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ABSTRACT

This thesis focuses on the dynamic and static behaviour of reinforced concrete beams built
using high-strength concrete and high-strength steel reinforcement. As part of this study, a total of
8 high-strength concrete beams, built with and without steel fibres, and reinforced with high
strength ASTM A 1035 bars are tested under simulated blast loading using the University of Ottawa
shock-tube, with an additional 3 companion beams tested under quasi-static loading. The variables
considered in this study include: concrete type, fibre content, steel reinforcement ratio and steel
reinforcement type. The behaviour of the beams with high-strength steel bars is compared to a
companion set of beams reinforced with conventional steel reinforcement. The criteria used to
evaluate the blast performance of the beams includes: overall blast capacity, maximum and
residual displacements, secondary fragmentation and crack control. The dynamic results show that
high strength concrete beams reinforced with high-strength steel are able to resist higher blast loads
and reduce displacements when compared to companion beams with conventional steel
reinforcement. The results also demonstrate that the addition of steel fibres is effective in
controlling crack formation, minimizing secondary blast fragments, reducing displacements and
further increasing overall blast capacity. However, the use of high-strength steel and high-strength
concrete also shows potential for brittle failures under extreme blast pressures. The static results
show that specimens with high-strength steel bars do not increase beam stiffness, but significantly
increase peak load carrying capacity when compared to beams with the same ratio of conventional
steel reinforcement. The analytical research program aims at predicting the response of the test
beams using dynamic inelastic single-degree-of-freedom (SDOF) analysis and includes a
sensitivity analysis examining the effect of various modelling parameters on the response
predictions. Overall the analytical results demonstrate that SDOF analysis can be used to predict
the blast response of beams built with high-strength concrete and steel reinforcement with
acceptable accuracy.
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NOTATIONS

Symbol Definition

A Area impacted by the blast pressure

dp Steel reinforcement bar diameter

ds Fibre diameter

E,. Modulus of elasticity, concrete

E; Modulus of elasticity, steel

f e £ Fibre reinforced concrete tensile stress

feu Unconfined concrete stress

feur Unconfined fibre reinforced concrete stress
fe Compressive concrete strength

feu Unconfined compressive concrete strength
feur Unconfined compressive fibre reinforced concrete strength
fac Design compressive concrete strength

fau Design steel ultimate stress

fay Design steel yield stress

freteq Equivalent flexural strength

fs Steel stress

fsn Steel strain hardening stress

fu Steel ultimate stress

fy Steel yield stress

E, Mean load

I, Reflected impulse

Kiu Load mass transformation factor

Lq Driver length

ly Fibre length

m Total mass of the system

P. Reflected pressure

Py Driver pressure

R Resistance of the member

RI, Reinforcing index

tp Positive phase duration

u Deflection at mid-height

U Acceleration at mid-height

Vf Fibre volume ratio

E20cu Unconfined concrete strain at 20% of peak stress
Es0cu Unconfined concrete strain at 50% of peak stress
Ecu Unconfined concrete strain
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Unconfined fibre reinforced concrete strain
Unconfined concrete strain at peak stress
Unconfined fibre reinforced concrete strain at peak stress
Steel strain

Steel strain hardening strain

Steel ultimate strain

Steel yield strain

Strain rate

Static strain rate

Analytical displacement

Experimental displacement

Maximum displacement

Residual displacement

Maximum support rotation
Matrix bond strength



ACRONYMS

Acronym Definition

ACI American Concrete Institute

ASTM American Society of Testing and Materials
ATC Applied Technology Council

BLS Blast loading simulator

CEB Comité euro-international du béton (Euro-international Concrete Committee)
CSA Canadian Standards Association

DIF Dynamic increase factor

FRP Fibre reinforced polymer

HL Hairline (crack width)

HS High strength (steel reinforcement)

HSC High strength concrete

HSFRC High strength fibre reinforced concrete

HSS Hollow steel section

LTD Load transfer device

LVDT Linear variable displacement transducer
MMFX Microcomposite multistructural formable steel
NBCC National Building Code of Canada

NEHRP National Earthquake Hazards Reduction Program
NS Normal strength (steel reinforcement)

NSC Normal strength concrete

NSR Normal strength reinforcement

RPC Reactive powder concrete

SCC Self-consolidating concrete

SDOF Single degree of freedom

SFRC Steel fibre reinforced concrete

SHPB Split Hopkinson Pressure Bar

TNT Trinitrotoluene

UFC Unified Facilities Criteria
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CHAPTER 1. INTRODUCTION

1.1. GENERAL CONTEXT

The mitigation of blast loads on reinforced concrete structures has become a major concern
for the safety of people and resilience of buildings and infrastructure. Historical events including
accidental explosions such as the Tolouse ammonium nitrate plant explosion (France, 2001), the
Texas City disaster (USA, 1947), the Halifax harbour explosion (Canada, 1917) and the Lac-
Mégantic rail disaster (Canada, 2013), and terrorist incidents, such as the Oklahoma City bombing
(USA, 1995) and Khobar Towers Bombing (Saudi Arabia, 1996) demonstrate the necessity to
investigate effective methods to increase the blast resilience of concrete structures.

High-strength concrete (HSC) and high-strength reinforcement offer engineers an effective way to
increase member resistance, while also allowing for reductions in structural dimensions and
reinforcement congestion. The use of high-strength concrete and steel may also be effective in
increasing the blast capacity of reinforced concrete elements. However, the reduced ductility of
these materials may make structural components more susceptible to brittle failures under blast
loads. The use of steel fibres is one potential solution to this problem. The provision of steel fibres
can be used to reduce the brittleness of high-strength concrete, while also increasing its toughness
and fragmentation resistance. Fibres can also be effective in increasing the shear capacity and
flexural ductility of elements reinforced with high-strength bars. There are limited studies in the
literature related to the blast performance of large-scale reinforced concrete members built with
high-strength concrete and steel materials. There is a need for research data to examine the
potential benefits of implementing these materials in structural components subjected to extreme
blast loading.

1.2. RESEARCH OBJECTIVES

The primary objective of this thesis is to conduct an experimental study in order to
investigate the static and blast performance of reinforced concrete beams built with high-strength
concrete and high-strength reinforcement. The study investigates the influence of various
parameters such as concrete strength, steel fibres, reinforcement ratio and type. The research
program also examines the suitability of using dynamic inelastic single-degree-of-freedom (SDOF)
analysis to predict the blast response of reinforced concrete beams built with high-strength
concrete and steel materials.

1.3. SCOPE OF WORK

A total of eleven reinforced concrete beams are tested in this study, including eight beams
which are tested under blast loading, and three companion beams which are tested under quasi-
static four-point bending. The design parameters investigated in the study include:

e The effect of concrete strength, with two types of concrete: normal-strength self-
consolidating concrete (SCC) and high-strength concrete (HSC);
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e The effect of longitudinal reinforcement ratio, with beams constructed with 2-#4, 2-#5,
and 2-#6 ASTM A1035 Grade 100 high-strength (HS) steel;

e The effects of steel fibres, with companion high-strength concrete beams constructed
with and without steel fibres (0 vs. 1% fibre content);

e The effect of the steel reinforcement type, with the performance of the beams with HS
steel compared to a companion set of beams with normal-strength (NS) steel.

In the dynamic series, the specimens were tested under gradually increasing blast pressures using
the University of Ottawa Shock-Tube. The effects of the variable parameters are investigated by
comparing the performance of companion beams subjected to the same blast histories.
Performance criteria for dynamic testing include the magnitude of failure blasts, failure mode, the
maximum and residual displacements, crack control and secondary fragmentation mitigation. For
the static testing, load resistance, ductility and failure mode are considered as performance criteria.
Dynamic inelastic single-degree-of-freedom (SDOF) analysis, with the development of resistance
curves using strain-rate dependent material models, is conducted to predict the dynamic response
of the test specimens. The analytical study also includes a sensitivity analysis examining the effect
of material model and DIF combinations on the analytical predictions.

1.4. THESIS BREAKDOWN
This document contains seven chapters divided as listed below:

Chapter 1 - Introduction:

e Introduces the significance of this research, describes the various objectives and defines
the scope of work.

Chapter 2 - Literature review:

e Provides background information related to the thesis topic and summarizes previous
research on the static and blast performance of reinforced concrete flexural members built
with high-strength concrete, steel fibres, and high-strength steel reinforcement.

Chapter 3 - Experimental program:

e Describes the static and dynamic experimental programs, including the definition of
specimens, material parameters, test setups and testing protocols.

Chapter 4 — Results and discussion of the static tests:

e Summarizes the data obtained from the static experimental program, and discusses the
effects of the reinforcement ratio and strength of the reinforcement on flexural response.



Chapter 5 — Experimental results of the dynamic tests:

e Summarizes the data obtained from the dynamic experimental program and describes the
individual behaviour of the specimens for each blast test.

Chapter 6 — Discussion of the dynamic test results:

e Summarizes various observations related to the effects of the concrete strength, steel fibres,
the reinforcement ratio and the steel reinforcement type by comparing the response and
damage criteria of companion specimens.

Chapter 7 — Dynamic and static analysis:

e Defines material and dynamic increase factor (DIF) models considered in the analysis, and
the prediction of the blast response (maximum displacements) of each specimen using a
single-degree-of-freedom (SDOF) approach.

e Presents the analytical predictions of the static beam resistance curves and compares the
experimental and analytical results.

e Compares the effect of various material and DIF model combinations on the accuracy of
the analytical displacement predictions.

Chapter 8 — Conclusion:

e Presents final remarks and highlights the conclusions from this research and proposes
recommendation for further research.

. . Chapter 1
Thesis Organization ' .
Introduction
Chapter 2
Literature Review
Chapter 3
Experimental Program
Chapter 4
Static Results
Chapter 5
xperimental Dynamic Results
Chapter 6
Discussion of Dynamic Results
Chapter 7
Dynamic & Static Analysis
Chapter 8
Conclusion

Figure 1-1 Thesis organization
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CHAPTER 2. LITERATURE REVIEW

2.1. CHAPTER OVERVIEW

This chapter provides a literature review related to the thesis research topic. The chapter begins
with an introduction to the materials used in this study. The effect of dynamic loading on material
properties is also reviewed. Next a review of previous research focussing on the flexural behaviour
of reinforced concrete beams built with high-strength reinforcement or HSFRC is presented. The
chapter ends with an overview of previous experimental research on reinforced concrete flexural
elements tested under blast loads, with a focus on beams as well as research which has investigated
the performance of members built with high-strength concrete, steel fibres or high-strength steel
reinforcement.

2.2. MATERIALS REVIEW

This section provides a brief introduction to the materials used in the research study which include:
high-strength concrete (HSC), high-strength fibre reinforced concrete (HSFRC) and high-strength
ASTM A1035 steel reinforcement. The section ends with an introduction to high strain-rate effects
on material properties with a review of dynamic increase factor models.

2.2.1. HIGH-STRENGTH REINFORCEMENT

2.2.1.1. Types of high-strength steel reinforcement and design guidelines

In the last few decades, steel reinforcement with yield strength of 60 ksi (400 MPa) has been
widely utilized in reinforced concrete structures. In the early 1960s the American Society for
Testing and Materials (ASTM) published specifications related to Grade 60 and 75 bars, and
shortly thereafter the 1963 edition of the ACI 318 code permitted the use of steel reinforcement
with yield strength of 60 ksi (ATC, 2014). Based on extensive research, design requirements for
the use of this reinforcement type are now well established in North American design standards.

High-strength reinforcement can be defined as steel with a yield strength of 72 ksi (500 MPa) or
greater (NEHRP, 2014). This type of reinforcement is now commonly available worldwide. High-
strength reinforcing bars developed in Japan include: USD 685 & USD 980 intended for use as
flexural reinforcement with yield strengths of 100 ksi (690 MPa) & 142 ksi (980 MPa), and USD
785 & USDI1275 intended for use as transverse reinforcement with yield strengths of 114 ksi &
185 ksi (1275 MPa), respectively. In North America, Grade 80 reinforcement is referenced in the
ASTM A615 and A706 specifications. The steel used in the current study (MMFX) is referenced
in ASTM A1035 "Standard specification for deformed and plain, low-carbon chromium, steel bars
for concrete reinforcement”, and includes Grade 100 and 120 steel bars. The structural use of high-



strength bars has potential benefits which include reduced reinforcement congestion, improved
constructability and more efficient design sections.

Current North American design codes such as the ACI 318 code and CSA A23.3 standard impose
limits related to the design strength of reinforcing bars in structural components. For example, the
CSA A23.3-14 standard limits the design yield strength of bars in flexural members to 500 MPa
(70 ksi). Similarly, both the ACI-318 and CSA A23.3 impose strict requirements related to use of
high-strength reinforcement in seismic design applications.

ACI ITG-6R "Design Guide for the Use of ASTM A1035/A1035M Grade 100 Steel Bars for
Structural Concrete" (ACI, 2011a) provides design recommendations for the structural use of
ASTM A1035 reinforcement in elements such as beams, columns, slabs, walls and foundations.

The recommendations in this report propose guidelines to address limitations related to use of
high-strength bars in the ACI 318 code.

ICC Evaluation Service Report ESR 2107 (ICC-ES, 2014) provides additional guidance and
acceptance criteria for the design of concrete structures utilizing ASTM A1035 Grade 100 bars
and complies with the 2012 International Building Code. Table 2-1 shows recommended specified

yield strengths for the design of various types of structural members reinforced with Grade 100
MMFX bars.

Table 2-1 Specified yield strengths for design of members using ASTM A1035/A1035M GRADE 100
reinforcement (Adapted from ICC Evaluation Report ESR 2107, 2014)

LONGITUDINAL
REINFORCEMENT TRANSVERSE REINFORCEMENT
TYPE OF MEMBER
Tension, psi Compression, Shear, psi Torsion, psi Confinement,
(MPa) psi (MPa) (MPa) (MPa) psi (MPa)

Beams and one-way slabs 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) N/A
Columns 100,000 (690) 80,000 (550) 80,000 (550) 60,000 (410) 100,000 (690)*

Tension ties 80,000 (550) N/A N/A N/A N/A

Compression struts N/A 80,000 (550) N/A N/A N/A

Two-way slabs 100,000 (890) 80,000 (550) 60,000 (410) 60,000 (410) N/A
Walls 100,000 (690) 80,000 (550) 80,000 (550) N/A 100,000 (690)°

Footings and pile caps 100,000 (890) 80,000 (550) 80,000 (550) 60,000 (410) N/A

Mat foundations 100,000 (690) 80,000 (550) 80,000 (550) N/A N/A

2.2.1.2. Overview of ASTM A1035 (MMFX) steel

MMFX bars are low-carbon, chromium alloy reinforcing bars which meet the requirements of
ASTM 1035/1035M. The typical chemical compositions of this steel type are shown in Table 2-2.
ASTM A1035 Grade 100 and Grade 120 steel have lower carbon content and significantly higher
chromium content than conventional Grade 80 and Grade 60 steel. These bars, which have high-
strength and high corrosion resistance, are produced using a controlled rolling and manufacturing



process, where steel is rolled within specified temperature ranges and cooled at specific rates
(MMFX, 2014)).

Table 2-3 shows the tensile, yield and elongation properties of this steel type as specified in ASTM
A1035. The chemical composition and manufacturing process of ASTM A1035 Grade 100 and
Grade 120 steel result in high yield strengths of 100 ksi (690 MPa) and 120 ksi (830 MPa),
respectively, and ultimate tensile strength of 150 ksi (1030 MPa). An additional advantage is
superior corrosion resistance when compared to conventional steel.

Table 2-2 Steel reinforcement chemical properties (Adapted from ASTM A1035/A1035M-16)

Element MMFX
Carbon 0.15%
Chromium 8-10.9%
Manganese 1.50%

Silicon 0.50%
Phophorus 0.035%

Sulfur 0.045%
Nitrogene 0.5%

Table 2-3 Tensile Properties of ASTM A1035 Reinforcement (ASTM, 2011)

Grade 100 Grade 120
Yield strength (0.2% Offset Method), minimum 690 MPa (100 ksi) | 830 MPa (120 ksi)
Tensile strength, minimum 1030 MPa (150 ksi) | 1030 MPa (150 ksi)
Stress corresponding to an extension of 0.0035, minimum 550 MPa (80 ksi) 620 MPa (90 ksi)
Elongation, bar size
3 through 11 7% 7%
14, 18 6% N.A.

One of the design challenges associated with high-strength reinforcement is that these bars show
different stress-strain behaviour when compared to conventional (Grade 60) reinforcement. Figure
2-1 shows typical stress-strain curves for Grade 100 high-strength reinforcement together with
those of ASTM A706 Grade 60 and 80 bars (ATC, 2014). Unlike the Grade 60 and Grade 80 bars,
which have well-defined yield points, the rounded stress-strain response of the ASTM A1035
Grade 100 steel does not include a yield plateau.



Figure 2-2 presents three methods which can be used to determine the yield strengths of steels with
different stress-strain curves. The "yield point method" is suitable for steels which have well-
defined yield plateaus such as those of the ASTM A706 Grade 60 and Grade 80 steel bars. The
offset method can be used for steel which does not exhibit a well-defined yield point and where
the material shows a specified limiting deviation from stress-strain proportionality. In this method
a line mn which has the same slope as the initial linear line O4 is drawn at an offset strain of 0.2%
(0.002). The point », where line mn intersects the actual stress-strain curve is taken as the yield
point of the material. The 0.2% offset method is commonly used to determine the yield strength
of ASTM A1035 reinforcement. The extension under load (EUL) method is also used for steel
without a well-defined sharply-yielding curve. In this method the yield strength is determined at a
specified extension such as 0.35% or 0.5%.
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Figure 2-1 Types of stress-strain curves for high-strength reinforcement with distinct shapes
(Adapted from NIST GCR 14-917-30, 2014)
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Figure 2-2 Stress-strain diagrams showing methods of yield stress determination
(Adapted from RGA 04-13, 2013)

The NIST GCR 14-917-30 report (NEHRP, 2014) indicates that the maximum elongation (rupture
strain) of high-strength ASTM 1035 bars relates to bar size, with 7% being typical for No. 3
through No. 11 bars, and 6% for No. 14 and No. 18 bars. It is noted that the maximum elongation
of these bars is less than that of ASTM A706 Grade 60 and Grade 80 reinforcement, which
typically show maximum elongations in the range of 12-15%.
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2.2.1.3. Models to predict the stress-strain response of ASTM A1035 (MMFX) steel

As noted previously, the ACI ITG-6R-10 guide (ACI, 2011a) provides a framework for the design
of concrete members reinforced with high-strength ASTM 1035 bars. The guide also provides an
approach for modelling the stress-strain response of this reinforcement using equation (2—1). The
ACI ITG-6R-10 suggested that the yield and ultimate strengths are 690 MPa and 1040 MPa,

respectively. Figure 2-3 compares the stress-strain curve obtained using this model to actual stress-
strain curves from #5 MMFX steel reinforcing bars.

{200,00085 £, < 0.0024

= {1170 - —=2 0.0024 < &, < 0.02 2-1

Js e, +0.0019 & 2-1)
\ 1040 0.02 < &, < 0.06

As an alternative, equation (2—2) shows an idealized bi-linear stress-strain curve proposed by Mast
(2006) which can also be used to model the stress-strain response of this reinforcement.

200,000¢, &5 < 0.00241
fs=11172 - — 2227 000241 < . < 0.06 (2-2)
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Figure 2-3 Stress-strain curves of actual test and ACI ITG-6R model
(Adapted from Cheng & Giduquio, 2014)



The Ramberg-Osgood function, seen in Equation (2—3), is another method which can be used to
express the stress-strain relationship of high-strength steel reinforcement not having a distinct yield
plateau. The method to determine the parameters A, B, and C is outlined by Collins and Mitchell
(1997) and follows these five steps:

e Represent the actual stress-strain relationship as two straight lines connected by a curve.

e Determine E), from the slope of the first line.

e Determine 4 from the slope of the second line, where the slope is AE),.

e Determine B from the intersection of the second line and the f, axis. The value of f, at the
intersection is E, (1 — A)/B.

e Determine C by trial and error to give an appropriate transition curve. A high value of C
gives an abrupt transition.

fs = 200,000¢ X (A + 1;141> <fu 2-3)
[1+ (Be)¢]e

€nt

Figure 2-4 Method to determine the parameters A, B and C (Adapted from Collins and Mitchell, 1997)

2.2.2. HIGH-STRENGTH CONCRETE (HSC)

High-strength concrete (HSC) is defined as concrete with a 28-day strength ranging from 70 MPa
to 125 MPa (Wight & Macgregor, 2009). High compressive strength is achieved by using
supplementary cementitious materials such as silica fume and slag which improve the dispersion
of cement in the mix, resulting in a low void-ratio. Most high-strength concretes also have a low
water-to-cementitious-materials ratio ranging from 0.25 to 0.35 (Wight & Macgregor, 2009).
Chemical admixtures such as superplasticizers are typically used to ensure workability to allow
for low w/cm ratios. The aggregates in high-strength concrete typically consist of strong fine-
grained gravel with a rough surface to allow for the high paste-aggregate bond required to develop
high concrete strength.



Figure 2-5 (b) compares typical compressive stress-strain relationships for concretes having
strengths varying between 30 and 120 MPa. As can be seen in the figure, HSC shows higher
compressive strength, peak strain and stiffness when compared to NSC. HSC also tends to have a
more linear ascending branch, with a steeper descending branch. The failure mode is typically
associated with fracture of the aggregates on smooth planes parallel to the loading direction. HSC
typically shows an unstable and brittle post-peak branch due to the release of large amounts of
energy at failure (Mier et al. 1997).

Figure 2-5 (a) and equations in Table 2-4 (a) show the modified Hognestad model which is often
accepted for plain concrete with strength of less than 45 MPa. Expressions for the compressive
behaviour of high-strength concrete were reviewed by Popovics (1973). Thorenfeldt et al. (1987)
adapted some of these expressions as shown in Table 2-4 (b) in order to model the stress-strain
response of high-strength concrete. The resulting model is suitable for concretes having strengths
from 15 to 125 MPa. The curves shown in Figure 2-5 (b) were plotted using these expressions.

Table 2-4 Equations used in the Modified Hognestad and Popovics stress-strain models

a) Modified Hognestad model for NSC b) Popovics model for HSC
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Figure 2-5 Typical stress-strain curve for normal and high-strength concrete
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2.2.3. HIGH-STRENGTH FIBRE-REINFORCED CONCRETE (HSFRC)

As noted in the previous section, high-strength concrete shows brittle response with brittle failure
under compressive loading. As with all conventional concretes, HSC also has limited tensile
capacity. The addition of fibres to HSC transforms these characteristics, and provides the material
with improved ductility under compressive loads and an ability to carry tensile stresses after
cracking.

High-strength fibre-reinforced concrete (HSFRC) is defined as a composite material, which is
composed of high-strength concrete and randomly oriented short discrete steel fibres. The use of
steel fibres provides post-cracking resistance to concrete, which enhances tensile resistance. At the
low-to-moderate contents used in structural applications (0.5% < vy < 1.5%), the addition of
steel fibres slightly increases the compressive strength and elastic of modulus of concrete.
However, the confining effect of the steel fibres allows for an improvement in post-peak behaviour
and increases ultimate strain and toughness.

Mansur et al. (1999) studied the compressive behaviour of HSFRC cylinders having compressive
strengths ranging between 70 and 120 MPa, with steel fibre contents which varied from 0.5% to
1.5% by volume of concrete. Figure 2-6(a) shows typical stress-strain curves for HSC and HSFRC
with different fibre contents as obtained from these tests. It can be noticed that the addition of
fibres significantly improves the toughness and post-peak response under compressive loading,
with the enhancement being proportional to the increase in fibre content. As part of this study the
researchers also proposed a model to predict the stress-strain response of HSFRC in compression.
Over the years a number of other researchers have also proposed models to predict the compressive
behaviour of normal and high-strength fibre reinforced concrete (for a review of these models refer
to Bencardino et al., 2008; Figure 2-6(b) also shows some examples). Table 2-5 summarizes the
expressions used in the Mansur et al. model (1999), and a second model proposed by Ou et al.
(1999). The Mansur et al. expressions are applicable for HSFRC with compressive strengths
varying between 70-120 MPa.

Volume fraction, Vi

120 7 wib : 0.25 80 - gperi:qznmf‘cury!
—E— —+— Present investigation
100 1 1.5% U(Mpg}o i (SFRC: Vi=1%, L4/Dy=40)
—0— 1.0% Theoretical curves
'a' 60 —---Soroughian and Lee
o, 80T ——0.5% —+— Ezeldin and Baluguru
s - 50 — - - Barros and Figueiras
— —— Nataraja et al.
[/ 60 1 0 0% 40
I
g 40 + 30
[7/] 20 A
20 16
L ( a) Cylinder 10
0 t + + + t 1 PP "TT—— £
( a) 0 2 4 6 8 10 12 14 16 (b) 0 0.002 0.004 (.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Figure 2-6 (a) Stress-strain response of HSFRC with different fibre contents (Mansur et al. 1999); (b)
Examples of models for SFRC with 1.0% fibres (Bencardino et al., 2008)
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Table 2-5 Two popular stress-strain expressions for HSFRC

Ou et al. model (1999)

Mansur et al. model (1999)

Remark

, vrLy
fer = fou +2.35¢-17)
f

vel
g = £/ + 0.0007(LL
dy

vel vel
n=0.71(L5)2 - 2.00 <ﬂ> +3.05
dr dr

Ascending branch:

1 —
gcch

Descending branch:

vel
Rl =-L7L
dy

vy= fibre content
L¢= length of fibre

df: diameter of fibre

fey= Peak compressive strength
of fibre reinforced and plain
concrete

krin(ee/€or) ]

fcf(gc) = fcf kaln 14 (fc/SOf)kfzn

£o¢= Peak strain for fibre

50 veLy
ke = (7)1 + 2-5(d—)2'5I reinforced

fcf f

50 veLs E .= initial elastic modulus
ke = ()VP[1 - 011¢=) 1]

fcf f

2.2.4. EFFECTS OF HIGH STRAIN RATES ON MATERIAL PROPERTIES

Dynamic loading results in the application of loads at varying high strain-rates. As shown in Figure
2-7, this strain rate varies depends on the type of loading, with the largest strain rates recorded
under impact and blast loads. Research shows that application of blast and impact leads to an
increase in member strength and stiffness when compared to quasi-static loading. The increases in
member strength and stiffness are affected by the strain rate, and result from the apparent increase
in concrete and steel material strength properties under dynamic loading.

Earthquake |Impact' blast I

106 10° 10+ 10® 10* 10t 10 10" 10% 10° 10¢ 10°
I | I I | I | | I | I L5

Strain rate, s

Figure 2-7 Strain rate for various types of loading (Adapted from Ngo et al., 2007)

The effect of strain-rate on increasing the strength of materials is typically taken into account using
a dynamic increase factor (DIF), defined as the ratio of dynamic to static strength. Figure 2-8
shows typical strength enhancements for concrete and steel reinforcement under dynamic loading.
For concrete, the compressive strength is increased in proportion to the increase in strain rate, with
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the dynamic stress-strain curve obtained by scaling the entire quasi-static stress-strain curve using
the DIF of concrete in compression. For steel reinforcement, both the yield and ultimate strengths
are increased under dynamic loading, although the increase in yield strength has been found to be
more important. Research shows that the modulus of elasticity of steel remains unchanged under
dynamic loading.

For design, blast design guidelines such as the UFC 03-340-02 2008 and the Canadian CSA S850
blast standard provide conservative DIF values which can be used in the blast-resistant design of
reinforced concrete members (UFC 03-340-02, 2008; CSA S850, 2012) The values depend on the
type of blast load (close-in vs. far range) and type of stress being resisted in the structural member.
Table 2-6 shows the dynamic increase factors suggested by the CSA S850.

Over the years, researchers have also proposed strain-rate dependent models for predicting the DIF
of concrete and steel materials, some of these models are discussed in the sub-sections that follow.
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Figure 2-8 Typical stress-strain response under quasi-static and dynamic loading (Adapted from UFC 03-
340-02 2008)

Table 2-6 Dynamic increase factors for reinforcing steel, concrete, and masonry (Adapted from CSA S850,
2012)

DIF
Stress type Reinforcing steel Concrete Masonry
Edy/Fy Fdu/Fu f'dc/fc f'dm/f'm
Flexure 117 1.05 1.19 1.19
Compression 1.10 1.00 1.12 1.12
Diagonal tension 1.00 1.00 1.00 1.00
Direct shear 1.10 1.00 1.10 1.00
Bond 117 1.05 1.00 1.00
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2.2.4.1.Concrete in Compression - CEB model (1990)

The Comité euro-international du béton (CEB) Model Code 90 (1990) proposes a bilinear curve
(on semi-log scale) for the DIF of concrete in compression as a function on strain rate. Based on
experimental results, the slope of the bilinear curve shows a sharp transition at a strain-rate of 30
s'!. In this model the quasi-static strain rate is taken as 30 x 10, which means there is no predicted
increase in compressive strength before reaching this value. It is noted that despite high-scatter in
research data, this model predicts reduced DIF for high-strength concrete when compared to
normal-strength concrete (see Figure 2-9). The DIF expressions used in this model are defined in

Chapter 7.
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Figure 2-9 Effect of strain rate on concrete compressive strength (Adapted from Biscoff and Perry, 1991)

2.2.4.2.Concrete in Tension - Malvar & Ross (1998)

The purpose of a study by L. Malvar & C. Ross (1998) was to revise the dynamic increase factor
of the CEB model for concrete in tension based on a review of existing research data. The authors
plotted all the research data conducted by Ross et al. (1998) and other researchers on a log-scale
diagram as shown in Figure 2-10. It was found that concrete in tension shows similar strain-rate
sensitivity with a similar trend to that of concrete in compression when plotting the results on a
log-scale. However, it was observed that the slope of this bilinear curve is closer to 1 s™!, which is
different than CEB suggested value of 30 s™'. Based on this finding a revised bi-linear model for
concrete in tension was proposed by the authors. It is noted that the quasi-static strain-rate was
chosen as 10 s™!. The expressions used in this model are summarized in Chapter 7 of this thesis.
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Figure 2-10 Proposed modified CEB curves for concrete in tension (Adapted from Malvar & Ross, 1998)

2.2.4.3.HSC & HSFRC in Compression - Zhang & Mindess (2011)

The purpose of this paper by Zhang and Mindness in 2011 was to conduct the DIF formulation of
high-strength concrete with fibres based on dynamic experimental results. A split Hopkinson
pressure bar and drop weight impact machine were used to apply the impact loading. The
specimens in this study had varying compressive strengths of 50 MPa, 90 MPa and 110 MPa. The
drop height ranged from 250 mm to 1000 mm, which resulted in various strain rates. These strain
rates were then combined with Riisgaard’s (2007) experimental results and compared to the results
of the CEB model. It was found that the CEB model did not accurately predict the results. A
modified CEB model, called the RCM model, was therefore proposed. The RCM model changed
the turning point of the bilinear curve based on the concrete compressive strength instead of on the
30 57! of the CEB model. Most predicted data ranged from a 3-15% difference from the experiment
results. It was also noted that concrete with higher strength improved lower-strength concrete
under impact load.

2.2.4.4.Steel in tension - Malvar (1998)

The purpose of a study was to determine dynamic increase factor expressions of steel at yield and
ultimate stress. The author reviewed existing data on the quasi-static and dynamic strengths of
steel reinforcement and plotted them in diagrams. Figure 2-11 provides a graph showing DIF
versus strain rate for ASTM A615 Grade 40, 60, and 75 steel reinforcement bars for both yield and
ultimate strength.

From the diagrams, it can be observed that the DIF versus strain rate curves follow linear
relationships when strain-rate is plotted on logarithmic scale. It can also be noted that the DIF at a
given strain-rate is greater at yield strength than ultimate strength. Finally, it can also be noted that
the DIF decreases with the increase in steel grade level. Based on this study, the author proposed
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DIF formulations for yield and ultimate stress, respectively. The formulations are valid for steels
having yield stress ranging from 290 to 710 MPa (see Chapter 7).
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Figure 2-11 DIF for ASTM A615 Grade 40, 60, and 75 steel reinforcement bars
(Adapted from Malvar, 1998)

2.2.4.5. Saatcioglu et al. (2011)

This study by Saatcioglu et al. (2011) investigated high-strain rate effects on concrete and steel
reinforcement. As part of the experimental study the dynamic behaviour of reinforced concrete
columns and slabs under blast loading was investigated. Eighteen columns which differed by
section size, concrete strength, and reinforcement detailing were tested at the University of Ottawa
Shock Tube Facility. The experiment results were then compared with analysis results obtained
using single-degree-of-freedom analysis. The average ratio of predicted maximum displacement
and experimental maximum displacement was 1.05, which indicated an accurate prediction. The
authors also reviewed existing reinforced concrete material models and DIF equations. In addition,
the authors also proposed simplified bi-linear models to predict the DIF of concrete in compression
and steel reinforcement. It is noted that unlike the CEB model the DIF of concrete is assumed to
be unaffected by concrete strength. The DIF models are different for steel at yield and ultimate
strength and are applicable to grade 400 steel bars (see chapter 7).

2.3. PREVIOUS RESEARCH ON QUASI-STATIC PERFORMANCE OF
BEAMS WITH ASTM A1035 HIGH-STRENGTH STEEL

This section reviews previous research which has focused on the quasi-static behaviour of
reinforced concrete beams built with high-strength (ASTM A1035) steel reinforcement. Studies
which have examined the shear, flexural and cyclic behaviour of beams built with high-strength
reinforcement are reviewed. In addition, a limited number of studies which have focused on the
behaviour of beams built with high-strength bars and steel fibres are also discussed. Table 2-7
summarizes the experimental parameters and beam properties in the various studies. It is noted
that there 1s limited research which has focused on the behaviour of beams built with ASTM A1035
steel and high-strength concrete.
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Table 2-7 Summary of the database results of reinforced ASTM A1035 beams in this parametric study

Focus of

Range of main parameters

ity Authors No. of b (m) h Csilear i £ P P Load Fibre properties
specimens (mm) (rﬁfnn) ratio (MPa) (long.) (trans.) type ve L; df

Hassan et al 6 a60 | 915 | 400 | 1927 | 3251 | AL 0 | 3poie | - | - | -

B 9 05 | 406 | 477 | 3% | 200 ) s | 04O apoine |- | - | -

ptemms | [ | [ s (e (0] 0 o] - |- |
Elf;:llf_ggf)f; 8 300 1000 5460 23%28 48-52 ?:205/; %'.12%00//"0’ 3-point | - - -
g o o [ [ | T e T o | 0 o
bif:“/ﬁir NCZZH;P - 6 305 406 6096 625 | 89,114 0'290;/0“' 4point | - ; ;
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2.3.1. SHEAR STUDIES - BEAMS BUILT WITH MMFX BARS

2.3.1.1.Hassan et al. (2008)

The aim of a research project by Hassan et al. (2008) was to investigate the shear behaviour of
large concrete beams reinforced with ASTM A1035 Grade 100 high-strength steel bars. In total,
six large-size concrete beams with a constant dimension of 460 x 915 x 4900 mm and no transverse
reinforcement were included in this research. The test parameters included the shear span ratio
(a/d =1.9 or 2.7), reinforcement ratio (0.44 - 0.72%) and type of reinforcement (60 ksi or 100 ksi).
The beams were tested under 3-point bending. Figure 2-12 shows the experiment load-deflection
curves for all specimens. Predictions were made using the ACI 318-05 simplified strut-and-tie

model. Observations and conclusions from this research project can be summarized as follows:

Reinforcing the beams with high-strength steel was found to affect failure mode. The

specimens with conventional steel showed diagonal shear failures. The failure of beams
with high-strength reinforcement was controlled by the compressive strength of diagonal
struts (compression shear failure), allowing the failure to take place in the concrete struts
at higher loads.
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Table 2-8 Details and prediction of the specimens (Adapted from Hassan et al., 2008)

Group A Group B Group C
Specimen G-1.9-51 M-1.9-51 G-1.9-38 M-1.9-38 G-2.7-32 G-2.7-32
Shear span-depth ratio (a/d) 19 1.9 19 1.9 2.7 2.7
Concrete compressive strength, MPa (psi) 51 (7400) 51 (7400) 38 (5500) 38 (5500) 32 (4650) 32 (4650)
Type of longitudinal reinforcement G" Mt G* mf G" M
Bottom reinforcement ratio, % 0.72 0.44 0.72 0.44 0.72 0.44
Top reinforcement ratio, % 0.36 022 0.36 022 0.36 022
Diagonal cracking load, kN (kips) 670 (150) 670 (150) 670 (150) 670 (150) 445 (100) 445 (100)
Failure load, kN (kips) 871 (195) 1560 (350) 753 (170) 1364 (306) 552 (124) 638 (143)
Predicted failure load using ACI 318-05, kN (kips) | 1103 (248) 1917 (431) 1103 (248) 1418 (319) 690 (155) 690 (155)
Prsi/Pac1 318-05 0.8 0.81 0.68 0.96 0.80 0.92
Mid-span deflection (in.) Mid-span deflection (in.) Mid-Span Deflection (in.)
02 03 05 086 08 09 00 02 03 05 06 08 09 00 02 05 05 08 08
1800 405 1800 405 1500 - i
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Figure 2-12 Experiment load-displacement curves (Adapted from Hassan et al., 2008)

2.3.1.2.Sumpter et al. (2009)

The purpose of this study by Sumpter et al. (2009) was to investigate the shear behaviour of
concrete beams reinforced with high-strength steel. Beams in this study were reinforced with either
conventional ASTM A615 Grade 60 bars (C) or high-strength ASTM A1035 steel bars (M). The
beams had a 12 in. x 16 in. (305 mm x 406 mm) cross-section and were reinforced with No. 9 bars
for longitudinal reinforcement (top and bottom) and No. 3 bars for the stirrups. The compressive
strength of concrete was around 30 MPa. The main variables in the study were the type of
longitudinal reinforcement, type of transverse steel, and spacing of the stirrups. The test program
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As aresult of the change in failure mode, the use of high-strength steel was able to increase
shear capacity. Furthermore, specimens with high-strength steel had reduced shear crack
widths compared to companions with conventional steel (Grade 60) at equivalent loads.

Specimens with a lower a/d ratio resulted in higher shear capacity, although this
parameter did not affect failure mode.
Predictions made using the ACI 318-05 model overestimated the shear resistance of the
beams. The authors suggested that the errors result from the model not accounting for size
effect and the properties of the longitudinal steel reinforcement.
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included nine beams which were divided into three sets based on stirrup spacing. Each set

contained three specimens: a beam reinforced with conventional longitudinal bars and
conventional stirrups (C-C), a beam with conventional longitudinal bars and MMFX stirrups (C-
M), and a beam reinforced with MMFX bars and MMFX stirrups (M-M). Conclusions from this
study are summarized below:

All beams failed in shear, with shear-compression failures regardless of steel type and
stirrup spacing. For all steel combination cases, specimens with higher shear reinforcement
ratios had higher shear capacities.

The use of MMFX stirrups was able to slightly increase shear capacity and reduce crack
widths. For example, for set 1 (6 inches spacing), the specimen reinforced with MMFX
stirrups (C-M) showed a 5% increase in shear strength when compared to a companion
specimen with conventional steel stirrups (C-C) (383 kN versus 364 kN).

The use of MMFX steel for longitudinal reinforcement was able to further increase shear
capacity. For example, the M-M beam in set | (MMFX stirrups & MMFX longitudinal
bars) showed 11% and 17 % increases in shear strength when compared to companion
beams with C-M and C-C bar combinations.

The use of MMFX bars also led to reduced shear crack widths under service loads, with
the best performance for beams with M-M bars.

The shear resistance of the beams was predicted using the shear equations in the ACI 318-
05 code, CSA A23.3-04 and AASHTO LRFD Bridge code, with the best predictions
obtained using the Canadian CSA A23.3 standard.

