top left), Kim factors before and
after yielding (top left), idealized pressure time history (top right) and displacement time history

result (bottom window).

Table 9-1 Dynamic increase factors for reinforced concrete design (UFC-3-340-02, 2008)

Far design range Close-in design range
Ts}g)eesgf Reinforcing bars Concrete Reinforcing bars Concrete
S/ fy Jau! fu fac/fe Jay/ fy Jau! fu fac/fe

Bending 1.17 1.05 1.19 1.23 1.05 1.25
Dt;%fgfl 1.00 . 1.00 1.10 1.00 1.00
Direct shear 1.10 1.00 1.10 1.10 1.00 1.10
Bond 1.17 1.05 1.00 1.23 1.05 1.00
Compression 1.10 - 1.12 1.13 - 1.16
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Figure 9-1 RCBlast software interface after analysis

9.3 Corrosion inducing-cracking

Corrosion inducing-cracking was simulated similarly as in the static analysis; however, the applied

pre-strain was different since it is directly dependent on the actual steel mass loss due to corrosion.

As a result, Table 9-2 presents the applied pre-strain for beams tested under blast-loading.

Table 9-2 Equivalent pre-strains with corresponding mass loss

Mioss b C A dp Ag(ex = €
Beam ID @ M| m) | om) | o) | mm) | oomd) | om) | (enillistrain)
B-MC-10M-11% | 11% |2 | 125 | 40 | 10023 | 113 | 11095 11.88 6.45
B-SC-10M-7% 7% |2 125 | 40 | 10023 | 113 | 107.13 | 11.68 418
B-FC-I0M-12% | 12% | 2| 125 | 40 | 10023 | 113 | 111.90] 11.93 7.00
B-MC-10M-15% | 15% |2 | 125 | 40 | 10023 | 113 | 11470 | 12.08 8.63
B-EMC-10M22% | 22% |2 125 | 40 | 10023 | 113 | 121.07 | 1241 12.25
B-CR-MC-10M-5% | 5% |2 125 | 40 | 10023 | 113 | 10518 | 1157 3.01
B-MC-15M-12% | 12% |2 | 125 | 40 | 20096 | 16 | 22435 16.90 9.43
B-CR-MC-15M-4% | 4% |2 | 125 | 40 | 20096 | 16 | 20891 | 1631 3.26
B-EMC-15M-17% | 17% |2 | 125 | 40 | 20096 | 16 | 233.67| 17.25 13.05
B.SHC-25M-12% | 12% |2 | 125 | 125 | 3115 | 63 | 3478 | 665 1141
B.SHC-25M-11% | 11% |2 | 125 | 125 | 3115 | 63 | 3448 | 662 10.50

b = Beam width; ¢ = Concrete cover; As = Original steel bar area; d, = Original diameter of steel bar; Agexp) = Total
expanded area of corroded steel bar; dcx, = Diameter of steel bars expanded; € = Corrosion-induced pre-strain in the
concrete near the reinforcement.
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9.4 SDOF approach results
9.4.1 Flexure-governed beams

SDOF analysis was first applied on the flexure-governed beams in the 10M and 15M series to
predict the maximum displacement using the RCBlast software. This analysis included eleven
beams with different scenarios of corrosion (control, mid-corrosion, cover-removed-mid

corrosion, end-corrosion and full-corrosion).
9.4.1.1 Control beams (0% mass loss): CB-10M-0% and CB-15M-0%

Beams CB-10M-0% and CB-15M-0% were the control specimens which were constructed with 2-
10M and 2-15M tension bars, respectively. The beams were modelled without the effects of
corrosion. Both beams were analyzed using a 10x10 mm mesh in the VecTor2 FE program. The
longitudinal reinforcement was simulated as truss elements, whereas the stirrups were smeared in
the concrete elements (refer to Figure 9-2 (a) and Figure 9-2 (b)). To account for strain-rate
effects, three DIF cases were considered: Case 1: No DIF (no dynamic increase factor), Case 2:

Design DIF (UFC design criteria), and Case 3: Saatcioglu DIF.

The experimental and SDOF results are summarized in Table 9-3. The beam resistance function
obtained from VecTor2, the displacement time history comparison between the SDOF analysis
and experimental results, and the load-deformation response using Saatcioglu DIF for both beams
are illustrated in Figure 9-3 and Figure 9-4. It was observed that the load-deflection responses of
both beams in Figure 9-3 (a) and Figure 9-4 (a) showed lower maximum strength and yield
strength for casel than for cases 2 and 3 due to the effect of the dynamic increase factor. Case 3
showed larger maximum and yield strength when compared to Case 2 due to the larger dynamic

increase factors in the Saatcioglu model.

For beam CB-10M-0%, the maximum displacements after the first and second shots (17 psi and
50 psi) were well predicted for cases 2 and 3, as shown in Figure 9-3 (b) and (d), respectively.
The SDOF analysis resulted in maximum displacements at shots 1-2 of 15.9 mm and 74.2 mm,

respectively, for case 2, and of 14.9 mm and 67.4 mm for case 3 after the first and second shots,

respectively. The analytical-to-experimental displacement ratios % were 1.03 and 1.02 for Case
exp

2 and 0.96 and 0.93 for Case 3 for the first and second shots, respectively (Table 9-3). The SDOF
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analysis over-estimated the mid-span displacement by 17% and 18% for both shots respectively
when no DIF was considered, as shown in Table 9-3 and Figure 9-3 (¢) and Figure 9-3 (e). Figure
9-3 (b) shows that the beam response for Case 3 reached the yield point as expected after the first
shot of 17 psi, whereas Figure 9-3 (d) shows that the beam was in the post-yield range but still
had capacity for more loading after the second shot of 50 psi.

For specimen CB-15M-0%, the SDOF analysis predicted well the maximum displacement for the

three cases after the first shot, with prediction ratios of Bants _ 0.97, 0.94 and 0.92, respectively,

exp
whereas the maximum displacement was over-estimated by 14% for case 1 and was

underestimated for cases 2 and 3 after the second shot, as shown in Table 9-3 and Figure 9-4 (c)

and Figure 9-4 (e). The best prediction was obtained for Case 2, with a % ratio of 0.97. The
exp

load-deformation behaviour of the beam for Case 3 showed that the beam had not reached the yield
region after the first shot, whereas it reached its ultimate displacement after the second shot, as

shown in Figure 9-4 (b) and Figure 9-4 (d), respectively.

Table 9-4 summarizes the analytical-to-experimental displacement ratios for both control beams
and for each of the DIF cases. The results of the SDOF analysis provided predictions within 10%
of the experimental results with COV of 5% or lower when the DIF was included. The results were
closer to the experimental values when DIFs were applied to the material properties in the analysis,
8

2 ratio = 0.98).

with the best predictions obtained using the design DIF model (average 8“
exp

Table 9-3 Idealized blast properties and analysis results

LGP shqckwave Maximum mid-span displacement
properties
Analysis (SDOF)
Beam ID Shot # 5
Pr Ir tq Sexp anls Oanls anls -~ Sanls/aexp Sanls/aexp
(kPa) | (kPa-msec) | (msec) | (mm) | (M) | (mm) | (mm) o QuisOep | “gegon | gaatciogly
No design | Saatcioglu | No DIF DIF DIF
DIF DIF DIF
1 313 250 15.9 15.4 18.0 15.9 14.9 1.17 1.03 0.96
CB-10M-0%
2 61.0 550 18.0 72.6 85.8 74.2 67.4 1.18 1.02 0.93
1 24.0 248 20.7 10.6 10.3 9.9 9.7 0.97 0.94 0.92
CB-15M-0%
2 78.8 734 18.6 70.6 80.9 68.9 62.4 1.14 0.97 0.88

P, =reflected pressure; I; = reflected impulse; tq = positive phase duration; dcyp = experimental mid-span
displacement; d.nis = analytical mid-span displacement.
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Table 9-4 Summary of analysis results for control beams

8anls/66xp
bé‘:lgm Shot # No DIF Design DIF Saatcioglu DIF
Ave. | SD.(COV) | Ave. | SD.(COV) | Ave. | S.D.(COV)
o 1 1.07 0.14 (13.2) 0.98 0.06(6.1) | 094 | 0.02(2.1)
Staéf:tt;"al 2 1.16 0.02 (1.7) 099 | 003(3.0) | 090 | 0.03(323)
Avg 1.11 0.06 (5.4) 0.98 0.007 (0.7) 0.92 0.02 (2.1)
Top bars Steel plate
L / 741 mm \ “u 375 mm
[ . Smeared
""""""""""""""""""""""""""""""""""""""" reinforcement
Concrete.\
Steel plate iz
L 1116 mm
‘ 1220 mm
a- CB-10M-0%
Top bars Steel plate
| 741 mm \ 100,000 375mm
) ‘| Smeared
reinforcement
Concrete
;i
EEE Bottomn
T \III\IIHI\II\III\!II\\II\\II\\IIIJIII!IIIII!III\III\III\III\III\IIIH\II\\II\\III\II!III!\III\IIlllllllllllll\llll bars
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Figure 9-2 FE model
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9.4.1.2 Specimens undergoing corrosion at mid-span

This section presents the SDOF analysis results of beams, which were undergoing tension
reinforcement corrosion at mid-span. These beams include specimens B-MC-10M-11%, B-MC-
10M-15%, B-EMC-10M-22%, B-MC-15M-12%, and B-EMC-15M-17%. In addition, the results
for beams B-CR-MC-10M-5% and B-CR-MC-15M-4%, whose concrete cover was removed
before applying accelerated corrosion over a partial length of 750 mm at mid-span, were also
included. The FE models used a 10x10 mm mesh in this analysis, with truss bar elements and
smeared reinforcement for the longitudinal and transverse reinforcement, respectively. Corrosion-
induced damage in each beam was modeled by modifying the steel stress-strain properties and
inducing cracking in the concrete elements surrounding the longitudinal bars over a length of 750
mm at mid-span (refer to Figure 9-5). The experimental and the SDOF analysis results are
summarized in Table 9-5, with a summary of the results tabulated in Table 9-6. The resistance
function obtained from the FE simulation, the displacement-time history comparison between the
SDOF analysis and experimental results, and the load-deformation response using Saatcioglu DIF

for each beam are shown in Figure 9-6 to Figure 9-12.