The capacities were also predicted using program Response 2000 which is based on
modified compression field theory (MCFT). The average measured-to-predicted shear load
ratio was 1.01, which was more accurate than the code-based equations.
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Figure 2-13 Load — deflection curve for 6 inch set (Adapted from Sumpter et al., 2009)
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2.3.1.3.Munikrishna & Hosny (2011)

The goal of this research study by Munikrishna and Hosny (2011) was to investigate the flexural
and shear behaviour of concrete beams reinforced with ASTM A1035 Grade 100 high-strength
steel. Thirteen beams were tested under a single point load with a constant shear span-effective
depth ratio of 3.1 as shown in Figure 2-14. Two sets of dimensions were used: 406 x 559 x 4000
mm and 610 x 711 x 5800 mm. Other variable parameters were the longitudinal reinforcement
ratio (0.9 - 2.2%) and type (grade 60 vs. grade 100), transverse reinforcement ratio (0 - 0.31%)),
and transverse reinforcement strength (conventional: C, high-strength grade 80 and 100: M80 and
M100). The beams were divided into three groups; groupl and 2 had different loading spans and
included control beams with conventional longitudinal and transverse steel as well as beams with
MMEFX longitudinal steel and varying stirrup properties. The concrete compressive strength was
28 MPa. The following conclusions were made:

¢ Reinforcing the beams with high-strength stirrups and a higher longitudinal reinforcement
ratio resulted in an increase in shear capacity. The use of high-strength steel for longitudinal
steel was also shown to increase flexural strength.

e The use of high-strength stirrups and a lower shear reinforcement ratio resulted in an
increase in the shear crack width when compared to specimens with conventional stirrups.

e The pre-cracking stiffness of beams with the same reinforcement ratio was identical.

e The shear capacities of the beams were predicted using several codes. The CSA and
AASHTO models gave more accurate predictions when compared to the ACI 318 model,
which can be explained by the fact that the ACI 318 is based on a 45-degree truss model,
while the CSA and AASHTO codes are based on the modified compression field theory
(MCFT).

Deflection at Applied Load (mm) Deflection at Applied Load {mm)
10 15 3 25 3 1 15 20

Aplied Shear (kip)

2 04 06 s
Deflection at Apsléed Load inl Deflection at Applied Losd fin) Deflection at Applied Load (in)

a) Group 1 b) Group 2 c) Group 3
Figure 2-14 Experiment load-deflection curves (Adapted from Munikrishna & Hosny, 2011)

2.3.1.4.Desalegne & Lubell (2010)

This study by Desalegne and Lubell (2010) investigated the shear behaviour of beams reinforced
with high-strength steel. The study included six beams with a constant a/d ratio of 3.5 which were
tested under three-point loading. The parameters investigated included: the longitudinal steel
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reinforcement ratio, which ranged from 0.45% to 0.225%; and the member depth which was either
305 mm or 600 mm. Finally, an equation for predicting the shear resistance of beams with high-
strength was proposed and compared to five other methods (ACI 318-08, CSA A.23.3-04, Hoult
et al., Response 2000, and VecTor2). Figure 2-15 shows sample test results from this study. Table
2-9 shows the shear predictions made using the different models. The following conclusions and
observations were made:

e As shown in Figure 2-15, the four specimens with a higher reinforcement ratio failed in
shear while the two specimens with a lower reinforcement ratio failed in a flexural-shear
mode. The ultimate capacity and stiffness were increased with the increase of the
reinforcement ratio.

e Table 2-9 shows the predictions based on the six different models considered in the study.
The CSA A23.3-04 and Hoult et al. shear models gave the most accurate predictions. The
ACI 318 and EC2 were found to overestimate the shear capacities, which could result in
unsafe designs; these models fail to consider the effects of member depth (size effect) and
reinforcement strains (strain effect) on shear resistance.

Mid-Span Deflection (mm) Mid-Span Deflection (mm)
0 5 10 15 20 25 0 5 10 15 20 25
70 - 70
300 300
(a) (b)
80 250 — — 60 d =569 mm s3 | d=573mm | o0
m z 2 As=2#7 As=3#4 =
o 50 d=278 mm x 250 P = 0.929 =
= 3 p=045% p=0.23% =
= As=3#4 2002 = « o 54'l ese 200 —
© 40 lesse| p=045% (=] g 40 : l g
g 150 = © d 150 -
- 30 T 230 7 : °
° = 3 . S5 2
8 20 s st 082, ' ! 100 3
S | < o ' |se | <
o i . I
S0 | 50 < 4 . : 50
L ' |
’ 0 0.2 0l4 0.6 0.8 1 ’ 0 0
! . - e L 0 0.2 0.4 0.6 0.8 1
Mid-Span Defiection (in) Mid-Span Deflection (in)
a) Specimens with h =305 mm b) Specimens with h = 600 mm
Figure 2-15 Experiment load — deflection curves for all specimens
(Adapted from Desalegne & Lubell, 2010)
Table 2-9 Prediction results by different models (Adapted from Desalegne & Lubell, 2010)
Test load to predicted load ratios Prs
Specimen Presr/Pact Presr/Prca Prest/Pcsa | Prest/Prourr | Prest/Prak Prest/Pyvrz | Presr/Pprop kN (kips)
S1 0.74 0.94 1.20 1.11 120 1.20 127 153 (34)
S2 0.68 0.88 1.14 1.05 123 1.16 1.18 149 (33)
S3 0.61 0.89 1.14 1.08 128 1.17 1.46 245 (55)
S4 0.52 0.77 1.00 0.94 1.00 097 123 223 (50)
S5 0.44 0.81 1.23 1.10 1.08 131 — 182 (41)
S6 0.33 0.62 0.97 0.86 083 1.10 — 144 (32)
M-2.7-32 0.86 127 1.01 098 0.96 097 132 638 (143)
Prest/Puodet 0.60 0.88 1.10 1.02 1.08 1.12 1.29 —
(average)
Coefficient of
ot 0.31 022 0.09 0.09 0.15 0.11 0.08 -
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2.3.1.5.Desalegne & Lubell (2015)

This study examined the flexural and shear behaviours of eight beams with dimensions of 300 x
1000 x 5460 mm and reinforced with high-strength bars. The beams were tested under three-point
loading with a constant shear-span to depth ratio (a/d) of 3.5. The parameters that were varied
included the longitudinal reinforcement ratio (0.55-1.6%), transverse reinforcement ratio (0.1%,
0.2%), and reinforcement type. Specimens contained ASTM A1035 high-strength (MMFX)
longitudinal reinforcement and stirrups consisted of either MMFX or Grade 60 hoops. All beams
had compressive strength of 50 MPa. Sample experimental load-deflection curves can be seen in
Figure 2-16. The following observations and conclusions were made from this study:

The use of MMFX steel for stirrups resulted in a higher shear capacity when compared to
the specimens containing conventional steel stirrups. For example, specimen MM2 with
MMEFX steel stirrups showed a 9.4% increase in ultimate strength compared to the
specimen MR2 with conventional stirrups. Similarly, beams with MMFX stirrups showed
reduced shear crack widths at ultimate conditions.

Reinforcing the beams with a higher longitudinal reinforcement ratio resulted in higher
stiffness and load resistance. Using stirrups at smaller spacing increased shear capacity.
The failure mode of the beams changed with an increase in the reinforcement ratio. For
example, specimens MM1 and MM2 (p=0.55% and 0.69%) showed a shear-flexure failure,
while specimen MM3 (p=1.6%) resulted in a shear-compression failure.

The shear resistance of the beams was predicted using the ACI ITG-6R shear design
recommendations and a modified version of the CSA general method as proposed by Hoult
et al. (2008) which recalibrates the V. equation for cases of higher longitudinal strains. The
predictions made using the ACI ITG-6R model were not conservative, while the modified
CSA shear model showed good agreement with the experimental results.

Table 2-10 Specimen details, test results and analytical predictions (Adapted from Desalegne & Lubell, 2015)

MM series MR series
D MM MM2 MM3 MM4 | MRI1 MR2 MR3 MR4
d, mm 935 935 885 885 | 935 935 885 885
S, MPa 50 52 48 48 | 49 50 48 50
Age, days 49 48 45 52 | 56 51 43 56
A,, mm? 1548 1935 4257 4257 | 1548 1935 4257 4257
pL. % 0.55 0.69 1.60 1.60 | 0.55 0.69 1.60 1.60
Two leg stirrups | No. 3 @ 440 No.3 @ 440 | No.3 @ 440 | No.3 @ 220 | 1om @ 440 T @ 440 10M @ 440 10M @ 220
S MPa 830" 830" 830" 830" | 430 430 430 430
P KN 933 957 1409 1822 915 875 1109 1510
M, /M, 1.41 1.16 0.84 1.09 1.39 1.07 0.66 0.90
MM, o 0.98 0.83 0.77 0.99 0.96 0.77 0.60 0.81
bd\f?' 0.24 0.25 0.38 0.48 0.23 0.22 029 0.40
Vr-n
Viros 0.95 0.96 1.53 148 0.91 0.86 1.17 1.16
Vies
m 1.32 1.19 1.35 139 1.28 1.07 1.04 111
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Figure 2-16 Experiment load-deflection curves (Adapted from Desalegne & Lubell, 2015)

2.3.2. FLEXURAL STUDIES - BEAMS WITH MMFX BARS

2.3.2.1.NCHRP Report 679 - Transportation Research Board (2014)

This National Cooperative Research Program (NCHRP) report published by the Transportation
Research Board (TRB, 2011) outlined a static test program which containing six beams reinforced
with MMFX high-strength steel. All the specimens had the same cross-section, 12 in. x 16 in. (305
mm x 406 mm), with a total span of 22 feet (6706 mm). The beams were subdivided into two
groups based on concrete strength (69 MPa and 103 MPa) with the three beams within each group
designed based on three strain targets for the longitudinal bars: a tension-controlled strain limit of
0.008, a transition strain of 0.006, and a strain of 0.011. The specimens were tested under four-
point bending with a/d ratio of 3.3. In addition to the experimental study, software Response 2000
(Bentz 2000) was used for analysis. Three types of stress-strain relationships were considered in
the analysis: a bilinear design curve with an initial elastic modulus of 200,000 MPa and a yield
strength of 690 MPa; a stress-strain curve defined using the Ramberg-Osgood function shown in
Equation (2-3); and the Mast (2006) equation shown in Equation (2-2). In order to define the
stress-strain relationship in Response 2000 using the Ramberg-Osgood function, the reinforcement
was modeled as prestressing tendons without prestrain. Sample load-deflection curves are shown
in Figure 2-17. The ratios of the analysis and experimental results and specimen properties are
included in Table 2-11.

The following conclusions can be made from this study:

e Beams reinforced with a higher reinforcement ratio resulted in higher stiffness and ultimate
strength. However, it also resulted in a reduction in ductility, with a reduction in mid-span
deflection before failure.

e At failure, the average failure strain of concrete was 0.0033. The authors noted that the
selection of a failure strain of 0.003 is reasonable when analyzing beams reinforced with
high-strength A1035steel.
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e The predictions of maximum load which used the Ramberg-Osgood function were close to
the measured values. However, the results predicted using the f;=100 ksi assumption were

conservative.
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Figure 2-17 Load-deflection curves of the specimens (Adapted from NCPRP, 2014)

Table 2-11 Specimens properties and ratio of measured to computed capacity

Stress-strain relationship
Concrete Reinforcement Max .
Specimen compressive ratio deflec ti'on EPP* with Mast. Ramberg-
strength (MPa) fy T{ 100 (2006) Osgood
S1
F1 69 1.2% L/44 1.47 1.12 1.07
F2 69 1.7% L/48 131 1.11 1.08
F3 69 0.7% L/39 1.54 1.08 1.01
F4 103 1.6% L/38 1.37 1.08 1.02
F5 103 2.2% L/47 1.35 1.19 1.14
F6 103 1.2% L/29 1.4 1.06 0.991

2.3.2.2.Garay-Moran & Lubell (2016)

This recent study by Garay-Moran and Lubell (2016) investigated the static behaviour of deep
beams reinforced with high-strength steel bars. Eight beams built with ASTM A1035 Grade 100
steel and 45 MPa concrete were included in this study. The main parameters of the 300 mm by
607 mm rectangular beams were the shear-span to depth ratio a/d (1.19, 1.78, and 2.38), the
longitudinal reinforcement ratio p (0.52-2.29%), and the presence of web reinforcement. The

serviceability conditions, such as crack width and deflection limits, were also considered.
Predictions were made by modifying the ACI 318 strut-and-tie model for ASTM A1036 high-
strength steel using a sectional design model of the ACI ITG-6R-10. A number of conclusions
from this research can be summarized as follows:
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e As shown in Figure 2-18, the load capacity was increased with the increase of the
reinforcement ratio, while ductility was decreased.

e The load capacity was also shown to increase with a decrease of the a/d ratio.

¢ Reinforcing the beams with web steel reinforcement was able to improve the strength and
ductility of the beams.

e The failure mode was affected by the reinforcement ratio; with an increase in the
reinforcement ratio, the failure mode changed from flexure to concrete crushing.

e The ACI ITG-6R-10 sectional model provided conservative predictions of beam strength
(since it does not account for the increase in shear strength due to direct strut action), while
the ACI 318 approach provided non-conservative predictions.
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Figure 2-18 Load — deflection curves for varied a/d specimens
(Adapted from Garay-Moran & Lubell, 2016)

2.3.2.3.Mast et al. (2008)

In this analytical study, Mast et al. (2008) presented a simplified method to analyze the flexural
capacity of concrete beams reinforced with high-strength steel bars. Three high-strength steel
stress-strain curves were considered in the analysis. The first considered the actual stress-strain
behaviour of high-strength steel as obtained from test data. The second model was a bilinear curve
with yield strength of 550 MPa (80 ksi), based on the current ACI limitation. The third model was
proposed by the authors and is composed of a bilinear curve with initial elastic modulus 0f 200,000
MPa and yield strength of 690 MPa (100 ksi) as defined previously in Equation (2-2). Finally, a
bi-linear curve with conventional strength of 400 MPa (60 ksi) was also considered for comparison
(Figure 2-19 (a) shows the different curves). The nominal moment capacity of a single reinforced
concrete section was analyzed using the different steel material models, and the nominal capacity
of the beam using the various models and cracked sectional analysis was plotted as a function of
reinforcement ratio as shown in Figure 2-19 (b). Data from beam tests conducted by the Florida
DOT and University of North Florida (NOF) were also included in the plot. The conclusions from
this study are as follows:
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e The balanced reinforcement ratios p, were calculated as 3.95%, 2.60%, and 1.85% for the
sections using the Grade 60 (400 MPa), 80 ksi (550 MPa), and 100 ksi (690 MPa) material
models, respectively;

e At reinforcement ratios greater than 3.95%, the moment capacities using all models was
the same, as the failure of the sections was governed by crushing of the concrete prior to
yielding of the steel reinforcement;

e At reinforcement ratios less than 3.95% the higher strength steel models tended to predict
larger moment capacities. At reinforcement ratios less than 1.75%, which represents most
practical beam designs, the 100 ksi model under-predicted the capacities as compared to
actual behaviour, while this model slightly over-predicted nominal capacity (by 2.5%) at
ratios of 1.75-2.7%;

e To examine the benefit of using high-strength reinforcement, the strength of an example
beam with 1% reinforcement was predicted using the different models. When the actual
stress-strain model was used the beam capacity was 95% higher than the case with grade
60 (400 MPa) steel. This improvement dropped to only 31% when the ACI limitation of
80 ksi (550 MPa) was used. The simplified 100 ksi model predicted an increase of 60% in
moment capacity. The actual reserve capacities using the ACI limitation and 100 ksi
models were 33% and 18%, respectively, indicating that the 100 ksi model allows for
efficient use of high-strength reinforcement, while providing acceptable reserve capacity.
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Figure 2-19 Stress-strain relationship of reinforcement and nominal moment capacity
(Adapted from Mast et al., 2008)

The authors also proposed a simplified method for flexural design of concrete beams with high-
strength reinforcement using a modified version of the ACI 318 simplified procedure. The design
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uses an elastic-plastic material model with yield strength of 690 MPa (100 ksi) and modified strain
limits for the resistance factor ¢ as shown in Equation (2—4). The design procedure was shown to
result in beams with comparable flexural strength characteristics when compared to members
using conventional Grade 60 reinforcing bars and current ACI 318 requirements.

0.65 & <0.004
#=10.45+50¢, 0.004<e, <0.009 (2-4)
0.9 & >0.009

2.3.3. CYCLIC LOADING - BEAMS CONTAINING HIGH-STRENGTH REINFORCEMENT

2.3.3.1.Cheng & Giduquio (2014)

The purpose of a recent study by Cheng & Giduquio (2014) was to investigate the behaviour of
reinforced concrete beams containing high-strength steel bars under cyclic loading. Two types of
high-strength steel reinforcement were considered in this study (SD685 and ASTM A1035 Grade
100). Both reinforcements have specified yield strength of 100 ksi (690MPa), with the difference
being that SD685 steel has a yield plateau, while the ASTM A 1035 steel lacks a well-defined yield
point. Furthermore, the SD685 steel is relatively more ductile than the ASTM A1035 with rupture
strains of 0.115 and 0.006 for these two bar types.

Three specimens were included in this research. Beams SP1, SP2, and SP3 were reinforced with
conventional (Grade 60), SD685, and ASTM A1035 steel, respectively. The cross-section of the
beams was 250 mm x 600 mm, with a 2100 mm long shear span The control specimen SP1 was
reinforced with two No. 7 and one No. 5 steel bars at both top and bottom. Beams SP2 and SP3
were reinforced with three No. 5 bars at both the top and bottom to match the longitudinal
reinforcement strength in beam SP1. The target compressive strength of concrete in this study was
37 MPa. Cyclic loading was applied using a displacement-controlled hydraulic actuator. The test
results can be seen in Figure 2-20. The following conclusions can be drawn from this study:

e The peak moments and crack patterns of specimens SP1 and SP2 were similar. This can be
explained by the fact that the SD685 bars did not reach ultimate stress due to rupture of the
bars under cyclic loading, Beam SP3 showed a 35% increase in moment capacity when
compared to the SP1 and SP2 specimens.

e All the specimens failed in flexure, however the SP3 specimen showed more brittle
behaviour when compared to the SP1 and SP2 specimens, with larger crack widths and
smaller failure drift. It is also noted that SP1 specimen exhibited the largest energy
dissipation capacity, followed by beams SP2 and SP3.
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Figure 2-20 Results of the experiment (Adapted from Cheng & Giduquio, 2014)

2.4. RESEARCH ON STEEL FIBRE-REINFORCED CONCRETE BEAMS

2.4.1. SUMMARY OF PREVIOUS RESEACH ON HSFRC BEAMS

Table 2-12 shows a summary of the studies which have focussed on studying the shear and flexural
behaviour of HSFRC beams. In this section, only a brief overview of the effect of steel fibres on
shear and flexural behaviour of high-strength concrete beams is presented.

It is well known that the addition of steel fibre increases its tension capacity. In high-strength
concrete beams subjected to shear the resulting increase in diagonal capacity results in an increase
in shear capacity. Figure 2-21 (a) shows an example from Noghabai (2000), where beams
HSCss0/0.70.5 and HSCse0/0.7/0.75 (With 0.5% and 0.75% fibres) show increased shear resistance
when compared to the reference HSC beam (HSCrer). The addition of sufficient amount of fibres
has also been shown to allow for replacement of steel shear reinforcement. As seen in Figure 2-21
(b), the control specimen SOF0O (beams without fibres and stirrups) fails in shear, while the
specimens without stirrups but containing steel fibres fail in flexure (Tahenni et al., 2016).
Moreover, research shows that the shear strength of HSFRC beams decreases with an increase of
the shear span-depth ratio a/d, which can be seen Figure 2-21 (¢). For specimens with 1.5% fibres,
the ultimate strength reduces from 750 kN to 370 kN, when increasing the shear span-depth ratio
a/d from 1.0 to 2.0 (Ashour et al., 1992). Finally, the aspect ratio (ratio of fibre length and
diameter) also affects the performance of HSFRC specimens. Comparing specimens with 1%
fibres in Figure 2-21 (b), beam SOF1.0-80 (aspect ratio of 80) shows slightly larger resistance when
compared to beam SOF1.0-65 (aspect ratio of 65).

The effect of steel fibres on flexural resistance is more moderate, where fibres have a more
significant effect on ductility when compared to ultimate moment capacity. This effect can be seen
in Figure 2-21 (b) from Tahenni's study. When compared to the plain concrete specimen with
stirrups (S1FO0), the fibre-reinforced specimens without stirrups and 1% or greater fibre content
show a slight increase in ultimate strength and initial stiffness, with an enhancement in ductility
(see beams SOF1.0-65, SOF2.0-65 and SOF3.0-65, with 1%, 2% and 3% fibres).
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The next sub-section focuses on studies which have focussed on beams reinforced with high-
strength steel bars and steel fibres.

10 T T T v T 10 : . . . - -
—_
n;. High-strength concrtete | | Normal-strength concrete |
= HSC!
-l S6/0.15 sk |
£~
N HSCl g 1
gl
a 6 61 NSClg,130 )
w 1 ]
151
2 4l HSC'ssp 7075 |
Ln
Ty
s HSCss0170.5 _
=
wy
3 T 1
S
s ®
2 0 . M
0 1 2 3 4 5 5

a) Effect of high-strength concrete and fibre content (Adapted from Noghabai, 2000)

120 SOF3.0-65
P 0

o SOF2.0-80
100 A

S0F2.0-65
S0F1.0-80
SOF1.0-65

80

60 1 S1F0

Load (KN)

40

20 4

0 2 4 6 8 10 12 14 16 18
Mid-span deflection (mm)

b) Effect of aspect ratio and fibres on shear and flexural resistance (Adapted from Tahenni et al., 2016)

[T RS |
369 ard = 1

Wy a L5 % 2 =2.847
7e@ vy a0

;
!
H
;/v. =05 "
i
p

b
Yy =08 %

aie 3l
Paa.gan |

(kN )

L]

(kH )

Load,

5e8

428

Load,

388

2pa

1ag

a 19 28 ia a8 EC (] 78 [L:]
Deflection at midspan, (mm

28 E] 43 54 6@ 8 ae

c) Effect of fibre content and shear span-depth ratio (Adapted from Ashour et al., 1992)

Figure 2-21 Effects of various parameters on shear and flexural behaviour of HSFRC beams
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Table 2-12 Summary of previous studies which have focussed on HSFRC beams

Geometry Material Properties Fibres

Authors B;a;fls b(mm) | h(mm) | a/d | f!(MPa) p(%) ﬁ;‘l’)f Ve (%) | Ly (mm) | d(mm)

Tahenni et al. (2016) 24 100 150 22 30-65 1.16 H 0-3.0 | 35,65 | 0.540.75
Lbarra & Bishaw (2016) 8 254 254 | 1.0-3.0 | 93-118 1.2 H 05,1 33 0.55
Guen et al. (2013) 11 150 | 250-350 60 0.77-2.7 H 0.5-2.0 32 0.9
Kang et al. (2012) 12 125,200 | 250,355 | 2.75,5.5 |  32-69 1.0-3.0 H 0-0.75 | 50,60 0.75
Kwak et al. (2003) 12 125 250 | 2.0-4.0 31-65 1.5 H 0-0.75 50 0.8
Noghabai (2000) 32| 200-300 | 250-701 | 2.9-3.3 39-93 2.8-33 S-H,H | 05-1.0 / /
Casanova et al. (1999) 5 125 250 2.89 90 2.2-35 H 1.2 30 0.5

Gustafsson et al. (1999) 20 | 200-300 | 250-700 | 2.9-3.3 | 98-129 0.5-1.0 SSH | 05-1.0 | 630,60 | 0150607
Imam et al. (1994) 16 200 350 1.0-6.0 110 0.37-4.58 H 0-1.5 60 0.8
Ashour et al. (1992) 18 125 250 1-6 90 0.37-4.58 H 0.5-1.5 60 0.8
Naraya“(alr;é)])am“h 33 85 150 | 2.0-3.5 36-75 2-5.72 C 0.25-3.0 | 3040 0.3

H = Hooked end steel fibres S = Straight steel fibres C = Crimped steel fibres

2.4.2. PREVIOUS RESEARCH ON SFRC BEAMS CONSTRUCTED WITH HIGH-STRENGTH
STEEL

2.4.2.1.Talboys & Lubell (2014)

The purpose of research conducted by Talboys and Lubell (2014) was to investigate the shear
behaviour of large-scale beams reinforced with high-strength ASTM A1035 steel bars and steel
fibres. In total, six beams were included in this research. The concrete had target strength of 35
MPa and was reinforced with a 1% volume of steel fibres, which had a length of 30 mm, tensile
strength of 1100 MPa, and an aspect ratio of 55. All of the specimens were reinforced
longitudinally with MMFX steel bars. The S300-B1 and S300-A2 specimens had the same
dimensions with a width of 300 mm, a height of 300 mm and length of 1500 mm. The other four
specimens had a 1000 mm by 300 mm rectangular cross-section, with a span length of 5500 mm.
The reinforcement ratio ranged from 0.4% to 2.61%. All specimens had the same ratio of span to
effective depth ratio (a/d). The load was applied using a displacement-controlled loading protocol
at mid-span. The conclusions from this research can be summarized as follows:

e All the specimens failed due to diagonal shear failure. A higher reinforcement ratio resulted
in higher flexure stiffness and higher load capacity.
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Shear stress at failure decreased with an increase of the member depth and increase in the
strain in the longitudinal reinforcement.

The authors also concluded that a size effect (and strain effect) does occur in SFRC
members, and this size effect in shear is not affected by reinforcement type.

Two concrete shear design models (ACI 318-11 and Desalegne & Lubell) were used to
predict the shear strength of the beams. In both cases the models resulted in conservative
prediction of the beam shear capacities since the models do not account for fibres. The ACI
model showed an average test-to-analytical shear ratio which was closer to unity but
showed large CoV since it does not account for the size or strain effect in shear. The
Desalegne and Lubell model resulted in a lower CoV, and when combined with a multiplier
to account for the steel fibres, the model was able to conservatively predict the shear
capacities of SFRC beams with ASTM A1035 bars.
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Figure 2-22 Load — deflection curves for specimens (Adapted from Talboys & Lubell, 2014)

2.4.2.2. Lbarra and Bishaw (2016)

The purpose of research by Lbarra and Bishaw (2016) was to investigate the behaviour of high-
strength fibre reinforced concrete beam-columns containing high-strength steel under monotonic
or cyclic loading. Eight beams were included in this research, with a concrete strength of 83 MPa.
Details can be seen in Table 2-13. The experiment variables considered were yield strength of
longitudinal reinforcement (Grade 60 and Grade 100), fibre content (0, 0.5%, and 1%), load type
(monotonic and cyclic loading) and amount of transverse steel. Figure 2-23 shows the
experimental results in terms of the force-drift ratio relationships. Observations and conclusions
are summarized as follows:

Under monotonic loading, the use of high-strength steel in HSC 60% in yielding and
ultimate strengths but reduced ductility (from 10.6 to 3.6). Combined use of fibres and
high-strength steel led to further increase in stiffness and strength at yield and ultimate, but
did not lead to an increase ductility. The specimens without fibres experienced spalling
during the test, while the specimens with fibres did not show this behaviour.
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e Under cyclic loading, spalling of the HSC elements was observed, resulting in a reduction
of the strength capacity. The use of HSFRC improved the performance of the beams and
increased ultimate strength by approximately 10%. HSFRC specimens also had better
crack control. However, specimens with fibres did not show an increase in the drift ratio
and were more brittle than specimens without fibres (HSCfy60 & HSCfy100).

e The drift ratio at peak was larger for beams tested under monotonic vs. cyclic loading.

e Specimens with larger transverse reinforcement and larger steel fibre contents had slight
increases in their drift ratios before failure.

Table 2-13 Details of all the specimens (Adapted from Lbarra and Bishaw, 2016)

S8’ ksi (MPa) at | £/ s, ksi (MPa) at | Nominal f}, ksi | Fibers, % Aglsb, Aglsb.’ Loading
No. Type 28 days test day (MPa) by volume specimen (ACI318) protocol
S1 HSCfy60 15.0(103.4) 15.8 (108.9) 60 (413.7) — 0.0148 0.025 Monotonic
S2 HSCfy60 17.4 (120.0) 19.0 (131.0) 60 (413.7) — 0.0148 0.031 Cyclic
S3 HSCfy100 14.0 (96.5) 14.4 (99.3) 100 (689.5) — 0.0148 0.012 Monotonic
S4 HSCfy100 13.5(93.1) 14.2 (97.9) 100 (689.5) — 0.0148 0.012 Cyclic
S5 HSFRC 14.6 (100.7) 15.5(106.9) 100 (689.5) 1.0 0.0148 0.013 Monotonic
S6 HSFRC 14.3 (98.6) 15.3 (105.5) 100 (689.5) 1.0 0.0148 0.013 Cyclic
S7 HSFRC 15.3 (105.5) 17.1 (117.9) 100 (689.5) 1.0 A 0.0087 A 0.014 Cyclic
S8 HSFRC 13.6 (93.8) 15.3 (105.5) 100 (689.5) 0.5 0.0087 0.013 Cyclic
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Figure 2-23 Force — drift ratio for all specimens (Adapted from Lbarra and Bishaw, 2016)
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2.5. RESEARCH ON THE BLAST PERFORMANCE OF BEAMS
2.5.1. RESEARCH ON BLAST PERFORMANCE OF REINFORCED CONCRETE BEAMS

2.5.1.1. A. Feldman & C. P. Siess - Part 1, Part 2 & Part 3 (1956-1962)

The purpose of a three-part study by A. Feldman & C.P. Siess (1956 — 1962) was to examine the
dynamic behaviour of reinforced concrete beams subjected to impulsive loading. In addition to
conducting one of the first experimental studies on the topic, the authors conducted dynamic
analysis of the beams using an /LLIAC computing system and a SDOF analysis approach. In this
series of reports, a total of 8 beams were tested. Each of the specimens had an identical cross-
section, measuring 6 inches by 12 inches (150 mm x 300 mm), with a span length of either 9 ft /
108 inches (2743 mm) or 152 inches (3860 mm). The tested compressive strength of concrete was
45 MPa and the tensile yield strength of steel reinforcement was 327.5 MPa. Tension and
compression reinforcement consisted of No. 7 bars, and No. 6 bars respectively, while shear
reinforcement consisted of No. 3 stirrups (the tension, compression and shear reinforcement ratio
was varied). In total 43 beams were tested, with 10 beams tested under single point loading at
midspan, and 33 beams tested under two-point loading (with loads placed 18 inches each side of
midspan). In the second set of tests, 8§ beams were tested statically, with 25 beams tested
dynamically. Impulsive load was applied using a pneumatic system and the sudden release of
pressurized gas. In addition to the beam tests, a total of thirty-four steel specimens consisting of
No. 6, No. 7 and No. 9 two-foot long bars were tested under variable strain rates. Variable
parameters investigated included the span-to-depth ratio (a/d = 3.6 or 5.8), tension reinforcement
ratio, presence of compression reinforcement, web reinforcement details, and the loading rate.

A few of the conclusions from the experimental program can be summarized as follows:

e The yield strength of steel reinforcement increased by approximately 40-50% under rapid
rates of loading (10° in/in/sec) when compared to static loading (107 in/in/sec). However,
high strain rates were not found to increase the failure strain.

e The various test variables were found to affect beam response under both static and
dynamic loading and resulted in various modes of flexural and shear failure.

e In general, companion beams exhibited similar behaviour under static and dynamic loading,
and the type of loading was not found to change failure mode or configuration (damage) at
collapse. Some exceptions were noted where failure mode changed from flexure to shear
under dynamic loading (the authors noted that these cases corresponded to beams having
nearly balanced shear and flexural capacities).

e In some cases, the dynamic test beams could be subjected to additional blows or static
loading after crushing had already occurred in the compression zone. This was for example
the case of beams with compression reinforcement.

e The use of compression reinforcement was able to increase the collapse deflection of the
beams (deformation before collapse), resulting in additional ductility. The effectiveness of
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this steel was noted to be dependent on the spacing and configuration of the steel ties which
prevent it from buckling.

e The test results did not show a clear trend with regards to the effect of tie detailing (welded
ties, ties hooked in tension vs. compression region) on collapse deflection. However, the
type of detailing did affect the opening of the ties under dynamic loading.

e Although not clearly observed in the experiments, the authors noted shear failure is more
likely in beams with increased reinforcement ratio, decreased moment/shear or span/depth
ratio, and decreased percentages or absence of web reinforcement.

e In general companion sets showed an increase in collapse deflection for beams tested under
dynamic loading. This increase was attributed to a possible upward shift in the neutral axis
under dynamic loading

In addition to the experiments, the authors conducted analytical work which aimed at predicting
the dynamic response of beams under impulsive loading. The authors also examined various
procedures to develop beam resistance functions which can be used in dynamic analysis. The
reader can refer to Parts I-III of the Feldman and Siess (1956-1962) reports for further details.

a) Rapid Load machine b) Test setup
Figure 2-24 Load machine and test setup (Adapted from A. Feldman & C. P. Siess, 1962)

2.5.1.2.Kujikake et al. (2009)

The purpose of the research study by Kujikake et al. (2009) was to investigate the behaviour of
reinforced concrete beams under impact loading through experiments and analysis. Twelve beams
divided into three series with the same cross-section measuring 150 mm by 250 mm, and a span
length of 1700 mm, were included in this research. The target concrete compressive strength was
42 MPa and the yield strength of the steel was 400 MPa. The impact load was applied using a drop
hammer device. A 400 kg hammer was released from different heights, which were 0.15 m, 0.3 m,
0.6 m and 1.2 m for beams reinforced in the D1616 series and 0.3 m, 0.6 m, 1.2 m and 2.4 m for
beams reinforced in the D1322 and D2222 series. D1322 means two D13 rebars were used at the
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top and two D22 reinforcement bars were used at the bottom. The cross-sections of the D13, D16
and D22 bars were 63.4, 198.5 and 387 mm?, respectively.

Dynamic analysis was conducted using a two-degree-of-freedom system approach and an equation
proposed by the authors. Moment-curvature relationships were determined using section analysis.
DIF equations proposed by Fujikake et al. (2001), Ross et al. (1989) and JSCE (1993) were used
for concrete in compression, concrete in tension and steel for tension. The resistance curves were
obtained by integrating the curvature distribution over half the beam length. Sample results from
this study can be seen in Figure 2-25. Some conclusions from the research are summarized below:

e The reinforcement ratio was found to affect failure mode. In the case of longitudinal
reinforcement ratio, beams with lower amounts of reinforcement failed in flexure, while
beams with larger amounts of reinforcement suffered flexural failure and local failure near
the impact point. For the compressive reinforcement ratio, local failure was reduced with
an increase of the reinforcement ratio.

¢ Maximum impact load, impulse, duration of impact load, maximum mid-span deflection,
and duration to reach the maximum deflection, were increased with an increase in the
height at which the hammer was dropped.

e The results predicted by both dynamic analysis methods showed a good agreement with
the experimental deflections.
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Figure 2-25 Relationship between maximum mid-span deflection and drop height: a) S1616; b) S1322; and
¢) S2222 (Adapted from Kujikake et al., 2009)

2.5.1.3. Adhikary et al. (2014)

The purpose of this research by Adhikary et al. (2014) was to investigate the behaviour of
reinforced concrete beams under variable impact loads. In total, 24 beams were tested with an
identical cross-section measuring 150 mm by 250 mm and a concrete compressive strength of 40
MPa. The longitudinal reinforcement ratio on the tensile side was 0.84%. The main variable
parameters in this research were the shear reinforcement ratio (pspeqr = 0, 0.11%, and 0.15%),
loading rate (4 X 107%,4 X 1072,4 x 1071, and 2 x 10° m/s), shear span—depth ratio (a/d =
3.3 or 4.4), and the reinforcement ratio on the compressive side (p = 0 or 0.84%). Some of the
research conclusions can be summarized as follows:
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e The beams with a higher shear reinforcement ratio resulted in higher shear capacity when
compared to beams with lower shear ratio at the same strain rate.

e The ultimate resistance, energy absorption, and cracked stiffness increased with the
increase in the loading rate.

e Shear span-depth ratios were found to affect failure mode, since specimens with a lower
shear span-depth ratio of 3.3 failed in shear, while those with a higher ratio of 4.4 failed in
flexure. Specimens with a higher shear span-depth ratio resulted in a higher maximum
displacement at mid-span compared to the specimen with a lower shear span-depth ratio
(80 mm vs. 40 mm).

e The authors also investigated the effect of compressive reinforcement ratio, however no
clear trend was found due to limited and scattered data points.
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Figure 2-26 Load versus mid-span deflection of series specimens under varying loading rates
(Adapted from Adhikary et al., 2014)

2.5.2. RESEARCH ON BLAST PERFORMANCE OF FLEXURAL MEMBERS BUILT WITH
STEEL FIBRES OR HIGH-STRENGTH REINFORCEMENT

2.5.2.1.Magnusson et al. (2009)

This study by Magnusson et al. (2009) aimed to investigate the behaviour of high-strength concrete
beams with fibres under blast loading, and included experimental work and an analytical study. In
total, 49 beams were tested, with 38 beams tested under dynamic air-blast loading and 11 beams
tested under static loads. The dimensions of the beams were 160 mm x 300 mm x 1720 mm. The
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compressive strength of concrete varied from 40 MPa to 200 MPa, and all the beams were
reinforced with conventional longitudinal steel bars with nominal yield strength of 550 MPa. The
reinforcement ratio and steel fibre content were also varied. The details of the specimens can be
seen in Table 2-14. Several beams were also cast in two layers with two different concrete strengths.
A four-point load setup was used for the static test, and the dynamic load was simulated with a
shock-tube.

Table 2-14 Specimen details (Adapted from Magnusson et al., 2009)

Beam type Compressive Tensile Mechanical reinforcement | Reinforcement yield | Remarks
strength, £.: MPa reinforcement ratio, wg stress, f,: MPa

B40 43 5¢16 mm 0-34 604 —

B100(16) 109 5¢16 mm 0-14 604

B100(12) 81 4¢12 mm 0-081 555 —

B140 92 6¢p12 mm 0-10 544 —

B140F 90 6¢12 mm 0-10 544 Steel fibres (1-0 vol-%)

B140F/40 113/46 6¢p12 mm 0083 544 Two concrete layers, steel

fibres (1-0 vol-%) in the HSC

B150 133 6¢12 mm 0-075 555 —

B200 173 S5¢p16 mm 0-082 555 —

B200F 205 5¢16 mm 0-072 static test 604 Steel fibres (24 vol-%)
0-078 dynamic test 555 Steel fibres (24 vol-%)

B200/40 173/54 5¢16 mm 0-082 555 Two concrete layers

B200F/40 167/48 5¢16 mm 0-098 597 Two concrete layers, steel

fibres (2-4 vol-%) in the HSC

Figure 2-27 shows the static and dynamic test results. Observations and conclusions from this

research can be summarized as follows:

Increasing the reinforcement ratio and concrete strength resulted in a higher load capacity,
but also decreased the ductility of the beams.

The failure mode changed with an increase of the reinforcement ratio. The B100 (16)
specimen with 5 @ 16 mm reinforcing bars failed in shear with a larger deflection than the
B100 (12) specimen reinforced with 4 ®12mm steel bars.

Reinforcing the beams with steel fibres was found to slightly increase peak load,
significantly increase ductility, prevent a sudden drop in the load-resistance at failure, and
reduce crack widths. The same observations were made for both the static and dynamic
tests. Reinforcing the beams with steel fibres was also found to reduce the maximum and
residual displacement under dynamic loads.

Using two concrete layers of different strengths in the beams resulted in a reduction of
stiffness and peak load.

In comparing the failure modes of static tests and dynamic tests, the same type of beams
failed in different modes. Companion beams which failed in flexure in the static tests were
sometimes found to fail in shear in the dynamic tests.

Using steel fibres was found to be effective in preventing shear failures under dynamic
loading
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Figure 2-27 Static and dynamic load-deflection curve (Adapted from Magnusson et al., 2009)
2.5.2.2.Magnusson et al. (2010)

This second paper by Magnusson et al. (2010) presents the theoretical analysis of the beams
presented in the previous study by the same authors. The software Ansys Autodyn (Autodyn, 2003)
was used to analyze the beams and predict failure mode and maximum deflections.

Concrete in compression was modelled using the RHT material model proposed by Riedel (2000).
A bi-linear crack softening model proposed by Gylltoft (1983) and a linear crack softening model
were used for concrete in tension. The original J&C constitutive model proposed by Johnson and
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Cook (1983) and the modified J&C constitutive model proposed by Westerling (2005) were used
for longitudinal reinforcement. The bond stress—slip relationship was modelled using the CEB
(1993) and a modified model proposed by Magnusson (2000). The dynamic increase factor (DIF)
for concrete in compression and steel followed the CEB-FIP (1993) and Malvar and Crawford
(1998) models.

A summary of simulation cases is presented in Table 2-15. The mesh sizes for the beams with 12

mm and 16 mm reinforcement were 4 mm x 4 mm and 3.1 mm x 3.1 mm respectively.

Table 2-15 Summary of simulation cases (Adapted from J. Magnusson et al., 2010)

Simulated Tested beam Compressive Tensile Reinforcement Tensile rein- | Remarks
beam (Magnusson et al., | strength, f.: MPa strength, fo: yield strength, forcement
2009) MPa f,,: MPa

S40a B40 50 60 549 5¢16 mm Linear crack softening
Original J&C model

S40b B40 50 41 549 5¢16 mm Linear crack softening
Original J&C model

S40c B40 50 4-1 549 5¢16 mm

S40d B40 50 41 549 5¢16 mm Reinforcement interface

S100 B100(16) 109 50 549 5¢16 mm Reinforcement interface

S140F/40a B140F/40 113/46 6-5/3-5 523 6412 mm

S140F/40b | B140F/40 113/46 6-5/3-5 523 612 mm | Reinforcement interface

$200 B200 175 9:0 549 5¢16 mm Reinforcement interface

The simulated displacement—time history curves are shown in Figure 2-28. A summary of the
results and conclusions are as follows:

The RHT model combined with a bi-linear model for the crack softening of concrete in
tension were found to be suitable for dynamic analysis for both NSC and HSC elements.
Beam S40c, analyzed using the modified version of J&C material model resulted in more
accurate results when compared to Beam S40b, which was analyzed using the original J&C
model. This difference was attributed to the different ways in which strain-rate effects are
considered in the models (the original model uses a constant yield stress up to a strain of
1.0 s-1, while the modified models vary yield stress with strain rate).

Comparing predictions S40a and S40d, a better prediction of maximum displacements was
obtained when using a bilinear vs. linear strain softening model for concrete in tension.
However, the bilinear model results in a slightly stiffer stiffness.

The use of a modified bond model in the beam simulations gave good approximations of
the real bond behaviour in the beams.

Deflection, 4: mm
Deflection, &: mm

— Air blast test
— S§140Fi40a
- - S140F/40b

— Air blast test
— S40a

- - S40c 109

— - 540d

10 12 14 16 18 20

Time, t: ms

0 1 2 3 4 5 6 7 8 9 10 11 12 o 2 4 6 8
Time, t: ms

Figure 2-28 Sample simulated displacement-time history curves (Adapted from J. Magnusson et al., 2010)
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2.5.2.3.Burrell et al. (2015)

This purpose of this study by Burrell et al. (2015) was to investigate the behaviour of steel fibre-
reinforced concrete (SFRC) columns under blast loading. All the specimens had the same
dimensions of 152 mm x 152mm x 2468mm. The main variable parameters were concrete type
(concrete vs. SFRC), transverse reinforcement spacing (38 mm and 75 mm; non-seismic and
seismic), fibre content (0 - 1.5%), fibre type. Each column was subjected to varying degrees of
blast load simulated by a shock-tube until failure. The driver pressures of Blasts 1, 2 and 3 were
10psi, 35psi, 80psi, respectively, with a 9ft driver length. RCBlast software, based on a single-
degree-of-freedom approach, was used for theoretical analysis.

Figure 2-29 shows sample comparisons of maximum and residual displacements at Blast 3. The
following conclusions can be drawn from this study:

e SFRC resulted in a better control of maximum and residual displacement and an increase
in damage tolerance, such as the reduction of secondary fragmentation, when compared to
conventional concrete.

e Increasing the fibre content from 0.5% to 1.5% was effective in better controlling
displacements at equivalent loads. Furthermore, use of 1% or more fibres was able to match
the response of a conventional concrete column with seismic detailing.

e The use of seismic detailing (reduced transverse reinforcement spacing) was able to reduce
displacements and prevent rebar buckling, thus allowing the columns to sustain a larger
blast load before failure.
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Figure 2-29 Comparison of displacements at Blast 3: a) effect of seismic detailing, b) effect of fibres
(Adapted from Burrell et al., 2015)

2.5.2.4. Thiagarajan et al. (2014)

This study by Thiagarajan et al. (2014) investigated the performance of doubly reinforced concrete
slabs under blast loads. Four slabs were included in this research, and all the specimens had the
same dimensions of 1652 mm x 857 mm x 102 mm. The four specimens included slabs with: HSC
and high-strength reinforcement (HSC-VR), HSC and normal-strength steel reinforcement (HSC-
NR), normal-strength concrete with high-strength reinforcement (NSC-VR), and normal-strength
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concrete with normal-strength reinforcement (NSC-NR). The specimens were reinforced with 9.5
mm diameter bars in the top and bottom layers with a spacing of 102 mm and 305 mm along the
length and width of the slabs, respectively. Software LS-DYNA was used for the FEM analysis of
the slabs. Various material models and mesh sizes were considered in the analysis. The experiment
results and numerical results are shown in Figure 2-30. Some of the observations from the results
are as follows:

e High-strength concrete and high-strength reinforcement showed improvement in
maximum displacement control. The best results were obtained when both high-strength
concrete and steel were used, with benefits also associated with the use of either high-
strength steel bars or high-strength steel bars. The displacements of NSC-VR, NSC-NR,
HSC-VR, HSC-NR were: 129 mm, 221 mm, 122 mm, and 140 mm, respectively.
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Figure 2-30 Experiment and numerical results
(Adapted from Thiagarajan & Kadambi et al., 2014)

2.5.2.5.5tolzetal. (2014)

The purpose of a study by Stolz et al. (2014) was to investigate the static and dynamic behaviour
of ductile DUCON concrete slabs reinforced with normal-strength or high-strength reinforcement
having tensile strengths of 350-400 MPa and 750-850 MPa. The compressive strength of concrete
was 100-130 MPa. There were three types of configurations, with three specimens included in
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each configuration; the specimens varied in terms of plate thickness, mesh size and micro malt
reinforcement ratio. For the static test, all the specimens had a 60 cm clear span and 10 cm width
and were tested under four-point bending. For the dynamic test, the specimens had a width of 1.14
m, a clear span of 2.31 m with loading applied using a shock-tube. The applied loading levels were
35 kPa, 40 kPa, 67 kPa, 104 kPa, 147 kPa, 200 kPa and 250 kPa. In addition, single-degree-of-
freedom analysis with derivation of resistance functions were used to derivate the elastic and
fracture limits of the slabs in the form of pressure-impulse diagrams for each loading level. The
limit and fracture limit were plotted together with experimental pressure and impulse. The damage
level was determined from the experiments. Some of the observations and conclusions are as
follows:

e Slabs with a larger depth resulted in a higher capacity and similar ductility, defined by the
ratio of ultimate and elastic displacements.

e Use of high-strength steel resulted in reduced mid-span displacements and were more
effective in controlling cracking.

e The slabs with less reinforcement had more ductility compared to the specimens with a
higher amount of reinforcement. It was also found that specimens with higher
reinforcement ratios had higher dynamic bending strengths

e All the specimens were observed to have similar damage levels and distribution at failure.

e The crack pattern under dynamic load was close to the static test result.

2.6. SUMMARY

This chapter presented a literature review related to the materials used in this research study and
the effects of high-strain rate loading on material properties. It also reviewed previous studies on
beams reinforced with high-strength steel and/or fibres under static and dynamic loading. Some
conclusions can be summarized below:

e High-strength concrete (HSC) and high-strength (HS) steel reinforcement show distinct
properties when compared to normal-strength concrete and steel. In particular, the high
strength of these materials is associated with reduced ductility. In the case of HSC, the
addition of steel fibres can be used to reduce brittleness in compression, while also
enhancing tensile resistance. Models for predicting the stress-strain behaviour of HSC,
HSFRC and high-strength reinforcement were introduced in this chapter. In the case of HS
steel the ACI ITG-6R model, Mast et al. can be predicted the stress-strain relationship of
MMFX steel.

e Application of dynamic loading results in an increase in the strength of concrete and steel,
which can be accounted for using dynamic increase factors (DIF). DIF models for concrete
in compression/tension, HSFRC and steel reinforcement were reviewed. The CEB model
for concrete in compression predicts a reduction in strain-rate sensitivity for HSC when
compared to NSC, while other models neglect this effect due to high scatter in experimental
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data. The DIF of steel is more significant at yield than ultimate. There is no research on the
DIF of ASTM A1035 steel, however the Malvar (1998) study shows that the DIF reduces
as the steel strength grade is increased.

Current research on beams reinforced with ASTM A1035 steel has focused primarily on
shear behaviour, where studies show that the use of this high-strength steel as longitudinal
or transverse reinforcement increase shear resistance. For flexure, the use of high-strength
steel results in an increase in ultimate capacity. However, the response of such beams can
be brittle, with no distinct yield plateau owing to the stress-strain behaviour of this steel
type. Research on the cyclic response of beams reinforced with ASTM A1035 steel bars
shows that use of high-strength steel can increase peak moment capacity, although ductility
can reduce. It is also noted that limited research has been conducted on HSC beams
reinforced with high-strength bars.

In general, using yield strengths of 690 and 550 MPa for analysis results in conservative
predictions of the ultimate moment capacity of beams reinforced with ASTM A1035 bars.
Provision of steel fibres enhances the response of high-strength concrete beams by
increasing shear capacity. In flexure fibres result in an increase in HSC beam ductility.
Limited research has been conducted to examine the flexural response of HSFRC beams
reinforced with high-strength steel bars.

Research on reinforced concrete beams tested under impact and blast loading indicates that
member strength increases under dynamic loads. Research also shows that increasing the
reinforcement ratio can change the failure mode of reinforced concrete beams from flexure
to shear under dynamic loading.

A limited number of studies have investigated the blast response of HSFRC structural
members. Research on SFRC columns shows that fibres reduce maximum and residual
displacements and improves damage tolerance under blast loading. Research on beams
shows that fibres are effective in preventing shear failure under dynamic loading.

Limited studies have examined the blast behaviour of reinforced concrete members
containing high-strength (HS) steel. Research on NSC and HSC slabs indicates HS
reinforcement can reduce maximum displacements under blast loading. There are no
studies in the literature on the blast behaviour of HSFRC members reinforced with high-
strength steel bars.
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CHAPTER 3. EXPERIMENTAL PROGRAM

3.1. CHAPTER OVERVIEW

This experimental project examines the blast and static performance of reinforced concrete beams
constructed with high-strength concrete and high-strength steel reinforcing bars. As part of the
study, eight beams were tested under simulated blast loading using the University of Ottawa
Shock-tube, and three companion beams were tested under quasi-static four point bending. The
parameters investigated include the effect of concrete strength, the effect of steel fibres, and the
effect of the ratio and strength of the longitudinal steel-reinforcement.

This chapter outlines the details of the experimental program and provides information regarding
the beam designs, material properties, experimental setups and test procedures.

3.2. SPECIMEN SPECIFICATIONS

A total of eleven beams were included in this research study. Eight of the beams were tested under
simulated blast loads. Among the dynamic beams, two beams were constructed with normal-
strength, self-consolidating concrete (SCC), three beams were built with high-strength concrete
(HSC), and three beams were built with high-strength fibre reinforced concrete (HSFRC). The
remaining three beams consisted of a companion set of high-strength concrete (HSC) beams which
were tested under quasi-static loads. In all cases the beams were built with high-strength steel
reinforcing bars.

As shown in Figure 3-1, all specimens had a length of 2440 mm, a depth of 250 mm and a width
of 125 mm. The specimens were tested under four-point bending over a simply-supported span of
2232 mm, with shear spans of 741 mm. The longitudinal reinforcement consisted of two ASTM
A1035 Grade 100 (MMFX) bars which varied in size to examine effect of reinforcement ratio (p):
2-No. 4,2 -No. 5 or2-No. 6 American size bars (p =0.9%, 1.5% and 2.2%). In order to provide
proper development length, the No.4 and No.5 bars were detailed with 90° hooks. Due to difficulty
in bending larger diameter high-strength reinforcement, the No.6 bars were kept straight and
extended over the entire length of the beams. All beams contained transverse reinforcement which
consisted of stirrups made from 6.3 mm smooth steel wire. This shear reinforcement was spaced
at 100 mm in the shear spans. In order to facilitate construction and placement of the stirrups 2 -
6.3 mm bars were also provided as compression reinforcement (these bars did not extend beyond
the shear spans). In all cases the bottom clear cover to the stirrups was kept at 35 mm. The HSFRC
specimens were built with high-strength concrete reinforced with a volumetric ratio of 1% of
hooked-end steel fibres (78 kg/m?).

The specimens can be divided into three categories based on concrete type, which include the:
SCC series, HSC series and HSFRC series. Table 3-1 shows a summary of the design details for
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the various beams in this research study, including concrete type, fibre content, steel reinforcement
details and loading type (D = Dynamic, S = Static). Nomenclature for the specimens follows the
following logic:

CONCRETE TYPE —F(FIBRE CONTENT)- SIZE OF REINFORCING BARS- STIRRUP

For example, SCC-F0-#4-S 1is the label for a beam constructed with plain normal-strength self-
consolidating concrete (SCC) and reinforced with No.4 MMFX steel bars and stirrups. Similarly,
HSC-F1-#4-S is the label for a beam constructed with high-strength concrete containing 1% steel
fibres (i.e. HSFRC), and containing No.4 MMFX bars and stirrups.

Table 3-1 Specimen matrix

Fibre Longitudinal Transverse
. . Concrete . . . Load
Series Specimen ID Type content Reinforcing | Reinforcement Type
yp Vi (%) Bars yp
) SCC-F0-#4-S 2 -No.4
SCC Series SCC D
SCC-FO-#5-S 2 -No.5
HSC-F0-#4-S 0 2 -No.4
HSC Series HSC-FO-#5-S 2-No.5 6.3 mm stirrups | D&S
HSC-FO-#6-S HSC 2 -No.6 @ s =100 mm
HSC-F1-#4-S 2 -No.4
HSFRC Series HSC-F1-#5-S 1% 2 -No.5 D
HSC-F1-#6-S 2 -No.6
. 741 mm " 750 mm N 741 mm
1 1 1 T
] | || _
i 41 njn 100 I\i I
} 2440 }
3mm 3mm ~6.3mm
A bar pr bar A bar
|6 3rm 6 3mm |6 3mm
8 stimup B stimup % stirrup
o L Lo 4 bars o L,Nw bars o er 6 bars
—¥n —*tw —Iws
125 125 125

Figure 3-1 Specimen dimensions and reinforcement details
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3.2.1. THE SELF-CONSOLIDATING CONCRETE (SCC) SERIES

The self-consolidating concrete (SCC) series included two dynamic specimens: SCC-FO-#4-S and
SCC-F0-#5-S. No static beams were included in this series. Both specimens were constructed with
plain normal-strength SCC and were reinforced with stirrups in the shear spans. The only
difference between them was that they were reinforced with different sized high-strength
longitudinal steel bars. The SCC-FO-#4-S beam was reinforced with 2 - No.4 MMFX steel bars,
while the SCC-FO-#5-S beam was reinforced with 2 - No.5 MMFX steel bars.

3.2.2. THE HIGH-STRENGTH CONCRETE (HSC) SERIES

The high-strength concrete (HSC) series consisted of three dynamic specimens and three
companion static specimens: HSC-FO-#4-S, HSC-FO-#5-S, HSC-FO-#6-S. These specimens were
constructed with plain high-strength concrete (HSC) and were reinforced with 2 - No.4, 2 - No.5,
and 2 - No.6 MMFX steel bars respectively. Stirrups were included in the shear spans for all
specimens.

3.2.3. THE HIGH-STRENGTH FIBRE REINFORCED CONCRETE (HSFRC) SERIES

This series included three beams which were tested under dynamic loading. The HSC-F1-#4-S,
HSC-F1-#5-S and HSC-F1-#6-S specimens were built using high-strength fibre reinforced
concrete (HSFRC) and reinforced with stirrups and 2 - No.4, 2 - No.5, and 2 - No.6 MMFX steel
bars, respectively. No static beams were included in this series. The only difference between the
companion specimens in the HSFRC and the HSC series was the concrete type, with the HSFRC
beams built with HSC containing 1% steel fibres by volume of concrete (78 kg/m?).

3.3. MATERIALS

This section provides details regarding the materials used in this study. The sub-sections that
follow summarize the properties of the different concrete mixtures, steel fibres, and steel
reinforcement used in the construction of the beam specimens.

3.3.1. CONCRETE PARAMETERS

Three types of concrete mixtures were used in this study. All concrete was mixed using a large
pan-mixer at the University of Ottawa Structures Laboratory. The normal-strength concrete
specimens were cast using a self-consolidating concrete (SCC) mix. Table 3-2 shows the properties
of the pre-packaged MS-S10 SCC mix (manufactured by King Packaged Materials Company).
The mix has a specified strength of 40 MPa, maximum aggregate size of 10 mm, a fine-to-
aggregate ratio of 0.55 and contains admixtures in the form of dry powder. This mix has similar
hardened properties to those of conventional concrete, but does not require consolidation during
casting due its self-levelling properties.
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Table 3-3 shows the properties of the HSC and HSFRC mixtures used in this study. The same base
mix with a target strength of 100 MPa was used for both concretes with the only difference being
an increased amount of super-plasticizer and provision of 1% steel fibres (78 kg/m?) in the HSFRC
mixture. The base mix consisted of Type 1 (GU) Portland cement, silica fume, slag, two sizes of
coarse aggregate (19 mm and 9.5 mm), sand, water and admixtures which included a set-retarder
and super-plasticizer. As noted previously, to ensure adequate workability when adding fibres,
more super-plasticizer was used for the HSFRC mix.

Table 3-2 KING SCC mix properties

Component Content
HSF Cement 500 kg/m? of concrete
Coarse Aggregate 765 kg/m® of concrete
Fine Aggregate 915 kg/m’ of concrete
Mass Density 2300 kg/m’

Table 3-3 HSC and HSFRC mix properties

Component Content Content (For two beams)
Portland Cement (GU) 440.3 kg/m’ 67.14 kg
Slag 193.6 kg/m’ 29.52 kg
Coarse Aggregate 1 (19 mm) 661 kg/m’ 100.8 kg
Coarse Aggregate 2 (9.5 mm) 661 kg/m’ 100.8 kg
Silica Fume 56.7 kg/m’ 8.64 kg
Sand 872.1 kg/m? 133 kg
Water 185.6 kg/m? 28.3 kg
Retarder 3.3 L/m? 0.5L
Super Plasticizer 13.1 L/m’ 2Lor22L
Steel fibres (V=0 or 1%) 0 or 78 kg/m® of concrete Oor11.43 kg
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Figure 3-2 Materials used in the base HSC mix

3.3.2. STEEL REINFORCEMENT PARAMETERS

Two types of steel reinforcement were used for this research, including high-strength ASTM
A1035 Grade 100 (also called MMFX) bars with varied sizes (used as longitudinal reinforcement),
and 6.3 mm steel wire (used for the shear reinforcement and top bars).

Table 3-4 summarizes the properties of the steel used in the current study, including identification,
type of reinforcement, bar diameter, bar area, as well as strain and strength at yield (ey and fy) and
ultimate state (e, and fu). All samples were tested in direct tension using the 600 kN GALDABINI
universal testing machine shown in Figure 3-3. Figure 3-4 shows stress-strain curves for three
samples for each bar type, and Figure 3-5 compares typical stress-strain relationships for the 6.3
mm wire and the No. 4, 5 and 6 MMFX reinforcement. The 6.3 mm steel reinforcement shows a
yield plateau allowing for identification of the yield point. On the other hand, the high-strength
MMEFX steel reinforcement shows a roundhouse curve with no clear yield point; the 0.2% offset
method was used to determine the yield strain and stress for this reinforcement type.

The smooth steel wire was used for the top reinforcement and stirrups. This reinforcement had a
diameter (dy) of 6.35 mm, cross-sectional area (Ap) of 32 mm?, an average yield stress of 577 MPa
at a strain of 0.0028, with an average ultimate stress of 645 MPa at a strain of 0.0701 mm/mm.
The average strain at rupture was 0.16 mm/mm.
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The American size No.4, No.5, and No.6 MMFX steel bars, with diameters of 12.7, 15.9, and 19.1
mm, and cross-sectional areas of 129, 200 and 284 mm?, were used for the bottom longitudinal
steel reinforcement in the beams. These reinforcing bars were found to have average yield
strengths of 904 MPa, 929 MPa, and 855 MPa at strains of 0.0067 mm/mm, 0.0070 mm/mm and
0.0066 mm/mm, respectively. They had ultimate strengths of 1077 MPa, 1217 MPa, and 1153
MPa at strains of 0.0560 mm/mm, 0.0485 mm/mm and 0.0528 mm/mm, respectively. As seen in
Figure 3-5, the No.4 MMFX bar were more ductile when compared to the No.5 and No.6 MMFX
bars.

This research program is a companion to a study conducted by Algassem (2016) which examined
the blast performance of HSC and HSFRC beams built with conventional (grade 400 MPa) steel
reinforcement. Figure 3-4 compares the stress-strain response of the high-strength No. 4, 5 and 6
bars with the stress-strain response of the regular grade No. 4, 15M, and 20M bars used in
Algassem's study; it is noted that MMFX bars show higher strength, but more brittle behaviour
when compared to the conventional steel reinforcing bars.

Table 3-4 Steel reinforcement mechanical properties
Bar Yield Ultimate
ID  Steel Reinforcement Diameter Bar Area  Strain  Strength  Strain Strength
dymm) A,(mm?> &,  f,(MPa) g  f MPa)

6.3NS Non-deformed 6.35 32 0.0028 577 0.0701 645
No.4 MMEFX2 12.7 129 0.0067 904 0.0560 1077
No.5 MMEFX2 15.9 200 0.0070 929 0.0485 1217
No.6 MMEFX2 19.1 284 0.0066 855 0.0528 1153

Figure 3-3 GALDABINI Universal F loor étanding Testing Machine; testing steel rebar
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Figure 3-4 Steel reinforcement stress-strain relationships for different bar types and sizes
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Figure 3-5 Typical steel reinforcement stress-strain relationships

3.3.3. STEEL FIBRE PARAMETERS

In this research, one type of hooked-end steel fibre was used for all HSFRC specimens.
Photographs of the ZP fibres manufactured by BEKAERT under the Dramix ZP305 (3D) brand
are shown in Figure 3-6. These fibres had length (L¢) of 30 mm, diameter (df) of 0.55 mm, aspect
ratio (L¢/dr) of 55 and tensile strength of 1350 MPa.

Table 3-5 Steel fibre properties

. . Length  Diameter Aspect Ratio Tensile Strength
Fibre ID Fibre Name I (mm) de (mm) (mm/mm) (MPa)
ZP ZP 305 30 0.55 55 1350

At

a) ZP 305 fibre

Figure 3-6 Steel fibre photographs
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3.4. CONSTRUCTION OF TEST SPECIMENS

The beams used in this research were all constructed at the University of Ottawa Structures
Laboratory. Construction followed these steps: preparing the formwork, bending the steel
reinforcing bars and stirrups, applying the strain gauges, forming the steel cages, casting of the
concrete and curing of the specimens.

3.4.1. PREPARATION

Twelve 250 x 2440 mm sheets of 19 mm thick plywood and several 38 x 64 mm wood studs were
used to construct the formwork used to cast the beam specimens. The form allowed for the casting
of 5 specimens at one time. Wood studs were placed at regular spacing along the form side-walls
to provide lateral support to the formwork during casting. Prior to placing the steel cages, plastic
chairs were used to keep a clear cover of approximately 50 mm to the tensile side of the main steel
longitudinal reinforcement (clear cover of approximately 35 mm to stirrups). Using a brush, motor
oil was spread into each row of the form to allow for easier removal of the specimens and to avoid
damaging the formwork so that it could be reused. Figure 3-7 (a) shows a photograph of the
formwork after construction. The No.4 and No.5 MMFX longitudinal bars were bent to have 90°
hooks with hook extensions of 170 mm. The No.6 MMFX bars were found to be too strong to
bend using the bending machine in the structures laboratory; therefore, they were kept straight but
extended beyond the supports over the entire 2440mm length of the beams. Strain gauges were
installed in the mid-span of the steel reinforcing bars of all dynamic and static beams to monitor
the strains in the longitudinal reinforcement. Cages were made using the MMFX longitudinal bars,
with the 6.3 mm reinforcement used for the top bars and stirrups. The stirrups were placed at a
spacing of 100 mm in the shear span (41 mm at the beam ends). Figure 3-7 (b) includes a
photograph of the cages after construction. This photograph shows, from left to right, cages
reinforced with No.6 MMFX bars, No.5 MMFX bars, and No.4 MMFX bars.

a) Formwork b) C;ges .
Figure 3-7 Preparation of formwork and cages after construction
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3.4.2. MIXING AND CURING

Concrete was mixed at the University of Ottawa Structures Laboratory using a large pan mixer, as
shown in Figure 3-8. The pre-packaged SCC series materials could be poured directly into the pan
mixer and only required addition of water during mixing. On the other hand, the HSC and HSFRC
mixtures required the weighing of specific materials before they could be poured and mixed in the
pan mixer. Enough material to cast two beams was used for each batch. To ensure homogeneous
mixing, materials were put into the pan mixer in this order: half of the coarse aggregate, half of
the fine aggregate (sand), half of the cement, slag, silica fume and the remaining half parts of the
materials. Then, the dry material was mixed for about five minutes before adding water that was
pre-mixed with retarder and super plasticizer. Mixing continued for 5 minutes after addition of the
water for the plain SCC and HSC mixtures. In the case of the HSFRC mixtures, the fibres were
added gradually over 1 minute after the HSC mix became uniform, and mixing continued for 2
minutes after completing the fibre addition to ensure uniform fibre distribution. After the mixing
process was completed, the concrete was poured into a wheelbarrow, and shovels were used to
transfer the concrete to the forms. A vibrator was used to consolidate the concrete in the beam
forms (for HSC and HSFRC beams only). Concrete cylinders and flexural beam prisms were also
cast to determine the properties of each concrete batch. After levelling the beams, the specimens,
cylinders and prisms were covered with wet burlap and plastic sheets to cure for seven days. At
the end of this seven-day period, the beams were removed from the forms and air-cured in the
structures laboratory until the testing day.

Figure 3-8 Concrete pan mixer used to cast all beams

3.4.3. FRESH STATE PROPERTIES

Slump flow tests for the SCC series were conducted according to the ASTM C1611 “Standard Test
Method for Slump Flow of Self-Consolidating Concrete”. After mixing, the slump cone mould
was filled with SCC without compaction, and the top of the concrete was levelled. Next, the mould
was raised and there was a wait period until the fresh concrete stopped flowing. The maximum
diameters in the two perpendicular directions (d1 and d2) were recorded, and the average of the
two diameters was recorded as the slump flow.
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Slump tests for the HSC and HSFRC series were completed in accordance with the ASTM C143
“Standard Test Method for Slump of Hydraulic-cement Concrete.” Using a scoop, the concrete
was placed in the slump cone mould in three layers, and each layer was consolidated 25 times
using a metal rod having circular cross-section. After levelling the top of the concrete, the mould
was lifted and the slump was measured as the vertical distance between the upper part of the mould
and the top of the concrete.

Figure 3-9 shows sample photographs of the concrete after the slump tests, and Table 3-6 provides
a summary of the slump test values for the batch used for each beam specimen. As shown in Figure
3-9, the SCC mix showed high flowability and this mix did not require vibration during casting of
the beams. Due to the addition of super plasticizer the HSC showed high slump. As expected the
addition of fibres reduced this slump value, which translated into a reduction of workability for
the HSFRC when compared to the HSC during casting. Nonetheless the fibre-reinforced concrete
remained uniform, and workability was acceptable during casting.

Table 3-6 Concrete fresh state properties

Specimen ID Concrete Mix Bar Type Load Fibl.'e Sump
type Ratio (mm)
SCC-F0-#4-S SCC #4 D 0.00% 630/640
SCC-FO-#5-S SCC #5 D 0.00% 630/640
HSC-FO-#4-S HSC #4 D 0.00% 240
HSC-FO-#5-S HSC #5 D 0.00% 240
HSC-FO-#6-S HSC #6 D 0.00% 240
HSC-F1-#4-S HSC #4 D 1.00% 180
HSC-F1-#5-S HSC #5 D 1.00% 180
HSC-F1-#6-S HSC #6 D 1.00% 180
HSC-F0-#4-S HSC #4 S 0.00% 230
HSC-FO-#5-S HSC #5 S 0.00% 230
HSC-FO-#6-S HSC #6 S 0.00% 230

a) SCC - 0% b) HSC-0% ¢) HSFRC-1%
Figure 3-9 Typical photographs of concrete after slump tests
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3.4.4. HARDENED STATE PROPERTIES

For each mix, several cylinders and flexural concrete prisms were prepared during casting. Three
cylinders with a diameter of 100 mm and a height of 200 mm were tested at the University of
Ottawa Structures Laboratory to determine the compressive strength of each batch at 28 days. The
cylinders were tested under pure axial compression using a 1000 KN PILOT compression machine.
Table 3-7 shows the compressive strength of the three cylinders for each beam specimen, as well
as their averages. Cylinders from each batch were also tested to determine the complete
compressive stress-strain response of the SCC, HSC and HSFRC, with axial strains captured using
an extensometer with 140 mm gage length which was attached to the cylinder specimens. Typical
stress-strain curves are shown in Figure 3-11. Typical photographs of cylinders after testing are
shown in Figure 3-12. As expected the HSC showed very brittle response with explosive failure
after reaching peak stress. In contrast the provision of fibres allowed the high-strength fibre-
reinforced concrete to carry stresses beyond peak and prevented brittle crushing of the concrete
with gradual failure.

F'ig"ilre 3-10 Cylinder testing setup

Table 3-7 Concrete compressive strength summary

. Concrete  Bar Load Fibre Cylinder Test
Specimen ID . . .
Mix Type type Ratio Compressive Strength (MPa)

#1 #2 #3 Avg.
SCC-F0-#4-S SCC #4 D 0.00% 60.46 55.53 69.5 61.83
SCC-FO-#5-S SCC #5 D 0.00% 60.46 55.53 69.5 61.83
HSC-F0-#4-S HSC #4 D 0.00% 101.33 95.11 92.75 96.40
HSC-FO-#5-S HSC #5 D 0.00% 101.33 95.11 92.75 96.40
HSC-FO-#6-S HSC #6 D 0.00% 87.82 104.48 / 96.15
HSC-F1-#4-S HSC #4 D 1.00% 110.42 103.89 97.7 104.00
HSC-F1-#5-S HSC #5 D 1.00% 110.42 103.89 97.7 104.00
HSC-F1-#6-S HSC #6 D 1.00% 99.19 106.08 933 99.52
HSC-FO-#4-S HSC #4 S 0.00% 99.48 90.57 / 95.0
HSC-FO-#5-S HSC #5 S 0.00% 99.48 90.57 / 95.0
HSC-FO-#6-S HSC #6 S 0.00% 99.48 90.57 / 95.0
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Figure 3-11 Typical concrete stress-strain relationships for cylinder samples
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Figure 3-12 Sample concrete cylinder testing failures
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Flexural prisms for each batch were also tested under third-point loading to evaluate the flexural
strength and toughness of concrete, according to the ASTM C1609 standard test method. The
dimensions of the flexural beams were 100 mm by 100 mm by 400 mm, with testing conducted
over a span of 300 mm. As specified in ASTM C1609, the initial loading rate is varied from 0.025
mm/min to 0.075 mm/min, and beyond a net deflection of /900, the rate of increase can be take
between 0.05 to 0.2 mm/min. A constant loading rate under deflection control of 0.075 mm/min
was used during testing. The deflections were measured at midspan using a "yoke" and LVDT as
specified in the ASTM C1609 method, as seen in Figure 3-13. Results from the ASTM 1609
toughness tests are listed in Table 3-8, and typical load-deformation curves can be seen in Figure
3-14. As expected the plain SCC and HSC showed linear elastic response with brittle failure after
first cracking. In contrast, the addition of fibres allowed the HSFRC to carry stresses beyond
cracking, with enhanced flexural toughness when compared to the plain HSC.

Flgure 3 13'Flexural beam testlng setup
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Table 3-8 Results from the ASTM C1609 toughness tests

ASTM C1609
ConcreteMix| Py | &, | Py, | &, | f4 fp Pgoo f600 Piso | fis0 | Tiso
SCC Series 2341 0.10 | 23.4 | 0.10 | 7.02 7.02 - - - - 1.6
HSC Series 31.8 |1 009 | 31.8 | 0.09 | 9.54 9.54 - - - - 1.86
HSFRC Series | 32.5 | 0.06 | 32.5 | 0.06 | 9.75 9.75 13.8 4.14 4.8 1.44 22.96

L = Span length

L = Span Length (300 mm), (L/600 = 0.5, L/150 =2) B = 5 = Mot dafiction ot Fesk wnd Frst:Peok Loads
P1: First-Peak Load (kN) lp; fi = Peak Strength and F\rst—l?eak Strength
8= Net Deflection at First-Peak Load (mm) o™ EES:UF‘: ;Dad a:hne: de?:c:m:f U:Tm
Pp: Peak L()ad (kN) fbgn: EST ual Strength at ne! e.e ion of
Sp: Net Deﬂection at Peak LOﬁd (1’1’11’11) Pp= Pyacee Py, = Residual Load at net deflection of L/150

fi= First-Peak Strength (MPa)

f,= Peak Strength (MPa)

Psoo= Residual Load at net deflection of L/600 (kN)

foo0= Residual Strength at net deflection of L/600 (MPa)

Pys0= Residual Load at net deflection of L/150 (kN)

Fis0= Residual Strength at net deflection of L/150 (MPa)

T,so= Area under load vs. net deflection curve (0 to L/150), (kN*mm)
FT = Flexural Toughness Factor = (T 50*L)/(L/150 *b*d?)

fn?u = Residual Strength at net deflection of L/150

T“;D = Area under the load vs. net deflection curve 0 to L/150

Net Deflection
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Figure 3-14 Flexural beam load-deflection curve samples
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3.5. EXPERIMENTAL SETUP
This sub-section describes the various equipments used in the experiments, including the shock-
tube, load transfer device, instrumentation, data acquisition equipment, and high-speed cameras
which were used for the dynamic tests. In addition, the sub-section discusses the setup and
instrumentation used in the static tests.

3.5.1. SHOCK-TUBE

The University of Ottawa shock-tube is capable of simulating shock waves generated by
hemispherical free air surface bursts of high explosives (Lloyd et al., 2010). As shown in Figure
3-15 to Figure 3-17, the shock-tube contains four sections: the variable-length driver, the spool
section, the expansion chamber, and the rigid end test frame.

The driver length varies in size from 305 mm (1 ft) to 5158 mm (17 ft) and is used to control the
positive phase duration of the shock wave. In the current study the driver length was kept constant
at 2745 mm (9 ft). The spool section is composed of a double diaphragm firing system. Aluminum
sheets with specified gauge thickness are added for each blast, with one set placed between the
driver and the spool section, and the other set installed between the spool and the expansion
chamber. The thickness of the foils depended on the target driver pressure. The expansion section
increases the shock-tube section from a 597 mm diameter circular section to a 2032 mm square
section over a length of 6096 mm. The rigid end test frame and load-transfer device (LTD) are
used to attach the beam specimens to the shock-tube.

Prior to firing, air pressure was pumped into the driver and spool sections separately. The proper
thickness of aluminum sheets was selected to avoid the rupture of foils before the desired pressure
was reached. After reaching this pressure, the next step was to release the pressure from the spool
section. The differential pressure between the driver and the spool section results in the rupture of
the foils releasing the pressure into the expansion chamber, which then transfers pressure to the
LTD and beam specimens as discussed in the next section.
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3.5.2. LATERAL LOAD TRANSFER DEVICE

The lateral load transfer device (LTD) was used to redirect the blast pressure generated by the
shock-tube to two concentrated loads which were then applied on the beams. The LTD can be seen
in Figure 3-18 in detail with the rigid end test frame. The test fixture closely replicates the load
and support conditions used for the static tests. The lateral load transfer device is composed of two
side-by-side rigid steel panels (2032 mm x 1000 mm), which are used to cover the entire 2 m x 2
m opening. Two I-steel load-transfer beams with dimensions of 160 mm x 165 mm x 1200 mm
are attached to the LTD to transfer the blast loads as two concentrated point loads. Sliding hinges
are provided near the top and bottom supports, allowing free lateral movement of the middle
portion of the LTD without causing reactions at the hinge locations (Jacques, 2016), as can be seen
in Figure 3-19.

/
(

\\

Figure 3-18 Isotropic view of lateral load transfer device
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Figure 3-19 Lateral load transfer device section details
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3.5.3. SUPPORTS

The boundary conditions in the setup simulate simply supported conditions with loads applied as
two point loads over a constant moment region of 750 mm and two shear spans of 741 mm. The
setup for both the top support and bottom support was the same, and consist of front and rear
support components. The front portion of the supports consists of a 1000 mm long square 152 x
152 mm square HSS section welded with a circular load cell, and is tightened using four 19 mm
diameter threaded steel rods. The rear supports consist of 500 mm long 51 mm x 51 mm square
HSS and a smaller 440 mm long HSS section which simulates a roller condition. The load cells
recorded the reaction load histories during each blast. Figure 3-20 shows a photograph at the test
setup and the details of the support setup. Figure 3-21 shows the shape of the lateral load transfer
device before and after testing.

Figure 3-20 Lateral load transfer device
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a) Before testing b) During testing
Figure 3-21 Lateral load transfer device
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3.5.4. LINEAR VARIABLE DISPLACEMENT TRANSDUCERS (LVDT)

Two Celesco CLWF-300 linear variable displacement transducers (LVDT) with a stroke length of
300 mm were installed at mid-span and at 1/3 of the distance along the clear span of the beam
specimens to measure the displacement time histories of the beams under dynamic loading. The
LVDT at the mid-span was generally used to report the maximum and residual displacement of
the beams. The displacements recorded at the 1/3 span provided a back-up in case of malfunction
of the mid-span LVDT (in case of failure, the data collected by the LVDT at the 1/3 span could be
used to estimate the mid-span displacements using geometric scaling relationships obtained using
stills from the high-speed videos). Another LVDT was placed at the bottom of the shock-tube to
measure the displacement of the shock-tube.

3.5.5. STRAIN GAUGES

One strain gauge was installed at the mid-span of one reinforcing tensile bar in each specimen.
The FLA-6-350-11 strain gauges had a length of 6 mm and a resistance of 350 ohms. Figure 3-22
shows the location of the strain gauge in each beam specimen.