From observing the resistance functions obtained from the FE analysis, it was noted that using
cases 2 and 3 with DIF applied to the material properties resulted in higher capacities for each
beam compared to case 1 with no DIF, as illustrated in Figure 9-6 (a) to Figure 9-12 (a). The
ductility was similar for the three DIF cases in all beams, with the exception of specimens B-MC-
15M-12% and B-EMC-15M-17%. Using case 3 in the FE analysis of beam B-MC-15M-12%
resulted in higher ductility than in cases 1 and 2, as shown in Figure 9-10 (a), whereas the ductility
of beam B-EMC-15M-17% obtained using case 3 fallen in between cases 1 and 2, as presented in

Figure 9-12 (a).

The trend of the predicted maximum displacement for B-MC-10M-11% showed good agreement
with the experimental data for the three DIF cases after applying the first shot, as observed in

Figure 9-6 (¢) and Table 9-5. The maximum displacement after the second shot reached 82.2 mm

for case 3 (see Figure 9-6 (e)), with a prediction ratio of Sanls — (.95 as reported in Table 9-5. In

exp
comparison, cases 1-2 predicted failure (i.e., ultimate displacement exceeded). The load-
deformation response after applying the first shot in Figure 9-6 (b) showed the beam exceeded

the yield point, whereas the beam nearly reached the ultimate displacement after the second shot,
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as shown in Figure 9-6 (d). The results from shot 2 were consistent with the severe failure

observed in the experiments.

The prediction of the maximum mid-span displacement for B-MC-10M-15% was high for cases 1

and 2, with values reaching 22.2 mm and 19.0 mm, respectively; however the prediction for case3

was acceptable with the Sanls ratio of 1.12 after the first shot (Figure 9-7 (¢)). The SDOF results

exp

for the second shot underestimated the maximum displacement for all cases, with ratios of Sanls —
exp

0.93, 0.84 and 0.76, for cases 1, 2 and 3, respectively, as presented in Table 9-5 and Figure 9-7
(e). The load-deformation in Figure 9-7 (b) shows the beam had reached yielding after the first
shot, whereas Figure 9-7 (d) demonstrates that the beam was well into the post-yield range, but

did not reach the ultimate displacement after the second shot.

The SDOF analysis for DIF case 3 of beam B-EMC-10M-22% predicted failure with a maximum
mid-span displacement which exceeds the ultimate displacement in the resistance curve, as shown
in Table 9-5 and Figure 9-8 (c). Figure 9-8 (b) shows that the beam completely failed which
matches the observation in the experiments. Failures (ultimate displacement exceeded) wre also

predicted for cases 1-2.

For Beam B-CR-MC-10M-5%, the maximum displacement from the SDOF analysis reached 75.7

mm with a prediction ratio of 2anls — (.95 for case 3, which was an acceptable prediction when
exp

compared to the experimental result, as shown in Table 9-5 and Figure 9-9 (c). The load-
deformation in Figure 9-9 (b) shows that the beam nearly reached the ultimate displacement.

Failures (ultimate displacement exceeded) were predicted for cases 1-2.

The predicted maximum displacement after the first shot for B-MC-15M-12% was 12.9 mm, 12.2
mm and 11.9 mm, for DIF cases 1, 2 and 3, respectively, with numerical-to-experimental ratios
flanls _

1.17, 1.11 and 1.08, respectively, as illustrated in Figure 9-10 (¢). After the second shot,

exp

the prediction ratios reached 1.08 and 1 for DIF cases 2 and 3, respectively, as shown in Table 9-5
and Figure 9-10 (e), whereas the simulation predicted failure occurs under case 1. This beam
reached the yield point after the first shot (Figure 9-10 (b)), while the load-deformation result after

the second shot showed that the beam still has deformation capacity as presented in Figure 9-10

(d).
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For beam B-CR-MC-15M-4%, the predicted displacement was acceptable for DIF cases 2 and 3
with prediction ratios of 0.92 and 0.84, respectively, as illustrated in Table 9-5 and Figure 9-11
(¢), whereas failure was predicted for case 1. Figure 9-11 (b) shows that this beam approximately

reached the ultimate displacement after a 70 psi shot under case 3.

The predicted results of B-EMC-15M-17% (single shot at 70 psi) underestimated the displacement

for the three DIF cases with displacements of 99.8 mm, 89.0 mm and 82.4 mm and corresponding

ratios of ;“L“ = 0.59, 0.52 and 0.49 for cases 1, 2 and 3, respectively, as seen in Table 9-5 and

exp
Figure 9-12 (¢). The load-deformation result showed that the beam response was well into the
post-yield range but had not yet failed as shown in Figure 9-12 (b). On the other hand, the beam

experienced a blow out failure in the experiment.

In general, examining all beams, the displacement predictions were unreliable for case 1 (no DIF)

with predictions of failure in nearly all the simulations. Comparing cases 2 and 3, the design DIF

Sanis

model resulted in more accurate results, with an average ratio of 0.95. Case 3 generally under-

) exp

Sanls

estimated the final displacements with an average ratio of 0.90. Based on these findings, case

exp

2 is recommended for the SDOF blast analysis of corrosion-damaged RC beams.
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Table 9-5 Idealized blast properties and analysis results

etz 1 shqckwave Maximum mid-span displacement
properties
Analysis (SDOF)
Beam ID Shot # 5
Pr L— td aexp Sanls Sanls s S /8 Sanls/ﬁexp Sanls/ﬁexp
(kPa) | (kPa'msec) | (msec) | (mm) | (mm) | (mm) | (mm) o SwiOew |- gogon | Sparcioglu
No design | Saatcioglu | No DIF DIF DIF
DIF DIF DIF
B-MC-10M- 1 27.3 257 18.8 18.0 | 20.6 17.6 16.0 1.14 0.98 0.89
11% 2 64.3 547 17.0 86.3 -* -* 82.2 - - 0.95
B-MC-10M- 1 27.8 249 179 | 156 | 222 | 19.0 17.6 1.42 1.22 1.12
15% 2 59.3 529 17.8 107.0 | 100.2 | 89.8 82.0 0.93 0.84 0.76
B-EMC-10M- . . .
229 1 61.0 541 17.7 217.3 - - - - - -
B-CR-MC- . .
10M-5% 1 65.6 548 16.7 79.0 - - 75.7 - - 0.95
B-MC-15M- 1 29.0 251 173 | 11.0 | 129 | 122 11.9 1.17 1.11 1.08
12% 2 80.0 703 175 | 712 | -* 77.4 71.0 - 1.08 1
B-CR-MC- .
15M-4% 1 77.0 720 18.7 76.0 - 70.2 64.1 - 0.92 0.84
B_El\;[%;l M- 1 80.1 729 18.2 169.0 | 99.8 89.0 82.4 0.59 0.52 0.49
0
P, =reflected pressure; I; = reflected impulse; tq = positive phase duration; dcxp = experimental mid-span
displacement; danis = analytical mid-span displacement. (*) = Ultimate displacement exceeded.
Table 9-6 Summary of analysis results for beams with corrosion at mid-span
Banls/sexp
All beams | Shot # No DIF Design DIF Saatcioglu DIF
Avg. S.D. (%) Avg. S.D. (%) Avg. S.D. (%)
1 1.08 0.34 (31.4) 0.95 0.26 (27.3) 0.83 0.26 (31.3)
Statistical
ot 2 ] ] 096 |0.16(16.6)| 090 | 0.12(13.3)
Avg 1.08 0.34 (31.4) 0.95 0.007 (0.7) 0.87 0.04 (4.5)
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Figure 9-5 FE models for beams undergoing corrosion at mid-span
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9.4.1.3 Specimen undergoing corrosion at end supports

Specimen B-SC-10M-7% had its longitudinal tensile reinforcement corroded at its ends, with a
measured average mass loss of 7%. As a part of the SDOF analysis, the FE model used to obtain
the resistance function had the same features presented in Section 9.3.1.2, except that corrosion
effects were introduced at both beam ends only (refer to Figure 9-13). Figure 9-14 (a) shows that
the predicted load-deflection of this beam displayed less ductility for DIF case 3 compared to the
other two DIF cases; however, it predicted a higher yield load and ultimate capacity for this DIF

case.

Pre-strain
ey

...........................................................
..........................

a- B-SC-10M-7%

Figure 9-13 FE model of beam undergoing corrosion at the ends

The SDOF results for this beam are summarized in Table 9-7. Whereas the predicted displacement
after the first blast shot was underestimated for the three DIF cases (Figure 9-14 (c)), the
displacement after the second shot was overestimated for DIF cases 1 and 2 with near perfect
results for case 3 (Figure 9-14 (e)). DIF cases 2 and 3 showed acceptable results at this shot, with
prediction ratios of 1.06 and 0.99, respectively, whereas case 1 resulted in a larger displacement
ratio of 1.21 (refer to Table 9-7 and Figure 9-14 (e)). At shot 3, cases 1 and 2 resulted in over-

estimations of the maximum displacements; however, a more accurate result was obtained for case

2 ( ;“Lls ratios of 1.41 and 1.20 for cases 1 and 2, respectively). The ultimate displacement was

exp
exceeded for case 3. The load-deformation curves for case 2 showed that the beam exceeded
yielding after the first and second shots (Figure 9-14 (b) and Figure 9-14 (d)) but did not reach
the ultimate displacement after shot 3 (refer to Figure 9-14 (f)). In contrast, the ultimate

displacement was exceeded when using case 3 (refer to Figure 9-14 (h)).
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Table 9-7 Idealized blast properties and results for beam B-SC-10M-7%

EEZEZE BIOE 97 Maximum mid-span displacement

properties
Analysis (SDOF)
Beam ID Shot # 5
Pr L— td aexp Sanls Sanls s Sants/S Sanls/ﬁexp Sanls/ﬁexp
(kPa) | (kPa'msec) | (msec) | (mm) | (mm) | (mm) | - (mm) om0 | S50 0" | Saaciogly
No design | Saatcioglu | No DIF DIF DIF
DIF DIF DIF
1 29.2 239 16.3 20.4 17.6 15.6 14.8 0.86 0.76 0.73
B-SC-10M-
7% 2 48.5 356 14.6 33.0 40.2 35.0 32.6 1.21 1.06 0.99
3 61.5 555 18.0 70.1 99.0 84.7 -* 1.41 1.20 -

P, =reflected pressure; I; = reflected impulse; tq = positive phase duration; dep = experimental mid-span
displacement; danis = analytical mid-span displacement; (*) = Ultimate displacement exceeded.
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Figure 9-14 Predicted (SDOF) vs experimental displacements (B-SC-10M-7%)
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9.4.1.4 Specimen undergoing corrosion along the entire span

Beam B-FC-10M-12% was subjected to corrosion of the tension reinforcement over its entire span,
with an average mass loss of 12%. The FE model used to obtain the resistance function for the
SDOF analysis had the same modelling features as the previous beams; however, the corroded bar
properties and corrosion induced-cracking in the concrete elements were introduced over the entire

span of the longitudinal tensile reinforcement (see Figure 9-15).

Like beam B-SC-10M-7%, whose reinforcement was corroded at the support ends, the load-
deflection response of beam B-FC-10M-12% obtained from the FE analysis showed higher yield
load and ultimate capacity for DIF case 3 albeit lower ductility than the other two DIF cases (see

Figure 9-16 (a)).

From Figure 9-16 (c) and Table 9-8, it was observed that the predicted displacement of the beam

was overestimated for DIF case 1 and underestimated for DIF case 3, with prediction ratios of Sanls

Sexp
= 1.15 and 0.91, respectively. The analysis of this beam using DIF case 2 resulted with the same
maximum displacement of 84.0 mm observed in the experimental blast test. According to Figure

9-16 (b), this beam yielded but did not reach the ultimate displacement under case 3.

Table 9-8 Idealized blast properties and results for beam B-FC-10M-12%

Idealized shqckwave Maximum mid-span displacement
properties
Analysis (SDOF)
Beam ID Shot # 5

Pr Ir td Sexp Sanls Banls s Sants/S Sanls/aexp Aanls/aexp
(kPa) | (kPa'msec) | (msec) | (mm) | (mm) | (mm) | (mm) GO | Sgegon | sanciogl

No design | Saatcioglu | No DIF DIF DIF

DIF DIF DIF
B_S(;;/IOM_ 1 52 540 20.7 83.7 96.5 84.0 76.3 1.15 1.00 0.91
(V]

P, =reflected pressure; I; = reflected impulse; tq = positive phase duration; dcyp = experimental mid-span

displacement; danis = analytical mid-span displacement.
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80 T T T

Case1: No DIF
Case2: Design DIF
Case3: Saatcioglu DIF

70

60

50

40

Load (kN)

30

20

10

0
0 20 40 60 80 100 120 140
Displacement (mm)

a- Resistance function

120 T T T
Load-Deformation cnmm@m (E::zzqi:nﬁgtgluz
100 + Case2: Design DIF
a1 Case3: Saatcioglu DIF
i E 80 |
“ £
= -—
g ’ fom = S 60 4
= z IS
g @ ose £ 8 40 |
£ = ©
g - . Z
2 a 20 4
0.55
0 i
“ + + + } + + E-H
(s] i & ED &0 100 1210 140 _20 Il Il Il Il Il i i
—_— 20 0 20 40 60 80 100 120 140
Time (ms)
b- Load-deformation (Saatcioglu DIF, 50 psi) c- Displacement-time history (50 psi)

Figure 9-16 Predicted (SDOF) vs experimental displacements (B-FC-10M-12%)
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9.4.2 Shear-governed beams

The results of the SDOF analysis for the shear-dominant beams in the 25M group are presented in
this section. This group included one control beam and two corroded specimens with a different
mass loss %. The FE models used a 20x20 mm mesh, with truss bar elements for both the
longitudinal (25M) and transverse (6.3 mm) reinforcement. Stirrups were modelled as truss
elements to facilitate the input of corrosion-induced deterioration. The resistance functions

obtained from the FE analysis were used in RCBlast to obtain the dynamic response of the beams.
9.4.2.1 Control shear beam CB-25M-%

This beam was the first beam simulated without considering the corrosion effects in the 25M
group. The FE model of this beam is shown in Figure 9-17. The load-deflection responses of the
beam from the FE analysis for the three DIF cases are shown in Figure 9-18 (a). According to
Table 9-9 and Figure 9-18 (c), failure was predicted under case 1, 2 and 3 (ultimate displacement
exceeded). Nonetheless, the load-deformation response under case 3 showed that the beam reached

the ultimate displacement at this blast (see Figure 9-18 (b)).

Table 9-9 Idealized blast properties and results for control beam CB-25M-0%

dealized shqckwave Maximum mid-span displacement
properties
Analysis (SDOF)
Beam ID Shot #
Pr Ir td Bexp 6an]s Sanls Sanls S s 5
Sanls/aex anls/ Oexp anls/aexp
(kPa) | (kPa-msec) | (msec) | (mm) | (mm) | (mm) (mm) * | design Saatcioglu
No design | Saatcioglu | No DIF E DIF
DIF DIF DIF
CB-25M-0% 1 91.4 927 20.3 46.0 -* - ¥ - - -

P, =reflected pressure; I; = reflected impulse; tqs = positive phase duration; dexp = experimental mid-span
displacement; danis = analytical mid-span displacement; (*) = Ultimate displacement exceeded.
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9.4.2.2 Shear corrosion beams: B-SHC-25M-11% and B-SHC-25M-12%

This section presents the SDOF analysis of the 25M beams with corroded shear reinforcement.

The same FE model used for the control beam in this group was used; however, corrosion effects

were applied on the stirrups over the entire beam span by modifying their steel properties based

on 12% and 11% mass loss, while corrosion-induced cracking was simulated by applying pre-

strains on the concrete elements next to the transverse reinforcement, as shown in Figure 9-19.

Both beams showed that the predicted resistance curve of DIF case 3 was higher than the other

two DIF cases; however, the ductility of beam B-SHC-25M-12% for case 3 was higher compared
to the other beam B-SHC-25M-11% (see Figure 9-20 (a) and Figure 9-21 (a)). The predicted

displacement for both beams exceeded the ultimate displacement for the three DIF cases, which

indicates failure (refer to Figure 9-20 (¢) and Figure 9-21 (c)). This can also be confirmed when

observing the load-deformation responses in Figure 9-20 (b) and Figure 9-21 (b).

Table 9-10 Idealized blast properties and results for beams undergoing stirrup corrosion

Idealized shockwave

Maximum mid-span displacement

properties
Analysis (SDOF)
Beam ID 6
Ir td Sex Sanls anls
(kPa'msec) (msec) (mr;;) (mm) (mm) San]s/ﬁcxp Sanls/.aexp
No Saatcioglu | No DIF Saa]t)cIuF)glu
DIF DIF
B-SI—{?‘;/%M- 903 18.6 92.6 _* % i ]
0
T 926 194 | 455 | R _ _
0

P, =reflected pressure; I; = reflected impulse; tqs = positive phase duration; dexp = experimental mid-span

displacement; danis = analytical mid-span displacement; (*) = Ultimate displacement exceeded.
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Figure 9-19 FE models of beams undergoing stirrup corrosion
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Chapter 10: Finite Element Analysis of Corrosion-Damaged Beams Under

Blast-Loading

10.1 Chapter Overview

This chapter aims to present the last phase of the numerical research programme by predicting the
full dynamic response of the tested beams under blast-loading. A 2D nonlinear finite element
software (VecTor2) was used to develop finite element models of the control and corroded beams.
The corrosion effects were considered during the analysis by modifying the steel stress-strain
relationship and modelling corrosion-induced cracking in the concrete. In addition, this chapter
provides a description of the FE model for each beam, a summary of the FE results, and a

comparison between the predicted and experimental results.
10.2 Modelling Methodology

Two-dimensional nonlinear finite element (FE) software (VecTor2) was used to predict the
flexural and shear responses of the un-corroded (control) and corroded beams under blast-loading.
The procedure used in the FE modelling of the 10M, 15M and 25M beam groups was the same as
that used in the static analysis of the beams (see Chapter 8), with some modifications as follows:
1)- The mesh size used was 25%25 mm for all the models of the beams; 2)- dynamic increase
factors (DIF) for concrete and reinforcing steel were used to consider the effects of strain-rates;
3)- the boundary conditions in the shock-tube were simulated by using steel plates and
compression-only truss bars; 4)- the blast load was applied using an idealized five-point curve
having the same peak reflected pressure and a similar post-peak loading as the experimental ones,
as shown in Figure 10-1 (¢); 5)- the mass of the beam and LTD was distributed to all concrete
nodes as nodal masses; and, 6)- the dynamic analysis was carried out using Newmark’s constant
acceleration method, with a time step of 0.1 ms and with Rayleigh damping implemented in the

analysis. The typical FE model for each group is illustrated in Figure 10-1 (a) and (b).
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10.2.1 Corrosion inducing-cracking

Corrosion inducing-cracking was simulated similarly as in the static analysis; however, the applied
pre-strain was different since it is directly dependent on the actual steel mass loss due to corrosion.