Side view:
741 mm N 750 mm Y 741 mm
1 1 T T
SG
|
L 2440 4\'
Top view:
I s | [ [ T [ [ T T
4L 2232 L
i 2440 4[

Figure 3-22 Strain gauge location

3.5.6. DATA ACQUISITION SYSTEM
A Yokogawa SL 1000 High-speed Data Acquisition system was used to record the data at 100,000
Hz (100,000 data items per second) during the dynamic testing. The data acquisition machine,
together with the LVTDs and pressure sensors allow for continuous recording of the pressure,
strains, and displacement time histories.
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Two pressure measurement devices were installed at the side and bottom of the shock-tube end
frame and connected to the data acquisition system. This instrumentation was used to record
pressure-time histories for each simulated blast wave and to send a trigger signal to record the data.

An AOS Technology X-PRI high-speed camera was used to record videos of the behaviour of the
beams during the testing. The camera is capable of recording 500 frames per second with an 800
x 600 resolution. During the testing the camera was placed on the side of the beam specimens.

3.5.7. SETUP FOR STATIC TEST

The four-point bending load setup shown in Figure 3-23 was used to test all the three companion
static beams in this study, which include the HSC-FO-#4-S, HSC-FO0-#5-S and HSC-F0-#6-S
specimens. The setup is similar to the load setup used in the dynamic tests. As shown in Figure
3-24, all the beams were simply supported over a length of 2232 mm. The distance between the
two concentrated loads was 750 mm, resulting in a central constant moment region of 750 mm and
shear spans of 741 mm. The load was applied using a hydraulic jack connected to a circular load
cell. A linear variable displacement transducer (LVDT) and a displacement cable transducer (DCT)
were placed at the center of the beam to measure the mid-span deflection. One strain gauge was
installed at the mid-span of one reinforcing bar in each beam specimen. The load cell, strain gauge,
LVDT and the DCT were connected to a data acquisition system to record the load, the mid-span
deflection, and the strains in the reinforcement.

Figure 3-23 Beam specimen prior to static testing
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3.6. EXPERIMENTAL PROCEDURE

For the dynamic tests, each beam was subjected to a series of simulated blast loads until failure.
Failure of the beam included flexural failure, shear failure, severe concrete spalling, severe
concrete crushing, and tension bar rupture. The driver pressure and driver length as well as the
average shock wave properties for each blast test (reflected pressure, reflected impulse and positive
phase duration) can be seen in Table 3-9. Typical pressure-time histories for each blast are shown
in Figure 3-25. For all tests, the driver length was kept constant at 2745mm (9 ft) with driver
pressure increased in increments of 10 to 20 psi. For specimens reinforced with No.4 bars, the
magnitude of blasts was increased using the following sequence: Blast 1 (17 psi), Blast 2 (30 psi),
Blast 3a (40 psi), Blast 3b (50 psi) and Blast 4 (70 psi). This progression was similar for the
specimens reinforced with No.5 and No.6 bars, except that Blast 3a was skipped with pressures
applied in accordance with Blast 1 (17 psi), Blast 2 (30 psi), Blast 3b (50 psi) and subsequent blasts
up to Blast 6 (100 psi). It is noted that Blast 1 and 2 were meant to keep the specimens within the
elastic range (with Blast 2 intended to bring the #4 control specimens to yielding).

For the static tests, all the specimens followed the same loading procedure. Initially, the beams
were tested under load—control with load increased by increments of 6 kN up to 30 kN in order to
observe the first hairline crack. Then the load interval was increased to 12 kN and testing continued
until yielding was detected. After yielding, loading was switched to displacement—control. For
each load stage, mid-span deflection was increased in 5 mm increments and testing continued in
this manner until beam failure (which was concrete crushing for all beams).

In terms of measuring cracking, a crack-width comparator gauge card was used in the initial stages
of loading (crack width <1 mm), while larger cracks were measured using a digital calliper.
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Table 3-9 Blast test properties

Driver Driver Avg. Reflected  Avg. Reflected  Avg. Positive Phase
Test # Pressure Length Pressure (P;) Impulse (I,) Duration (t,)
kPa (psi) mm (ft) kPa kPa-ms ms
Blast 1 117.3(17psi) 2745(9) 24.47 240.04 21.48
Blast 2 207(30psi) 2745(9) 40.98 379.68 21.27
Blast 3a 276(40psi) 2745(9) 49.57 461.84 21.48
Blast 3b 345(50psi) 2745(9) 57.71 547.75 21.76
Blast 4 483(70psi) 2745(9) 75.93 744.44 22.78
Blast 5 621(90psi) 2745(9) 88.24 891.42 25.03
Blast 6 690(100psi) 2745(9) 84.46 921.06 24.41
120 — ——
— - Blast 1
L — - Blast 2
100 — - Blast 3a
—_ — - Blast 3b
o 80 | — - Blast 4
v | — Blast 5
~— — Blast 6
o
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Time (ms)
Figure 3-25 Typical pressure-time histories for Blasts 1-6
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CHAPTER 4. RESULTS AND DISCUSSION - STATIC BEAM TESTS

4.1. EXPERIMENTAL RESULTS OF STATIC BEAMS

In this section, the results of the three high-strength concrete beams which were tested under static
loads are discussed. The load versus displacement response, longitudinal reinforcement strains,
crack widths, major events during the tests and failure modes are included for each specimen. All
the specimens were subjected to the same loading protocol. The beams were first tested under load
control, with an increase of 6 kN between stages up to the formation of the first hairline crack,
followed by increments of 12 kN between load stages until yielding was detected After yielding,
the loading protocol was switched to displacement control with intervals of 5 mm between stages.
Testing continued in this manner until the beam showed signs of failure.

4.1.1. BEAM WITH HIGH-STRENGTH CONCRETE AND NO.4 BARS (HSC-FO0-#4-S)

This beam was constructed with high-strength concrete and reinforced with No. 4 MMFX bars as
well as transverse shear reinforcement. Figure 4-1(a) shows a plot of the applied load versus the
mid-span deflection. Figure 4-1(b) shows a plot of the measured reinforcement strains. Figure
4-1(c) and Figure 4-1(d) show the growth of flexural and shear crack widths. Figure 4-2 shows
major events during the tests.

The first hairline cracks were observed at the center of the beam in the flexural zone at an applied
load value of approximately 11.9 kN. With an increase in the applied load, more flexural hairline
cracks occurred along the beam length. Two major cracks were found to have formed at the mid-
span when the load reached 65.5 kN. During the next load stage, diagonal flexural-shear cracks
began to form on the west side shear-span of the beam at a load of 77.4 kN. Thereafter, further
flexural and shear cracks were observed over the beam span until the beam showed signs of
yielding at a load of 112.8 kN. When examining the beam response, the near-linear load-
displacement curve eventually showed rounding indicating yielding of the high-strength steel bars
was occurring (also confirmed from the measured steel strain data). The flexural cracks eventually
inclined towards the top compressive zone of the beam and shear cracks propagated towards the
top loading plate. After this loading stage, loading continued under deflection—control, the beam
suddenly failed due to concrete crushing of the concrete at the top flexural zone at a load of 126.7
kN and a mid-span deflection of 35.2 mm. The beam response showed no clear yield plateau
although a rounding of the load-deflection curve is observed prior to beam failure.
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Figure 4-1 Experiment results for beam HSC-F0-#4-S
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Load stage 2P (kN) Mid-span deflection (mm)

L1 6.0 0.89

First hairline
crack appeared in
the flexure zone

Load stage 2P (kN) Mid-span deflection (mm)

L8 65.5 13.78

Major crack
appeared in the
flexure zone

Load stage 2P (kN) Mid-span deflection (mm)

L9 77.4 16.77

Flexure-shear
crack began to
form on the west
side shear span
Crack width in
the flexure zone
reached 0.6mm

Load stage 2P (kN) Mid-span deflection (mm)
L13 119.0 31.8
Steel
reinforcement
yielding
Load stage 2P (kN) Mid-span deflection (mm) _
L14 126.7 35.2 Failure of the

specimen with
sudden crushing
of concrete in the
compression zone

Figure 4-2 Major events for specimen HSC-F0-#4-S
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4.1.2.BEAM WITH HIGH-STRENGTH CONCRETE AND NO.5 BARS (HSC-F0-#5-S)

The HSC-FO-#5-S beam was constructed with high-strength concrete and reinforced with 2 - No.
5 MMFX bars and stirrups. Figure 4-3(a) shows a plot of the applied load versus the mid-span
deflection. Figure 4-3(b) shows a plot of the measured reinforcement strains. Figure 4-3(c) and
Figure 4-3(d) show the growth of flexural and shear crack widths during testing. Figure 4-4 shows
major events during the tests.

The first hairline crack was observed in this beam in the mid-span region at a load of 11.9 kN.
Thereafter, multiple hairline cracks were found over the span as the load increased. Several flexural
cracks started to emerge in the flexural zone when the load reached 65.5 kN with the initiation of
diagonal cracks near the load points. Flexural-shear cracks became more prominent in the west
shear span at a load of 77.4 kN. The cracks in both the flexural region and the shear span continued
to propagate over the span until the beam suddenly failed due to concrete crushing at the top of the
flexural zone at a load of 194.7 kN. During the stages of load increase, it was noted that the
longitudinal reinforced bars yielded at a load of 148.3 kN. It was also observed that, after the rebar
yielded, the strain gauges failed. The maximum displacement was 33.96 mm at failure. Severe
crushing was observing in the flexural zone with the formation of diagonal cracks which
propagated towards the compressive zone and the top loading plates. Longitudinal cracking at the
mid-span was also observed at the level of the tension steel. It is noted that the load-deflection
response for this beam shows near-linear behaviour up to failure, with only limited rounding of
the load-deflection response just prior to failure.
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Figure 4-3 Experimental results for beam HSC-F0-#5-S




Load stage 2P (kN) Mid-span deflection (mm)

L2 11.9 1.58

First hairline crack
appeared in the
flexure zone

Load stage 2P (kN) Mid-span deflection (mm)

L8 65.5 10.38

Major crack
appeared in the
flexure zone

Load stage 2P (kN) Mid-span deflection (mm)

L9 77.4 12.05

Flexure-shear crack
started to form on
the west side shear
span

The major crack in
the flexure zone
reached 0.2mm

Load stage 2P (kN) Mid-span deflection (mm)

L19 194.7 33.96

Failure of the
specimen: severe
concrete crushing,
formation of
diagonal cracks and
longitudinal crack
at level of steel

Figure 4-4 Major events for specimen HSC-F0-#5-S

72




4.1.3. BEAM WITH HIGH-STRENGTH CONCRETE AND NO.6 BARS (HSC-F0-#6-S)

This beam was the last specimen tested in the HSC series. The specimen was constructed with
high-strength concrete and No. 6 MMFX bars for reinforcement. Stirrups were also provided in
this specimen to avoid shear failure. Figure 4-5(a) shows a plot of the applied load versus the mid-
span deflection. Figure 4-5(b) shows a plot of the measured reinforcement strains. Figure 4-5(¢c)
and Figure 4-5(d) show the growth of flexural and shear crack widths. Figure 4-6 shows major
events during the tests.

The first hairline cracks in the beam were observed when the load reached 11.9 kN in the flexural
span. The first major cracks occurred in the constant moment region at a load of 77.4 kN. During
the load stage, more hairline cracks were also observed. Thereafter, diagonal shear cracks formed
on the west shear span of the beam when the applied load reached 89.3 kN. As loading continued
to be applied, flexural and inclined shear cracks kept expanding. At a load of 172.6 kN, the
concrete in the compression zone started to show signs of crushing. At this stage, the flexural crack
width was 1.01 mm compared to 1.02 mm for the shear crack width. After reaching a maximum
capacity of 199.0 kN and a mid-span deflection of 26.17 mm, the concrete in the compression zone
suddenly crushed. The beam shows a similar crack pattern at failure when compared to the beams
with No. 5 bars, with formation of diagonal cracks which propagated to the compression zone of
the beam toward the top loading plates.

As seen in Figure 4-5, both flexural and diagonal crack widths gradually increased with applied
loading, however the crack widths did not exceed 1.5 mm before failure. This beam showed a
linear load-deflection response with no signs of yielding prior to the sudden failure. The strain data
would seem to show a "yield" plateau at an applied load of 135.7 kN, however this reading is
inconsistent with the beam response and is due to malfunction of the strain gauge. Indeed, it is
noted that the beam reached a maximum capacity which was only slightly higher when compared
to the companion HSC beam with No. 5 bars, an indicator that the use of larger reinforcement in
this beam resulted in over-reinforced conditions which lead to a concrete-controlled failure prior
to yielding of the tension reinforcement.
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Figure 4-5 Experiment results for beam HSC-F0-#6-S




Load stage

Mid-span deflection (mm)

L2

0.87

2P (kN)

Mid-span deflection (mm)

First hairline crack
appeared in the
flexure zone

L9

77.4

9.04

Major crack
appeared in the
flexure zone

2P (kN)

L10

89.3

10.54

Flexure-shear crack
began to form on
the west side shear
span

Major crack in the
flexure zone
reached 0.44mm

2P (kN)

Mid-span deflection (mm)

L17

172.6

18.59

Top concrete
started to crush
Major crack in the
flexure zone
reached 1.01mm
and shear cracks
reached 1.02mm

Load stage

Mid-span deflection (mm)

L20

26.17

Failure of the
specimen: concrete
crushing and
formation of
diagonal cracks in
the central beam
region

Figure 4-6 Major events for specimen HSC-F0-#6-S
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4.2. DISCUSSION OF STATIC BEAM RESULTS

4.2.1. EFFECTS OF THE REINFORCEMENT RATIO IN THE HSC SERIES

The HSC series included three beams that were constructed with high-strength concrete, MMFX
bars, and stirrups. These three beams were reinforced with No. 4, No. 5, and No. 6 high-strength
bars, resulting in reinforcement ratios of p =1%, 1.5% and 2.2%, respectively. Maximum applied
load, deflection at peak load and deflection at failure are summarized in Table 4-1. Figure 4-7
shows plots of load versus displacement, flexural cracks versus displacement, and shear cracks
versus displacement for the three beams.

As shown in Figure 4-7(a), beam stiffness increased as the reinforcement ratio became higher with
values 0f 4500 N/mm, 5733 N/mm and 7604 N/mm for the HSC-F0-#4-S, HSC-F0-#5-S and HSC-
FO-#6-S specimens. An improvement in load resistance is also evident when comparing the No. 4
and No. 5 beams (p = 1% vs. 1.5%), with a 54% increase in capacity recorded for the HSC-FO-#5-
S specimen. However, increasing the reinforcement ratio from 1.5% to 2.2% in the HSC-FO-#6-S
beam (No. 6 bars) did not lead to a further increase in capacity, an indicator that this beam was
over-reinforced. Indeed, the balanced reinforcement ratio was calculated to be 1.7%, which
confirms that the No. 6 beam ( p = 2.2%) was over-reinforced. As a result, failure of the concrete
occurred prior to yielding of the high-strength bars, which led to minimal increase in load carrying
capacity since the strength of the bars was not fully utilized.

All three specimens showed nearly linear ascending load-deflection response, with no distinct
yield points. In fact, only the HSC-F0-#4-S specimen showed signs of yielding with rounding of
the load-deflection curve before failure. The other two specimens failed suddenly prior to the
development of large plastic deformations. The failure displacements were also found to decrease
with the use of larger diameter bars, an indicator of reduced ductility as the reinforcement ratio is
increased from 1.0% to 2.2% (Ar = 35, 34 and 26 mm for the HSC-F0-#4-S, HSC-FO0-#5-S and
HSC-FO-#6-S specimens).

Figure 4-7 (b) shows that the use of larger diameter bars enhanced the crack control of the beams
at equivalent load stages, with flexural crack widths reduced for the No. 5 and No. 6 specimens
when compared to the beam with No. 4 bars. The trend is not as clear when examining the effect
of reinforcement ratio on shear crack widths, although the crack widths of the HSC-FO-#5-S
specimen are less than those of the HSC-F0-#4-S specimen at equivalent load stages.

All three specimens failed in flexure due to concrete crushing in the compression zone; however,
the failure became more severe as the reinforcement ratio was increased. The specimen with No.
6 bars experienced a concrete-controlled failure, with sudden and severe crushing of compression
concrete at failure.

In summary it can be concluded that increasing the reinforcement ratio of high-strength steel from
No.4 to No.5 bars increased the load capacity and stiffness of the HSC beams. The use of larger
size bars also reduced flexural crack widths at equivalent load stages. Increasing the amount of
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reinforcement beyond the balanced conditions to 2 - No. 6 bars led to an over-reinforced (concrete-
controlled) beam response, with failure prior to yielding of the high-strength bars. Increasing the
reinforcement ratio also led to more brittle failures in the HSC beams.

Table 4-1 Summary of results for beams in the HSC series

: p Max Load Deflection at peak | Deflection at failure Stiffness
Beam specimen
(long.) Ponax (KN) Amax (mm) Ar(mm) (N/mm)
HSC-F0-#4-S 1.0% 126.7 35.21 35.21 4500
HSC-FO-#5-S 1.5% 194.7 33.96 33.96 5733
HSC-FO-#6-S 2.2% 199.0 26.17 27.23 7604
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Figure 4-7 Comparison of beam response in the HSC series
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4.2.2. EFFECTS OF REINFORCEMENT TYPES IN THE HSC SERIES

In this sub-section, the performance of the high-strength concrete (HSC) beams with high-strength
(HS) reinforcement are compared to a companion set of beams tested by Algassem (2016) which
were built with HSC and normal-strength (NS) bars. Figure 4-8 compares the load-deflection
response of the beams HSC-F0-#4-S, HSC-F0-#5-S and HSC-FO-#6-S from the current study, with
companion beams HSC-F0-#4-S-400, HSC-F0-15M-S-400 and HSC-F0-20M-S, which had No.
4, 15M and 20M normal-strength (400 MPa) steel bars. It is noted that the beams in the #4 and
#5/15M sets had the same bar size, while the beams in the #6/20M set have slightly different bar
sizes (dp = 19 vs. 19.5 mm, and As = 284 vs. 300 mm?2, respectively). All other beam properties
(dimensions, concrete type and transverse reinforcement) were identical with the exception of the
reinforcement type. Maximum load and deflections for the beams in both sets are summarized in
Table 4-2. Photos of the beams at failure can be seen in Figure 4-9.

The comparisons show that the beams reinforced with #4, #5, and #6 high-strength bars have load
capacities which are increased by 67.8%, 86.2%, and 46.5% when compared to the companion
beams with normal strength No. 4, 15M and 20M bars. However, the HSC beams with normal-
strength steel proved to be more ductile when compared to the companions with high-strength
reinforcement. The use of normal vs. high-strength steel did not have a significant effect on beam
stiffness (this is to be expected since both steel types have the same elastic modulus).

Figure 4-8 shows that steel type affected the shape of the load-deflection curves. While the NS
steel specimens show a clear yield plateau with large plastic deformations before failure, the HS
steel specimens show a nearly linear ascending response, with slight rounding of the load-
deflection curve, but no distinct yield plateau before failure. The beams with HS steel also showed
lower failure deflections and lower ductility ratio (Amax/Ay) when compared to companion beams
with conventional steel reinforcement. The maximum deflections of No. 4, No. 5 and No. 6 HS
steel specimens are 35 mm, 34 mm and 27 mm respectively, compared to 59 mm, 39 mm and 30
mm for the companion beams with No. 4, 15M and 20M conventional steel bars. Similarly, the
ductility ratio (Amax/Ay) were 1.34 and 1.37 for the beams with No. 4 and 5 HS steel, which compare
to values of 5.12 and 2.28 for the companions with No. 4 and 15M normal-strength bars. Moreover,
while the beam with normal-strength 20M bars showed a ductile failure (steel-controlled), the
companion beam with high-strength No. 6 bars was over-reinforced and showed a brittle (concrete-
controlled) failure, with concrete crushing prior to the development of yielding in the bars. Figure
4-9 compares the photos of the companion HSC beams at failure.

While the crack patterns and damage states are similar, the failures are somewhat more severe in
the HS specimens, with greater damage in the midspan compression. Figure 4-8 shows that the use
of high-strength reinforcement improved the cracking behaviour of the HSC beams. Nonetheless,
the reduced crack widths near ultimate were associated with more brittle failures with lower
deflections when compared to the specimens with normal-strength steel reinforcement.
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Figure 4-8 Comparison of HSC beams reinforced with MMFX and normal bars
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Table 4-2 Summary of results for HSC beams with NS and HS bars

N Maximum | Deflection | Deflection at Toughness
Beam specimen Load Pmax | at peak Amax failure A¢ Amax/ Ay up to
(longitude) (kN) (mm) (mm) peak
HSC-F0-#4-S 1.0% 126.7 35.21 35.21 1.34 2655
HSC-FO0-#4-S-400 1.0% 75.4 55.76 58.76 5.12 3180
HSC-F0-#5-S 1.5% 194.7 33.96 35.21 1.37 3686
HSC-F0-15M-S-400 1.5% 104.4 33.28 38.96 228 3272
HSC-FO-#6-S 2.2% 199.0 26.17 27.26 - 3096
HSC-F0-20M-S-400 2.2% 137.3 24.52 30.51 1.63 2998

HSC-F0-#4-5-400: 75.4 kN HSC-FO-#4-S: 126.7 kN

HSC-F0-20M-S-400: 137.3 kN HSC-FO-#6-S: 199.0 kN

Figure 4-9 Failure mode for HSC specimens reinforced with normal-strength bars
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CHAPTER 5. EXPERIMENTAL RESULTS OF THE DYNAMIC TESTS

5.1. CHAPTER OVERVIEW

In this chapter, the data collected from the dynamic experiments are presented. For each of the
eight beams, recorded data included: reflected pressure and reflected impulse, maximum and
residual displacements at mid-span, and photographic record of damage with identification of
failure mode. Section 5.2 provides a general summary of the results. Further details and
explanations for each beam are given in Section 5.3, including reflected pressure and impulse time
histories, mid-span displacement time histories and photographs of damage and description of
failure modes. Discussion of the results is presented in Chapter 6.

5.2. SUMMARY OF RESULTS OF EXPERIMENTS

The overall results for the self-consolidating concrete (SCC), high-strength concrete (HSC), and
HSFRC beams are given in Table 5-1 and Table 5-2. These tables summarize the shockwave
properties for each blast, including the driver length (L), driver pressure (Pq), reflected pressure
(Py), positive phase duration (tp) and reflected impulse (I;). The tables also summarize the response
of the beams after each blast in terms of maximum displacement (Omax), residual displacement
(Ores), and maximum rotation at the supports (Omax).

For the specimens with No. 4 reinforcement, five blasts with variable magnitudes corresponding
to driver pressures of 17 psi, 30 psi, 40 psi, 50 psi and 70 psi were applied until failure of the
specimens. Whereas, six blasts with driver pressure values of 17 psi, 30 psi, 50 psi, 70 psi, 90 psi
and 100 psi were applied to the specimens with No. 5 and No. 6 reinforcement. The dynamic load
magnitude was increased gradually until the specimens failed. The specimens with a higher
reinforcement ratio and those containing fibres were able to generally withstand larger blasts prior
to failure.

The reflected pressure values presented in Table 5-1 and Table 5-2 were recorded from a pressure
transducer on the interior of the shock-tube expansion section and measured the pressure acting on
the load transfer device. The impulse-time history curves were obtained by integrating the
pressure-time history curves using software DPlot. The impulse values listed in the tables
correspond to the area under the positive phase of the pressure-time history curves (first peak in
the impulse-time history curves).

The maximum displacements and residual displacements were recorded by an LVDT at the mid-
span of the beams. The maximum/residual displacements and support rotation values reported in
the tables are not cumulative. The sections that follow present the detailed results for each beam.
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Table 5-1 Blast data summary (1/2)

Approximate

Positive

Max

Driver . Reflected Reflected Max Residual
Name Driver Phase : Support 5
Length Pressure Impulse . Deflection . Deflection
Pressure Duration Rotation
Specimen ID  Blast L, P, P, I, tp Omax Omax Ores
# mm kPa kPa kPa-ms ms mm degree mm
-1 2745 117.3 22.94 231.66 22.60 13.44 0.61 2.60
-2 2745 207 38.51 357.54 19.40 24.32 1.11 1.40
SCC-FO0-#4-S
-3a 2745 276 50.12 443.22 22.31 37.30 1.70 6.60
-3b 2745 345 60.26 515.28 21.43 64.52 2.95 20.20
-1 2745 117.3 22.14 258.45 22.77 13.04 0.60 3.67
-2 2745 207 41.73 394.06 22.03 20.13 0.92 1.22
SCC-FO-#5-S
-3b 2745 345 61.07 568.03 22.85 33.97 1.55 0.78
-4 2745 483 78.03 743.72 21.77 77.17 3.53 39.81
-1 2745 117.3 27.57 281.13 21.88 10.17 0.46 1.01
2 2745 207 40.37 403.62 21.14 22.39 1.02 1.28
HSC-FO-#4-S
-3a 2745 276 51.95 479.62 21.09 33.78 1.54 3.89
-3b 2745 345 58.21 540.28 22.56 52.74 2.41 8.69
-1 2745 117.3 22.33 216.41 19.96 9.08 0.41 3.63
2 2745 207 43.8 377.63 21.78 17.72 0.81 3.13
HSC-FO-#5-S
-3b 2745 345 59.11 547.47 21.18 26.77 1.22 1.16
-4 2745 483 77.63 749.71 24.38 64.71 2.96 19.96
-1 2745 117.3 24.7 222.82 22.35 10.91 0.50 2.05
-2 2745 207 39.7 334.57 21.56 16.59 0.76 0.95
HSC-FO0-#6-S
-3b 2745 345 55.47 539.23 21.97 26.15 1.19 1.86
-4 2745 483 / / / / / 25.22
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Table 5-2 Blast data summary (2/2)

Approximate

Positive

Max

Driver . Reflected Reflected Max Residual
Name Driver Phase : Support 5
Length Pressure Impulse . Deflection . Deflection
Pressure Duration Rotation

Specimen ID  Blast L, P, P, I, tp Omax Omax Ores
# mm kPa kPa kPa-ms ms mm degree mm

-1 2745 117.3 22.21 229.3 22.35 9.06 0.41 1.31

-2 2745 207 39.38 381.21 21.95 19.18 0.88 3.00

HSC-F1-#4-S -3a 2745 276 46.64 462.68 21.27 26.02 1.19 1.53
-3b 2745 345 54.96 526.24 20.59 37.65 1.72 12.16

-4 2745 483 70.21 717.58 20.94 61.79 2.82 35.01

-1 2745 117.3 28.6 267.2 20.75 9.20 0.42 4.12

-2 2745 207 43.09 408.46 20.66 14.60 0.67 2.66

-3b 2745 345 58.75 572.35 21.01 22.51 1.03 0.60

HSC-F1-#5-S
-4 2745 483 74.33 747.75 23.66 39.47 1.80 7.70
-5 2745 621 79.42 845.02 24.65 63.11 2.88 37.36
-6 2745 690 85.77 885.24 23.97 / / /

-1 2745 117.3 25.29 213.36 19.21 6.11 0.28 1.31

2 2745 207 41.23 380.31 21.62 14.76 0.67 2.41

-3b 2745 345 53.87 573.1 21.70 22.33 1.02 1.19

HSC-F1-#6-S
-4 2745 483 79.46 763.46 23.13 35.99 1.64 5.35
-5 2745 621 97.06 937.81 25.4 66.84 3.05 38.86
-6 2745 690 83.14 956.87 24.85 / / /
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5.3. DESCRIPTION OF EXPERIMENTAL RESULTS — SCC SERIES

5.3.1. BEAM WITH NORMAL-STRENGTH CONCRETE & NO. 4 BARS (SCC - FO - #4 - S)

This specimen was a normal-strength concrete beam with plain SCC (no fibres) and reinforced
with 2 - No. 4 MMFX steel bars. The shockwave and displacement data for this beam can be found
in Table 5-1. Complete reflected pressure and impulse histories, as well as reflected pressure and
mid-span displacement histories for each blast are shown in Figure 5-1 and Figure 5-2. Figure 5-3
includes photographs detailing the effects of each blast on this beam.

Blast 1 (17 psi) was meant to test the beam within the elastic range. The maximum and residual
displacements at mid-span were 13.44 mm and 2.60 mm respectively. The tensile strain gauge
recorded a maximum strain of 0.0020 mm/mm (&res=0.0005 mm/mm). Eight hairline cracks could

be found in the flexural zone in the central region of the beam.

Blast 2 (30 psi) was meant to test the beam to yielding. The maximum and residual displacements
at mid-span were 24.32 mm and 1.4 mm respectively. The cumulative residual displacement
reached 4.0 mm after this test. The tensile strain gauge recorded a maximum strain of 0.0055
mm/mm (€s=0.0015 mm/mm) during this test, which is slightly below the yield strain (e¢y=0.0067
mm/mm).. This blast resulted in the formation of further hairlines that appeared in the flexural

and shear zones, but no major crack openings were visible.

Blast 3a (40 psi) was meant to test the beam within the plastic range. The maximum and residual
displacements at mid-span were 37.3 mm and 6.6 mm respectively. The cumulative residual
displacement reached 10.6 mm after this test. The tensile strain gauge recorded a maximum strain
0f 0.0105 mm/mm (&s=0.0049 mm/mm), which means the steel bars were in the post yield range.
It was observed that further hairline cracks appeared along the beam length, with some cracks
connecting together in the mid-span region. Some longitudinal cracks also formed in the tensile
zone at the level of the longitudinal steel. Two major cracks were found in the flexural zone, and
the maximum crack was measured as 1.78 mm.

The specimen failed in flexure after Blast 3b (50 psi). The maximum and residual displacements
at mid-span were 64.52 mm and 20.2 mm respectively. The cumulative residual displacement
reached 30.8 mm after this test. The tensile strain gauge recorded a maximum strain of 0.02
mm/mm before failure, which means the steel bars yielded. This blast caused the concrete in the
compression zone at mid-span to crush, with significant spalling of tension concrete at mid-span.
High-speed video shows the formation of secondary fragments and the projection of six main
blocks of cover concrete from the beam at failure. The distance between the beam and the blocks
varied from 2 meters to 5.5 meters. The reinforcing steel bars were exposed over a distance of 700
mm in the flexural zone.
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5.3.2. BEAM WITH NORMAL-STRENGTH CONCRETE & NO. 5 BARS (SCC - FO - #5 - S)

This beam was constructed with plain SCC (without fibres), and was reinforced with No. 5§ MMFX
steel bars. The shockwave and displacement data for this beam can be found in Table 5-1.
Complete reflected pressure and impulse histories, as well as reflected pressure and mid-span
displacement histories for each blast are shown in Figure 5-4 and Figure 5-5. Figure 5-6 includes
photographs detailing the effects of each blast on this specimen.

For this beam, the maximum displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast 3b (50 psi),
and Blast 4 (70 psi) were measured as 13.0 mm, 20.13 mm, 33.97 mm and 77.17 mm respectively.
The residual displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast 3b (50 psi), and Blast 4 (70
psi) were recorded as 3.67 mm, 1.22 mm (4.89 mm cumulative), 0.78 mm (5.67 mm cumulative),
and 39.81 mm (45.48 mm cumulative) respectively. The strain gauges were not considered to be
reliable for this beam.

Similar to the previous specimen, Blast 1 (17 psi) was meant to test the beam within the elastic
range. A couple of hairline cracks were visible over the central span, but no major cracks were
detected after this test. Blast 2 (30 psi) was meant to bring the beam to just before yielding. More
flexural hairline cracking occurred over the central span, with the formation of some diagonal
cracks in the shear spans, but no major crack was observed.

For Blast 3b (50 psi), four major cracks were observed at 350 mm, 450 mm, 600 mm, and 1200
mm from the top support, with crack widths of 0.98 mm, 2.2 mm, 0.84 mm and 0.46 mm
respectively. It was also observed that the concrete in the compression zone at the top support
began to crush. In addition, a long piece of concrete cover (30 mm x 70 mm) detached after this
test, however no steel bars were exposed, as seen in Figure 5-6 (e).

Blast 4 (70 psi) was the final test for this specimen, with the beam failing in shear. Two major
cracks with nearly 45-degree angles were observed in the shear region at the top of the beam,
spaced at 300 mm from each other. Figure 5-6 (f) shows spalling of the side and bottom concrete
covers, exposure of stirrups and reinforcement bars and buckling of the top reinforcement bars in
the shear spans. The chunks released from the beam were scattered over the floor, and the farthest
chunk was 5.5 meters away from the beam. High-speed video shows the formation of significant
debris during the test. The results of this test demonstrate the importance of shear reinforcement
detailing in beams containing high-strength steel reinforcement. For this beam with SCC, the
balanced reinforcement ratio was estimated to be p = 0.9%; thus, the SCC-FO-#5-S specimen (p =
1.6%) can be considered to have been over-reinforced.
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5.4. DESCRIPTION OF EXPERIMENT RESULTS - HSC SERIES

5.4.1. BEAM WITH HIGH-STRENGTH CONCRETE & NO. 4 BARS (HSC - FO - #4 - S)

The HSC-F0-#4-S specimen was a high-strength concrete beam without fibres, and was reinforced
with No. 4 MMFX steel bars. This beam was the first specimen tested in the HSC series. The
shockwave and displacement data for this beam can be found in Table 5-1. Complete reflected
pressure and impulse histories, as well as reflected pressure and mid-span displacement histories
for each blast are shown in Figure 5-7 and Figure 5-8. Figure 5-9 includes photographs detailing
the effects of each blast on this beam.

Blast 1 (17 psi) was meant to test the beam within the elastic range. The maximum and residual
displacements in the middle span were recorded as 10.17 mm and 1.01 mm respectively. The
tensile strain gauge recorded a maximum strain to be 0.0022 mm/mm (&res=0.0001 mm/mm).
Several hairline cracks could be observed over the beam span, but major cracking was considered
to be negligible.

Blast 2 (30 psi) was meant to bring the beam to yielding. The maximum and residual displacements
in the middle span were 22.39 mm and 1.28 mm respectively. The cumulative residual
displacement reached 2.29 mm after this test. The tensile strain gauge recorded a maximum strain
of 0.0055 mm/mm (&.s=0.0012 mm/mm) during this test. More hairline cracks appeared in the
flexural and shear region after this blast. A major crack with a width of 2.31 mm could be observed
in the beam mid-span, and a longitudinal crack with a 0.14 mm width formed at the level of the

steel reinforcement in the mid-span tensile region.

Blast 3a (40 psi) was meant to test the beam within the plastic range. The maximum and residual
displacements in the mid-span were 37.3 mm and 6.6 mm respectively. The cumulative residual
displacement reached 10.6 mm. The tensile strain gauge recorded the maximum strain to be 0.019
mm/mm (&=0.007 mm/mm), which means the steel bars were in post-yield range. Figure 5-9 (e)
shows further growth of the longitudinal which reached a crack width of 4.09 mm. The flexural
cracks in the mid-span region also grew in width, with crack widths which varied between 1.33
mm and 2.95 mm.

The failure mechanism of this beam was associated with significant spalling of concrete in the
tensile region and crushing of the concrete in the compression region at mid-span as a result of
Blast 3b (50 psi). The maximum and residual displacements at mid-span were 52.74 mm and 8.69
mm respectively. The cumulative residual displacement reached 19.3 mm. The tensile strain gauge
recorded the maximum strain to be 0.02 mm/mm (&res=0.02 mm/mm) during this blast. As shown
in Figure 5-9 (f), the reinforcing bars were exposed over a length of 500 mm at mid-span as a result
of the concrete spalling. The chunks of the cover concrete released from the beam and were
scattered over distances of 1.7 meters to 3.3 meters from the beam. The high-speed video footage
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showed the formation of additional secondary fragmentation during the test due to the crushing of
concrete, as shown in Figure 5-9 (g).

5.4.2. BEAM WITH HIGH-STRENGTH CONCRETE & NO. 5 BARS (HSC - FO - #5 - S)

Beam HSC-FO-#5-S had the same properties as the HSC-F0-#4-S specimen, except that it was
reinforced with No. 5 instead of No. 4 MMFX steel bars. The shockwave and displacement data
for this beam can be found in Table 5-1. Complete reflected pressure and impulse histories, as well
as reflected pressure and mid-span displacement histories for each blast are shown in Figure 5-10
and Figure 5-11. Figure 5-12 includes photographs detailing the effects of each blast on this beam.

Blast 1 (17 psi) was meant to test the beam within the elastic range. The maximum and residual
displacements at mid-span were 9.63 mm and 3.63 mm respectively. The tensile strain gauge
recorded a maximum strain of 0.0014 mm/mm (&:=0.0003 mm/mm). A few hairline cracks in the
flexure zone were observed along the beam span, however no major crack was visible.

Blast 2 (30 psi) was meant to test the beam at larger strains prior to yielding. The maximum and
residual displacements at mid-span were 17.72 mm and 3.13 mm respectively. The cumulative
residual displacement reached 6.76 mm after this test. The strain gauge recorded the maximum
strain to be 0.0039 mm/mm (&res=0.0007 mm/mm) which is below yield (¢y=0.007 mm/mm). After
this test, a major crack was visible at the mid-span (width of 0.3 mm), with the formation of further

cracks in the flexural and shear spans.

Blast 3b (50 psi) was meant to test the beam in the post-yield range. The maximum and residual
displacements at mid-span were 26.77 mm and 1.16 mm respectively. The cumulative residual
displacement reached 7.92 mm after this blast. The tensile strain gauge recorded the maximum
strain to be 0.0073 mm/mm (&rs=0.0021 mm/mm), which means the steel bars were in post-yield
range. The major crack found at the midsection expanded to a width of 0.41 mm as a result of this
blast. A longitudinal crack with a length of 500 mm was observed in the compression region of
the flexural zone. The cracks width measured 2.1 mm in this zone, as seen in Figure 5-12 (e).

This beam failed in the flexural zone after Blast 4 (70 psi). The maximum and residual
displacements in the middle span were 64.71 mm and 19.96 mm respectively. The cumulative
residual displacement reached 27.88 mm after this test. The tensile strain gauge recorded the
maximum strain to be 0.027 mm/mm (&€,=0.027 mm/mm). As seen in Figure 5-12 (f), the concrete
in the compression zone showed significant crushing, and the concrete in the tensile zone spalled
into several chunks which ejected from the beam at failure. The distance between the chunks and
the beam ranged from 0.7 meters to 2.6 meters. The reinforced steel bars on the tensile face were
exposed over a distance of 500 mm. The high-speed video showed the formation of secondary
fragmentation due to concrete crushing in the compression zone and spalling of the concrete in the
tensile zone, as shown in Figure 5-12 (g).
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5.4.3. BEAM WITH HIGH-STRENGTH CONCRETE & NO. 6 BARS (HSC - FO - #6 - S)

This specimen was the third beam tested in the HSC series and differed from the HSC-FO-#4-S
and HSC-FO0-#5-S specimens only in terms of the use of No. 6 MMFX steel bars. The shockwave
and displacement data for this beam can be found in Table 5-1. Complete reflected pressure and
impulse histories, as well as mid-span displacement histories for each blast for this beam are shown
in Figure 5-13 and Figure 5-14. Figure 5-15 includes photographs detailing the effects of each
blast on this beam. The results recorded by the strain gauge were deemed to be unreliable since
the values were too large.

Blast 1 (17 psi) was meant to test the beam within the elastic range. The maximum and residual
displacements at mid-span were 10.91 mm and 2.05 mm respectively. Several hairline cracks were
observed in the mid-span, and no major crack was visible.

After Blast 2 (30 psi) the maximum and residual displacements at mid-span were 16.59 mm and
0.95 mm respectively. The low residual displacement indicates that the #6 bars did not reach
yielding after this test. The cumulative residual displacement reached 3.0 mm. A major crack with
a width of 0.61 mm near the bottom load application point was observed and further hairline cracks

were observed to have formed when compared with that of the previous blast.

Blast 3b (50 psi) resulted in maximum and residual displacements at mid-span of 26.15 mm and
1.86 mm respectively. The cumulative residual displacement reached 4.86 mm after this test. As a
result of this blast, the crack on the bottom load point increased in width to 1.04 mm and a new
major crack near the top load point was visible and was measured to be 1.07 mm in width. A crack
in the longitudinal direction with a length of 500 mm was also noted near the bottom load point at
the level of the tension steel. The crack widths varied between 0.2 mm and 0.59 mm in this region.

Blast 4 (70 psi) can be considered to be the failure blast for this beam. No data were collected
during this test except for the residual displacement, which was measured to be 25.22 mm. The
cumulative residual displacement reached 30.08 mm after this test. Figure 5-15 (g) shows the
failure mechanism of this beam, with failure due to crushing of compression concrete in the mid-
span region as a result of Blast 4 (70 psi). The cover concrete in the tensile zone also showed signs
of spalling with the formation of large longitudinal cracks at the level of the tension steel. However,
unlike beams HSC-F0-#4-S and HSC-FO0-#5-S, the tension concrete in the HSC-FO-#6-S beam
stayed in place and did not eject from the tension zone. Nonetheless, the crack width in this zone
was measured to be 15 mm such that the reinforcing steel bars were partially exposed.
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5.5. DESCRIPTION OF EXPERIMENTAL RESULTS — HSFRC SERIES

5.5.1. BEAM WITH HSFRC & NO. 4 BARS (HSC - F1 - #4 - S)

The HSC-F1-#4-S beam was the first beam of the high-strength fibre-reinforced concrete
(HSFRC) series. It was constructed using HSC containing 1% steel fibres, and reinforced with No.
4 MMFX steel bars. The shockwave and displacement data for this beam can be found in Table
5-1. Complete reflected pressure and impulse histories, as well as mid-span displacement histories
for each blast are shown in Figure 5-16 and Figure 5-17. Figure 5-18 includes photographs
detailing the effects of each blast on this beam.

For this beam, the maximum displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast 3a (40 psi),
Blast 3b (50 psi) and Blast 4 (70 psi) were measured as 9.06 mm, 19.18 mm, 26.02 mm, 37.65 mm
and 61.79 mm respectively. The residual displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast
3a (40 psi), Blast 3b (50 psi) and Blast 4 (70 psi) were recorded as 1.31 mm, 3.0 mm (4.31 mm
cumulative), 1.53 mm (5.84 mm cumulative), 12.39 mm (16.69 mm cumulative), and 35.01 mm
(48.7 mm cumulative) respectively.

Blast 1 (17 psi) was meant to test the beam within the elastic range. The strain gauge data in the
mid-span showed the maximum strain to be 0.0010 mm/mm (&.=0.0002 mm/mm). Several
hairline cracks could be seen at mid-span.

Blast 2 (30 psi) was meant to test the beam to just before yielding. The strain gauge data in the
mid-span showed that the maximum strain was 0.0036 mm/mm (&=0.0008 mm/mm), which
indicates that the MMFX bars were still in the elastic range. It is noted that the strains are lower
when compared to the companion beam without fibres. The number of hairline cracks increased
compared with Blast 1 (17 psi), but no major cracks were observed.

For Blast 3a (40 psi), the strain gauge data in the mid-span showed the maximum strain to be 0.027
mm/mm (&e=0.004 mm/mm), which indicated the MMFX bars enters the plastic range. More
hairline cracks were observed over the span and a principal crack with width of 2.43 mm could be
seen in the mid-span region.

The provision of fibres allowed this beam to survive Blast 3b (50 psi). the strain gauge data shows
maximum and residual strains in the exceeded €=0.027 mm/mm. Figure 5-18 (g) shows that the
previous principal crack at mid-span increased to a width of 3.18 mm in width. A crack with a
length of 250 mm also formed in the longitudinal direction on the tensile face in the mid-span at
the level of the steel reinforcement, and the maximum width of the crack in this zone measured
1.92 mm.

Blast 4 (70 psi) can be considered the failure blast for this beam due to fibre pull-out. The principal
crack found in Blast 3b (50 psi) expanded to a maximum width of 9.64 mm with some fibres
pulling out at this location. Although the cover concrete stayed in place, the longitudinal crack
increased to 3.30 mm in width, and the length of the crack increased to 350 mm. The maximum
dimension crack opening when considering all cracks was 15.87 mm which was deemed too large
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for the beam to resist another blast since the steel fibres had pulled out at this location with their
residual contribution to blast resistance deemed limited for any further blast testing. The concrete
on the compression face showed signs of crushing near the bottom load application point, however
unlike like the plain HSC, crushing was controlled. From the high-speed camera, only some fine
powder was observed during the failure of the specimen, an indicator of the improved
fragmentation resistance of the HSFRC concrete.

5.5.2. BEAM WITH HSFRC AND NO. 5 bars (HSC - F1 - #5 - S)

This beam was constructed with HSC containing 1% and was reinforced with No. 5 MMFX steel
bars. The shockwave and displacement data for this beam can be found in Table 5-1. Complete
reflected pressure and impulse histories, as well as mid-span displacement histories for each blast
are shown in Figure 5-19, Figure 5-20, and Figure 5-21. Figure 5-22 includes photographs detailing
the effects of each blast on this beam.

The provision of steel fibres allowed this beam to survive up to Blast 6 (100 psi). The maximum
displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast 3b (50 psi), Blast 4 (70 psi) and Blast 5
(90 psi) were measured as 9.2 mm, 14.6 mm, 22.51 mm, 39.47 mm, and 52.33 mm respectively.
The residual displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast 3b (50 psi), Blast 4 (70 psi)
and Blast 5 (90 psi) were recorded as 4.13 mm, 2.66 mm (6.78 mm cumulative), 0.6mm (7.38 mm
cumulative), 7.7 mm (16.69 mm cumulative), and 15.18 mm (48.7 mm cumulative) respectively.
No displacement data were recorded for Blast 6 (100 psi).

Blast 1 (17 psi) kept the beam within the elastic range. The strain gauge data in the mid-span show
the maximum strain was 0.0010 mm/mm (&s=0.0002 mm/mm). No damage was observed after
the blast.

Blast 2 (30 psi) also tested the beam within the elastic range. The strain gauge data in the mid-span
showed the maximum strain to be 0.0028 mm/mm (&:s=0.0006 mm/mm), which is evidence of the
elastic behaviour of the longitudinal MMFX bars. Some hairline cracks appeared over the beam
span when compared with Blast 1 (17 psi), and no major crack was visible.

For Blast 3b (50 psi), the strain gauge data showed that the strain gauge reached a value £=0.02
mm/mm before failure, which indicates yielding of the steel reinforcement. A principal flexural
crack, with a maximum width of 0.78 mm, was found to have formed after Blast 3b (50 psi). This
crack was located 1000 mm from the top load application point.

For Blast 4 (70 psi), two major cracks were observed at distances of 1000 mm and 1200 mm from
the top load point. The major crack detected in Blast 3b (50 psi) continued growing to a width of
1.8 mm and several new cracks with widths which varied between 1.63 mm and 2.59 mm formed
on the bottom tension face of the beam. Longitudinal cracks with a length of 200 mm at the level
of the steel reinforcement appeared after this blast and reached a width of 0.69 mm, as shown in
Figure 5-22 (h). Limited crushing of compression concrete was also observed at mid-span.
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Figure 5-22 (i) shows the condition of the beam after Blast 5 (90 psi). The concrete on the
compression face at mid-span showed signs of crushing after this blast. The high-speed video
footage showed limited secondary fragmentation in terms of the production of some fine powder
due to the crushing of the concrete. The major cracks found in the last blast expanded to 6.67 mm
and 9.35 mm in width respectively leading to partial pullout of the steel fibres at this location. The
longitudinal crack also increased to 300 mm in length with a maximum width of 3.38 mm.

Blast 6 (100 psi) can be regarded as the final test for this beam since the longitudinal bars ruptured
after the test, as seen in Figure 5-22 (j). A chunk of concrete with a length of 150 mm flew out
during the test. As a result of the rupture of the bars, the beam split into two parts. The top part of
the beam collapsed and both parts released from the supports.

5.5.3. BEAM WITH HSFRC AND NO. 6 BARS (HSC - F1 - #6 - S)

The HSC-F1-#6-S beam was the last beam of the HSFRC series. The only difference in the
composition of this beam from that of the HSC-F1-#4-S and HSC-F1-#5-S specimens was the use
of No. 6 bars instead of No. 4 or No. 5 bars. The shockwave and displacement data for this
specimen can be found in Table 5-1. Complete reflected pressure and impulse histories, as well as
mid-span displacement histories for each blast on this beam are shown in Figure 5-23, Figure 5-24
and Figure 5-25. Figure 5-26 includes photographs detailing the effects of each blast on this
specimen.

For this beam, the maximum displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast 3b (50 psi),
Blast 4 (70 psi), and Blast 5 (90 psi) were measured as 6.11 mm, 14.76 mm, 22.33 mm, 35.99 mm,
and 66.84 mm respectively. The residual displacements for Blast 1 (17 psi), Blast 2 (30 psi), Blast
3b (50 psi), Blast 4 (70 psi) and Blast 5 (90 psi) were recorded as 1.31 mm, 2.41 mm (3.72 mm
cumulative), 1.19 mm (4.91 mm cumulative), 5.35 mm (10.26 mm cumulative), and 38.86 mm
(49.12 mm cumulative) respectively. No data was recorded for displacement during Blast 6 (100

psi).
The strain gauge data in the mid-span showed a maximum strain of 0.0007 mm/mm (&s=0.0002

mm/mm) which indicated that the beam was tested in the elastic range at Blast 1 (17 psi). No
observed damage was detected as a result of this test.

At Blast 2 (30 psi) the strain gauge at mid-span recorded a maximum strain of 0.0024 mm/mm
(€res=0.0005 mm/mm), which indicates elastic behaviour of the beam. Some hairline cracks
appeared after this test, but no major crack was visible.

For Blast 3b (50 psi), the maximum strain measured by the strain gauge at mid-span reached 0.0042
mm/mm (€r=0.0009 mm/mm), which means the beam was still in the elastic range. A major
flexural crack was found in the mid-span region located 1200 mm from the top load point with a
width of 1.08 mm. This crack extended to the top of the beam. Some diagonal cracks also began
to form in the shear spans.
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After Blast 4 (70 psi), the strain gauge data reached an extreme value of 0.027 mm/mm and
continued to keep this value until the beam failed. The larger strain capacity of HSFRC when
compared to HSC allowed the steel reinforcement to reach yielding prior to crushing of the
concrete. The crack that was observed in Blast 3b (50 psi) expanded to 4.5 mm. A vertical crack
in the longitudinal direction also appeared after Blast 4 (70 psi) with a length of 250 mm and a
maximum width of 1.39 mm. Further diagonal cracks were also observed in the shear spans.

For Blast 5 (90 psi), Figure 5-26 (h) shows the concrete on the compression face began to crush
after the test. A new diagonal crack with a length of 400 mm was observed in the mid-span region,
with a width of 4.51 mm. The two cracks resulting from Blast 4 (70 psi) continued growing after
application of this blast; the flexural crack had a width of 4.39 mm and the length of the
longitudinal crack increased to 600 mm with a maximum width of 5.7 mm. Two new flexural
cracks with maximum widths of 1.27 mm and 1.75 mm were observed on the tensile face located
800 mm and 1250 mm from the top load point. Some fine powder could be observed in the high-
speed video footage due to the concrete crushing on the compression face.

Blast 6 (100 psi) was the last blast for this beam. This test resulted in brittle failure of the beam,
with the specimen releasing from the supports and falling to the ground due to the large intensity
of this blast. A large chunk of concrete showed signs of major failure at mid-span, although it was
held in place by a limited number of fibres. It was noted that the steel bars did not rupture after the
test, as shown in Figure 5-26 (i).
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5.6.

SELECTED PHOTOGRAPHS - SCC SERIES

PRESSURE, IMPULSE, AND DISPLACEMENT TIME HISTORIES &

5.6.1. SCC-F0-#4-8S

Pressure (KPa)

Pressure (KPa)

Pressure and Impulse Time History

SCC-F0-#4-S Blast 1: 9ft Driver P4=17psi

Impulse (KPa-ms)

Pressure (KPa)

Pressure and Displacement Time History
SCC-F0-#4-S Blast 1: 9ft Driver P4=17psi

30 ‘ 30
—_— P_ressure
25 L — Displacement | 25
20 120
15 115
10 110
5 195
0 0
o Dimax=13.44mm | -5
Dres=2.60mm
-10 ‘ -10
250 300 350 400 450 500
Time (ms)

a) Blast 1: Reflected pressure, impulse, and displacement time histories.
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.

Figure 5-1 SCC-F0-#4-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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c) Blast 3a: Reflected pressure, impulse, and displacement time histories.
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d) Blast 3b: Reflected pressure, impulse, and displacement time histories.

Figure 5-2 SCC-F0-#4-S, recorded reflected pressure, impulse and displacement for Blast 3a-3b
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a) Blast 1 b) Blast 2 c) Blast 3a d) Blast 3b
(17 PSI) (30 PSI) (40 PSI) (50 PSI)

e) Mid-span cracking at Blast 3a f) Mid-span crushing at Blast 3b  g) Concrete split out during blast 3b

Figure 5-3 SCC-F0-#4-S, photographs showing results of Blasts 1 - 4
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5.6.2. SCC-FO0-#5-S
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a) Blast 1: Reflected pressure, impulse, and displacement time histories.
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.
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Figure 5-4 SCC-F0-#5-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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c) Blast 3b: Reflected pressure, impulse, and displacement time histories.
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d) Blast 4: Reflected pressure, impulse, and displacement time histories.
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Figure 5-5 SCC-F0-#5-S, recorded reflected pressure, impulse and displacement for Blasts 3b and 4
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a) Blast 1 b) Blast 2 c¢) Blast 3b d) Blast 4
(17 PSD) (30 PSI) (50 PSI) (70 PSI)

¢) Top-span cracking at Blast 3b f) Top-span cracking at Blast 4 g) Secondary fragmentation during

blast 4
Figure 5-6 SCC-F0-#5-S, photographs at the end of Blasts 1 - 4
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5.7.

PRESSURE, IMPULSE, AND DISPLACEMENT TIME HISTORIES &
SELECTED PHOTOGRAPHS - HSC SERIES

5.7.1. HSC-FO0-#4-8S
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a) Blast 1: Reflected pressure, impulse, and displacement time histories.

Pressure and Displacement Time History
HSC-F0-#4-S Blast 2: 9ft Driver P4=30psi
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.

Figure 5-7 HSC-F0-#4-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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c) Blast 3a: Reflected pressure, impulse, and displacement time histories.
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d) Blast 3b: Reflected pressure, impulse, and displacement time histories.

Figure 5-8 HSC-F0-#4-S, recorded reflected pressure, impulse and displacement for Blasts 3a and 3b
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a) Blast 1 b) Blast 2 c) Blast 3a d) Blast 3b
(17 PSI) (30 PSI) (40 PSI) (50 PSI)

e) Mid-span cracking at Blast 3a f) Mid-span cracking at Blast 3b g) Concrete split out and secondary
fragmentation during blast 3b
Figure 5-9 HSC-F0-#4-S, photographs at the end of Blasts 1 - 3b
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5.7.

Pressure (KPa)

Time (ms)

2. HSC-FO-#5-S

Pressure and Impulse Time History
HSC-F0-#5-S Blast 1: 9ft Driver P4=17psi

Impulse (KPa-ms)

Pressure (KPa)

Pressure and Displacement Time History
HSC-F0-#5-S Blast 1: 9ft Driver P4=17psi

30 ‘ 30
—_ P_ressure

25 L — Displacement 25
20 + 20
15+ 15
10 10
51 5
0 0
o Dmax=9.08mm 1-5

Dres=3.63mm

-10 ‘ ‘ ‘ ‘ -10

250 300 350 400 450 500
Time (ms)

a) Blast 1: Reflected pressure, impulse, and displacement time histories.
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.

Figure 5-10 HSC-F0-#5-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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c) Blast 3b: Reflected pressure, impulse, and displacement time histories.
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d) Blast 4: Reflected pressure, impulse, and displacement time histories.

Figure 5-11 HSC-F0-#5-S, recorded reflected pressure, impulse and displacement for Blasts 3b and 4
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a) Blast 1 b) Blast 2 c) Blast 3b d) Blast 4
(17 PSD) (30 PSI) (50 PSI) (70 PSI)

e) Mid-span cracking at Blast 3b f) Mid-span cracking at Blast 4 g) Concrete split out and secondary
fragmentation during blast 4
Figure 5-12 HSC-F0-#5-S, photographs at the end of Blasts 1 - 4
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5.7.3. HSC-FO0-#6-8S
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a) Blast 1: Reflected pressure, impulse, and displacement time histories.
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.

Figure 5-13 HSC-F0-#6-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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c) Blast 3b: Reflected pressure, impulse, and displacement time histories.

Figure 5-14 HSC-F0-#6-S, recorded reflected pressure, impulse and displacement for Blast 3b
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a) Blast 1 b) Blast 2 c) Blast 3b d) Blast 4
(17 PSD) (30 PSI) (50 PSI) (70 PSI)

e) Mid-span cracking at Blast 2 f) Mid-span cracking at Blast 3b g) Mid-span crushing at Blast 4
Figure 5-15 HSC-F0-#6-S, photographs at the end of Blasts 1 - 4
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5.8.

5.8.1. HSC-F1-#4-8S

Pressure (KPa)

Presssure (KPa)

PRESSURE, IMPULSE, AND DISPLACEMENT TIME HISTORIES &
SELECTED PHOTOGRAPHS — HSFRC SERIES
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a) Blast 1: Reflected pressure, impulse, and displacement time histories.
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.

Figure 5-16 HSC-F1-#4-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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e) Blast 4: Reflected pressure, impulse, and displacement time histories.

Figure 5-17 HSC-F1-#4-S, recorded reflected pressure, impulse and displacement for Blasts 3a and 4
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a) Blast 1 b) Blast 2 c) Blast 3a d) Blast 3b ¢) Blast 4
(17 PSI) (30 PSI) (40 PSI) (50 PSI) (70 PSI)

f) Mid-span cracking at Blast 3a g) Mid-span cracking at Blast 3b h) Mid-span crushing at blast 4
Figure 5-18 HSC-F1-#4-S, photographs at the end of Blasts 1 - 4
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5.8.2. HSC-F1-#5-8S
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a) Blast 1: Reflected pressure, impulse, and displacement time histories.
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.
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Figure 5-19 HSC-F1-#5-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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c) Blast 3b: Reflected pressure, impulse, and displacement time histories.
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d) Blast 4: Reflected pressure, impulse, and displacement time histories.

Figure 5-20 HSC-F1-#5-S, recorded reflected pressure, impulse and displacement for Blasts 3b and 4
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e) Blast 5: Reflected pressure, impulse, and displacement time histories.
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f) Blast 6: Reflected pressure, impulse, and displacement time histories.

Figure 5-21 HSC-F1-#5-S, recorded reflected pressure, impulse and displacement for Blasts 5 and 6
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a) Blast 1 b) Blast 2 c) Blast 3b d) Blast 4 e) Blast 5 f) Blast 6
(17 PSI) (30 PSI) (50 PSI) (70 PSI) (90 PSI) (100 PSI)

g) Mid-span cracking at Blast 4 h) Mid-span cracking at Blast 5 1) Tensile Reinforcement bar
ruptured at blast 6
Figure 5-22 HSC-F1-#5-S, photographs at the end of Blasts 1 - 6
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5.8.
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b) Blast 2: Reflected pressure, impulse, and displacement time histories.

Figure 5-23 HSC-F1-#6-S, recorded reflected pressure, impulse and displacement for Blasts 1 and 2
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c) Blast 3b: Reflected pressure, impulse, and displacement time histories.
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d) Blast 4: Reflected pressure, impulse, and displacement time histories.

Figure 5-24 HSC-F1-#6-S, recorded reflected pressure, impulse and displacement for Blast 3-4
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Figure 5-25 HSC-F1-#6-S, recorded reflected pressure, impulse and displacement for Blasts 5 and 6
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a) Blast 1 b) Blast 2 c) Blast 3b d) Blast 4 e) Blast 5 f) Blast 6
(17 PSD) (30 PSI) (50 PSI) (70 PSI) (90 PSI) (100 PSI)

g) Mid-span cracking at Blast 4 h) Mid-span cracking at Blast 5 i) Mid-span crushing at blast 6
Figure 5-26 HSC-F1-#6-S, photographs at the end of Blasts 1 - 6
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CHAPTER 6. DISCUSSION OF DYNAMIC TEST RESULTS

6.1. CHAPTER OVERVIEW

This chapter compares and discusses the experimental results from the blast tests. The effect of the
various parameters on the response of the beams is investigated, including the effect of: high-
strength steel longitudinal reinforcement ratio, steel fibres, concrete strength, and steel
reinforcement type. The performance criteria include: maximum and residual displacements,
failure mode, the magnitude of blast failure load, damage tolerance and secondary fragmentation.
With regard to the effects of the steel reinforcement type, the performance of the beams with high-
strength bars is compared to a companion set of beams reinforced with normal-strength bars tested
by Al-gassem (2016). The chapter is divided into several sections, discussing the following
effects:

The effects of the high-strength steel reinforcement ratio:

e in SCC beams

o SCC-F0-#4-S vs. SCC-FO-#5-S
e in HSC beams

o HSC-F0-#4-S vs. HSC-FO-#5-S vs. HSC-FO-#6-S
e in HSFRC beams

o HSC-F1-#4-S vs. HSC-F1-#5-S vs. HSC-F1-#6-S

The effects of steel fibres:

e in HSC beams with No. 4 MMFX steel bars
o HSC-F0-#4-S vs. HSC-F1-#4-S

e in HSC beams with No. 5 MMFX steel bars
o HSC-FO-#5-S vs. HSC-F1-#5-S

e in HSC beams with No. 6 MMFX steel bars
o HSC-F0-#6-S vs. HSC-F1-#6-S

The effects of concrete type:

e in beams with No. 4 MMFX steel bars
o SCC-F0-#4-S vs. HSC-F0-#4-S
e in beams with No. 5 MMFX steel bars
o SCC-FO0-#5-S vs. HSC-FO-#5-S

The effects of steel reinforcement type:

e in SCC beams with No. 4 steel bars

o SCC-F0-#4-S-400 vs. SCC-F0-#4-S
e in HSC beams with No. 4 steel bars

o HSC-F0-#4-S-400 vs. HSC-F0-#4-S
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e in HSC beams with No. 5 steel bars
o HSC-F0-15M-S-400 vs. HSC-FO-#5-S
e in HSC beams with No. 6 steel bars
o HSC-F0-20M-S-400 vs. HSC-FO-#6-S
e in HSC beams with No. 4 steel bars and fibres
o HSC-F1-#4-0-400 vs. HSC-F1-#4-S
e in HSC beams with No. 5 steel bars and fibres
o HSC-F1-15M-0-400 vs. HSC-F1-#5-S
e in HSC beams with No. 6 steel bars and fibre
o HSC-F1-20M-S-400 vs. HSC-F1-#6-S

6.2. GENERAL OBSERVATIONS

The experimental results are summarized in this section. Plots showing the maximum and residual
mid-span displacements for each beam at the different blast intensities are summarized in Figure
6-1 to Figure 6-6. The failure blasts are also noted in the diagrams. Failure was caused by either
one or a combination of the following mechanisms: shear failure, spalling of tension concrete,
crushing of compression concrete, concrete splitting with fibre pullout, or rupture of tension steel
reinforcement. In general, most of the HSC beams failed in flexure, with severe concrete spalling
or crushing. The exception was beam SCC-F0-#4-S which failed in shear. The HSFRC beams
generally failed in flexure, with failure associated with concrete splitting and fibre pullout or
blowout failures at extreme blast pressures. Beam HSC-F1-#5-S failed due to rupture of tension
steel reinforcement.

Table 6-1 also summarizes the maximum principal crack width for the beams after each blast. In

this table, “HL” means hairline cracks, “-” means no test run at this blast load, and “F” means
failure after the test, thus no maximum and residual displacements were recorded.

A brief examination of the displacements data and failure blasts shows improvements in
performance with the increase in longitudinal reinforcement ratio. Beams cast with steel fibres also
showed enhanced performance, with an ability to resist higher blast loads, when compared to
companions cast with plain concrete. In general HSC beams show improved performance when
compared to companions cast with normal-strength SCC. Further details on the effects of the
various test parameters are discussed in the sections that follow.
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Table 6-1 Summary of

rincipal crack widths

Principle Crack Width (mm)
Specimen Blast 1 Blast 2 Blast 3a | Blast 3b Blast 4 Blast 5 Blast 6
(17 PSI) | (30 PSI) (4o PsSl) | (50PsSl) | (7oPsl) | (90 PSl) | (100 PSI)
SCC-F0-#4-S HL HL 1.78 F - - -
SCC-FO-#5-S HL HL - 2.20 2.78 - -
HSC-FO-#4-S HL 2.31 6.50 F - - -
HSC-FO-#5-S HL 0.3 - 1.39 F - -
HSC-FO-#6-S HL 0.61 - 1.37 F - -
HSC-F1-#4-S HL HL 2.07 5.02 16.60 - -
HSC-F1-#5-S HL HL - 0.78 2.67 9.94 F
HSC-F1-#6-S HL HL - 1.08 1.92 4.67 IF

16

14

12

10

[¢e)

[e)]

N

N

Blast 1(17 PSI): Maximum displacement and Residual
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Figure 6-1 Maximum and residual displacements for Blast 1
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Figure 6-2 Maximum and residual displacements for Blast 2
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Figure 6-3 Maximum and residual displacement for Blast 3a
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Figure 6-4 Maximum and residual displacements for Blast 3b
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Figure 6-5 Maximum and residual displacements for Blast 4
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Blast 5(90 PSI): Maximum displacement and Residual
displacement

Note: Both specimen failed
at Blast 6 (100 PSI).
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Figure 6-6 Maximum and residual displacements for Blast 5

6.3. EFFECTS OF THE STEEL REINFORCEMENT RATIO

The experimental results show significant improvement in the behaviour of the beams with the use
of a higher steel reinforcement ratio. The effect of this parameter is investigated in three groups of
specimens: SCC specimens reinforced with No. 4 and No. 5 bars, HSC specimens reinforced with
No. 4, No. 5, and No. 6 bars and HSFRC specimens reinforced with No. 4, No. 5, and No. 6 bars.
All beams contained high-strength steel reinforcement.

6.3.1. EFFECTS OF THE STEEL REINFORCEMENT RATIO: SCC SPECIMENS

The SCC-FO-#4-S and SCC-FO-#5-S specimens were both constructed with plain self-
consolidating concrete and with high-strength ASTM A1035 MMFX longitudinal reinforcement.
Beam SCC-F0-#4-S contained 2 - No. 4 bars and had a reinforcement ratio of 1%. In comparison
Beam SCC-FO-#5-S contained 2 - No. 5 bars with a reinforcement ratio of 1.6%. Photographs
showing the damage in the beams at failure are included in Figure 6-7. Comparative bar charts
showing maximum/residual displacements and displacement-time history diagrams are shown in
Figure 6-8 and Figure 6-9.
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In comparing the mid-span displacements and residual displacements, there was no obvious
difference between these two specimens after Blast 1. Blast 2 and Blast 3b were meant to test the
beams within yield and post-yield ranges. Beam SCC-F0-#5-S, which had a higher reinforcement
ratio showed maximum displacements Omax = 20.13 mm and 33.97 mm at Blast 2 and Blast 3b,
respectively, with residual displacements of drs = 1.22 mm and 0.78 mm, respectively. In
comparison, maximum and residual displacements were higher for the SCC beam with No. 4
reinforcement, with Omax = 24.32 mm and dres =1.4 mm at Blast 2, and Omax = 64.52 mm and Ores
=20.2 mm under Blast 3b. Since the SCC-FO-#4-S beam failed at Blast 3b due to severe spalling
of tension concrete at mid-span, no comparison was made for Blast 4.

The beam reinforced with No. 5 bars was able to resist one larger blast prior to failure when
compared to the companion specimen with No.4 reinforcement. Although transverse
reinforcement was provided, failure of the SCC-FO-#5-S beam at Blast 4 was brittle, with shear
failure in the top shear span. The results indicate that an insufficient amount of transverse shear
reinforcement was provided in this beam. The increased ratio of high-strength reinforcement
resulted in increased shear demand, and therefore required a greater amount of shear reinforcement
to prevent shear failure.

Examination of the high-speed video indicates that both the SCC-FO0-#4-S and SCC-FO-#5-S
specimens, showed high amount of secondary fragmentation during the failure blasts. It is also
noted in Table 6-1 that there was no significant reduction of principal crack widths between the
two beams during the tests. For example, the major crack width of 1.78 mm in the SCC-FO0-#4-S
beam after Blast 3a was close to the crack width of 2.20 mm in the SCC-F0-#4-S specimen after
Blast 3b.

In summary, the increase in the high-strength reinforcement ratio in the normal-strength SCC
beams resulted in reduced displacements at equivalent blasts, and an ability to resist greater
impulsive loads before failure. However, the results also indicate the importance of providing
sufficient shear reinforcement in beams containing high-strength bars. Because of the increased
shear demand, the failure mode may be changed from flexure to shear when using large amounts
of high-strength reinforcement, and therefore special attention should be paid to the detailing of
the transverse reinforcement in such beams.
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a) SCC-FO-#4-S (50 psi) b) SCC-FO-#5-S (70 psi)

c¢) SCC-F0-#4-S d) SCC-FO-#5-S

Mid-span spalling at Blast 3b (50 psi) Top-span shear failure at Blast 4 (70 psi)

Figure 6-7 Photographs; effects of the steel reinforcement ratio on SCC specimens
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Figure 6-8 Maximum and residual displacements; effects of the steel reinforcement ratio on SCC specimens
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Figure 6-9 Displacement time histories; effects of the steel reinforcement ratio on SCC specimens
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6.3.2. EFFECTS OF THE STEEL REINFORCEMENT RATIO: HSC SPECIMENS

The response of specimens HSC-F0-#4-S, HSC-FO-#5-S, and HSC-FO0-#6-S, are compared in this
sub-section. These three beams were cast with plain high-strength concrete and reinforced with
different amounts of ASTM A 1035 high-strength steel reinforcement, with 2 - No. 4 (p = 1%), 2 -
No. 5 (p = 1.6%), and 2 - No. 6 (p = 2.3%) bars, respectively. It is noted that the balanced
reinforcement ratio for the HSC beam sections is estimated as being 1.7%, thus the HSC-FO-#6-S
is over-reinforced. Photographs showing the beams at failure are included in Figure 6-10.
Comparative bar charts showing maximum and residual displacements can be seen in Figure 6-11,
and displacement-time history diagrams are shown in Figure 6-12.

The mid-span displacements for HSC-F0-#4-S, HSC-FO-#5-S, and HSC-FO-#6-S were similar
after Blast 1. After Blast 2, the maximum displacements for the specimens with #5 and #6 bars
were similar and recorded as 17.72 mm and 16.59 mm. These values are reduced from that of the
No. 4 specimen (omax = 22.39 mm). The residual displacements for these three specimens at this
blast were close (0res = 3.13 mm for No. 4, 0.95 mm for No. 5, and 1.28 mm for No. 6). The HSC-
FO-#4-S specimen failed after Blast 3b; in comparison the HSC-FO-#5-S and HSC-FO-#6-S beams
withstood the impulse of this blast load. As a result, the maximum displacements of No. 5 and No.
6 specimens (Omax = 17.72 mm for No. 5, 16.59 mm for No. 6) were reduced by 49.2% and 50.4%
respectively, when compared with the HSC-FO-#4-S specimen (Omax = 22.39 mm). The specimens
reinforced with #5 and #6 bars failed at Blast 4. Although no maximum displacement data was
collected at this shot, the residual displacement of the No. 6 specimen (6res = 25.22 mm) was higher
by 20.9% when compared to the No. 5 specimen (dres = 19.96 mm). The result is not unexpected
since the No. 6 beam was over-reinforced.

In terms of crack control, the beams with larger amounts of reinforcement tended to show narrower
crack widths at equivalent blasts. The crack widths of the HSC-FO-#5-S and HSC-FO-#6-S
specimens (0.3 mm and 0.61 mm) decreased 87% and 73.6%, respectively, compared to the width
of the HSC-FO-#4-S specimen (2.31 mm) at Blast 2. The No. 4 specimen failed after Blast 3b,
therefore, no major crack was measured for this beam at this blast level. Major crack widths of
specimens reinforced with No. 5 and No. 6 bars were similar at this blast (1.39 mm and 1.37 mm).
In terms of failure mode, the HSC-FO-#4-S and HSC-FO-#5-S beams failed in flexure with
crushing of concrete and severe spalling (and ejection) of concrete cover at failure. The failure
mode of the HSC-FO-#6-S specimen was also in flexure, although chunk remained in place.
Concrete crushing in the compression zone tended to be more severe as the reinforcement ratio
increased. The high-speed video shows significant formation of secondary fragments for all
specimens at the failure blasts.

In summary the results indicate improvements in HSC beam performance as the ratio of high-
strength steel reinforcement was increased. The performance improvements included better control
of maximum displacements and an ability to sustain greater blast pressures before failure. The No.
5 and No. 6 specimens performed better than the specimen with No. 4 bars; however both
specimens showed similar behaviour with no improvement when increasing the bar size from No.
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5 to No. 6. As noted previously the specimen with No. 6 bars can be considered to be over-
reinforced (also confirmed in the static testing). The result points to the importance of properly
designing HSC beams containing high-strength reinforcement in order to prevent over-reinforced

behaviour.

a) HSC-FO-#4-S (50 psi) ~ b) HSC-FO-#5-S (70 psi)  ¢) HSC-FO-#6-S (70 psi)

d) HSC-F0-#4-S e) HSC-FO-#5-S f) HSC-FO-#6-S

Mid-span spalling at Mid-span spalling at Mid-span crushing at
Blast 3b (50 psi) Blast 4 (70 psi) Blast 4 (70 psi)

Figure 6-10 Photographs; effects of the steel reinforcement ratio on HSC specimens
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Figure 6-11 Maximum and residual displacements; effects of the steel reinforcement ratio on HSC specimens
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Figure 6-12 Displacement time histories; effects of the steel reinforcement ratio in HSC specimens
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6.3.3. EFFECTS OF THE STEEL REINFORCEMENT RATIO: HSFRC SPECIMENS

The HSC-F1-#4-S, HSC-F1-#5-S, and HSC-F1-#6-S specimens were designed to examine the
effects of different high-strength steel reinforcement ratios on the performance of the HSFRC
beams. These three beams were constructed with high-strength concrete containing 1% steel fibres
and were reinforced with No. 4, No. 5, and No. 6. ASTM A1035 MMFX bars (p = 1%, 1.6% and
2.3%). Relevant photographs of the beams at failure are included in Figure 6-13. Comparative

displacement bar charts and displacement-time history diagrams can be seen in Figure 6-14 and
Figure 6-15.

In comparing the HSC-F1-#4-S and HSC-F1-#5-S specimens, significant improvements were seen
in different aspects; the specimen reinforced with No. 5 bars had the capacity to resist higher blast
loads, to reduce maximum and residual displacements and to better control crack widths. Since the
two specimens were in the elastic range for Blast 1, the displacements were close. From Blast 2 to
Blast 4, the maximum and residual displacements of the No. 4 reinforced specimen (dmax= 19.18
mm, 37.65 mm, 61.79 mm; Ores= 3.5 mm, 12.16 mm, 35.01 mm for Blast 2 to 4) were greater than
those in the No. 5 reinforced specimen (Omax = 14.6 mm, 22.51 mm, 39.47 mm; Ores = 2.66 mm, 0.6
mm, 7.7 mm for Blast 2 to 4). The maximum displacements of the No. 5 reinforced specimen were
lower by 23.9%, 40.2%, and 36.1% and the residual displacements were reduced by 11.3%, 95.1%
and 78% for Blast 2, Blast 3b and Blast 4, respectively. In comparing the mid-span displacements
and residual displacements of HSC-F1-#5-S and HSC-F1-#6-S (0max= 14.76 mm, 22.33 mm, 35.99
mm; Ores = 2.41 mm, 1.19 mm, 5.35 mm for Blast 2 to 4) from Blast 1 to Blast 5, the differences
between these two specimens are in the 5% range at most shots. Thus, the displacement control
for both specimens was similar.

The use of larger reinforcement ratio also had an effect of reducing crack widths at equivalent
blasts. No major cracks were observed after Blast 1 or Blast 2 for any of the specimens due to the
presence of fibres. The major crack widths in the HSC-F1-#5-S and HSC-F1-#6-S specimens were
reduced by 84.5% and 78.5% (0.78 mm and 1.08 mm) for Blast 3b and 84.9% and 88.4% (2.67
mm and 1.92 mm) for Blast 4 when compared to the crack widths in the HSC-F1-#4-S beam (5.02
mm for Blast 3b and 16.60 mm for Blast 4). At Blast 5, the maximum crack width measured 9.94
mm compared to 4.67 mm for the No. 5 and No. 6 beams, respectively. It can be concluded that
the use higher reinforcement ratio improved crack width control in the HSFRC series.

The variation in reinforcement ratio in the HSFRC specimens also had an effect on failure mode.
The HSC-F1-#4-S beam failed at Blast 4 due to concrete splitting in the tension zone with fibre
pullout at the major crack location. The HSC-F1-#5-S beam failed at Blast 6 due to the rupture of
tensile reinforcing bars at extreme blast pressures. The use of larger bars prevented rupture of the
reinforcement in the HSC-F1-#6-S specimen, however the extreme loading combined with the
over-reinforcement resulted in disintegration of compression concrete and blow-out failure at Blast
6. Secondary concrete fragments for the beams reinforced with steel fibres was minimal and in the
form of fine powder, even at failure.

133



In general, the results show improved HSFRC beam performance under blast loading as the
reinforcement ratio is increased. The combined use of steel fibres and high-strength steel
reinforcement allowed the beams to withstand very high blast pressures before failure.

d) HSC-F1-#4-S e) HSC-F1-#5-S f) HSC-F1-#6-S
Mid-span fibre pull out at Blast 4 Steel bar rupture at Blast 6 Failure with ejection of beam at
(70 psi) (100 psi) Blast 6 (100 psi)

Figure 6-13 Photographs; effects of the steel reinforcement ratio on HSC specimens with fibres
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Figure 6-14 Maximum and residual displacements; effects of the steel reinforcement ratio on HSC specimens

with fibres
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Figure 6-15 Displacement time histories; effects of the steel reinforcement ratio on HSC specimens with fibres
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6.4. EFFECTS OF STEEL FIBRE REINFORCEMENT

The results from this research program indicate that the provision of steel fibres in high-strength
concrete beams allows for significant improvements in blast performance such as an ability to
resist higher magnitude blast loads, an ability to better control maximum and residual
displacements, and improved damage tolerance and control of cracking. In this section, the effect
of fibres is examined by comparing three groups of companion specimens constructed with HSC,
with and without steel fibres.

6.4.1. EFFECTS OF STEEL FIBRES - HSC beams with NO. 4 MMFX STEEL BARS

The performance of specimens HSC-FO-#4-S and HSC-F1-#4-S are discussed in this sub-section.
The specimens were both constructed with high-strength concrete and No. 4 MMFX bars, but one
beam was reinforced with 1% of steel fibres, while the other did not contain fibres. Photographs
of the specimens at failure are included in Figure 6-16. Comparative displacement bar charts and
displacement-time history diagrams can be seen in Figure 6-17 and Figure 6-18.