As a result, Table 10-1 presents the applied pre-strain for beams tested under blast-loading.

Compression only Pt} Compression only P{t)

/' Truss element Stee! plate Truss element Steel plate
I T - ||.iP
1 T T T T T 1

2 LI I 1 1 I I i i 1 I i|

a- 10M and 15M groups b- 25M group

50

Experimental
—=—=— |dealized pressure

40} 1

N w
o o
T T
L L

Pressure (kPa)
S

20 ‘ ‘
-50 0 50 100
Time (ms)

c- Idealized blast pressure-time history (10M group) (CB-10M-0%, 17 psi)

Figure 10-1 FE models and idealized blast pressure-time history

Table 10-1 Equivalent pre-strains with corresponding mass loss

Beam ID Mioss M b C A dy As(exp) dexp ; .8 )
(%) (mm) | (mm) | (mm?) (mm) | (mm?) | (mm) (millistrain)

B-MC-10M-11% 11% 2 125 40 100.23 11.3 110.95 11.88 6.45
B-SC-10M-7% 7% 2 125 40 100.23 11.3 107.13 11.68 4.18
B-FC-10M-12% 12% 2 125 40 100.23 11.3 111.90 11.93 7.00
B-MC-10M-15% 15% 2 125 40 100.23 11.3 114.70 12.08 8.63
B-EMC-10M-22% 22% 2 125 40 100.23 11.3 121.07 12.41 12.25
B-CR-MC-10M-5% 5% 2 125 40 100.23 11.3 105.18 11.57 3.01
B-MC-15M-12% 12% 2 125 40 200.96 16 224.35 16.90 9.43
B-CR-MC-15M-4% 4% 2 125 40 200.96 16 208.91 16.31 3.26
B-EMC-15M-17% 17% 2 125 40 200.96 16 233.67 17.25 13.05
B-SHC-25M-12% 12% 2 125 12.5 31.15 6.3 34.78 6.65 11.41
B-SHC-25M-11% 11% 2 125 12.5 31.15 6.3 34.48 6.62 10.50

b = Beam width; ¢ = Concrete cover; As = Original steel bar area; dp = Original diameter of steel bar; As(exp) = Total expanded area
of corroded steel bar; dexp = Diameter of steel bars expanded; € = Corrosion-induced pre-strain in concrete near the reinforcement.
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10.3 Mesh size sensitivity

The optimal mesh size was chosen based on a mesh sensitivity analysis. The FE model accuracy
was investigated by gradually increasing mesh size and comparing the numerical displacement
results with the experimental ones. For flexure-governed beams, three mesh sizes of 25 mm, 35
mm and 50 mm were considered in the FE model of the control (un-corroded) 10M and 15M

beams, as shown in Figure 10-2.

Considering CB-10M-0% and the first shot: the 25-mm mesh with 603 elements resulted in a
maximum displacement of 12.5 mm; the 35-mm mesh with 399 elements resulted in a
displacement of 13.3 mm; and the 50-mm mesh with 207 elements resulted in a maximum
displacement of 17.8 mm (see Figure 10-3 (a)). The mesh sizes studied to apply the second blast
shot were 25 mm and 35 mm, with maximum displacements of 59.4 mm and 75.2 mm, respectively

(see Figure 10-3 (b)). No results could be obtained with the 50 mm mesh.

Considering CB-15M-0% and the first shot: the 25-mm mesh with 603 elements resulted in a
maximum displacement of 8.7 mm; the 35-mm mesh with 399 elements resulted in a displacement
of 8.7 mm; and the 50-mm mesh with 207 elements resulted in a maximum displacement of 10.0
mm (see Figure 10-3 (¢)). The mesh sizes studied to apply the second blast shot were 25 mm, 35
mm, and 50 mm, with maximum displacements of 66.7 mm, 75.3 mm and 110.1 mm, respectively

(refer to Figure 10-3 (d)).

The results considering both beams are shown in Table 10-2 and Figure 10-4. The average

. . . . 8 .
numerical-to-experimental displacement ratios = for the mesh sizes of 25, 35 and 50 mm were
exp

respectively 0.85, 0.95 and 1.22 with coefficients of variation (COV) of 7.1%, 12.6% and 25.4%.

In general, the mesh size of 25 mm was deemed to have the most stable results when compared
with the experimental values. Consequently, all FE models for corroded and un-corroded beams

were simulated using a mesh size of 2525 mm.
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a- 25-mm mesh
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b- 35-mm mesh
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c- 50-mm mesh

Figure 10-2 Mesh sizes considered in the analysis of the control beams

Table 10-2 Mesh sensitivity: data analysis

Shockwave properties Maximum displacements Displacement ratios
Pr II' 6eX 6num 6num/66x
Beam ID Shot p (mm) p
# (kPa) (kPa-msec) | (mm)
Mesh 25 | Mesh 35 | Mesh 50 [ Mesh 25 | Mesh 35 | Mesh 50
CB-10M- 1 31.3 250 15.4 12.5 13.3 17.8 0.81 0.86 1.16
0% 2 61.0 550 726 | 59.4 75.2 - 0.82 1.03 -
CB-15M- 1 24.0 248 10.6 8.7 8.7 10.0 0.82 0.82 0.94
0% 2 78.8 734 70.6 66.7 75.3 110.1 0.95 1.07 1.56
Average 0.85 0.95 1.22
STDEV 0.06 0.12 0.31
CoVv 7.1% 12.6% 25.4%

Note: P, =reflected pressure; I, = reflected impulse; dcxp = experimental maximum mid-span displacement; Spum =

numerical maximum mid-span displacement; Snum/6exp = displacement ratio.
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10.4 Dynamic increase factor (DIF) sensitivity

The model used to apply a DIF to material properties was selected based on a DIF sensitivity
analysis. The accuracy of the FE model was examined by applying four different options of DIF

models and comparing the simulated displacements with the experimental ones:

i. Option DIF1: fib MC2010 for concrete, Malvar-Crawford for reinforcing steel,
ii. Option DIF2: fib MC2010 for concrete, CEB-FIB (1988) for reinforcing steel,
iii.  Option DIF3: fib MC1990 for concrete, CEB-FIB (1988) for reinforcing steel, and
iv. Option No DIF: no DIF was applied to material properties.
A sensitivity analysis of the above 4 options was carried out by conducting FE analysis of the
control (un-corroded) 10M and 15M beams, CB-10M-10% and CM-15M-0%, as well as two
beams with mid-span corrosion within each series, B-MC-10M-11% and B-MC-15-12%. Sample

displacement-time histories for each beam are shown in Figure 10-5.

The results considering all 4 beams are shown in Table 10-3 and Figure 10-6. The average

displacement ratios Onum for DIF options 1, 2, 3 and No DIF were respectively 0.87, 0.93, 0.91 and

exp

1.07, with coefficients of variation (COV) of 9.2%, 9.7%, 9.8% and 11.2%.

Similar results were obtained for DIF options 2 and 3, whereas the displacements were generally
over-estimated (with displacement ratios > 1.0) when No DIF is applied. According to Figure 10-6
(a), the most suitable DIF option for the analysis is DIF2 when comparing the average
experimental and numerical results. Accordingly, Option DIF2 was used for the remaining flexure-

governed beams in the 10M and 15M groups and for the shear-governed beams in the 25M group.
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Table 10-3 DIF sensitivity: data analysis

Shockwave properties Maximum displacements Displacement ratios
Beam ID Shot # P: I; (Bexp) Onum (mm) Onum /Sexp
mm
(kPa) | (kPa-msec) DIF1 | DIF2 | DIF3 | NoDIF | DIF1 | DIF2 | DIF3 | No DIF
1 313 250 154 12.5 12.7 12.4 14.6 0.81 0.82 0.8 0.94
CB-10M-0%
2 61.0 550 72.6 594 | 650 | 644 73.9 0.81 0.89 | 0.88 1.01
1 24.0 248 10.6 8.7 8.7 8.5 9.6 0.82 0.82 0.80 0.90
CB-15M-0%
2 78.8 734 70.6 66.7 73.8 72.6 86.4 0.94 1.04 1.02 1.22
1 273 257 18.0 14.3 15.2 154 18.8 0.79 0.84 | 0.85 1.04
B-MC-10M-11%
2 64.3 547 86.3 - 83.5 82.0 98.0 - 0.97 0.95 1.13
1 29.0 251 11.0 11.0 11.0 10.8 12.0 1.00 1.00 | 0.98 1.09
B-MC-15M-12%
2 80.0 703 71.2 66.0 | 72.8 71.3 87.0 0.93 1.02 1.00 1.22
Average | 0.87 | 0.93 0.91 1.07
STDEV | 0.08 0.09 0.09 0.12
COV 9.2% | 9.7% | 9.8% | 11.2%

Note: P, =reflected pressure; I, = reflected impulse; dexp = experimental maximum mid-span displacement; dpum =

numerical maximum mid-span displacement; 6num/6exp = displacement ratio.
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Figure 10-5 DIF sensitivity analysis: sample displacement-time histories
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10.5 Damping ratio sensitivity

The damping ratio used in the FE analysis was selected after conducting a damping sensitivity
analysis. Two damping cases were considered: case D1 with 1% and 5%, and case D2 with 0.5%

and 0.75%, where % represents the damping ratios for the first two modes, respectively.