In comparing the maximum mid-span displacements, the HSC-F1-#4-S specimen which contained
fibres performed better, both in terms of control of displacements and overall blast resistance. The
improvement in displacement control was present at all blast intensities. For Blasts 1, 2, 3a and
3b, this specimen showed reduced maximum displacements by margins of 10.9%, 14.3%, 23.0%
and 28.6%, when compared to the HSC-FO-#4-S specimen, which contained no fibres (Blast 1:
Omax = 9.06 mm vs. 10.17 mm, Blast 2: 19.18 mm vs. 22.39 mm, Blast 3a: 26.02 mm vs. 33.78
mm, and Blast 3b: 37.65 mm vs. and 52.74 mm). In terms of residual displacements, the HSC-F1-
#4-S specimen showed similar displacement results when compared to the HSC-FO-#4-S beam.
However, at the failure blast of beam HSC-F0-#4-S, the cumulative residual displacement was
14.87 mm, which compares to 18.00 mm for the HSC-F1-#4-S specimen. However, in general the
effect of fibres on maximum displacements was more important than on residual displacements
for this series which had No. 4 bars.

As shown in the summary of principal crack widths in Table 6-1, steel fibres were effective in
improving crack control. For specimens without fibres, the first major crack appeared during Blast
2, while the formation of major cracking was not observed until one blast later in the specimen
with fibres. Similarly, at Blast 3a, the HSC-F1-#4-S beam’s major crack was 2.07 mm in width,
which compares to 6.50 mm for the HSC-FO-#4-S beam.

The provision of fibres also had an important effect on failure mode. The HSC-F0-#4-S specimen
failed at Blast 3b due to the severe spalling of concrete cover in the mid-span tension region. The
addition of fibres eliminated this mechanism, with failure of the HSC-F1-#4-S beam delayed until
Blast 4. While the specimen had residual blast capacity after this blast, it was deemed to have
failed because of the significant opening of a major crack at mid-span, with associated fibre pulled
out. Another clear benefit of using steel fibres was the reduction of secondary fragmentation.
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During the last shot (Blast 4) the high-speed video shows limited fragmentation for beam HSC-
F1-#4-S, with only a small amount of fine powder generated at failure. In contrast, significant
fragmentation and ejection of large concrete cover fragments was observed in the case of the
companion beam with plain HSC. In conclusion, the specimen with steel fibres showed improved
blast performance with reduction in major cracking, prevention of concrete cover loss, increased
blast resistance, and improved control of maximum displacements.

a) HSC-FO-#4-S (50 psi) b) HSC-F1-#4-S (70 psi)

¢) HSC-F0-#4-S d) HSC-F1-#4-S e) HSC-F1-#4-S
Mid-span spalling at Blast 3b Mid-span damage at Blast 3b Mid-span fibre pull out at Blast 4
(50 psi) (50 psi) (70 psi)

Figure 6-16 Photographs; effects of steel fibres on HSC specimens with No. 4 bars
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Figure 6-17 Maximum and residual displacements; effects of steel fibres on HSC specimens with No. 4 bars
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Figure 6-18 Displacement time histories; effects of steel fibres on HSC specimens with No. 4 bars
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6.4.2. EFFECTS OF STEEL FIBRES - HSC beams with NO. 5 MMFX STEEL BARS

Companion beams HSC-F1-#5-S and HSC-F0-#5-S were constructed with high-strength concrete,
and No. 5 MMFX bars but contained plain and fiber-reinforced HSC, respectively. Photographs
showing the beams at failure are included in Figure 6-19, comparative displacement bar charts are
included in Figure 6-20, and displacement-time history diagrams can be seen in Figure 6-21.

In terms of maximum displacements, specimen HSC-F1-#5-S which contained 1% steel fibres had
maximum displacements dmax = 9.2 mm, 14.6 mm, 22.51 mm, and 39.47 mm, at Blasts 1, 2, 3b,
and 4, respectively. In comparison the corresponding maximum displacements were dmax = 9.63
mm, 17.72 mm, 26.77 mm and 64.71 mm, for the specimen with plain HSC. This comparison
shows that the fibres in beam HSC-F1-#5-S resulted in reductions in maximum displacements by
5.9%, 17.6%, 15.9% and 39.0% at these four blasts. The residual displacement values were similar
for these two specimens from Blast 1 to Blast 3b, although the displacements are slightly less for
the specimen with fibres. At Blast 4, the residual displacement of the HSC-F1-#5-S beam was 7.7
mm compared to 19.96 mm for HSC-F0-#5-S, which failed at this blast intensity. It can be
concluded that use of steel fibres reduced maximum displacements, with moderate effects on
residual displacements in this series which had No. 5 bars.

The previous companion set showed steel fibres are effective in improving crack control under
blast loading, and this trend continued in this series. As with the previous set, the first major
cracking was delayed by one blast when compared to the beam with plain HSC. As shown in Table
6-1, the specimen with fibres had smaller major crack widths at the various blast pressures. For
example, at Blast 3b crack widths were reduced by 43.9% (1.39 mm vs. 0.78 mm). The HSC-F0-
#5-S specimen failed at Blast 4, therefore no comparison was made for crack widths after Blast
3b.

The HSC-F1-#5-S specimen withstood two more blasts when compared to the HSC-FO-#5-S
specimen. At Blast 4, the specimen without fibres failed due to concrete spalling (with complete
loss of concrete cover in the mid-span region) and crushing of concrete in the compression zone.
In contrast spalling was eliminated in the HSC-F1-#5-S specimen and failure was prevented at this
blast intensity. At Blast 5, the specimen with fibres was considered to have successfully resisted
the blast load, although some fibres were observed to have pulled out. Subsequent testing under
Blast 6 pressures resulted in rupture of the tensile bars in this specimen. Despite the severe blowout
failure caused by the loss of tension reinforcement, the concrete did not disintegrate and the amount
of secondary fragmentation observed during the final shot (Blast 6) was limited. In contrast
significant fragmentation can be seen in the high-speed video at Blast 4 for the HSC-FO-#5-S
specimen (see Figure 6-52).
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a) HSC-FO-#5-S (70 psi) b) HSC-F1-#5-S (90 psi)

¢) HSC-FO-#5-S d) HSC-F1-#5-S e) HSC-F1-#5-S
Mid-span spalling at Blast 4 Mid-span damage at Blast 4 Tensile reinforcement bars rupture
(70 psi) (70 psi) at Blast 6 (100 psi)

Figure 6-19 Photographs; effects of steel fibres in HSC specimens with No. 5 bars
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Figure 6-20 Maximum and residual displacements; effects of steel fibres in HSC specimens with No. S bars
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Figure 6-21 Displacement time histories; effects of steel fibres in HSC specimens with No. S bars
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6.4.3. EFFECTS OF STEEL FIBRES - HSC beams with NO. 6 MMFX STEEL BARS

This is the final comparison in this sub-section. Specimens HSC-F1-#6-S and HSC-FO-#6-S were
constructed with high-strength concrete, No. 6 MMFX bars, but contained 1% and 0% fibres,
respectively. Photographs of the specimens at failure are included in Figure 6-22, comparative
displacement bar charts are displayed in Figure 6-23, and displacement-time history diagrams can
be seen in Figure 6-24.

Comparing the maximum displacements for each blast, the HSC-F1-#6-S specimen had a slightly
improved response when compared to the HSC-FO-#6-S specimen. For the specimen reinforced
with fibres, the maximum displacements are 6.11 mm, 14.76 mm, and 22.33 mm for Blasts 1, 2
and 3b, respectively, which are lower by 44.0%, 11.0%, 14.6% when compared to the specimen
without fibres which had displacements of 10.91 mm, 16.59 mm, and 26.15 mm for Blasts 1, 2
and 3b, respectively. No maximum displacement data was recorded at Blast 4, therefore no
comparison is possible at this shot. The cumulative residual displacement of beam HSC-F1-#6-S
was 4.91 mm, compared to 4.86 mm for HSC-F0-#6-S at Blast 3b. The specimen without fibres
failed at Blast 4, and the associated residual displacement was 25.22 mm, compared to 5.35 mm
for the specimen with fibres. It can be concluded that steel fibres improved the control of maximum
displacements at mid-span, and decreased residual displacements.

In terms of major crack widths, the same findings which were summarized for the specimens with
No. 4 and No. 5 bars were observed for the beam with No. 6 bars. Major crack in the HSC-F1-#6-
S specimen was found at Blast 3b, which was one blast later than for the HSC-F1-#6-S specimen
(Blast 2). The maximum crack width for HSC-F1-#6-S specimen was 1.08 mm compared to 1.37
mm for the HSC-FO-#6-S specimen at Blast 3b. The HSC-FO-#6-S specimen failed at Blast 4;
therefore, no comparison was made after Blast 4.

In addition to reducing maximum displacements, the use of fibres in the No. 6 specimen allowed
the beam to resist two more blasts when compared to the No. 6 specimen with plain HSC. The
HSC-F1-#6-S failed after application of Blast 6 pressures due to concrete crushing. While rupture
of tension steel was prevented at this blast, the large impulse resulted in the beam being released
from the setup, with loss of concrete in the compression zone (although the large blocks of
fragmented concrete did not disintegrate). No video was recorded for the HSC-FO-#6-S specimen
during the last blast; however, examination of the test floor area in front of the beam showed no
ejection of major blast fragments at failure, which contrasts with the fragmentation observed in the
high-speed video of the beam with plain HSC at failure.

In summary, from the three companion sets of HSC and HSFRC beams, it can be concluded that
the provision of fibres results in important improvements in blast performance in high-strength
concrete beams reinforced with high-strength steel bars. In particular, the use of fibres leads to
increased blast capacity (larger failure blasts), reduced maximum displacements and improved
damage tolerance and crack control.
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a) HSC-FO-#6-S (70 psi) b) HSC-F1-#6-S (90 psi)

¢) HSC-F0-#6-S d) HSC-F1-#6-S ¢) HSC-F1-#6-S
Mid-span crushing at Blast 4 Mid-span damage at Blast 4 Mid-span crushing at Blast 6
(70 psi) (70 psi) (100 psi)

Figure 6-22 Photographs; effects of the steel fibre on HSC specimens with No. 6 bars
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Figure 6-23 Maximum and residual displacements; effects of steel fibres on HSC specimens with No. 6 bars
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Figure 6-24 Displacement time histories; effects of steel fibres on HSC specimens with No. 6 bars
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6.5. EFFECTS OF CONCRETE STRENGTH

One of the parameters investigated in this study was concrete strength in beams built with high-
strength steel reinforcement. The sections that follow examine the effect of this parameter in beams
built with No. 4 and No. 5 MMFX steel bars.

6.5.1. EFFECTS OF CONCRETE STRENGTH - SPECIMENS with NO. 4 MMFX STEEL BARS

The SCC-FO0-#4-S and HSC-F0-#4-S specimens were both designed with No. 4 MMFX bars and
did not contain fibres. The only difference between them was the use of normal-strength self-
consolidating concrete in the SCC-F0-#4-S beam and high-strength concrete in the HSC-FO-#4-S
beam. Photographs of the specimens at failure are included in Figure 6-25, comparative
displacement bar charts are depicted in Figure 6-26 and displacement-time history diagrams can
be seen in Figure 6-27.

The use of high-strength concrete had some limited effects on the behaviour of the beams in this
set. In general, maximum and residual displacements were better controlled when using HSC. At
Blasts 1, 2, 3a and 3b, the maximum displacements of the high-strength concrete specimen were
10.17 mm, 22.39 mm, 33.78 mm, and 52.74 mm, which are decreased by 24.3%, 7.9%, 9.4% and
18.3%, when compared to the companion beam with normal-strength concrete (Smax = 13.44 mm,
24.32 mm, 37.3 mm and 64.52 mm). Similarly, residual displacements were reduced for the HSC
specimen when compared to the companion SCC-FO-#4-S specimen, with reduction of 61.1%,
8.6%, 41.1% and 57.0% at Blasts 1, 2, 3a and 3b, respectively (Blast 1: 1.01 mm vs. 2.6 mm, Blast
2: 1.28 mm vs. 1.4 mm, Blast 3a: 3.89 mm vs. 6.6 mm, and Blast 3b: 8.69 mm vs. 20.2 mm). It
can be concluded that the use of high-strength concrete has effects on decreasing maximum and
residual displacements at equivalent blast loads.

Figure 6-25 shows the failure mode of the SCC-F0-#4-S and the HSC-FO0-#4-S specimens; both
specimens failed at Blast 3b due to severe spalling of the concrete in the tensile mid-span region,
with crushing of concrete in the compression zone. Both specimens showed significant amounts
of secondary fragmentation when examining the high-speed videos at this failure blast.

In terms of crack control, the specimen with SCC showed narrower crack widths at equivalent
blasts when compared to the companion beam with high-strength concrete. Major cracking in the
HSC specimen was observed at Blast 2, which was one blast prior to the cracking of the SCC
specimen, which occurred at Blast 3a. At Blast 3b, the crack width of the HSC-FO-#4-S beam was
6.5 mm compared to 1.78 mm for the SCC-FO-#4-S beam.

It can be concluded that the high-strength specimen allowed for better control of maximum and
residual displacements under blast loading. However, the use of HSC did not improve cracking
and did not allow for greater blast capacity, an indicator that the blast performance of reinforced
concrete flexural members is more greatly affected by the properties of the tension steel
reinforcement.

149



a) SCC-FO-#4-S (50 psi)

c¢) SCC-F0-#4-S d) HSC-FO0-#4-S

Mid-span failure at Blast 3b (50 psi) Mid-span failure at Blast 3b (50 psi)

Figure 6-25 Photographs; effects of concrete strength on specimens with No. 4 bars
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Figure 6-26 Maximum and residual displacements; effects of concrete strength on specimens with No. 4 bars
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Figure 6-27 Displacement time histories; effects of concrete strength on specimens with No. 4 bars
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6.5.2. EFFECTS OF CONCRETE STRENGTH - SPECIMENS with NO. 5 MMFX STEEL BARS

The SCC-FO0-#5-S and HSC-FO-#5-S specimens were designed with MMFX No. 5 steel bars but
were constructed with normal and high-strength concrete, respectively. Both specimens did not
contain fibres and had 6 mm stirrups at s = 100 mm in the shear spans. Photographs of the beams
at failure are included in Figure 6-28, comparative displacement bar charts are included in Figure
6-29, and displacement-time history diagrams can be seen in Figure 6-30.

Concrete strength had a more important effect on the behaviour of the beams in this companion
set. As with the previous set, the HSC specimen showed reduced mid-span displacements when
compared to the SCC beam. At blast 1, the maximum and residual mid-span displacements for the
HSC-FO-#5-S specimen (0max = 9.63 mm and dws = 3.63 mm) dropped by 26.2% and 1.1%
respectively when compared to the SCC-F0-#4-S specimen (dmax = 13.04 mm and Jres = 3.67 mm).
At blast 2, the reduction for the HSC-FO-#5-S specimen (Omax = 17.72 mm and s = 3.13 mm)
reached 12% for the maximum displacement when compared to the HSC-F1-#4-0 specimen (dmax
=20.13 mm and 0rs = 1.22 mm). At Blast 3b, the HSC-FO0-#5-S specimen (dmax = 26.77 mm and
Ores = 1.16 mm) showed a reduction by 21.2% for maximum displacement when compared to the
SCC-FO-#5-S specimen (dmax = 33.97 mm and 0res = 0.78 mm). At the failure shot (Blast 4), the
maximum and residual displacements for the HSC-FO-#5-S specimen were recorded as 64.71 mm
and 19.96 mm, which reduced 16.1% and 49.9% from those of the companion SCC specimen (Smax
=77.17 mm and drs = 39.81 mm).

Both specimens failed at Blast 4, but with different failure modes. The HSC-FO-#5-S beam failed
in flexure with crushing and concrete spalling in the tension zone. In contrast, the SCC-FO-#5-S
beam failed in a brittle manner in shear, an indicator that the amount of transverse reinforcement
was insufficient in the SCC specimen. Shear resistance is the sum of concrete and transverse steel
contributions, with the concrete contribution being proportional to the square root of compressive

strength (\/ﬁ ). Since the beams had the same stirrup spacing, the shear failure in the SCC
specimen can be attributed to the reduced compressive strength of SCC vs. HSC.

The results from this set demonstrate the need to carefully design shear reinforcement in beams
which contain high-strength steel bars. The increased flexural strength provided by high-strength
bars results in increased shear demand which requires greater shear resistance. The results also
show that the combined use of HSC and high-strength reinforcement may be better suited in
flexural members subjected to blast loading when compared to normal-strength concrete and high-
strength steel reinforcement.
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a) SCC-FO-#5-S (70 psi)
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¢) SCC-FO-#5-S d) HSC-FO-#5-S
Top-span shear failure at Blast 4 (70 PSI) Mid-span spalling at Blast 4 (70 PSI)

Figure 6-28 Photographs; effects of concrete strength on specimens with No. 5 bars
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Figure 6-29 Maximum and residual displacements; effects of concrete strength on specimens with No. S bars
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Displacement Time History - Blast 1 (17 PSI)
Effect of Concrete Type
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Figure 6-30 Displacement time histories; effects of concrete strength on specimens with No. 5 bars
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6.6. EFFECTS OF STEEL REINFORCEMENT TYPE

One of the objectives of this research study was to examine the effect of high-strength
reinforcement on the blast performance of reinforced concrete beams. In this section the
performance of the beams from this study are compared to a companion set of HSC and HSFRC
beams tested by Al-gassem (2016), which were built with conventional normal-strength
reinforcement.

The comparisons in the sections that follow demonstrate that the use of high-strength
reinforcement is beneficial in reinforced concrete beams subjected to blast loading. This
reinforcement generally led to increased blast resistance (magnitudes of failure blasts) and
decreased maximum and residual displacements at equivalent blast loads. The combined use of
steel fibres and high-strength steel reinforcement was particularly beneficial in improving the blast
performance of the beams.

The properties of the seven companion beams in Al-gassem (2016)'s study are summarized in
Table 6-3. Relevant displacement data from the shock-tube testing of these beams are summarized
in Table 6-4. Also included are the blast properties (reflected pressure, impulse and positive phase
duration) for each test. Table 6-3 also summarizes maximum crack width data for each beam at
the various blasts.

The beams in Al-gassem (2016)'s study had identical geometry and cross-sectional properties as
the beams in the current study. The nomenclature follows the same methodology as in the current
study (HSC or SCC for concrete type; FO and F1 for 0% and 1% fibres; No. 4, 15M or 20M for
reinforcement size; and S or 0 for beams built with and without stirrups at 100 mm, respectively).
The "400" in the nomenclature indicated the use of normal-strength, 400 MPa, bars. The 15M
beams had the same reinforcement ratio as the #5 beams in the current study. However, the 20M
beams in Al-gassem's study are built with Canadian size 20M bars (As = 300 mm?) resulting in
slightly larger reinforcement ratio when compared to the #6 beams in the current study (As = 284
mm? for the #6 bars). In addition, since the HSFRC beams with No. 4 and 15M normal-strength
bars were expected to have sufficient shear reinforcement, these beams were built without stirrups.
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Table 6-2 Matrix of normal-strength steel specimens (Al-gassem, 2016)

Fibre | Longitudinal Type of
. Concret . . Longitudinal Transverse
Specimen ID content Reinforcing . . .
e Type Reinforcing Reinforcement
Vi (%) Bars
Bars
SCC-F0-#4-S-400 SCC 2—-No. 4
HSC-F0-#4-S-400 2—-No. 4 .
0 Grade 400 with | ©-3 mim surups
HSC-F0-15M-S-400 | HSC 2-15M average yield | @s=100mm
strengths of:
HSC-F0-20M-S-400 2-20M No. 4: 449 MPa
15M: 471 MPa
HSC-F1-+#4-0-400 2—-No 4 20M: 460 MPa
n/a
HSC-F1-15M-0-400 | HSFRC 1% 2-15M
HSC-F1-20M-S-400 2-20M 6.3 mm stirrups
@ s =100 mm

Table 6-3 Summary of principal crack widths for normal-strength steel specimens (Al-gassem, 2016)

Principle Crack Width (mm)
Specimen Blast 1 Blast2 Blast3a Blast3b Blast4x Blast4  Blast 5x
(A7PSIH (30PSI) (40PSDH (50PSI) (60PSI (70 PSI (80 PSDH

HSC-F0-20M-S-400 HL 0.5 / 1.79 / F -
HSC-F1-20M-S-400 HL HL / 1.48 / 8.01 F
HSC-F1-15M-0-400 HL HL / 3.81 / 19.32 (F) -
HSC-F0-15M-S-400 HL 1.54 / F - - -
HSC-F0-#4-S-400 0.2 1.5 F - - - -
HSC-F1-#4-0-400 HL 0.4 3.84 9.14 F - -
SCC-F0-#4-5-400 HL 1.78 3.93(F) - - - -
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Table 6-4 Blast data summary for companion normal-strength reinforcement specimens (Al-gassem, 2016)

Driver Appro.ximate Reflected Reflected Positive Max Residual Max

Length PDrlver Impulse Pressure Phas.e Deflection Deflection Supp?rt

ressure Duration Rotation

Specimen ID | Blast Ly Py I P, tp Omax Ores Omax
# mm psi kPa-ms kPa ms mm mm degree

-1 2745 17 244.28 23.58 20.72 10.44 1.98 0.54
HSC-Fo-20M- | -2 2745 30 360.00 39.22 18.36 15.12 0.15 0.78
S-400 3b | 2745 50 538.18 57.40 18.75 3291 12.43 1.69
-4 2745 70 702.59 68.83 20.42 118.06 71.69 6.06

-1 2745 17 260.4 23.8 21.87 9.21 2.29 0.47

2 2745 30 358.0 41.4 17.30 14.91 22 0.77
HSCSE(;(Z)OM' -3b | 2745 50 552.0 57.4 19.24 27.64 4.04 1.42
-4 2745 70 732.7 71.1 20.60 67.03 41.84 3.44

55X | 2745 80 774.0 79.1 19.56 153.01 79.22 7.86

] 2745 17 213.70 24.49 17.45 10.05 3.91 0.52
HSC-F1-15M- | =2 2745 30 347.60 40.28 17.26 15.02 2.66 0.77
0-400 3b | 2745 50 512.00 56.51 18.12 33.31 10.08 1.71
-4 2745 70 657.00 69.48 18.91 78.91 54.68 4.05

-1 2745 17 223.00 23.89 18.67 11.50 2.66 0.59
HSCS'Ffo'éSM' 2 2745 30 340.70 42.88 15.89 21.40 4.71 1.10
-3b 2745 50 516.00 58.64 17.60 124.00 22.04 6.41

-l 2745 17 216.60 24.29 17.83 10.63 3.71 0.55

%) 2745 30 344.00 41.50 16.58 18.47 4.10 0.95

HSC-£56#4-0- -3a 2745 40 428.95 48.21 17.80 35.18 15.61 1.81
-3b 2745 50 512.00 55.50 18.45 55.10 32.26 2.83

-4x 2745 60 562.62 68.75 16.37 61.0 38.89 3.13

-1 2745 17 229.00 24.42 18.76 13.15 3.62 0.64

Hsc'fg(')#“'s' 2 2745 30 348.00 38.24 18.20 30.44 14.16 1.56
-3a 2745 40 421.00 44.99 18.72 44.53 6.59 2.29

-1 2745 17 245.00 2331 21.02 12.65 1.54 0.65

SCC'E(())(')#“'S' %) 2745 30 373.00 40.82 18.28 29.53 13.04 1.52
-3a 2745 40 448.50 45.24 19.83 47.96 25.11 2.46
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6.6.1.EFFECTS OF STEEL REINFORCEMENT TYPE - PLAIN CONCRETE SPECIMENS

This section examines the effect of reinforcement type of the performance of companion beams
built with plain normal and high-strength concrete. Included in the comparison sets are SCC beams
built with #4 bars and HSC beams built with #4, #5/15M and #6/20M reinforcement.

6.6.1.1. SCC beams with No. 4 steel bars

The performance of the SCC-F0-#4-S-400 and SCC-F0-#4-S, are compared in this sub-section.
The two specimens were constructed with the same plain SCC and contained stirrups, but were
reinforced with 2 - #4 size conventional (400 MPa) and high-strength (MMFX) steel reinforcing
bars, respectively. Photographs of the beams after application of failure blast loads are shown
Figure 6-31. Comparative displacement bar charts and displacement-time history diagrams can be
seen in Figure 6-32 and Figure 6-33, respectively.

The SCC specimen with high-strength reinforcement out-performed its comparison with
conventional reinforcement in several aspects, including control of displacements and overall blast
capacity. At Blast 1, the maximum and residual displacements for the two specimens were similar.
At Blast 2, the maximum and residual displacements of the SCC-F0-#4-S specimen which had
high-strength reinforcement (Omax = 24.32 mm, dres = 1.4 mm) dropped by 17.6% and 89.3% when
compared to the companion SCC-F0-#4-S-400 specimen (Omax = 29.53 mm, dres = 13.04 mm). At
Blast 3a, the SCC-FO0-#4-S specimen had maximum and residual mid-span displacements of dmax
=37.3 mm and 6res = 6.6 mm, showing a decrease by 22.2% for maximum displacement and 73.7%
for residual displacement when compared to the SCC-F0-#4-S-400 specimen (Omax = 47.96 mm
and Ores = 25.11 mm).

The SCC specimen with high-strength reinforcement was also able to resist a higher blast load
when compared to the companion the normal-strength reinforcement specimen. While beam SCC-
FO-#4-S-400 failed at Blast 3a, failure of beam SCC-F0-#4-S was delayed until Blast 3b. Both
specimens failed in a similar manner, with spalling of the concrete cover in the mid-span tension
region; however, spalling was more extensive (with some crushing) in beam SCC-F0-#4-S which
was subjected to greater blast pressures. From the high-speed video, the amount of secondary
fragmentation was also slightly higher at failure for the specimen with high-strength rebar.

160



a) SCC-FO0-#4-S-400 b) SCC-FO-#4-S
(40 psi) (50 psi)

¢) SCC-F0-#4-S-400 d) SCC-F0-#4-S e) SCC-F0-#4-S
Mid-span spalling at Blast 3a Mid-span damage at Blast 3a Mid-span spalling at Blast 3b
(40 psi) (40 psi) (50 psi)

Figure 6-31 Photographs; effects of steel reinforcement type on SCC beams with No. 4 bars
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Figure 6-32 Maximum and residual displacements; effects of steel reinforcement type on SCC beams with No.
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Figure 6-33 Displacement time histories; effects of steel reinforcement type on SCC beams with No. 4 bars
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6.6.1.2. HSC beams with No. 4 steel bars

This companion set is similar to previous one, with the exception being that beams HSC-F0-#4-S-
400 and HSC-F0-#4-S were built with plain high-strength concrete. Both beams contained stirrups
and were reinforced with #4 size normal and high-strength bars respectively. Photographs for the
beams at failure blasts are included in Figure 6-34. Comparative displacement bar charts and
displacement-time history diagrams can be seen in Figure 6-35 and Figure 6-36, respectively.

The provision of MMFX high-strength reinforcement in the high-strength concrete beams
improved response under blast loading. At Blast 1, maximum and residual displacements of the
beams with HSC and MMFX bars were 10.17 mm and 1.01 mm, which dropped 1.8% for
maximum displacement and 72.1% for residual displacement compared to the companion beam
with convention steel (Smax = 12.50 mm, &res = 3.62 mm). At blast 2, the maximum and residual
mid-span displacements dropped by 26.4% and 91% respectively when comparing the HSC-FO0-
#4-S specimen (Odmax = 22.39 mm and dres = 1.28 mm) to the HSC-F0-#4-S-400 specimen (Omax =
30.44 mm and 65 = 14.16 mm). Finally, comparing the HSC-F0-#4-S specimen (0max = 33.78 mm
and dres = 3.89 mm) with the HSC-F0-#4-S-400 specimen (Omax = 44.53 mm and 6res = 6.59 mm)
at Blast 3a, the MMFX specimen showed reductions of 24.1% and 41.0% in maximum and residual
displacements.

The provision of high-strength steel in high-strength concrete also increased the blast capacity of
the HSC beam. The normal-strength steel specimen (HSC-F0-#4-S-400) failed at Blast 3a, while
the companion with high-strength steel failed in Blast 3b. Both specimens failed in flexure with
spalling of the concrete cover in the mid-span region, however the failure mode of the high-
strength steel HSC-F0-#4-S specimen was more severe, as shown in Figure 6-34. In both cases,
high-speed video shows ejection of large blocks of concrete from the cover region at failure.
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a) HSC-F0-#4-S-400 b) HSC-F0-#4-S
(40 psi) (50 psi)

¢) HSC-F0-#4-S-400 d) HSC-F0-#4-S e) HSC-F0-#4-S
Mid-span spalling at Blast 3a Mid-span damage at Blast 3a Mid-span spalling at Blast 3b
(40 psi) (40 psi) (50 psi)

Figure 6-34 Photographs; effects of steel reinforcement type on HSC beams with No. 4 bars
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Figure 6-35 Maximum and residual displacements; effects of steel reinforcement type on HSC beams with No.
4 bars

166



Displacement Time History - Blast 1 (17 PSI) Displacement Time History - Blast 2 (30 PSI)

Effect of the Steel Reinforcement Type Effect of the Steel Reinforcement Type
15 ‘ ‘ 40 ‘ ‘
— HSC-F0-#4-S-400 — HSC-F0-#4-S-400

12 | ++ HSC-FO-#4-S ++ HSC-FO-#4-S
—~ —_~ 30 I
€ S
£ E 2}
c T
[0) o
€ g 10}
(0] [0}
8 &
a o 0
L R
(@) o

10 f
- . -20 .
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Time (ms) Time (ms)
a) Blast 1 b) Blast 2

Displacement Time History - Blast 3a (40 PSI)

Effect of the Steel Reinforcement Type

60 ‘ ‘
— HSC-FO-#4-S-400
++ HSC-FO-#4-S
—~ 40}
€
E
€ 20t
(0]
IS
3
< 0
a
L
o 20 +
-40 S ————
250 300 350 400 450 500 550
Time (ms)
c) Blast 3a

Figure 6-36 Displacement time histories; effects of steel reinforcement type on HSC beams with No. 4 bars
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6.6.1.3. HSC beams with No. 5/15M steel bars

The two specimens in this companion set, HSC-FO0-15M-S-400 and HSC-FO-#5-S were
constructed with high-strength concrete, stirrups, and no fibres. The only difference between the
two specimens was that the HSC-F0-15M-S-400 beam was reinforced with normal-strength 15M
bars, and the HSC-FO-#5-S beam was reinforced with #5 MMFX bars. Photographs are included
in Figure 6-37. Comparative displacement bar charts and displacement-time history diagrams can
be seen in Figure 6-38 and Figure 6-39, respectively.

In regard to mid-span displacements, combining the use of high-strength steel in high-strength
concrete significantly improved the response of the beams. At Blast 1, the maximum and residual
displacements for the high-strength steel specimen were 9.08 mm and 3.63 mm, which diminished
20.9% for maximum displacement compared to the normal-strength steel (dmax= 11.48 mm, Ores =
2.66 mm). At Blast 2, the HSC-FO-#5-S specimen (Omax = 17.72 mm, 6rs = 3.13 mm) dropped by
17.2% and 94.7% for the HSC-F0-15M-S-400 specimen (Omax = 21.4 mm, dres=4.71 mm). At blast
3b, the HSC-FO-#5-S specimen had maximum and residual mid-span displacements of Omax =
26.77 mm and Ors = 1.16 mm, showing a decrease by 78.6% for maximum displacement and
94.7% for residual displacement when compared to the HSC-F0-15M-S-400 specimen (dmax =
124.95 mm and 0res = 22.04 mm).

In addition to reducing the magnitude of maximum and residual displacements, the high-strength
reinforcement specimen was able to better control major crack widths at equivalent blast loads.
Crushing also initiated at an earlier stage in the HSC specimen with conventional steel bars.

Reinforcing the HSC beam with high-strength reinforcement also had the effect of enabling it to
resist a higher blast load prior to failure. The HSC-FO-#5-S specimen suffered failure at Blast 4,
unlike the HSC-F0-15M-S-400 specimen which failed at Blast 3b. Both specimens failed due to
concrete crushing in the top flexural region. The failure was somewhat more severe in the beam
with high-strength reinforcement, which also suffered spalling in the tension zone. In both cases
secondary fragmentation was observed at failure.
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a) HSC-F0-15M-S-400 b) HSC-FO-#5-S
(50 psi) (70 psi)

¢) HSC-F0-15M-S-400 d) HSC-F0-#5-S e) HSC-FO-#5-S
Mid-span failure at Blast 3b (50 PSI) Mid-span damage at Blast 3b (50 PSI)  Mid-span failure at Blast 4 (70 PSI)
Figure 6-37 Photographs; effects of the steel reinforcement type on HSC with No. 5/15M bars
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Figure 6-38 Maximum and residual displacements; effects of steel reinforcement type on HSC beams with No.
5/15M bars
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Figure 6-39 Displacement time histories; effects of steel reinforcement type on HSC beams with No. 5/15M
bars
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6.6.1.4. HSC beams with No. 6/20M steel bars

The last companion set in the HSC series includes specimens HSC-F0-20M-S-400 and HSC-FO-
#6-S. Both beams were built with plain high-strength concrete and stirrups. The specimens differed
only by the type of steel bars: the HSC-F0-20M-S-400 specimen was built 20M normal-strength
steel bars (As = 300 mm?), while beam HSC-F0-#6-S was built No. 6 MMFX high-strength steel
bars (As = 284 mm?). Photographs of the beams at failure blast loads are included in Figure 6-40,
comparative displacement bar charts can be found in Figure 6-41, and displacement-time history
diagrams can be seen in Figure 6-42.

Unlike the previous beams in this series, the use of high-strength steel reinforcement in this set led
to some limited improvements in HSC beam blast performance. Maximum and residual
displacements at Blast 1 and Blast 2 for the two specimens were similar in magnitude (For the
MMFX specimen, dmax = 10.91 mm, 16.59 mm, 6w = 2.05 mm, 0.95 mm; for the conventional
steel specimen, Omax = 10.44 mm, 15.12 mm, Ores= 1.98 mm, 0.15 mm). To recall from Chapter 4,
the static response of the companion beams was similar in the elastic (pre-yield) range, with similar
stiffness recorded for both specimens, which can explain the similarity in maximum and residual
displacements under Blast 1 and 2 loadings. Nonetheless, at Blast 3b, the maximum and residual
mid-span displacements dropped by 9.7% and 85.0% respectively when comparing the HSC-FO0-
#6-S specimen (Omax = 26.15 mm, &res = 1.86 mm) to the HSC-F0-20M-S-400 specimen (dmax =
32.19 mm, s = 12.43 mm). Finally, comparing the HSC-FO-#6-S specimen (8res = 25.22 mm)
with the HSC-F0-20M-S-400 specimen (dres = 71.69 mm) at Blast 4, the MMFX specimen showed
a reduction by 64.8% for residual displacement (no maximum displacement data was recorded at
this blast).

Both specimens failed due to concrete crushing in the compression at Blast 4. The normal-strength
specimen showed more severe crushing in the compression zone when compared to the specimen
with high-strength steel reinforcement. A similar amount of secondary fragmentation was
observed for both specimens from the high-speed video.

Despite the above it is noted that unlike the previous beams in the HSC series, the beam with No.
6 high-strength reinforcement did not show increased blast capacity (ability to withstand greater
blast pressures) when compared to the companion with normal-strength steel bars. This can be
explained by the fact that this HSC beam with high-strength bars was over-reinforced (p = 2.3% >
pval = 1.7%), as also confirmed during the static tests.

The results from the SCC and HSC series clearly show that reinforced concrete beam response
under blast loading can improve with the use of high-strength reinforcement. However, careful
attention should be paid to ensure such beams are not over-reinforced (p < pval). In addition, such
beams should be detailed with sufficient shear reinforcement to avoid brittle shear failures.
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c¢) HSC-F0-20M-S-400 d) HSC-F0-#6-S

Mid-span failure at Blast 4 (70 PSI)  Mid-span damage at Blast 4 (70 PSI)
Figure 6-40 Photographs; effects of steel reinforcement type on HSC beams with No. 6/20M bars
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Figure 6-41 Maximum and residual displacements; effects of steel reinforcement type on HSC beams with No.
6/20M bars
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Figure 6-42 Displacement time histories; effects of steel reinforcement type on HSC beams with No. 6/20M
bars
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6.6.2.EFFECTS OF STEEL REINFORCEMENT TYPE - HSFRC SPECIMENS

This next sub-section examines the effect of reinforcement type on the performance of companion
beams built with HSFRC. The results clearly show benefits associated with the combined use of
these two high-performance materials. Included in the comparison sets are HSFRC beams built
with #4, #5/15M and #6/20M reinforcement.

6.6.2.1. HSCFRC beams with No. 4 steel bars

The first companion set in this series includes beams HSC-F1-#4-0-400 and HSC-F1-#4-S, which
were both designed with high-strength concrete and 1% fibres. The differences include the use of
high-strength steel and stirrups with 100 mm spacing in the shear span for the HSC-F1-#4-S
specimen, while the HSC-F1-#4-0-400 specimen was built with conventional steel reinforcement
and no stirrups. It is noted that despite the lack of shear reinforcement the HSC-F1-#4-0-400 failed
in flexure due to the provision of fibres. Both specimens did not contain stirrups in the mid-span
region, thus the main parameter affecting beam response is considered to be the longitudinal steel
type. Photographs of the beams at failure are included in Figure 6-43. Comparative displacement
bar charts and displacement-time history diagrams can be seen in Figure 6-44 and Figure 6-45,
respectively.

Displacements of the two specimens at Blast 1 and Blast 2 are similar but slightly lower for the
beam with high-strength steel (for HSC-F1-#4-S: 0max = 9.06 mm & 19.18 mm, res= 1.31 mm &
3.0 mm; for HSC-F1-#4-0-400: 0max= 10.63 mm & 18.47 mm, res= 3.71 mm & 4.1 mm). This is
to be expected since the pre-yield stiffness of the two specimens is similar. Nonetheless, it is noted
that the residual displacements of the high-strength specimen were lower by margins of 64.7% and
26.8% at these 2 blasts when compared to the companion with normal-strength steel bars. The
effect on displacement control is more evident at subsequent blasts. At Blast 3a and Blast 3b, the
maximum displacements for the HSC-F1-#4-0-400 specimen were 35.18 mm and 55.1 mm, which
were significantly higher by 26.0% and 41.7% over those of the HSC-F1-#4-S specimen (Omax =
26.02 mm and 37.65 mm) which had MMFX bars. The residual displacements of the HSC-F1-#4-
0-400 specimen (Ores = 15.61 mm and 32.26 mm) were 90.2% and 62.3% higher at these blasts
when compared to beam HSC-F1-#4-S (8res = 1.53 mm and 12.16 mm).

As shown in Figure 6-43, cracking was also better distributed in the MMFX. Crack widths were
also better controlled at equivalent blasts. Three major cracks were observed at Blast 2 for the
normal-strength steel specimen, and the maximum crack width was measured at 0.4 mm. The high-
strength specimen had several hairline cracks at Blast 2. At Blast 3a and Blast 3b, the maximum
crack widths for the normal-strength steel specimen were 3.84 mm and 9.14 mm, respectively, and
2.07 mm and 5.02 mm for the high-strength steel specimen; increases of 46% and 45%, for the
normal-strength steel HSFRC specimen.
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The specimen reinforced with MMFX bars was also able to resist a higher magnitude of blast
loading before failure. Whereas the HSC-F1-#4-0-400 specimen failed at Blast 4X (60 psi), the
companion with high-strength steel survived up to Blast 4 (70 psi). Both specimens failed in
flexure with concrete splitting in the tension zone and fibre pull-out at major crack locations.
However, while three major cracks formed in the HSC-F1-#4-0-400 beam, only one major crack
formed in the HSC-F1-#4-S beam (crack opening was also better controlled at the 60 psi blast).
Due to the provision of fibres, both specimens did not exhibit significant amounts of secondary
fragmentation at failure.

In summary the results demonstrate the benefit of combining HSFRC and high-strength
reinforcement. The addition of fibres in HSC results in increased fragmentation resistance,
improved tensile capacity and increased compressive toughness which allows the high-strength
concrete beams to fully utilize the increased strength of the ASTM A1035 bars.
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b) HSC-F1-#4-S (70 psi)

¢) HSC-F1-#4-0-400 d) HSC-F1-#4-0-400 e) HSC-F1-#4-S f) HSC-F1-#4-S
Mid-span failure at Mid-span damage at Mid-span failure at Mid-span damage at
Blast 3b (50 PSI) Blast 4x (60 PSI) Blast 3b (50 PSI) Blast 4 (70 PSI)

Figure 6-43 Photographs; effects of reinforcement type on HSFRC beams with No. 4 bars
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Figure 6-44 Maximum and residual displacements; effects of reinforcement type on HSFRC beams with No. 4
bars
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Figure 6-45 Displacement time histories; effects of reinforcement type on HSFRC beams with No. 4 bars
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6.6.2.2. HSFRC beams with No. 5/15M steel bars

Specimens HSC-F1-15M-0-400 and HSC-F1-#5-S were both constructed with high-strength
concrete containing 1% steel fibres, but contained high-strength and normal-strength steel
reinforcement, respectively. It is noted that no stirrups were provided in the HSC-F1-15M-0-400
beam, while stirrups with 100 mm spacing were provided in HSC-F1-#5-S (however as with the
previous set, both specimens failed in flexure and did not contain stirrups in the midspan region).
Photographs showing the specimens at failure are included in Figure 6-46. Comparative
displacement bar charts and displacement-time history diagrams can be seen in Figure 6-47 and
Figure 6-48, respectively.

The maximum and residual displacements of the HSC-FI-15M-0-400 and HSC-F1-#5-S
specimens at Blast 1 and Blast 2, were similar with differences within margins of £5% (HSC-F1-
#5-S: Omax = 9.2 mm & 14.6 mm, Ores = 4.12 mm & 2.66 mm; HSC-F1-15M-0-400: 6max = 10.05
mm & 15.02 mm, drs = 3.91 mm & 2.66 mm). When compared to the normal strength steel
specimen, the high-strength steel specimen showed a reduction of 32.4% for maximum
displacement (Omax =22.51 mm vs. 33.31 mm) and 94.0% for residual displacement (dres = 0.6 mm
vs. 10.08 mm), at Blast 3b. Similarly, at Blast 4, the MMFX specimen showed a reduction of 50%
for maximum displacement (Omax =39.47 mm vs. 78.91 mm) and 85.9% for residual displacement
when compared to beam HSC-F1-15M-0-400 (3res = 7.7 mm vs. 54.68 mm).

In terms of major crack widths, the HSC-F1-#5-S specimen performed significantly better than the
HSC-F1-15M-0-400 specimen. For both beams, the first major crack was observed after Blast 3b;
it measured 3.81 mm for the normal-strength reinforced specimen and 0.78 mm for the high-
strength reinforced specimen. The normal-strength reinforced specimen failed at Blast 4 since the
fibre pulled out, with a maximum major crack width of 19.32 mm, compared to 2.67 mm for the
high-strength steel specimen.

The HSC-F1-#5-S specimen was also able to withstand a larger blast before failure. This specimen
failed at the maximum shock-tube driver pressure of 100 psi at Blast 6 due to rupture of the high-
strength tensile bars, which corresponds to two additional blasts when compared to the companion
HSFRC beam with normal-strength bars (failure at Blast 4). From the high-speed video it is evident
that steel fibres were effective in controlling the formation of secondary fragments in both
specimens.

As with the previous beam set in the HSFRC series, the results demonstrate important performance
enhancements associated with the combined use of high-strength concrete, fibres and high-strength
reinforcement. The beam in this series was able to larger blast pressures, fully utilizing the strength
of the high-strength bars which ruptured in tension. The results also indicate the need to
conservatively design HSFRC beams with high-strength bars in order to ensure sufficient reserve
capacity to prevent brittle failures caused by rupture of steel reinforcement.
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a) HSC-F1-15M-0-400 b) HSC-F1-#5-S
(70 psi) (90 psi)

¢) HSC-F1-15M-0-400 d) HSC-F1-#5-S e) HSC-F1-#5-S
Mid-span failure at Blast 4 (70 psi) Mid-span damage at Blast 4 (70 psi) Mid-span failure at Blast 6 (100 psi)

Figure 6-46 Photographs; effects of reinforcement type on HSFRC beams with No. 5/15M bars
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Figure 6-47 Maximum and residual displacements; effects of reinforcement type on HSFRC beams with No.
5/15M bars
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Figure 6-48 Displacement time histories; effects of reinforcement type on HSFRC beams with No. 5/15 M
bars
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6.6.2.3. HSFRC beams with No. 6/20M steel bars

The last companion set in the HSFRC beam series includes specimens HSC-F1-20M-S-400 and
HSC-F1-#6-S, are discussed in this sub-section. Both beams were constructed with high-strength
concrete containing 1% fibres and stirrups, but the former was reinforced with 20M (normal-
strength bars As = 300 mm?) and the latter was reinforced with #6 high-strength MMFX bars (As
= 284 mm?). Photographs of the beams at critical blast loadings are included in Figure 6-49.
Comparative displacement bar charts and displacement-time history diagrams can be seen in
Figure 6-50 and Figure 6-51, respectively.

The maximum and residual mid-span displacements for both specimens were quite similar after
Blast 1 and Blast 2 (For the MMFX specimen: omax = 6.11 mm & 14.76 mm, 6res = 1.31 mm &
2.41 mm,; for the conventional steel specimen: Omax=9.21 mm & 14.91 mm, &res=2.29 mm & 2.2
mm). At Blast 3b, the maximum and residual displacements of the high-strength specimen HSC-
F1-#6-S (Omax = 22.33 mm, dres= 1.19 mm) were lower than those of the normal-strength HSC-F1-
20M-S-400 beam (Omax = 27.64 mm, Ores = 4.04 mm) by 19.2% and 70.5%, respectively. At Blast
4, maximum displacement was 46.3% lower (Omax = 35.99 mm vs. 67.03 mm) and residual
displacement was 87.2% lower (dres= 5.35 mm vs. 41.84 mm) for the high-strength steel specimen
compared to the normal-strength steel specimen.

In terms of major crack width, the specimen reinforced with high-strength bars showed narrower
crack widths than the other specimen with normal-strength bars. The major crack for both
specimens was observed at Blast 3b, and the width measured 1.08 mm for the HSC-F1-#6-S beam
and 1.48 mm for HSC-F1-20M-S-400 beam. At Blast 4, the maximum major crack was 1.92 mm
for the high-strength reinforcement specimen compared to 8.01 mm for the normal-strength
reinforcement specimen.

For the HSC-F1-20M-S-400 specimen, concrete began to crush at Blast 4 (70 psi), with failure at
the next blast (80 psi; Blast 5) due to crushing of concrete in the compression zone, and fibre
pullout in the tension zone. The HSC-F1-#6-S specimen withstood two additional blast
applications after the 70 psi shot and failed at Blast 6 (100 psi). It is noted that unlike the specimen
with #5 high-strength bars, rupture of the tension steel reinforcement was prevented when
increasing the bar size to #6 in this specimen, however the impulse from Blast 6 was too large and
resulted in the release of the beam from the supports.

The results show that the combined use of high-strength concrete, fibres and #6 high-strength bars
resulted in significant improvements in blast performance when compared to the companion beam
with normal-strength bars. The results also show that the use of HSFRC is better-suited for high-
strength reinforcement when compared to plain HSC; while use of #6 high-strength bars resulted
in over-reinforced behaviour in the HSC beam, the increased compressive strain capacity of
HSFRC allowed for the use of the larger amount of high-strength bars without triggering over-
reinforced conditions.
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a) HSC-F1-20M-S-400 b) HSC-F1-#6-S
(80 psi) (90 psi)

c) HSC-F1-20M-S-400 d) HSC-F1-20M-S-400 e) HSC-F1-#6-S f) HSC-F1-#6-S

Mid-span damage at Blast ~ Mid-span failure at Blast 5x ~ Mid-span damage at Blast 4 Mid-span damage at Blast 5
4 (70 psi) (80 psi) (70 psi) (90 psi)

Figure 6-49 Photographs; effects of steel reinforcement type on HSFRC beams with No. 6/20M bars
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Figure 6-50 Maximum and residual displacements; effects of steel reinforcement type on HSFRC beams with
No. 6/20M bars
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Figure 6-51 Displacement time histories; effects of steel reinforcement type on HSFRC beams with No. 6/20M
bars
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6.7.DAMAGE TOLERANCE AND FRAGMENTATION

The magnitude of blast load resistance and the ability to control mid-span displacements are the
principal factors used to assess the blast performance of reinforced concrete beams. Secondary
fragmentation and failure mode are also important criteria to be considered. Figure 6-53 shows
stills from high-speed video showing secondary fragmentation formation in the plain concrete and
HSFRC specimens. One can see the effect of concrete type, reinforcement ratio and fibre
reinforcement by comparing the stills from companion beams.

As noted previously the use of plain HSC did not result in increased blast capacity when compared
to plain normal-strength concrete (SCC), but resulted in reductions in maximum and residual
displacements. Nonetheless, in both cases significant formation of secondary fragments was
observed at failure for all beams in the plain SCC and HSC specimens.

The use of a larger reinforcement ratio generally improved blast resistance and displacement
control of beams in the HSC series. However, as seen in the high-speed video stills, fragmentation
at failure was high for all beams in this series, regardless of reinforcement ratio. For the HSC
series, the No. 4 and No. 5 specimens failed due to severe spalling with complete loss of concrete
cover, while concrete cover stayed in place for the No. 6 specimen.

The results from this study show that the use of steel fibre is effective in increasing blast resistance
and controlling displacements in beams subjected to blast loading. Another important benefit was
the ability of steel fibres to increase damage tolerance and reduce fragmentation. The use of 1%
steel fibres increased the tensile resistance, toughness and fragmentation resistance of the high-
strength concrete. This allowed the HSFRC beams to prevent failure mechanisms such as concrete
spalling and sudden crushing. In addition, as clearly evidenced in the high-speed video stills, the
provision of steel fibres was effective in reducing the amount of secondary fragmentation in the
HSC beams, even at failure. Furthermore, the use of fibres resulted in a better control of cracking.

Reinforcing the beams with high-strength steel bars improved the blast performance of the beams
by increasing blast capacity and enhancing control of displacements. However, in the HSC series,
the use of high-strength reinforcement tended to increase brittleness when compared to companion
beams with normal-strength bars. The combined use of fibres and high-strength reinforcement in
the HSFRC series results in good fragmentation resistance, even as the reinforcement strength was
increased.
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SCC-F0-#4-S SCC-FO-#5-S HSC-F0-#4-S HSC-FO-#5-S

HSC-F1-#4-S HSC-F1-#5-S HSC-F1-#6-S

Figure 6-52 Secondary fragmentation formations in plain concrete and HSFRC from high-speed video
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HSC-FO-#4-S:

HSC-FO-#5-S:
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HSC-F1-#4-S:

HSC-F1-#5-S:
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HSC-F1-#6-S:

Figure 6-53 Failure sequence for plain concrete and HSFRC specimens from high-speed video
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CHAPTER 7. ANALYSIS OF STATIC AND DYNAMIC TESTS

7.1. CHAPTER OVERVIEW

This section presents the analysis of the beams tested in the research program. The dynamic
analysis is conducted by first developing resistance curves for each beam using dynamic material
properties and a lumped inelasticity approach. Thereafter the response of the beams is predicted
using single-degree-of-freedom (SDOF) analysis and software RC-Blast (Jacques 2014). For
completeness, the analysis of the statically tested beams is also presented. Section 7.2 introduces
the material models which are used in the sectional analysis. Various equations which are used to
account for dynamic effects on material properties are summarized in Section 7.3. Section 7.4
presents the methodology used to develop the resistance curves, as well as an overview of the
analysis procedure in software RCBlast. The static and dynamic analysis results are summarized
in Sections 7.5 and 7.6. Finally, Section 7.7 presents a sensitivity analysis which examines the
effect of modelling parameters (material and DIF model selection) on the analytical predictions.

7.2. MATERIAL MODELS

This section introduces the stress-strain models for concrete, HSFRC and steel which are used to
develop the member resistance curves.

7.2.1. PLAIN CONCRETE MODELS

The unconfined compression models proposed by Popovics (1973) and Cusson and Paultre (1995)
were selected to describe the stress-strain behaviour of plain concrete in the HSC and SCC beam:s.
Concrete in tension was assumed to follow a linear-elastic response, with maximum tensile

strength equal to 0.33\/E and a slope equal to the modulus of elasticity of plain concrete.

Popovics (1973)

The Popovics (1973) model is the default model considered for plain unconfined concrete in
compression. In this model, equation (7-1) is used for both the ascending and descending branches
of the stress-strain curve. The model is applicable for concrete with strengths ranging from 15 MPa
to 125 MPa. The parameter k controls the slope of the descending branch and can be approximated
using equation (7-2) as proposed by Collins and Mitchell (1990). Other parameters such as the
curve-fitting factor n, initial tangent modulus E, and strain at peak stress €, can be computed
using the relationships in equations (7-2), (7-3), (7-4) and (7-5).
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n(e./€o)

— ! 7-1
feled) = o e ey (7-1)
1.0 €./€0 < 1.0
k = ! 72
0.67 + fi €./€y > 1.0 =2
62
f‘CI
=08+ — 7-3
n=08+ (7-3)
fi n

= 74
€o E, (n — 1) (7-4)
E. =3300,/f/ + 6900 (7-5)

Cusson & Paultre (1995)

The Cusson & Paultre (1995) confinement model can be adapted to predict the stress-strain
response of normal and high-strength unconfined concrete. The model combines the same
ascending branch used by Popovics (1973) and a descending branch which modifies an expression
proposed by Fafitis and Shah (1985). The stress-strain relationships in this model are presented in
equation (7-6). Coefficients n and k4, can be obtained from equations (7-7) and (7-8). The curve-
fitting factor n can be computed using equation (7-7), and for unconfined concrete, the coefficient
ko, can be taken as 1.5. The modulus of elasticity is estimated using equation (7-5). Finally, the
strain at peak stress (&y) can be obtained using equation (7-9), while the strain €54, can be taken
as 0.004 mm/mm in the absence of test data.

fe e/ <) l fore, < ¢
foler) =2 "% n— 1+ (e./e0)" ¢ (7-6)
fe -expliyu(ec — So)kzu] fore. > g
Le (7-7)
n=————— -
Ec - (fcl/go)
In(0.5)
k,, = 7-8
tu (SSOCU - go)kzu ( )
€, = 0.001684 + 0.000016f, (7-9)
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Sample plain unconfined concrete stress-strain curves

Figure 7-1 shows the stress-strain curves for normal and high-strength concretes with target
strengths of 50 MPa and 100 MPa as predicted by both models. It can be seen that before reaching
peak stress, the stiffness predicted by the Popovics model is higher when compared to the Cusson
& Paultre model, while this model predicts a more gradual descending branch (stiffer post-peak
response) when compared to the Popovics model.

Unconfined Plain Concrete Models
(SCC with f'¢, = 50 MPa;HSC with f'c, = 100 MPa)

100

90
80
70
60
50
40

Stress (MPa)

30
20

10 —— Cusson & Paultre (1995)
— Popvics (1973)

0 0.00075 0.0015 0.00225 0.003  0.00375 0.0045
Strain (mm/mm)

Figure 7-1 Unconfined plain concrete stress-strain models sample

7.2.2. STEEL FIBRE REINFORCED CONCRETE MODELS

Three models were considered to model the stress-strain behaviour of the high-strength fibre-
reinforced concrete (HSFRC), including two compression models and one tension model. The
behaviour of unconfined HSFRC in compression was taken into account using the models
proposed by Ou et al. (2012) or Mansur et al. (1999). Tensile response is taken into account using
the model proposed by Lok and Pei (1998). Figure 7-2 (b) shows typical stress-strain curves for
HSFRC as obtained using these models.

Ou etal. (2012)

The stress-strain model proposed by Ou et al. (2012) modifies a model originally proposed by
Carreira and Chu (1985), and can be used to predict the stress-strain response of normal and high-
strength steel fibre-reinforced concrete in compression. In this model, Equation (7-10) is used for
both the ascending and descending branches of the stress-strain curve. The ultimate compressive
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strength ( fc'uf), the strain at peak stress (&y5) and the coefficient 8 are defined by equations (7—
11), (7-12) and (7-13), where the variables vy, Ly and dy are the fibre content, the fibre length,
and the fibre diameter, respectively.

fer(ee) := fer 7 (7-10)
-1+ ()
Py vrly
feur = o + 235D (7-11)
_ ¢ vrly
o = £ +0.0007 (1) (7-12)
f
vl vl
g =071(-%L52 - 2.00 <ﬁ> +3.05 (7-13)
dy dy

Mansur et al. (1999)

The model proposed by Mansur et al. (1999) is the default model which is used to predict the
stress-strain response of unconfined high-strength fibre-reinforced concrete in compression. The
model is applicable for HSFRC with strengths ranging from 70 to 120 MPa. According to this
model the ascending and descending branches of the stress-strain curve can be obtained using
equation (7-14). The ascending branch follows the same form of the relationship proposed by
Carreira and Chu (1985), with parameters n, E_, fc’f, and &5 defined by equations (7-15), (7-16)
and (7-17). For the descending branch, the factors, ksq and kg, account for the effect of steel fibres
on post-peak stress-strain response, and are obtained using equations (7-18) and (7-19). The
variables v¢, Ly and df are the fibre content, the fibre length and the fibre diameter, respectively.

( . n(ec/&of)
| ln —1+ (ec/eOf)"] foree = % o
fo(EC) . ’ [ kf1n(€c/€0f) ] ( - )
fcf e fore. > g
kpan — 1+ (ec/€0r)
E.
(7-15)

"B = (F, eor)
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E. = (10300 — 400v;)f//° (7-16)

g0y = [0.00050 + 0. 00000072( ]f’ 033 (7-17)
k= (ff>3°[ (%)2-5] (7-18)

L
k2 = ( ff>13[ -0 g™ (7-19)

Lok & Pei (1998)

The model proposed by Lok & Pei (1998) is used to predict the tensile stress-strain response of
HSFRC. The model consists of a tri-linear stress-strain curve. The first branch of the curve is linear
with a peak stress equal to the cracking strength of HSFRC (estimated using equation (7-20)), and
a slope equal to the modulus of elasticity of HSFRC (estimated using equation (7-5)). After
reaching the cracking stress, the curve follows a bi-linear relationship which can either be
ascending or descending. The first linear portion ends at stress and strain values ( f," and &)
defined using equations (7-21) and (7-22). In this thesis, the matrix bond strength 7,4 of
HSFRC is taken as 6 MPa, which falls in the range of bond strength values suggested by Kutzing
(2000). According to this study, if the concrete strength exceeds 70 MPa, the bond strength is
estimated to be between 5-6 MPa (Grunewald 2004). The parameter Ef,, is the modulus of the steel
fibres and is taken as 200 GPa. The aspect ratio (Ls/ds) and fibre content (vy) are the other

parameters which influence the stress f, and strain €,. The second portion of the post-cracking
curve is linearly descending and reaches zero stress at a strain of 0.02 (Lok and Pei, 1998).

foer = 033(f)"° (7-20)
L1 Ly

f2 = Evf":bondd_ (7-21)

Ly 1 )

€ = Thond 5~ d, Efp (7-22)

Sample HSFRC stress-strain curves

Figure 7-2 (a) shows the stress-strain curves for HSFRC with compressive strength of 100 MPa as
predicted by the Ou et al. (2012), Mansur et al. (1999) and Lok and Pei (1998) models. It can be
seen that the Ou and Mansur models show similar peak and post-peak stress-strain responses. At
1% fibre content, the Lok and Pei model predicts a tension softening response for the HSFRC.
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Figure 7-2 Unconfined HSFRC stress-strain models sample

7.2.3. HIGH-STRENGTH STEEL (MMFXz) MODELS

The tensile response of the high-strength MMFX steel reinforcement was taken into account using
either the experimental coupon data or a model proposed by the ACI Task Group ITG-6 (2010).
Sample experimental coupon data for the No. 4, No. 5, and No. 6 steel reinforcement are shown
in Figure 7-3. The three-part stress-strain relationship proposed by the ACI ITG-6R (2010) is
presented in equation (7-23). The first portion of the curve is linear-elastic up to a strain, & =
0.0024, with a slope corresponding to the modulus of elasticity of the high-strength steel (200,000
MPa). The second branch of the curve is non-linear and follows a parabolic response until reaching
an ultimate stress of 1040 MPa at a strain of €, = 0.02. In the final branch, the stress remains
constant at 1040 MPa until reaching the rupture strain of the high-strength steel (taken as €, =0.06
in the model). Figure 7-3 compares the model prediction to the stress-strain data from the coupon
tests; it can be seen that the ACI ITG-6R model closely matches the data obtained from the coupon
tests, with conservative predictions of ultimate stress.

200,000&,(MPa) for e, < 0.0024
2.96
f.‘?(gs) :=41170 — m(MPQ) for 0.0024 < & < 0.02 (7—23)
1040(MPa) for 0.02 < &, < 0.06
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Figure 7-3 High strength steel reinforcement coupon data and ACI ITG-6R model
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7.3. DYNAMIC INCREASE FACTORS

Concrete and steel properties are affected by strain-rate. This section presents several models

0.04

0.05

0.06

which were used to account for dynamic effects in concrete, HSFRC and steel reinforcement.

7.3.1.UFC-3-340-02 (2008) Design Dynamic Increase Factors

Table 7-1 shows the dynamic increase factor proposed by UFC-3-340-02 (2008). The UFC-3-340-
02 (2008) gives conservative DIF values which can be used in the blast-resistant design of
reinforced concrete members. Unlike other models, these design values are not dependent on the

strain rate. In this research, the beam specimens were primarily subjected to "bending" stresses

and were tested under "far design range" blast loads, which results in DIF values of 1.17/1.05 at

yield/ultimate for the reinforcing bars and 1.19 for concrete in compression.

Table 7-1 Dynamic increase factors for design of reinforced concrete elements (Adapted from UFC-3-340-02,

2008)
Far design range Close-in design range
Ts{E:s(s)f Reinforcing bars Concrete Reinforcing bars Concrete
fay/fy fau/fu fac/fc fay/fy fau/fu fac/fc

Bending 1.17 1.05 1.19 1.23 1.05 1.25
Dt;g;:sl 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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7.3.2.DIF MODELS FOR CONCRETE

Under high-strain rate dynamic loading, the compressive and tensile strengths of concrete are
increased. The apparent increase in strength can be taken into account using various strain rate-
dependant dynamic increase factor (DIF) models. In this research two DIF models are considered
for plain concrete in compression: CEB (1990) and the Saatcioglu et al. (2011). The DIF of HSFRC
in compression is considered using the model proposed by Zhang and Mindness (2011). The
dynamic response of concrete and HSFRC in tension is taken into account using the equations
proposed by Malvar and Ross (1998). In addition, the design dynamic increase factors proposed
by the UFC-3-340-02 (2008) were also considered for analysis.

CEB (1990)

The Euro-international Concrete Committee proposed the relationships shown in equations (7-24)
and (7-25) to define the dynamic increase factor for plain concrete in compression (DIF.). The
parameter € represents the dynamic strain rate while & is a constant representing the quasi-static
strain rate (30 x 10 s1). It is noted that the parameter « is function of the unconfined compressive
strength of concrete (f,), with the model predicting reduced strain-rate sensitivity for HSC when
compared to NSC. Assuming a strain-rate of £&,= 1 s™! for the beams tested in the shock-tube, this
model predicts a DIF, = 1.14 for unconfined concrete in compression.

(e_) foré < 30s71
DIF. =4, 1 (7-24)
X4 (—) for ¢ > 30s7!
ES
logy = 6.156a — 2, @ = 1/(5 + 9f.,/10), & = 3010651 (7-25)

Saatcioglu et al. (2011)

Equation (7-26), proposed by Saatcioglu et al. (2011), was also considered for the dynamic
increase factor of plain concrete in compression. As with the CEB expressions, this model results
in two linear segments with a sharp transition at a strain of 30 s~1. Based on the large scatter of
experimental results reported by other researchers, the DIF of concrete in compression is assumed
to be independent of concrete strength. At a strain-rate of &= 1 s™', this model predicts a DIF, =
1.3 for concrete in compression.

0.03In(¢) + 1.30 > 1.0 ¢ < 30s™*

7-26
0.055In(¢) — 0.47 £§>30s"! ( )

DIFcz{
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Zhang & Mindness (2011)

Research has shown that the properties of steel fibre-reinforced concrete (SFRC) are affected by
strain-rate. Zhang and Mindness (2011) proposed the bilinear relationship shown in equations (7—
27) and (7-28) to evaluate the dynamic increase factor for high-strength SFRC in compression.
The variable ég,7 is the transition point of the bi-linear relationship, while the parameter f;, ; is
the static compressive strength of SFRC. At a strain-rate of £&,= 1 s!, this model predicts a DIF,
= 1.28 for HSFRC in compression.

(pé)« for & < égr

7-27
B(&V3  foré > épp (7=27)

DIFC:{

_ ln(ﬁ"éBLTl/S)
~ In(¢eprr)

B =%ep (L), ¢=10%epr =25 e (L) (729

130

Malvar & Ross (1998)

Although typically ignored in the analysis of reinforced concrete elements, research has shown
that the tensile strength of concrete is sensitive to dynamic loading. The bilinear relationship shown
in equations (7-29) and (7-30), which was proposed by Malvar and Ross (1998), can be used to
evaluate the dynamic increase factor DIF, for concrete in tension:

G
(€—> foré < 1s7!
DIF, =4 %" (7-29)
g
kﬁ* (—) foré > 1s71
s
5=; logB* =66 —2, f/ =10MPa, & = 1076571
( ) fclu)’ g v Jer » & (7-30)
cr

Due to a lack of reliable models in the literature, the DIF; of HSFRC in tension was either
conservatively assumed to be equal to 1.0 or predicted using the Malvar and Ross (1998) model.
At a strain-rate of £,= 1 s°!, this model predicts a DIF, = 1.22 for concrete in tension.
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7.3.3. DYNAMIC INCREASE FACTORS FOR STEEL REINFORCEMENT

The material properties of steel reinforcement are sensitive to the rate of loading. This research
has shown that both the yield and ultimate stress of conventional steel show an increase in strength
under dynamic loading (although the effect is smaller at ultimate stress). No reliable model is
available in the literature to predict the dynamic increase factor of high-strength ASTM A1035
Grade 100 reinforcement; however, research indicates that the DIF of high-grade steel at yield and
ultimate are reduced when compared to lower grade steel reinforcement (Malvar, 1998). In this
research, the equations proposed by Saatcioglu et al. (2011) were selected to modify the static
stress-strain curve of the high-strength steel reinforcement. In addition, the design dynamic
increase factor proposed by the UFC-3-340-02 (2008) was also considered for analysis (DIF, =
1.05).

Saatcioglu et al. (2011)

The relationships shown in Equation (7-31) were proposed by Saatcioglu et al. (2011) to define
the dynamic increase factors of steel reinforcement at yield (DIF,) and at ultimate (DIF,). The bi-
linear relationships are independent of steel grade, but predict higher DIF for steel at yield stress
when compared to ultimate.

DIF, = 0.034In(¢) + 1.30 = 1.0

7-31
DIE, = 0.010in(¢) + 1.10 > 1.0 ( )

Assuming a strain rate of 1 s™! for the shock-tube experiments, equation (7-31) predicts the dynamic
increase factors at yield and ultimate as DIF, = 1.30 and DIF, = 1.10, respectively. Since the
high-strength steel reinforcement does not show a well-defined yield plateau, the entire stress-
strain curve was modified with a single factor of 1.10, corresponding to the dynamic increase
factor at ultimate stress.

7.3.4. SAMPLE DYNAMIC STRESS-STRAIN CURVES

Figure 7-4 shows typical stress-strain curves for high-strength concrete, HSFRC and high-strength
steel reinforcement with and without DIF. The curves shown in the figure correspond to the default
material stress-strain and DIF model combinations considered in the analysis: Concrete - Popovics
(1973) & Saatcioglu et al. (2011); HSFRC - Mansur et al. (1999) & Zhang and Mindess (2011);
steel reinforcement - ACI ITG-6 (2010) & Saatcioglu et al. (2011). It is noted that for analysis, the
static concrete compressive strength in the beams was taken as 85% of the values recorded in the
cylinder testing.
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Figure 7-4 Typical stress-strain relationship with DIF

7.4. DYNAMIC ANALYSIS USING LUMPED INELASTICITY APPROACH

The dynamic response of structural members such as beams and columns can be simplified and
estimated using a single-degree-of-freedom (SDOF) system approach. Figure 7-5 shows an
example of a beam subjected to a dynamic load and an equivalent SDOF mass-spring system.

P)
g uft)
I u(t) - Fit)

Figure 7-5 SDOF system
Ignoring damping, equation (7-32) can be used to analytically predict the SDOF response of a

beam subjected to blast loading:

Kpymii(t) + R(u(t)) = AB.(¢) (7-32)
K
Kiy = K—M (7-33)
L
K, = M. _ Jy m)[e(x)])?dx (7-34)
M mL
L
K, = Fe _ Jy () (x)dx (7-35)
P(x) pL
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where u(t) is the deflection of the beam at mid-span; ii(t) is the acceleration at mid-span; K, is
the load- mass transformation factor; R(u(t)) is the resistance of the member as a function of the
deflection; m is the total mass of the system; A is the area impacted by the blast pressure, and B, (t)
is the reflected pressure as a function of time. For the beams in this study, the total mass of the
system, which includes the weight of the load transfer device and the specimen, is estimated to be
450 kg. The area A corresponds to the area at the frame opening of the shock-tube, measured to be
3.4 m®. The load-mass factor, K, ,,, can be calculated using equation (7-33), where K, is the mass
factor defined as the ratio of the equivalent mass to the actual total mass (equation (7-34)); K is
the load factor defined as the ratio of the force on the equivalent SDOF system to the actual force
(equation (7-35)), where p(x) is the loading function and ¢(x) is the shape function. More
conveniently, the Kj,, factor can be obtained using the transformation factor table developed by
Biggs (1964) and also found in UFC 3-340-01 (2002) (see Table 7-2).

Table 7-2 Transformation factors for beams and one-way slabs with concentrated loads (UFC 3-340-01 2002)

Eone Conatons naLonang | e | Lae | e R
Behavior Ko Ku Kiw

Elastic 0.64 0.50 078

Plastic 0.50 0.33 086

T Elastic 1.0 0.49 D49

Plastic 1.0 0.33 0.33
Elastic 058 0.45 078

’fﬁ Elasto-Plastic | 0.6 0.50 078
Plastic 0.50 0.33 0886

Elastic 10 043 043

i d = Elasto-Plastic 10 0.49 D49
Plastic 1.0 0.33 0.33

Elastic 053 04 077

T Elasto-Plastic D.64 0.50 078

Plastic 0.50 0.33 0886

P Elastic 10 0.37 037

Plastic 1.0 0.33 0.33
Elastic 0.40 0.26 0.65

- Plastic 0.50 033 0.66
P Elastic 1.0 0.24 0.24

= Plastic 1.0 0.33 033

N S Elastic 087 0.52 0.60
L5 g TE L Plastic 1.0 0.56 0.56
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The resistance functions used in the dynamic analysis were obtained using a lumped-inelasticity
approach as discussed by Jacques et al. (2012), with dynamic analysis conducted using software
RCBlast, developed by Jacques (2014) at the University of Ottawa.

Analysis in RCBlast begins by defining the dynamic material properties of concrete and steel, the
beam cross-sectional dimensions, and the arrangement of the steel reinforcing bars. After defining
these parameters, the software generates a moment-curvature relationship for the beam section.
The resistance function is then obtained by idealizing the beam as a half-span symmetrical linear-
elastic flexural member with a non-linear rotational hinge as shown in Figure 7-7. The current
version of RCBlast does not include an option to generate resistance functions for beams subjected
to four-point loading, therefore an excel based spreadsheet was developed in this study for this
purpose. The relationships used to generate the load-deflection curves are outlined in equations
(7-36) to (7-39) and Figure 7-7. Prior to yielding, displacements were obtained by integrating
beam curvature using the moment-area method as shown in Figure 7-7 (a) and using equations (7—
36) to (7-37). After yielding, the method illustrated in Figure 7-7 (b) and equation (7-37) was
used to determine the displacements, where ¢,, and ¢,, are the curvature values at ultimate and

yield, and where [}, is the plastic hinge length (taken as equal to the effective depth of the beam

cross-section, d = 200 mm).

The resistance function was obtained by solving the above-mentioned force-displacement
relationships at incrementally increasing load stages. Based on the load configuration, the
resistance P can be related to moment using equation (7-38). The transformation factors Kj,, are
taken using equations (7-39) before and after yield.

L/2
M d*v M (x)
—_— = = d 7-36
El " dxz 7 ﬂ B (7-3¢)
0
A1d1 + Azdz = 531215¢ AS Ay
, L, (7-37)
Ay + (py— )l x (1 — - | = 513215¢, + 106600(¢, — ¢,) A> A,
2M
p=— 7-38
741 (7-38)
0.6 A< A, 7 39
2 {0.56 A> A, (7-39)

The resulting resistance function and transformation factors, along with an idealized blast load
pressure-time history were then used to conduct the dynamic analysis in RCBlast. Figure 7-8 shows
the actual and equivalent triangular blast load used in the analysis (the loads have the same pressure
and impulse; the positive phase duration is modified using equation (7—40) to obtain the same
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impulse). The equation of motion was then solved by the software using the average acceleration
numerical integration method (Jacques, 2014).
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Figure 7-6 Reinforced concrete flexural member modelled using the lumped inelasticity approach
(Adapted from Jacques et al. 2012)
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Figure 7-7 Moment — area method to get resistance curve
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Figure 7-8 Actual and idealized pressure-time history

The table below summarizes the main steps for the analysis in software RCBlast. The results of
the dynamic analysis are summarized and discussed in the next section.

Table 7-3 Steps for conducting an analysis using the RCBlast software

Step 1: Define general member properties such as support conditions, load type, and
member length.

) Step 1/3: Define General Member Properties ? X

General Member Froperties

Erppotoudiogs = Memberlength, L= [2232 | m

Simply supported ~

T Plastic hinge length, Lpl:= [200 mm
Mid-span peint load ~

Analysis Type

(®) Consider ons or more axial load levels

() Consider the effect of variable axal load

O Consider post-pezk debonding of FRP

() Consider compression membrane arching action

Batch Axial Load Run
Negative is compression

Initial @dal load:= kN

Edmiallosd= [0 |kN

Number of intermediate load steps:=

Cancel Next »>

€ M-Phiis out-of-date. | 3 M-Rot is out-of-date. |3 R-d is out-of-date.
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Step 2:

Input material properties such as concrete model, tension steel model and
compression steel model

@

[~ Material Properties ~ & Cross-section and Re

[ Unconfined concrete stress-strain relationship

Type: | Custom ~

Material Summary  Section Summary Moment-Curvatu
Material Propstty Summary Dynamic Uncenfined Cancrete Propreties Conorete Stress-Strain Curve
Unconfined concrete model == Custom Concrete density, yc = |2400 ka/m3 = S
Corfined concrete model = None defined Strain p [l
mm/mm) Stress (MPa)
Tension stesl model :=  Custom > m o
Compression stesl modsl == Custom 0.001636364 1636363636
Extemally bonded FRP model =  None defined 815135605 -3.042443671
0 0 H
0.0001 5.794528703
0.0002 11.5890378
0.0003 17.38337203
0.0004 23.1769686
0.0005 2896844067
v o
nonns I 004 000 002 004 006 DOE 012 o1
3 2 &train
Cancel
3¢ M-Phi is out-of-date. 3¢ M-Rot is out-of-date. |3 R-d is out-of-date.
Step 3: Input section geometry and reinforcement details.
(2 Step 2/3 - Perform moment-curvature analysis ? ®
[% Material Properties ~ @l Cross-section and Reinforcement + Fi Generate Moment-Curvature §gk Solver Settings
Material Summary Section Summary Moment-Curvature  Conscle
Update ¥ ¥
Section
Summary
Edit
cross-section
- . g
L]
Cross-section Concrete discretization
Cancel << Back Next »»

3 M-Phi is out-of-date. |3 M-Rot is out-of-date. |3 R-d is out-of-date.

Step 4:

Generate moment-curvature curve using RCBlast software

1) Step 213~ Pefem momert-curature anlss 17X
% Materal Properies » 3 Cros-secion nd Reiforcement » B8 Generte Moment-Curvatue. & Sobie Settngs
Neteicl Summery - Secion Sunmary Mot Lnalre Conde
Generse momenanre Moment.curvanre
o
H
B / 4
g [ i
H |
£u |
H /
20
a t t } :
5 04 23 {2 1 of 7]
Curvature, § (1im)
Gl B et

o M-Phis up-to-date. ) M-t s out-of-date. |} R-dis out-of-date.
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Step 5:

Paste the data to custom excel spreadsheet to generate load-displacement curve,
then input the resistance curve back into RCBlast

b (1/m) M(Nm) | etop ebtm Delta
-0.56906457 -129.8429 -0.02786 0.1144061| -116.3859 -0
-0.566640258 -135.1769 -0.02773 0.1139301|-116.12747
-0.564215942 -140.5113 -0.0276  0.113454|-115.86904
-0.561791727 -149.4785 -0.02747 0.1129779|-115.61062
-0.559459098 -157.1534 -0.02734 0.1125248|-115.36196
-0.557126467 -164.8286 -0.02721 0.1120716| -115.1133
-0.554793826 -172.5053 -0.02708 0.1116185|-114.86464
-0.55256467 -186.0933  -0.02605 0.1111912|-114.62702
-0.55036289 -197.088 -0.02682 0.1107707|-114.39251
-0.548175414 -210.6364 -0.02669 0.1103539|-114.15912
-0.546143995 -225.9358 -0.02656  0.109976|-113.94257
-0.544113466 -241.1414 -0.02643 0.1095984|-113.72612
-0.542272876 -262.4122 -0.0263 0.1092682|-113.52991
-0.540415411 -281.9587 -0.02617 0.1089339| -113.3319
-0.538604889 -302.9829 -0.02604 0.1086112| -113.1389
-0.536788248 -323.7594 -0.02591 0.1082871|-112.94525
-0.534848205 -341.2111 -0.02578 0.1079321|-112.73844
-0.532903719 -359.1845 -0.02565 0.1075759|-112.53116
-0.530760489 -369.521 -0.02552 0.1071701|-112.30269
-0.528595762 -381.4559 -0.02539 0.1067589|-112.07193
-0.526385962 -387.8906 -0.02526 0.1063365|-111.83637
-0.524024585 -394.8582 -0.02513 0.1058761|-111.58464
-0.521664158 -401.7982 -0.025 0.105416|-111.33302
-0.519303659 -408.1153 -0.02487 0.1049559|-111.08139
-0.516789127 -401.7585 -0.02474 0.1044573|-110.81334
-0.514237538 -403.8108 -0.02461 0.1039494|-110.54134
-0.511686028 -405.9241 -0.02448 0.1034415|-110.26935

Step 6:

Define the physical properties (mass) of the system and the blast parameters
(pressure-time history), then run the SDOF analysis to obtain the maximum
displacement.

@ RCBlast Beta - Unsaved analysis

(o New Glopen [Asave ) save As.