The FE analysis results for the control (un-corroded) 10M and 15M beams are shown in Figure

10-7. Table 10-4 and Figure 10-7 (a) show the average displacement ratios for both cases when

Sy . . 8 . .
considering the two control beams. The average displacement ratios % for damping options D1
exp

and D2 were 0.89 and 0.92, respectively, with coefficients of variation (COV) of 11.2% and 8.7%.
Based on the results case D2 resulted in a better approximation of the experimental displacement
than case D1. As a result, case D2 was selected as the most suitable damping case when analysing

the control (or un-corroded) beams.

A similar analysis was conducted for a corroded beam in each of the 10M and 15M groups. The
results from B-MC-10M-11% and B-MC-15-12% showed that a better estimation of the maximum
displacements was obtained when using damping case D1 instead of case D2 (see Figure 10-8).

Table 10-4 and Figure 10-8 (a) show the average displacement ratios for both cases when

5num

considering the two corroded beams. The average displacement ratios for damping options

exp
D1 and D2 were respectively 0.95 and 1.08, with coefficients of variation (COV) of 8.4% and
7.4%. As aresult, case D1 was selected as the most suitable damping case to account for corrosion-
induced damage in the analysis for corroded beams. As damage accumulates, the damping was
increased, so increasing damping for the corroded specimens is appropriate (Saatci and Vecchio,

2009).
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Table 10-4 Damping ratio sensitivity: data analysis

Shockwave properties [ Maximum displacements | Displ. Ratios
Beam ID Shot # P, I; Oexp Onum (MM) Onum/Gexp
(kPa) [ (kPa-msec) | (mm)
Dl D2 Dl D2
1 313 250 154 | 12.7 13.5 0.82 | 0.87
CB-10M-0%
2 61.0 550 72.6 | 65.0 68.7 0.89 | 0.94
1 24.0 248 10.6 | 8.7 8.9 0.82 | 0.84
CB-15M-0%
2 78.8 734 70.6 | 73.8 73.0 1.04 | 1.03
Average | 0.89 | 0.92
STDEV | 0.10 | 0.08
CoVv 11.2% | 8.7%
Shockwave properties | Maximum displacements | Displ. Ratios
Beam ID Shot # P I Bexp Onum (M) Onum/ Qexp
(kPa) [ (kPa-msec) | (mm)
Dl D2 Dl D2
1 273 257 18.0 | 15.2 17.8 0.84 | 0.99
B-MC-10M-11%
2 64.3 547 86.3 | 83.5 96.5 0.97 | 1.11
1 29.0 251 11.0 | 11.0 11.7 1.02 | 1.14
B-MC-15M-12%
2 80.0 703 71.2 | 72.8 81.6 0.98 -
Average | 0.95 | 1.08
STDEV | 0.08 | 0.08
COoV 8.4% | 7.4%

Note: P, =reflected pressure; I = reflected impulse; dexp = experimental maximum mid-span displacement; dnum =
numerical maximum mid-span displacement; 6num/6exp = displacement ratio.
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Figure 10-7 Damping ratio sensitivity for control beams: CB-10M-0% and CB-15M-0%
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10.6 Numerical results for all beams
10.6.1 Flexure-governed beams

The response of the flexure-governed beams in the 10M and 15M series was predicted using the
dynamic finite element procedures and parameters discussed in Sections 10.2-10.5. The FE models
used a mesh with 25 mmx25 mm plane-stress concrete elements. The longitudinal reinforcement
was modelled as truss bar elements, while the stirrups were smeared in the concrete elements.
Eleven beams with different corrosion scenarios (control, mid-corrosion, cover-removed-mid

corrosion, end-corrosion, and full-corrosion) were included in the analysis.
10.6.1.1 Control beams (0% mass loss): CB-10M-0% and CB-15M-0%

Control (un-corroded) beams CB-10M-0% and CB-15M-0% were built with 2-10M and 2-15M in
the tension zone, respectively. These two beams were modelled without corrosion effects as shown

in Figure 10-9. The 4 DIF cases and 2 damping scenarios were considered for these beams.

Figure 10-10 shows the idealized blast pressure-time history for both beams. A summary of the
FE and experimental results with statistical results is presented in Table 10-5. A comparison of
the experimental and predicted displacements is presented in Figure 10-11, while Figure 10-12
provides the experimental and numerical reactions for both beams. In addition, Figure 10-13 and
Figure 10-14 present a comparison of cracking patterns between the FE results and experimental

observations.

Based on the sensitivity analysis, it was found that using a dynamic increase factor of DIF2 with
damping ratios of 0.5% and 0.75% for the first two modes (D2), resulted in the most acceptable
results for the control beams (see Table 10-5 and Figure 10-11). For beam CB-10M-0%, the
predicted maximum displacements after the first and second shots (17 psi and 50 psi) reached 13.5
mm and 68.7 mm, respectively, with prediction ratios of 0.87 and 0.94. For beam CB-15M-0%,
the recorded maximum displacements were 8.9 mm and 73.1 mm after the first and second shots
(17 psi and 70 psi) with prediction ratios of 0.84 and 1.03, respectively. Considering both beams
the average displacement ratio for case DIF2-D2 was 0.92 with a coefficient of variation (COV)

of 8.7%.
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Considering the dynamic reactions, the pre and post-peak responses of the predicted dynamic

reaction of beam CB-10M-0% followed the trend observed in the experiments after shot 2 (50 psi),

while shot 1 (17 psi) showed higher pre and post-peak responses; however, the predicted maximum

reactions were higher than the experimental results for both damping cases and both shots (see

Figure 10-12). For beam CB-15M-0%, the FE analysis resulted in an over-estimated prediction of

the pre- and post-peak responses and maximum strength of the beam after the first shot.

By inspecting Figure 10-13 and Figure 10-14, it was observed that the FE cracking patterns and

failure modes match well with the experiments for both beams.

Table 10-5 Summary of the FE results for I0M/15M control beams

Shockwgve Maximum displacements Displacement ratios
properties
Pr Ir 6ex 6m|m mm 6num ’Bex
e T Sl;ot » (mm) »
(kPa) | (kPa'msec) | (mm) | DIFI- DIF2- DIF3- | No DIF- DIF2- DIF1- DIF2- DIF3- No DIF- DIF2-
D1 D1 D1 D1 D2 D1 D1 D1 D1 D2
1 31.3 250 15.4 12.5 12.7 12.45 14.6 13.5 0.81 0.82 0.8 0.94 0.87
CB-10M-0%
2 61.0 550 72.6 59.4 65.0 64.45 73.9 68.7 0.81 0.89 0.88 1.01 0.94
1 24.0 248 10.6 8.7 8.7 8.48 9.6 8.9 0.82 0.82 0.80 0.90 0.84
CB-15M-0%
2 78.8 734 70.6 66.7 73.8 72.68 86.4 73.0 0.94 1.04 1.02 1.22 1.03
Average 0.85 0.89 0.88 1.02 0.92
STDEV 0.06 0.10 0.10 0.14 0.08
COV 7.1% 112% | 11.3% 13.7% 8.7%

Note: P, =reflected pressure; I = reflected impulse; dexp = experimental maximum mid-span displacement; dnum =
numerical maximum mid-span displacement; Snum/Gexp = displacement ratio.

Note: DIF1-D1, DIF2-D1, DIF3-D1 and No DIF-D1 are run with Damping D1 (1% and 5%); DIF2-D2 = DIF2 is
run with Damping D2 (0.5% and 0.75%).
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Figure 10-14 Cracking patterns of FE model vs experimental for beam CB-15M-0%
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10.6.1.2 Specimens subjected to corrosion at mid-span

This section presents the FE results of beams B-MC-10M-11%, B-MC-10M-15%, B-EMC-10M-
22%, B-CR-MC-10M-5%, B-MC-15M-12%, B-CR-MC-15M-4% and B-EMC-10M-17%. These
beams were subjected to mid-span corrosion only. Moreover, beams of B-CR-MC-10M-5% and
B-CR-MC-15M-4% were modeled without concrete cover over a length of 750 mm at mid-span
in addition to adding corrosion-induced effects. The FE models used truss bar elements and
smeared reinforcement for the longitudinal and transverse reinforcement, respectively. Corrosion-
induced damage in each beam was modeled by modifying the steel stress-strain properties, and
inducing cracking in the concrete elements surrounding the mid-span longitudinal bars over a

length of 750 mm. The FE meshes for each of the beams are illustrated in Figure 10-15.

Beams B-MC-10M-11% and B-MC-15M-12% were analyzed considering different models for the
dynamic increase factor (DIF) and two cases of damping ratios, while the remaining beams were

analyzed with the default DIF, and damping ratio selected in the sensitivity analysis: DIF2-D1.

Table 10-6 summarizes the results of the FE models and experimental results. The predicted vs
experimental displacement-time history after the first and second blast shots, the dynamic reaction
curves, the idealized blast pressure-time history and the cracking patterns for both the FE analysis

and experimental test for each beam are shown from Figure 10-16 to Figure 10-43.

Considering all beams, all blasts and all mid-span corrosion scenarios, case DIF2-D1 resulted in
an average displacement ratio of 0.86 with a coefficient of variation (COV) of 24.4% (Table 10-6).
Ignoring the two EMC beams which suffered severe failures, the prediction ratio was 0.95 with

COV=9.5%.

The FE analysis of beam B-MC-10M-11% after the first blast shot of 17 psi showed that the DIF2
option with damping case D1 (damping ratios of 1% and 5%) resulted in a maximum displacement
of 15.2 mm, with a numerical-to-experimental displacement ratio of 0.84. A better prediction of
17.8 mm, with a displacement ratio of 0.99 was obtained for damping case D2 (damping ratios of
0.5% and 75%). However, the analysis of the beam subjected to a high blast shot of 50 psi gave
the closest approximation to the observed maximum displacement when DIF2 option with D1 was
used, with a displacement ratio of 0.97, compared to 1.11 for D2 (refer to Figure 10-17 and Table
10-6). The pre-peak behaviour of the blast resistance curves when DIF2-D1 and DIF2-D2 options
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were used were overestimated for the 17-psi blast shot (Figure 10-18 (a)); however, the post-peak
behaviour when DIF2-D2 option was applied was acceptable, while the DIF2-D1 option
underestimated the prediction. For the 50-psi blast shot, the pre-peak behaviour of the blast
resistance curves when both DIF2-D1 and DIF2-D2 options were used were acceptable, whereas
the predicted post-peak behaviour overestimated the displacements when the DIF2-D2 option was
applied. In addition, the predicted maximum strength of the beam was overestimated for the first
shot; however, the predicted maximum strength was acceptable after the second shot (see Figure
10-18 (b)). The cracking patterns predicted by the FE model for both blast shots were similar to

the experimental ones observed at mid-span when using DIF2-D1, as shown in Figure 10-19.

The FE analysis of beam B-MC-10M-15% (analyzed using the default case: DIF2-D1) resulted in
a good prediction of the maximum displacement as a result of a low blast shot of 17 psi, with a
prediction ratio of 0.90; however, it underestimated the maximum displacement for the second
blast shot of 50 psi, with a numerical-to-experimental ratio of 0.81 (see Table 10-6 and Figure
10-21). Furthermore, this model overestimated results in terms of pre-peak and post peak responses
and maximum load, with a prediction ratio of 1.58 for the first blast shot (see Figure 10-22).
Examining Figure 10-23, it was observed that the cracking patterns and the failure mode of the
predicted results showed good match with the experimental observations, with damage

accumulated at the mid-span of the beam.

The FE results of beam B-EMC-10M-22% subjected to a blast shot of 50 psi underestimated the
maximum displacement when DIF2-D1 and DIF2-D2 modelling options were used (see Figure
10-25), with numerical-to-experimental ratios of 0.45 and 0.52, respectively. Examining the
dynamic reaction curves, the predicted maximum load reached 68.2 kN and 65.0 kN for damping
cases D1 and D2, respectively, as shown in Figure 10-26. Figure 10-27 shows that the predicted
and the experimental results showed similar failure mode, cracking patterns, and severe damage

in the beam mid-span.

The results of the FE model of beam B-CR-MC-10M-5% showed acceptable prediction in terms
of displacement, with a prediction ratio of 1.07 for the default DIF2-D1 case after applying a blast
shot of 50 psi (see Table 10-6 and Figure 10-29). Furthermore, the FE analysis resulted in a
maximum load of 79.6 kN. This FE model failed in flexure with more intense damage in the mid-

span of the beam as the beam tested experimentally (refer to Figure 10-31).
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For beam B-MC-15M-12%, the analysis of the beam subjected to a low blast shot of 17 psi showed
acceptable predicted results in terms of maximum displacement for all the considered DIF cases,
while that under a high blast shot of 70 psi resulted in a good prediction of the maximum
displacement for the DIF2-D1 and DIF3-D1 options, with prediction ratios of 1.02 and 1.00,
respectively (see Table 10-6 and Figure 10-33). Considering the effect of damping, DIF2-D1
resulted in a better prediction when compared to DIF2-D2 at the 70 psi shot (ratios of 1.02 and
1.14, respectively). The blast resistance load for the first blast shot, illustrated in Figure 10-34 (a),
was overestimated for both damping cases, while the response under the high blast shot resulted
in an acceptable pre-peak and post-peak responses of the beam for both cases, although the
maximum load was over-estimated (see Figure 10-34 (b)). Considering DIF2-D1, it was observed
in Figure 10-35 that the predicted damage for the 17-psi blast shot showed minor cracking over
the length of the beam, whereas the results for the 70-psi shot predicted significant localized
cracking in the mid-span of the beam with a similar failure mode as the experimentally observed

damage.

The FE results of beam B-CR-MC-15M-4% subjected to a blast shot of 70 psi described well the
experimental results in terms of the maximum displacement, which reached 75 mm using DIF2
and D1, with a prediction ratio of 0.98 (refer to Table 10-6 and Figure 10-37). The predicted
maximum dynamic reaction load reached 137.6 kN as shown in Figure 10-38. Figure 10-39 shows
that the predicted cracking density happened at the mid-span of the beam, with a flexure failure as

it occurred in the experiment.

The FE results of beam B-EMC-10M-17% after a blast shot of 70 psi under-estimated the
maximum displacement for both DIF2-D1 and DIF2-D2 modelling options, with prediction ratios
of 0.55 and 0.62, respectively (see Table 10-6 and Figure 10-41). The dynamic maximum load of
the FE model reached 126.8 kN and 129.5 kN for damping cases D1 and D2, respectively, as
presented in Figure 10-42. Also, the FE model of this beam failed in flexure with significant
cracking in the mid-span, which is similar to the observed damage in the experiment (see Figure

10-43).
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Table 10-6 Summary of FE results for specimens subjected to mid-span corrosion

ShOCkW?VC Maximum displacements Displacement ratios
properties
Spum (Mm) Bnum Dexp
Beam ID SI;ot P, L By
(kPa) | (Parmsec) | (mm) | DIFI- | DIF2- | DIF3- | NoDIF- | o | DIFI- | DIF2- | DIF3- | NoDIF- | DIF2-
DI DI DI DI DI D1 D1 D1 D2
BAMC. 1| 273 257 180 | 143 152 | 154 18.8 17.8 079 | o084 | oss 1.04 0.99
IOM-11% |5 | 643 547 86.3 ; 835 | 820 98.0 96.5 - 097 | 095 1.13 111
BAMC. 1| 278 249 15.6 ; 14.1 ; - ; ; 0.9 - ; ;
IOM-15% 5 | 593 529 107.0 . 86.6 ; ; ; ; 0.81 - ; ;
1%&“;;% 1| 610 541 2173 ; 973 ; - 1127 ; 0.45 - ; 0.52
Bl' OCI\I}I'_I;/{,E' 1 65.6 548 79.0 - 84.7 - - - - 1.07 - - -
BAMC. 1| 290 251 1.0 | 110 11.0 10.8 12.0 11.7 1.00 | 100 | o098 1.09 1.06
IM-12% 15 ] 0.0 703 712 | 660 | 728 | 713 87.0 81.6 0.93 1.02 1.00 122 1.14
Bl' ?&%}j' 1 77.0 720 76.0 - 75.0 - - - - 0.98 - - -
11;&1\;17% 1| so1 729 169.0 - 94.0 - - 105 ; 0.55 - - 0.62
Average | 091 086 | 095 112 0.88
STDEV | 0.1 | 021 0.07 0.08 0.29
COV | 12.1% | 244% | 73% 71% | 32.9%

Note: P, =reflected pressure; I; = reflected impulse; dexp = experimental maximum mid-span displacement; §yum =
numerical maximum mid-span displacement; 6num/6exp = displacement ratio.

Note: DIF1-D1, DIF2-D1, DIF3-D1 and No DIF-D1 are run with Damping D1 (1% and 5%); DIF2-D2 is run with
Damping D2 (0.5% and 0.75%).
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Figure 10-15 FE models for specimens with mid-corrosion
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Figure 10-17 Predicted vs experimental results for beam B-MC-10M-11%
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Figure 10-25 Predicted vs experimental results for beam B-EMC-10M-22%
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Figure 10-28 Idealized blast pressure-time history for B-CR-MC-10M-5%
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Figure 10-29 Predicted vs experimental results for beam B-CR-MC-10M-5%
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Figure 10-31 Cracking patterns of FE model vs experimental for beam B-CR-MC-10M-5%
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Figure 10-33 Predicted vs experimental results for beam B-MC-15M-12%
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Figure 10-35 Cracking patterns of FE model vs experimental for beam B-MC-15M-12%
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Figure 10-37 Predicted vs experimental results for beam B-CR-MC-15M-4%
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Figure 10-39 Cracking patterns of FE model vs experimental for beam B-CR-MC-15M-4%
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Figure 10-40 Idealized blast pressure-time history for beam B-EMC-15M-17%
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Figure 10-41 Predicted vs experimental results for beam B-EMC-15M-17%
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10.6.1.3 Specimen subjected to corrosion at the ends

This section presents the FE dynamic analysis of beam B-SC-10M-7%, which was corroded at its
ends with a measured average mass loss of 7%. The FE model of this beam considered all the
corrosion features that have been presented in Section 10.2, except that the effects of corrosion
were introduced only at both ends of the beam (refer to Figure 10-44). The default dynamic
increase factor DIF2 and damping ratio D1 were considered in most of the simulations.
Considering all shots, the default DIF2-D1 case resulted in an average prediction ratio of 0.93 with
a coefficient of variation (COV) of 19.3% (see Table 10-7). The idealized blast pressure time-
history used to run the FE model of beam B-SC-10M-7% is presented in Figure 10-45.

Figure 10-46 shows the calculated and experimental displacement-time histories for beam B-SC-
10M-7% subjected to blast shots of 17, 35 and 50 psi when using DIF2-D1. It was observed from
the figure that the prediction of maximum displacement was under-estimated for the first blast shot
(17 psi) and over-estimated for the third blast shot (50 psi), with numerical-to-experimental ratios
of 0.73 and 1.09, respectively. When the beam was subjected to the second blast shot of 35 psi,
the predicted maximum displacement reached 31.7 mm, with a prediction ratio of 0.96, which is
an acceptable estimate when compared to the experimental result (see Table 10-7 and Figure
10-46 (b)). The effect of damping ratio (D2: 1% and 5% vs. D2: 0.5% and 0.75%, for modes 1 and
2, respectively) was studied for shot 1 and it can be observed that a more accurate result was

obtained when using the lower damping ratio (DIF2-D2, with prediction ratio = 0.78).

Figure 10-47 shows that the maximum dynamic load and pre-peak behavior when DIF2-D1 and
DIF2-D2 were used were overestimated after applying the first blast shot; however, the post-peak
response was underestimated. The beam pre-peak and post-peak behaviours in addition to the
maximum dynamic load were acceptable for 35-psi and 50-psi blast shots when compared to the

observed experimental behaviour.

The flexural failure mode and corresponding cracking patterns were well predicted for each blast
shot when compared with the experiments and using the default DIF2-D1 case (refer to Figure

10-48).
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Table 10-7 Summary of the FE and experimental results for beam B-SC-10M-7%

Shockwgve Maximum displacements Displacement ratios
properties

Beam ID Sl;)t P I Oexp Buum (M) N Onum Dexp N
(kPa) | (kPa-msec) | (mm) | DIF1- | DIF2- | DIF3- DI; DIF2- | DIF1- | DIF2- | DIF3- DI;_ DIF1-
D1 D1 D1 ) D2 D1 D1 D1 D2

D1 D1
B.SC 1 29.2 239 20.4 - 14.85 - - 15.91 - 0.73 - - 0.78
10M-7% 48.5 355.5 33 - 31.72 - - - - 0.96 - - -
3 61.5 554.7 70.1 - 77.09 - - - - 1.09 - - -
Average - 0.93 - - -
STDEV - 0.18 - - -
cov - 19.3% - - -

Note: P, =reflected pressure; I, = reflected impulse; dexp = experimental maximum mid-span displacement; dpum =
numerical maximum mid-span displacement; Snum/Gexp = displacement ratio.

Note: DIF2-D1 is run with Damping D1 (1% and 5%); DIF2-D2 is run with Damping D2 (0.5% and 0.75%).

mp

B

Figure 10-44 FE model of beam B-SC-10M-7%
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Figure 10-45 Idealized blast pressure-time history for beam B-SC-10M-7%
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Figure 10-48 FE model vs experimental cracking patterns for beam B-SC-10M-7%
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10.6.1.4 Specimen subjected to full corrosion

The last beam in this section was subjected to corrosion of the tension reinforcement over the entire
beam length, with an average mass loss of 12%. This beam, specimen B-FC-10M-12%, was
modeled using the same features as the previous beams; however, the properties of the corroded
bars and corrosion induced-cracking in the concrete elements were introduced over the entire
tension bar length (see Figure 10-49). Only the default DIF2 and D1 damping ratio were applied
in the FE simulation. Figure 10-50 shows the idealized blast pressure time-history used to run the

FE analysis of beam B-FC-10M-12%.

The first shot (17 psi) is not included due to lack of recorded experimental data. The calculated
maximum displacement of the FE model after the second blast shot of 50 psi reached 75.8 mm,
with a numerical-to-experimental ratio of 0.90, which is an acceptable result when compared with

the experimental value (refer to Table 10-8 and Figure 10-51).

The maximum load of the beam from the FE results was 68.8 kN (refer to Figure 10-52). From
inspecting Figure 10-53, it was found that FE model failed in flexure associated with widespread
cracking in the tension region with more intense cracks in the mid-span zone as observed in the

experimental test.

Table 10-8 Summary of the FE results for beam B-FC-10M-12%

Shockwgve Maximum displacements Displacement ratios
properties
Beam ID S};ot kl])?r p I SeXp 6num (mm) - Snum/Sexp _
(kPa) | (kPa:msec) | (mm) | pypy | prpy- | prps- DIE DIF2- | DIF1- | DIF2- | DIF3- DI; DIF1-
D1 D1 D1 | D2 D1 D1 D1 ) D2
D1 D1
B-FC-
10M-12% 2 52 540 83.7 - 75.8 - - - - 0.90 - - -

Note: P, =reflected pressure; I, = reflected impulse; dcxp = experimental maximum mid-span displacement; Spum =
numerical maximum mid-span displacement; 6num/6exp = displacement ratio.

Note: DIF2-D1 is run with Damping D1 (1% and 5%).
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Figure 10-49 FE model of beam B-FC-10M-12%
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Figure 10-50 Idealized blast pressure-time history for beam B-FC-10M-12%
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Figure 10-51 Predicted vs experimental results for beam B-FC-10M-12%
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Figure 10-53 Cracking patterns of beam B-FC-10M-12%
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10.6.2 Shear-governed beams

The following section presents the obtained results of the FE models for shear-governed beams in
the 25M group. Three beams were considered in this group, one control beam and two corroded
beams with different mass loss %. The FE models used a 25%25-mm mesh, with truss bar elements

for both the longitudinal (25M) and transverse (6.3 mm) reinforcement.
10.6.2.1 Control shear beam CB-25M-0%

Beam CB-25M-0% was the first beam modeled in the 25M group without considering the effects
of corrosion. The FE model of this beam is shown in Figure 10-54. Two DIF cases (DIF2 and No
DIF) were considered. The D1 and D2 damping ratios were also considered in the simulations.
Figure 10-55 presents the idealized blast pressure time-history used to run the FE analysis of beam

CB-25M-0%.

Table 10-9 and Figure 10-56 show that the predicted maximum displacement for a blast shot of
90 psi was under-estimated when the DIF2-D1 modelling option was used, with a prediction ratio
of 0.80, while it was over-estimated when no DIF was applied to the material properties, with a
numerical-to experimental ratio of 1.08. Considering the effect of damping, DIF2-D2 (damping of
0.5% and 0.75%) resulted in an improved prediction ratio of 0.85 when compared to case DIF2-

D1 (damping of 1% and 5%).

The pre-peak response and maximum strength of the FE model compare well with the
experimental ones; however, the post-peak response was underestimated for both damping cases
as presented in Figure 10-57. From examining Figure 10-58, it was noted that the FE model of
the control beam in the 25M series resulted in a similar failure mode as the one observed in the

experiment: a failure in flexure with the same cracking pattern.
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Table 10-9 Summary of the FE results for beam CB-25M-0%

Shockwgve Maximum displacements Displacement ratios
properties

Beam ID S};Ot P: I SeXp Onum (rnm) = 6num/8exp -
(kPa) | (kParmsec) | (mm) | pif|- | DIF2- | DIF3- | S0 | DIF2- | DIFI- | DIF2- | DIF3- | 0 | DIFI-
DI | DI | DI D2 | DI | DI | DI D2

DI DI
BEM 1 Jora| o7 |aco | = 370 | - |so0f 394 | - |os | - |1os| oss

0

Note: P, =reflected pressure; I, = reflected impulse; dexp = experimental maximum mid-span displacement; dpum =
numerical maximum mid-span displacement; Snum/Gexp = displacement ratio.

Note: DIF2-D1 and No DIF-D1 are run with Damping D1 (1% and 5%); DIF2-D2 is run with Damping D2 (0.5%
and 0.75%).

1P
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Figure 10-54 FE model for control beam CB-25M-0%
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Figure 10-55 Idealized blast pressure time-history vs experimental for beam CB-25M-0%
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Figure 10-56 Predicted vs experimental results for beam CB-25M-0%
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Figure 10-58 Failure mode and cracking patterns for beam CB-25M-0%
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10.6.2.2 Corroded shear-governed beams

This section presents the FE results of the last two beams with corroded shear reinforcement in the
25M group. The FE models were the same as those used in the previous beam; however, the effects
of corrosion were applied on the stirrups over the entire length of the beams by modifying their
steel properties based on 11% and 12% mass loss, while corrosion-induced cracking was modeled
by applying pre-strains on the concrete surrounding the transverse reinforcement as shown in
Figure 10-59. Two DIF cases (DIF2 and No DIF) were considered. The D1 and D2 damping ratios
were also considered in the simulations. Figure 10-60 shows the idealized blast pressure time-

histories used to run the FE dynamic analysis of the beams.

The prediction of the FE model for beams B-SHC-25M-11% and B-SHC-25M-12% considerably
over-estimated the maximum displacement after applying a blast shot of 90 psi (see Table 10-10
and Figure 10-61). Nonetheless, the predicted failure mode of the beams was similar to that
observed in the experiments. Whereas beam B-SHC-25M-11% failed in flexure, beam B-SHC-
25M-12% failed in shear, with severe cracking in both beams (see Figure 10-62).

Table 10-10 Summary of the FE results for corroded 25M beams

Shockwgve Maximum displacements Displacement ratios
properties
Beam ID ShOt Pr Ir Sexp 6num (mm) 5num /Sexp
# o
(kPa) | (kParmsec) | (mm) | gy | prpo- | DIF3- ];\I]g DIF2- | DIF1- | DIF2- | DIF3- ];\II; DIF1-
DI DI DI | p2 | DI DI | DI | D2
DI DI
2];\/51141(1:0/ 1| 967 903 926 | - |79 - |1795|2032| - | 148 | - 193] 219
- 0
oS LU [ os2 | e [ass |- |uaes| - 1923 - - 320 | - 422 -
- 0

Note: P, =reflected pressure; I, = reflected impulse; dcxp = experimental maximum mid-span displacement; Spum =

numerical maximum mid-span displacement; Snum/6exp = displacement ratio.

Note: DIF2-D1 and No DIF-D1 are run with Damping D1 (1% and 5%); DIF2-D2 is run with Damping D2 (0.5%

and 0.75%).
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Figure 10-59 FE models of corroded shear-governed beams
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Figure 10-60 Idealized blast pressure time-history for corroded shear-governed beams
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Figure 10-62 Failure mode and cracking patterns of corroded shear-governed beams




Chapter 11: Conclusions and Recommendations

11.1 Conclusions

This thesis has presented the experimental and analytical results of a study that investigated the
effects of reinforcement corrosion on the flexural, shear and blast behaviours of reinforced
concrete beams. As a part of the experimental study, twenty-four reinforced concrete beams were
built; ten beams were tested under four-point bending and fourteen beams were tested under
simulated blast loads using the University of Ottawa Shock tube. Eighteen beams were subjected
to an accelerated corrosion process to induce different amount of mass loss in the longitudinal and
transverse steel reinforcement. The variables that were included in the tests include: the type of
corroded reinforcement (i.e., longitudinal or transverse reinforcement), the amount of corrosion
(i.e., % steel mass loss), and the extent/location of corrosion on the tension steel reinforcement

(i.e., over the full length, middle span or end spans).
The following conclusions are drawn from the experimental results of the beams tested statically:

e Different levels of corrosion happening at mid-span in the 10M group resulted in a
reduction of all aspects of flexural behaviour, which include the maximum and yield
strengths, stiffness, maximum displacement due to occasional rupture of the 10M tension
bars, ductility (Ags/Ay) and toughness (Auss) and changing the failure mode from ductile to
brittle due to rupture of the 10M bars.

e In the 15M group, the beam with corrosion at mid-span experienced a reduction in
maximum strength, yield strength and stiffness. Also, the displacement Ass, ductility
(Amax/Ay) and toughness (Aum.) were decreased. The failure of this beam was in flexure,
however, this failure was associated with more sudden crushing of concrete, buckling of
the longitudinal bars and severe spalling of the cover concrete in the mid-span of the beam
due to the effects of corrosion.

e Corrosion at the ends of the beam in the 10M group did not significantly affect flexural
behavior, probably because the steel mass loss in the shear spans and anchorage was low.

e For the beam in the 10M group subjected to corrosion along its entire span, the most

significant reduction in flexural behaviour occurred in the ductility (Ags/Ay) and toughness
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(Ausgs) with a slight reduction in the maximum and yield strengths. Furthermore, this beam
experienced bar rupture in the tension region.

e Examining the effect of corrosion location in the 10M group, the results showed that mid-
corrosion (with a 14% mass loss) and full-corrosion (with a 13% mass loss) induced more
severe damage in terms of cracking, crushing, spalling of cover concrete and rupture of
bars, when compared to the beam with end-span corrosion.

e Beams with shear-corrosion in the 25M group showed similar capacities in terms of
maximum strength, experiencing shear failure; however, the beam with high mass loss in
the transverse reinforcement showed a more brittle failure in shear.

In addition, the following conclusions are drawn from the experimental results of beams tested

dynamically under simulated blast loads:

e The corrosion affected all aspects of blast response in the 10M group when corrosion took
place on the tensile 10M bars in the mid-span region, which resulted in an increase in
maximum displacements and damage. The damage became more significant as the mass
loss increased, leading to a severe brittle failure.

e Inthe 15M group, the observed results from beams in which corrosion occurred in the mid-
span region showed that the increase in mass loss led to hazardous failure under blast
loading and affected all aspects of the blast response.

e For the beam with corrosion at the ends in the 10M group, the observed results were
consistent with the static results, with only minor effects on blast performance due to the
low level and location of reinforcement corrosion.

e Full corrosion with a 12% mass loss over the entire length of the beam resulted in moderate
effects in terms of displacement and damage on the beam response.

e The location of corrosion in the mid-span and full-span regions resulted in similar blast
responses in terms of displacements; however, mid-span corrosion was more significant in
terms of damage.

e The cover loss in the mid-span region of the beam with low intensity of corrosion had
limited impact on the blast response in the 10M group, most likely because the
reinforcement anchorage was not compromised. The concrete cover removal in the mid-

span region of the 15M beam had minor effects on the blast response when the amount of
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corrosion in the steel bars was low; the anchorage of the reinforcement at the beam ends
was not compromised by corrosion.

The blast performance of beams with corrosion in the transverse reinforcement was
affected in terms of damage and failure mode.

The residual test results on the beam with corrosion at the ends showed that the low level
of corrosion had limited effects on the post-blast residual performance.

In contrast to the ends-span corrosion beam, the residual test results on the beam with full-
span corrosion significantly affected the post-blast residual performance.

The comparison of static resistance curves vs dynamic resistance curves showed an
increase in resistance under dynamic loading for flexural- and shear-governed beams. This
increase was also observed in the corroded beams, implying that the strain-rate effect on

the increase in strength was not affected by reinforcement corrosion.

As a part of the numerical study, the static results were predicted using 2D nonlinear finite element

(FE) modelling. The effects of corrosion were considered using several modeling features

including reduction in steel bar cross-sectional area, modification of the steel stress-strain

response, and introducing corrosion-induced cracking using applied pre-strains. In addition, the

blast results were predicted using two approaches, including: 1) single-degree of freedom (SDOF)

analysis (with the resistance functions developed using FE modelling); and 2) the blast analysis

capabilities of FE software VecTor2.

The following conclusions are drawn from the analytical results:

In general, the obtained predicted results in terms of flexural and shear responses, which
include maximum and yield strengths, pre-peak, and post-peak behaviours in addition to
failure mode for each beam tested statically, were acceptable.

SDOF analysis showed acceptable results in terms of ability to predict maximum
displacements for flexure-governed beams (corroded and un-corroded). Using the design
DIFs resulted in slightly more accurate displacement predictions when compared to those
obtained using the Saatcioglu DIF model. The No DIF case resulted in poor predictions.
The finite element blast analysis allowed for reasonable predictions of overall blast
behaviour for the flexure-governed beams (corroded and un-corroded) in terms of complete

displacement response, dynamic reactions, and failure mode. The prediction of the control
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beam in the 25M group was acceptable in terms of displacement response and damage;
however, the analysis of the beams with corrosion in the transverse reinforcement over-
estimated prediction in terms of the maximum displacement, with an acceptable prediction
for failure mode.

In general, SDOF analysis can be used to reliably predict the blast response of corrosion-
damaged RC beams in flexure. The use of FE modeling allows for more-in depth
understanding of blast behaviour in terms of displacement response, damage, and failure

mode, but requires increased computational.

11.2 Limitations

The following limitations apply to the conclusions from the research conducted in this thesis:

The beams in this study were tested under simulated blast loads using a shock tube and
load transfer device (LTD). This LTD results in the application of concentrated point loads
at high speed and the addition of significant mass which can affect dynamic response;
future tests should consider testing under uniformly distributed loading which can simulate
blast loading more closely.

Bond was ignored in the finite element analyses because the beams were well anchored at
the end; however, ignoring the bond effect in the analysis also ignores the stress
redistribution to neighbouring sections that occurs after bond is lost.

The resistance functions used in the SDOF analyses were determined analytically using FE
modelling instead of using the experimentally obtained ones. FE results are generally stiffer

which affects the SDOF results.

11.3 Recommendations for future work

The following recommendations for future studies are suggested to better understand the behaviour

of corroded beams under static and blast loads:

Increasing the time of the accelerated corrosion process to reach desirable higher levels of
steel mass loss.
Studying, in depth, the effect of reinforcement corrosion at the beam ends when

reinforcement anchorage is compromised by corrosion.
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Inducing corrosion, for shear-governed beams, in each stirrup separately to reach to the
targeted mass loss equally.

Studying the effect of corrosion on the blast response of beams built with high-performance
concrete.

Studying the effect of corrosion on the blast response of beams constructed with MMFX
or stainless-steel bars in the tension region.

Studying the effects of various retrofits, such as FRP and concrete jacketing, on the blast
response of corrosion-damaged reinforced concrete beams.

Using 3D finite element analysis to better capture the blast response of corroded beams.
Comparing different steel types (carbon steel, stainless steel and high strength steel) in

terms of blast behaviour with consideration of their life cycle costs.
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