Applied Pressure &
Pressure-Time History 2
Blast Parameters ~

Peak posiive pressure:= KPa
Postive phase duration:= me
Peck negatvepressure:= | | kPa
Negative phase curstions= || ms

0 cenert

Structure Properties

3¢ Applied Pressure

SDOF Options

B i Oizgrm Optons

- [m] X
1 Launch structural analysis module | [4] SDOF Analysis « [ P Diagram « | 2 Report = | @ Help =
Loza Defomation Charactarsticn Applled Prossare
=T =]
H
. 1)
Displacement-Time History
18
T2
&
3 10
H
e
86
5 4
2
o
o 10 15 20

Time,  {ms)

RCBlast - © Eric Jacques 2014 The Honor System

Analysis successfully completed (duration 0.17 seconds) |

This section presents the analysis of the three high-strength concrete beams which were tested
under static loading. The analytical resistance curves (load vs. deflection) of beams HSC-FO-#4-
S, HSC-FO-#5-S and HSC-FO0-#6-S are predicted using the procedure outlined in the previous
section and the analytical results are compared to the experimental results from the static tests.

7.5.1.MODELLING CASES

In addition to validating the analysis procedure, various cases were considered in the analysis to
examine the effect of material model for the high-strength steel bars (see Table 7-4). For all cases,

7.5.STATIC ANALYSIS RESULTS
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the behaviour of concrete in compression was taken into account using the Popovics (1973) model,

while tensile response was taken as linear, with a maximum stress of 0.33\/ﬁ . The stress-strain
behaviour of the high-strength steel reinforcement was modelled using either: (1) experimental
coupon stress-strain data, (2) the ACI ITG-6R model, (3) the Ramberg-Osgood function, (4) a
bilinear curve based on the ACI 318 code limitation of fy = 550 MPa (80 ksi), or (5) a bilinear
curve with fy =690 MPa (100 ksi) as suggested by Mast. et al. (2008). Figure 7-9 shows the stress-
strain curves considered in the different cases (details on the models can be found in Chapter 2 and
7 of this thesis). Cases 1-5 were predicted using the lumped inelasticity approach as presented in
Section 7.4 (with DIF = 1.0).

1400
1200 7
1000
g
S 800
)
2 600 [
n
400 — Case 1: Coupon
— Case 2: ITG
— Case 3: RO
200 — Case 4: 550 MPa
0 — Case 5: 690 MPa

0 0.01 0.02 0.03 0.04 0.05

Strain (mm/mm)

0.06

Figure 7-9 Stress-strain relationship for case 1-5

Table 7-4 Model combinations for each case

Models Concrete in compression Concrete in tension Steel
Case 1 Coupon
Case 2 ACIITG-6R
Case 3 Popovics (1973) Linear Ramberg-Osgood equation
Case 4 Bilinear curve with f, = 550 MPa
Case 5 Bilinear curve with f; = 690 MPa
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7.5.2.ANALYSIS RESULTS

The analytical resistance curves for cases 1-5 are compared to the experimental load-deflection
curves of beams HSC-F0-#4-S, HSC-FO-#5-S and HSC-FO-#6-S in Figure 7-10, Figure 7-11 and
Figure 7-12, respectively. The analytical-to-experimental ratios for maximum loads (Pmax) and
peak displacements (Amax) for the various cases are summarized in Table 7-6.

In general, cases 1, 2 and 3, which used the coupon stress-strain data, ACI ITG-6R model and
Ramberg-Osgood equation, were able to capture the general trend of the load-deflection curves,
with reasonable prediction of maximum loads and peak displacements. However, all three cases
over-predicted the stiffness of the beams. Since the ACI 318 and Mast et al. (2008) bi-linear
approximations use conservative stress-strain curves for high-strength steel, cases 4 and 5 resulted
in conservative predictions of maximum capacities.

Focussing in on Beam HSC-FO0-#4, the predicted Pmax for cases 1 and 2 (coupon data and ACI
ITG-6R) were 126.19 kN and 127.52 kN respectively, compared to the experimentally obtained
value of 126.7 kN. The peak displacements were not as accurate with predictions of 45.25 mm and
45.58 mm for Cases 1 and 2, versus 35.2 mm in the experiments. For Case 3 (Ramberg-Osgood),
the predicted values of Pmax and Amax were 127.88 kN and 45.14 mm, which are close to the results
predicted using the coupon data. It is noted beam stiffness was over-predicted in all cases. The
Pmax and Amax ratios were 0.58/2.1 and 0.65/1.21 for Cases 4 and 5 (ACI 318, Mast et al.),
respectively.

For the No. 5 specimen (HSC-FO0-#55S), the predictions for Pmax were 169.8 kN and 180.9 kN for
cases 2 and 3 (ACI ITG-6R and Ramberg-Osgood) which compared well with the experimental
result of Pmax = 194.7 kN (analysis-experimental ratios of 0.87 and 0.93). Case 1 (Coupon data)
gave an ultimate capacity of 181.85 kN, with a difference of 6.6% between the experimental and
analytical results. The Amax ratios for these same 3 cases were 0.88, 1.06 and 0.95. The models
captured the limited post-peak ductility of the beam, although beam stiffness was once again over-
predicted. The Pmax and Amax ratios were 0.57/1.34 and 0.63/0.87 for Cases 4 and 5 (ACI 318,
Mast et al.), respectively, indicating that these models provided conservative predictions of
ultimate capacity, with poor prediction of peak displacement.

For the over-reinforced beam with No. 6 bars (HSC-F0-#6S), the predictions for cases 1-2-3
(coupon data, ACT ITG-6R, Ramberg-Osgood) were 204.64 kN, 210.29 kN and 206.32 kN for
Pmax, which are close to the actual result of Pmax = 199 kN (analysis-to experimental ratios of 1.03
1.06 and 1.04). The displacement ratios were 0.94, 0.93 and 0.96 for cases 1 through 3. While the
three modelling cases captured the brittle failure of this over-reinforced beam, stiffness was once
again over-predicted. The bi-linear design curves of cases 4 and 5 resulted in Pmax ratios of 0.75
and 1.3 and Amax ratios of 0.66 and 0.88.

In conclusion, Case 1, 2 and 3 resulted in reasonable predictions of the static response of the high-
strength concrete beams reinforced with high-strength steel bars. Case 2, which used the Ramberg-
Osgood equation to model the stress-strain behaviour of high-strength steel, resulted in the best
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overall predictions when considering all other cases, with average Pmax and Amax ratios of 0.99 and
1.06, respectively.

Table 7-5 Ratio of resistance and displacement versus experiment results

Case 1 Case 2 Case 3 Case 4 Case 5

Load | Disp. | Load | Disp. | Load | Disp. | Load | Disp. | Load | Disp.
Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio

HSC-F0-#4-S 99.6% 131.4% | 100.6% | 129.5% | 100.9% | 128.2% 58.4% 212.6% 64.8% 121.1%

HSC-FO-#5-S 93.4% 88.2% 87.2% 105.7% | 92.9% 94.5% 56.7% 1342% | 62.8% 87.4%

HSC-F0-#6-S 102.8% 94.4% 105.7% 93.4% 103.7% 95.8% 75.1% 129.9% 66.0% 87.9%

Average 98.6% 104.7% 97.8% 109.5% 99.2% 106.2% 63.4% 158.9% 64.5% 98.8%

Standard
Deviation

0.048 0.234 0.095 0.184 0.056 0.191 0.102 0.466 0.048 0.234

160
— Experiment
—— Case 1 (Coupon)
140 — Case 2 (ITG)
—— Case 3 (RO)
120 —— Case 4 (550 MPa)
—— Case 5 (690 MPa)
100

Experiment

Maximum = 126.72 at X = 35.20

80 — =
Case 1 (Coupon)

- Maximum = 126.19 at X = 46.25

60 Case 2 (ITG)

Maximum = 127.52 at X = 45.58

Load (kN)

Case 3 (RO)
40 Maximum =127.88 at X = 45.14

Case 4 (550 MPa)
Maximum = 74.00 at X = 74.84

20

Case 5 (690 MPa)
Maximum = 82.06 at X = 42.64

0

0 5 10 15 20 25 30 35 40 45 50
Displacement (mm)

Figure 7-10 Analytical and experimental static resistance curves for HSC-F0-#4-S
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Figure 7-11 Analytical and experimental static resistance curves for HSC-F0-#5-S
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Figure 7-12 Analytical and experimental static resistance curves for HSC-F0-#6-S
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7.6.DYNAMIC ANALYSIS RESULTS

This section summarizes the results from the dynamic analysis using the procedure outlined in the
previous sections. The results are presented in the sub-sections that follow based on concrete type
(plain vs. HSFRC specimen), with the analytically predicted maximum displacements compared
to the maximum displacements obtained from the experiments.

Table 7-6 summarizes the default material constitutive models and DIF model combinations used
in the analysis of each specimen. These models were selected based on the sensitivity analysis
which will be presented in Section 7.7.

To summarize the analysis results, a series of tables and graphics are presented for each beam
series. The summary tables include the idealized blast parameters used in the analysis (P;: reflected
pressure, Ir: reflected impulse, and Tq: positive phase duration), the experimental displacement
results (Jexp) and the analytical displacement results (danis) as well as the analytical to experimental
displacement ratios (danis/dexp). Furthermore, statistical data for the displacement ratios for each
series, including: error percentage, mean, standard deviation and coefficient of variation. The
comparison of analytical and displacement, for each specimen (displacement time-history
comparison) and for each series as a whole (Janis Vs. Jexp) are also presented graphically. Finally,
the analytical resistance curves are compared to the experimental resistance curves obtained from
the reaction load-cells during the shock-tube experiments (when available).
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Table 7-6 Selected model combinations; results from the sensitivity analysis

Concrete models Steel models
Specimen Compression Tension Tension
[DIF] [DIF] [DIF]

Popovics (1973) Linear slope ACI ITG-6R (2010)

SCC-FO-#4-S . )
Saatcioglu et al. [1.3] [1.0] Saatcioglu et al. [1.1]
Popovics (1973) Linear slope ACI ITG-6R (2010)

HSC-F0-#4-S ) )
Saatcioglu et al. [1.3] [1.0] Saatcioglu et al. [1.1]
Popovics (1973) Linear slope ACI ITG-6R (2010)

HSC-FO-#5-S

Saatcioglu et al. [1.3] [1.0] Saatcioglu et al. [1.1]
Popovics (1973) Linear slope ACIITG-6R (2010)

HSC-FO-#6-S _ .
Saatcioglu et al. [1.3] [1.0] Saatcioglu et al. [1.1]
Mansur et al. (1999) Lok & Pei (1998) ACIITG-6R (2010)

HSC-F1-#4-S ] )
Zhang & Mindess [1.28] Malvar & Ross [1.22] Saatcioglu et al. [1.1]
Mansur et al. (1999) Lok & Pei (1998) ACIITG-6R (2010)

HSC-F1-#5-S

Zhang & Mindess [1.28] Malvar & Ross [1.22] Saatcioglu et al. [1.1]
Mansur et al. (1999) Lok & Pei (1998) ACI ITG-6R (2010)

HSC-F1-#6-S . .
Zhang & Mindess [1.28] Malvar & Ross [1.22] Saatcioglu et al. [1.1]

7.6.1. DYNAMIC ANALYSIS RESULTS - PLAIN CONCRETE SPECIMENS

Table 7-7 summarizes the analysis and experimental displacement results as well as displacement
ratios for the plain concrete specimens (Janis, dexp and danis/dexp). Statistical analysis of the
predictions is included in Table 7-8 (for all blasts, as well as shot by shot). The accuracy of the
SDOF analysis for the series is also graphically displayed by plotting danis VS. dexp 1n Figure 7-13.
The resistance curves, along with a comparison of experimental and analytical displacement-time
histories for each specimen are graphically displayed in Figure 7-14.

Considering all blasts, the average displacement ratios (dants/dexp) Were 93.0%, 107.5% and 100.3%
for the SCC-FO-#4-S, HSC-F0-#4-S, and HSC-FO-#5-S specimens, with corresponding standard
deviations of 0.056, 0.224 and 0.04. It can be concluded that the combination of the Popovics
(1973) concrete and the ACI Group ITG-6 (2010) steel models with corresponding DIF factors of
1.3 and 1.1, as proposed by Saatcioglu et al. (2011) resulted in reasonably accurate analysis
predictions for these specimens. The results are less accurate for specimen HSC-FO-#6-S, which
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had the No. 6 high-strength steel reinforcement, with an average displacement-ratio of 80.7% with
a standard deviation of 0.041. As noted previously, the experimental results confirmed that the No.
6 specimen was over-reinforced, and this is one possible reason for the reduced accuracy of the
analytical predictions for this specimen.

Nonetheless, when considering all plain concrete specimens and all blast scenarios, the overall
mean displacement ratio was 95.9% with a standard deviation of 0.156, further confirming that the
analytical procedure provided reasonably accurate predictions of the beam displacements. When
considering Blasts 1, 2 and 3 respectively, the mean displacement ratios were 102.7%, 99.1%, and
94.5%, respectively, which indicates the ratios were nearly 1.0 for these shots. The mean
displacement ratio at the last shot (Blast 4) was 84.7%, which indicates reduced accuracy when
compared to the previous shots. The result can be explained by the accumulated damage suffered
by the specimens under repeated blast loading. The cumulative damage from previous blasts
(cracking, crushing spalling of concrete) leads to reduced beam stiffness which was not accounted
for in the analysis.

Figure 7-14 shows the analytical resistance curves for the HSC specimens with No.4 and No.5
high-strength steel reinforcement (HSC-F0-#4-S and HSC-F0-#5-S) as well as the SCC specimen
with No. 4 high-strength steel (HSC-F0-#4-S). Also shown are the experimental resistance curves
obtained from the support reactions at the failure blasts (the curves were obtained by summing the
reaction load-histories recorded by the upper and lower load-cells). Finally, the experimental static
resistance curves are also included for the HSC-FO-#4-S, HSC-FO-#5-S and HSC-FO0-#6-S
specimens.

Comparing the experimental resistance curves obtained from the static tests and dynamic reactions,
it is found that the ultimate strengths of the HSC-FO-#4-S and HSC-FO-#5-S specimens are
increased by approximately 19% and 25% under dynamic loading (although beam stiffness is
similar). Similarly, the failure displacements are also increased under dynamic loading.

The analytical resistance curves generally follow the same trend observed in the experimental
curves obtained from the dynamic reactions. Both resistance curves show a sharp increase in load
until reaching peak, followed by sudden failure. However, the analytical curves show a more
rounded ascending branch, with an over-prediction of stiffness, when compared to the
experimental curves, which may result in errors in displacement predictions. For the SCC-F0-#4-
S and HSC-FO-#5-S specimens, the predicted ultimate strengths are approximately 10% lower
when compared to the experimentally recorded strengths obtained from the support reactions
(similarly failure displacements are under-predicted). For the HSC-FO-#4-S specimen, the
predicted and experimental ultimate strengths are similar, but the displacement at peak load is
higher than in the experiments due to the over-prediction in beam stiffness.
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Table 7-7 Summary of analysis for plain concrete specimens

Idealized Shockwave

Maximum Mid-Span Displacement

Specimen Blast P, Td I G Oanls Oanis/Oexp % Error
# kPa ms kPa-ms mm mm
-1 22.94 20.20 231.66 13.44 13.25 98.6% -1.4%
-2 38.51 18.57 357.54 24.32 23.57 96.9% -3.1%
SCC-F0-#4-S
-3a 50.12 17.69 443.22 37.3 32.82 88.0% -12.0%
-3b 60.26 17.10 515.28 64.52 57 88.3% -11.7%
-1 25.29 18.17 229.76 10.17 13.46 132.4% 32.4%
-2 40.37 20.00 403.62 22.39 25.87 115.5% 15.5%
HSC-F0-#4-S
-3a 51.95 18.46 479.62 33.78 34.85 103.2% 3.2%
-3b 58.21 18.56 540.28 52.74 41.7 79.1% -20.9%
-1 22.33 19.38 216.41 9.08 9.35 103.0% 3.0%
LT -2 43.8 17.24 377.63 17.72 18.46 104.2% 4.2%
-3b 59.11 18.52 547.47 26.77 28.77 107.5% 7.5%
-4 77.63 19.31 749.71 64.71 56 86.5% -13.5%
-1 24.7 18.04 222.82 10.91 8.39 76.9% -23.1%
HSC-F0-#6-S -2 39.7 16.85 334.57 16.59 13.21 79.6% -20.4%
-3b 55.47 19.44 539.23 26.15 20.8 79.5% -20.5%
Table 7-8 Analysis statistics for plain concrete specimens per blast
Shot # Mean Standard deviation Coefficient of variance % Error
1-4 95.9% 0.156 0.163 4.1%
1 102.7% 0.228 0.222 -2.7%
2 99.1% 0.151 0.152 0.9%
3 94.5% 0.130 0.138 5.5%
4 84.7% 0.049 0.058 15.3%
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Figure 7-13 Experiment vs. Analysis Displacements - plain concrete specimens
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Figure 7-14 Experimental vs. Analytical resistance curves - plain concrete specimens
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Figure 7-15 Displacement predictions time-history for plain concrete specimens
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7.6.2. DYNAMIC ANALYSIS RESULTS - HSFRC SPECIMENS

Table 7-9 summarizes the analysis and experimental displacement results as well as displacement
ratios for the HSFRC specimens (Jants, Jexp and Janis/dexp). Statistical analysis of the predictions is
included in Table 7-10. The accuracy of the SDOF model is visually depicted in Table 7-10. Figure
7-16 shows the predicted displacement versus experiment results for all the HSFRC specimens.

Considering all blasts, the mean displacement ratios were 90.4% and 96.7% for the No. 4 and No.
5 specimens, with corresponding standard deviation values of 0.055 and 0.154 respectively. It can
be concluded that the combination of the Mansur (1999), Lok and Pei (1998) fibre-reinforced
concrete and the ACI Group ITG-6 (2010) steel models with corresponding DIF factors of 1.28,
1.22 and 1.1, as proposed by Zhang & Mindess (2011), Malvar & Ross (1998) and Saatcioglu et
al. (2011) resulted in reasonably accurate analysis predictions for these specimens. The No. 6
specimen had an average analytical-to-experimental displacement ratio of 84.3% with a standard
deviation of 0.158, which is less accurate than No.4 and No.5 specimens. As explained in the
previous section, the No. 6 specimen is over-reinforced.

When considering all HSFRC concrete specimens and all blast scenarios, the overall mean
displacement ratio was 90.5% with a standard deviation of 0.132. When considering Blast 1 to
Blast 3 respectively, the average displacement ratios were 99.5%, 95.3%, and 95.7%, which
indicates the ratios were nearly 1.0 for these shots. Whereas, at Blast 4 and Blast 5, the average
displacement ratios were 88% and 73.9%, which indicates reduced accuracy when compared to
previous shots. The cumulative damage from previous blasts (cracking, crushing spalling of
concrete) leads to reduced beam stiffness which was not accounted for in the analysis.

Figure 7-17 shows the analytical resistance curves for the HSFRC specimens with No.5 and No.6
high-strength steel reinforcement (HSC-FI1-#5-S and HSC-F1-#6-S). Also shown are the
experimental resistance curves obtained from the support reactions at Blast 5 (the curves were
obtained by summing the reaction load-histories recorded by the upper and lower load-cells).

The analytical resistance curves generally follow the same trend observed in the experimental
curves obtained from the dynamic reactions. Both resistance curves show a sharp increase in load
until reaching peak. However, the analytical curves show a more rounded ascending branch, with
an over-prediction of stiffness, when compared to the experimental curves, which may result in
errors in displacement predictions.
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Table 7-9 Summary of analysis for HSFRC specimens

Idealized Shockwave Maximum Mid-Span Displacement
Specimen Blast P: Td I G Oanls  Oanis/dexp % Error
# kPa ms kPa-ms Mm mm
-1 22.21 20.65 229.3 9.06 8.24 90.9% -9.1%
2 39.38 19.36 381.21 19.18 18.49 96.4% -3.6%
HSC-F1-#4-S -3a 46.64 19.84 462.68 26.02 24.72 95.0% -5.0%
-3b 54.96 19.15 526.24 37.65 31.6 83.9% -16.1%
-4 70.21 20.44 717.58 61.79 53.07 85.9% -14.1%
-1 28.6 18.69 267.2 9.2 9.09 98.8% -1.2%
2 43.09 18.96 408.46 14.6 15.61 106.9% 6.9%
HSC-F1-#5-S -3b 58.75 19.48 572.35 22.51 24.91 110.7% 10.7%
-4 74.33 20.12 747.75 39.47 37.82 95.8% -4.2%
-5 79.42 21.28 845.02 63.11 44.95 71.2% -28.8%
-1 25.29 16.87 213.36 6.11 6.64 108.7% 8.7%
-2 41.23 18.45 380.31 14.76 12.19 82.6% -17.4%
HSC-F1-#6-S -3b 53.87 21.28 573.1 22.33 18.16 81.3% -18.7%
-4 79.46 19.22 763.46 35.99 30.33 84.3% -15.7%
-5 97.06 19.32 937.81 66.84 43.12 64.5% -35.5%
Table 7-10 Analysis statistics for HSFRC specimens per shot
Shot # Mean Standard deviation Coeffi.cient of % Error
variance
1-5 90.5% 0.132 0.146 9.5%
1 99.5% 0.089 0.089 0.5%
2 95.3% 0.122 0.128 4.7%
3 95.7% 0.147 0.153 4.3%
4 88.0% 0.068 0.077 12.0%
5 73.9% 0.109 0.148 26.1%
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Figure 7-18 Displacement predictions time-history for HSFRC specimens

7.7.SENSITIVITY ANALYSIS

This section presents a sensitivity analysis that examines the effect of various modelling
parameters on the SDOF dynamic analysis predictions. Parameters investigated include the effect
of material models for concrete, HSFRC and steel reinforcement as well as the effect of the choice
of dynamic increase factor model for each material.

For each parameter under investigation the analytical vs. experimental results are presented for
each concrete type separately (plain concrete specimens, HSFRC specimens). Sections 7.7.1 and
7.7.2 examine the effect of material model selection (concrete and steel) on the analytical
predictions for the plain concrete and HSFRC specimens, respectively. Sections 7.7.3 and 7.7.4
examine the effect of DIF model on the analytical predictions for the plain concrete and HSFRC
specimens, respectively.

In all cases, only one modelling parameter is varied at a time, with the analysis results compared
to those obtained using the default material/DIF models presented in Table 7-6.
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7.7.1. EFFECT OF MATERIAL MODEL SELECTION (PLAIN CONCRETE SPECIMENS)

This section examines the effect of material model (concrete and steel) on the analytical predictions
for the plain SCC and HSC specimens (SCC-FO-#4-S, HSC-F0-#4-S, HSC-F0-#5-S, HSC-F0-#6-
S). Case-0 corresponds to the default material models presented in Table 7-11 (concrete: Popovics,
steel: ITG-6). Case-1 examines the effect of concrete model, whiles Cases 2-3 examine the effect
of steel model. The DIF values were kept constant for all cases and correspond to the default DIF
models presented in Table 7-6.

7.7.1.1.Effect of concrete compression model

Two unconfined concrete compression models were considered for the plain concrete specimens.
Table 7-11 shows the model and DIF combinations for Case-0 and Case-1. The only difference
between the two cases was the concrete model; Case-0 (Default) was run using the Popovics (1973)
model, while Case-1 used the Cusson & Paultre (1995) model. The average displacement ratios
for all specimens (as well as the No. 4 and No. 5 specimens only) can be found in Table 7-12.
Figure 7-19 shows bar chart comparisons of the Case-0 & Case 1 analytical-to-experimental
displacement ratios for each specimen, for all blast scenarios.

Considering all of the blast scenarios for the No. 4 and No. 5 specimens, the Case-1 combination
results in an average displacement ratio (Janis/Jdexp) of 106% for the plain concrete series, with a
standard deviation of 0.140. In comparison, the average displacement ratio was 105.5% and the
standard deviation was 0.126 under the default Case-0 combination. Similarly, when all plain
concrete specimens are considered (No.4, 5 and 6), the average displacement ratio under Case-1
combination was 99.3% with a standard deviation of 0.171. This can be compared to an average
displacement ratio of 98.8% and standard deviation of 0.162 under the default Case-0 combination.
In general, the results show that the choice of unconfined concrete model in compression had little
to no effect on the analytical predictions, although relatively better results are obtained using the
Popovics (1973) model. This can be explained by the fact that the stress-strain curves of both
models show almost identical ascending branches as shown in Figure 7-2 (a), and it is this portion
of the stress-strain curve which has a greater influence on the predictions of maximum beam
displacements. The descending branch of the Cusson & Paultre (1995) model is relatively stiffer,
and this explains the slightly lower analytical displacement values obtained using this model.
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Table 7-11 Sensitivity analysis combination cases - plain concrete

Concrete models Steel models
Combination Compression Tension Tension
[DIF] [DIF] [DIF]
Popovics (1973) . ACI Group ITG-6 (2010)
Default Case-0 Linear slope
[1.3] [1.1]
Concrete in CP (1995) _ ACI Group ITG-6 (2010)
Compression Case-1 Linear slope
[1.3] [1.1]
Table 7-12 Summary of analysis results for model selection — concrete in compression
AVE. danls/Jexp Standard deviation
Combinations AVg. Fanls/exp Standard Deviation (Only No.4 and No.5 | (Only No.4 and No.5
specimens) specimens
Case-0 98.8% 0.162 105.5% 0.126
Case-1 99.3% 0.171 106.0% 0.140
SCC-FO-#4-S HSC-FO-#4-S
120.0% 150.0%
100.0% 120.0%
80.0% 90.0%
60.0% .
40.0% 60.0%
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0.0% 0.0%
Blast 1 Blast 2 Blast 3a Blast 3b Blast 1 Blast 2 Blast 3a Blast 3b
M Case-0 M Case-1 M Case-0 M Case-1
HSC-FO-#5-S HSC-FO-#6-S
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Figure 7-19 Sensitivity analysis for plain concrete specimens — effect of concrete compression model
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7.7.1.2. Effect of steel reinforcement model

In order to examine the effect of steel reinforcement model three analysis cases are considered in
this section. Table 7-13 shows the model combinations for Case-0, Case-2 and Case-3. The default
combination (Case-0) was run with the ACI ITG-6 steel stress-strain model, Case-2 was run using
the stress-strain curves obtained from the experimental coupon tests for the No. 4/5/6 rebar, and
finally the Case-3 analysis utilized a bilinear design stress-strain curve with yield strength of 690
MPa. All other modelling parameters (concrete models and DIF models) were kept constant. The
average displacement ratios for the different cases, considering all concrete specimens can be
found in Table 7-14. Figure 7-20 compares the displacement ratios for each specimen for all blast
scenarios.

Considering all blast tests, and the No. 4 and 5 plain concrete specimens, Case-2 and Case-3
combinations result in average displacement ratios (Janis/dexp) 0f 105.9% and 108.3% respectively,
with corresponding standard deviations of 0.133 and 0.132. In comparison the default combination
of Case-0 yielded an average displacement ratio of 105.5% and a standard deviation of 0.126.

The results considering all blast tests and all specimens (No. 4, 5 and 6 rebar) show similar trends
with average displacement ratios of 99.4%, 100.8% under Case-2 and Case-3 respectively. In
comparison, the average displacement ratio was 98.8% under the default Case-0 combination.

The analysis results show that the results obtained using the ACI ITG-6 model and the
experimental coupon stress-strain curves are quite similar (the results are within 1% of each other)
an indicator that the ACI ITG-6 model can be used to predict the blast behaviour of reinforced
concrete beams with MMFX steel reinforcement. The results also indicate that the bi-linear model
with fy = 690 MPa yielded slightly more conservative results (larger danis/dexp ratios).
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Table 7-13 Sensitivity analysis combination cases - plain concrete

Concrete models Steel models
Combination Compression Tension Tension
[DIF] [DIF] [DIF]
Popovics (1973) ACI Group ITG-6 (2010)
Default Case-0 Linear slope
[1.3] [1.1]
Popovics (1973) Coupon
Case-2 Linear slope
[1.3] [L.1]
Steel in Tension
Popovics (1973) Bilinear
Case-3 Linear slope
[1.3] [1.1]
Table 7-14 Summary of analysis results for model selection — steel in tension
o AVE. GunefSors Standard Deviation AVE. Fanis/Oexp Standard deviation
Combinations (Only No.4 and No.5 (Only No.4 and No.5
specimens) specimens
Case-0 98.8% 0.162 105.5% 0.126
Case-2 99.4% 0.163 105.9% 0.133
Case-3 100.8% 0.177 108.3% 0.132
SCC-FO-#4-S HSC-FO-#4-S
120.0% 150.0%
90.0% 120.0%
90.0%
60.0%
60.0%
30.0% 30.0%
0.0% 0.0%
Blast 1 Blast 2 Blast 3a Blast 3b Blast 1 Blast 2 Blast 3a Blast 3b
M Case-0 mCase-2 mCase-3 M Case-0 m(Case-2 M Case-3
HSC-FO-#5-S HSC-FO-#6-S
150.0% 100.0%
120.0% 80.0%
90.0% 60.0%
60.0% 40.0%
30.0% 20.0%
0.0% 0.0%

Blast 1
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Blast 2

Figure 7-20 Sensitivity analysis for plain concrete — steel in tension
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7.7.2. EFFECT OF MATERIAL MODEL SELECTION (HSFRC SPECIMENS)

This section examines the effect of material models on the analytical predictions for the HSFRC
specimens (HSC-F1-#4-S, HSC-F1-#5-S, HSC-F1-#6-S). To examine the effect of FRC model,
two compression models are considered: Ou et al. (2012) vs. Mansur et al. (1999), corresponding
to Case-0 (Default) and Case-1 respectively. In all cases the tension curve is defined by the Lok
and Pei (1998) model. The section also examines the effect of steel reinforcement model on the
HSFRC displacement predictions with Cases 0, 2 and 3 run with different high-strength steel
stress-strain curves (ACI ITG-6, coupon data, bi-linear 690 MPa).

7.7.2.1. Effect of HSFRC compression model

Table 7-15 shows the material and DIF combinations for Cases 0 and 1. Case-1 differs from Case-
0 (Default) in that Case-1 analysis was run using the Ou et al. (2012) HSFRC compression model
in place of the Mansur (1999) model. The average displacement ratios for the all HSFRC
specimens, as well as the No. 4 and No. 5 specimens on their own, can be found in Table 7-16.
Figure 7-21 includes the displacement ratios for each HSFRC specimen for all blast scenarios.

Considering the No. 4 and No. 5 HSFRC specimens and all blasts, the average analytical
displacement ratio for Case-1 was 95.8% with a standard deviation of 0.085. This can be compared
to the average displacement ratio of 97.3% and standard deviation of 0.085 under the default Case-
0 combination. When all HSFRC specimens are considered, the average displacement ratios for
Case-1 and Case-0 are 92.2% and 94.6% (standard deviations: 0.101 and 0.104).

It can be concluded that the choice of HSFRC compression model had a minor effect on the
accuracy of the analytical predictions. In general, the use of the Mansur et al. (1999) model yielded
more accurate displacement predictions, and this can be explained by the fact that the Mansur et
al. model, which was specifically developed for high-strength FRC, was able to more closely
predict the experimental HSFRC compressive stress-strain curves (the Ou et al. model generally
over-estimated stiffness and post-peak response of HSFRC in compression).
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Table 7-15 Sensitivity analysis combination cases - HSFRC concrete

Compression

[1.28]

Concrete models Steel models
Combination Compression Tension Tension

[DIF] [DIF] [DIF]

Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
Default Case-0

[1.28] [1.22] [1.1]

Concrete in o Ou (2012) Lok & Pei (1998) ACI Group ITG-6 (2010)
ase-

[1.22] [1.1]

Table 7-16 Summar

of analysis results for model selection — concrete in compression

AVg. Oanis/Oexp Standard Deviation
Combinations AVg. Ganis/Oexp Standard Deviation | (Only No.4 and No.5 | (Only No.4 and No.5
specimens) specimens)
Case-0 94.6% 0.104 97.3% 0.085
Case-1 92.2% 0.101 95.8% 0.085
HSC-F1-#4-S HSC-F1-#5-S
120.0% 150.0%
100.0% 120.0%

Blast 1

120.0%
100.0%

Blast 1

0,
80.0% 90.0%
60.0%
0,
40.0% 60.0%
20.0% 30.0%
0.0% 0.0%

Blast2 Blast3a Blast3b Blast4

B CASE-O m CASE-1

HSC-F1-#6-S

80.0%
60.0%
40.0%
20.0%

0.0%

Blast2 Blast3b Blast4 Blast5

B CASE-O m CASE-1

Blast1 Blast2 Blast3b Blast4 Blast5

B CASE-O m CASE-1

Figure 7-21 Sensitivity analysis for HSFRC specimens— concrete in compression
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7.7.2.2. Effect of steel reinforcement model

This section examines the effect of steel model on the analytical predictions for the HSFRC
specimens. Table 7-17 shows the combinations for the three cases considered. Case-2 and Case-3
combinations substitute the ACI ITG-6 (2010) model in Case-0 with the experimentally obtained
coupon test data and a bilinear model with yield strength of 690 MPa, respectively. The average
displacement ratios for all HSFRC specimens (as well as for the No. 4 and No. 5 specimens on
their own) can be found in Table 7-18. Figure 7-22 compares the displacement ratios for each
specimen for all blast tests.

When considering the No. 4 and No. 5 HSFRC specimens, the average displacement ratios were
97.6% and 100.6% with standard deviations of 0.090 and 0.082 under Case-2 and Case-3
combinations respectively. In comparison, the average displacement ratio was 97.3%, with a
standard deviation of 0.085 under the default Case-0 combination.

Considering all the HSFRC specimens, the average displacement ratios under Case-2 and Case-3
were 95.1% and 95.9%, with standard deviations of 0.107 and 0.110 respectively. These can be
compared to the default combination of Case-0 which yielded an average ratio of 94.6% and a
standard deviation of 0.104.

As was observed previously for the plain concrete specimens, the results indicate that the ACI
ITG-6 and steel coupon stress-strain curves yield similar displacement predictions in the HSFRC
specimens. Thus it can be concluded that the ACI ITG-6R model can be used to predict the blast
response of HSFRC beams reinforced with high-strength MMFX reinforcement. It is however
interesting to find that the use of the bilinear stress-strain curve resulted in a better overall
prediction ratio (closer to 1.0). However, considering the limited tests which were conducted and
that the ACI ITG-6 model performed better in the case of the plain concrete specimens, the use of
the ACI ITG model is recommended.
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Table 7-17 Sensitivity analysis combination cases - HSFRC concrete

Concrete models Steel models
Combination Compression Tension Tension
[DIF] [DIF] [DIF]
Default Case-0 Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
Steel in Case-2 Mansur (1999) Lok & Pei (1998) Coupon
Tension Case-3 Mansur (1973) Lok & Pei (1998) Bilinear
Table 7-18 Summary of analysis results for model selection — steel in tension
AVE. Janis/Oexp Standard Deviation
. Standard
Combinations AVE. dants/Oexp Deviation (Only No. 4 and No. | (Only No. 4 and No.
5 specimens) 5 specimens
Case-0 94.6% 0.104 97.3% 0.085
Case-2 95.1% 0.107 97.6% 0.090
Case-3 95.9% 0.110 100.6% 0.082
HSC-F1-#4-S HSC-F1-#5-S
120.0% 150.0%
90.0% 120.0%
90.0%
60.0%
60.0%
0.0% 0.0%
Blast1 Blast2 Blast3a Blast3b Blast4 Blast1 Blast2 Blast3b Blast4 Blast5

B CASE-O m CASE-2 mCASE-3
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Figure 7-22 Sensitivity analysis for HSFRC specimens— steel in tension
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7.7.3. EFFECT OF DYNAMIC INCREASE FACTORS (PLAIN CONCRETE SPECIMENS)

This section investigates the effect of material dynamic increase factor (DIF) combination on the
dynamic analysis results for the plain concrete specimens. To isolate the effect of DIF, all material
models were kept constant in the various cases which are considered (Popovics for concrete in
compression, and the ACI ITG-6R for steel in tension). In the default combination (Case-0) the
DIF values for concrete and steel correspond to those predicted using the Saatcioglu et al. (2011)
equations; assuming a strain rate of 1.0 s™ for the shock-tube experiments, the resulting DIFs are
1.3 for concrete and 1.1 for steel. Case-A and Case-B examine the effect of DIF for concrete in
compression, while Case-C and Case-D investigate the effect of DIF for the steel reinforcement.

7.7.3.1. DIF equation for concrete in compression

Table 7-19 shows the model combinations for Case-0 (Default), Case-A, and Case-B. Cases A and
B substitute the default Saatcioglu et al. (2011) DIF for concrete of 1.3, with DIF values of 1.19
and 1.14 as proposed by the UFC-3-340-02 (2008) and predicted by the CEB (1990) equations,
respectively. The displacement ratios considering all plain concrete specimens can be found in
Table 7-20. Figure 7-23 compares the displacement ratios for each specimen at all blast scenarios.

Considering the No. 4 and No. 5 plain concrete specimens, Case-A and Case-B combinations result
in average displacement ratios (Janis/Jexp) 0f 107.3% and 107.9% with standard deviations of 0.131
and 0.117, compared to the average displacement ratio of 105.5% and standard deviation of 0.126
under the default Case-0 combination.

Similarly, when considering all the plain concrete specimens, the average displacement ratios were
100.7%, 101.0% and 98.8% (with standard deviation of 0.163, 0.160 and 0.162) for combinations
Case-A, B and 0.

The results indicate that the predictions were only slightly sensitive to the choice of DIF
compression model. The results follow the expected trend, with the analytical-to-experimental
displacement ratios increasing as the DIF values used in the analysis reduced. It was found that
increasing of the DIF value from 1.14 or 1.19 to 1.3 slightly decreased the analytical displacement
ratios by 2.4% and 1.8%, respectively. The Saatcioglu et al. (2011) DIF equations generally gave
better predictions of displacements.
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Table 7-19 Sensitivity analysis — dynamic increase factors for plain concrete specimens

Concrete models Steel models
Combination Compression Tension Tension
[DIF] [DIF] [DIF]
Popovics (1973) . ACI Group ITG-6 (2010)
Default Case-0 Linear slope
[1.31 [1.11
Popovics (1973) . ACI Group ITG-6 (2010)
Case-A Linear slope
Concrete in 1.141 M.11
Compression Popovics (1973) ) ACI Group ITG-6 (2010)
Case-B Linear slope
[1.19] [1.1]
Table 7-20 Summary of analysis results for DIF selection — concrete in compression
AVE. Sanls/Ocxp Standard Deviation
Combinations AVg. Sants/Oexp Standard Deviation | (Only No. 4 and No. 5 (Only No. 4 and No. 5
specimens) specimens)
Case-0 98.8% 0.162 105.5% 0.126
Case-A 100.7% 0.163 107.3% 0.131
Case-B 101.0% 0.160 107.9% 0.117
SCC-FO-#4-S HSC-FO-#4-S
120.0% 150.0%
100.0% 120.0%
80.0% 90.0%
60.0% Y
40.0% 60.0%
20.0% 30.0%
0.0% 0.0%
Blast 1 Blast 2 Blast 3a Blast 3b Blast 1 Blast 2 Blast 3a Blast 3b
M Case-0 M Case-A M Case-B M Case-0O M Case-A M Case-B
HSC-FO-#5-S HSC-FO-#6-S
120.0% 100.0%
100.0% 80.0%
80.0% 60.0%
60.0% Y
40.0% 40.0%
20.0% 20.0%
0.0% 0.0%
Blast 1 Blast 2 Blast 3b Blast 4 Blast 1 Blast 2 Blast 3b
M Case-0O M Case-A M Case-B M Case-0O M Case-A M Case-B

Figure 7-23 Sensitivity analysis for plain concrete — DIF for concrete in compression
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7.7.3.2. DIF equation for steel in tension

Three DIF cases were considered for steel in tension. Table 7-21 shows the material and DIF
combinations for the various cases. DIF values of 1.05 and 1.0 were implemented in Case-C and
Case-D respectively, with the DIF kept at 1.1 for Case-0. The value of 1.05 corresponds to the DIF
at ultimate stress proposed by the UFC-3-340-02 (2008). The average displacement ratios for all
plain concrete specimens can be found in Table 7-22. Figure 7-24 compares the displacement ratios
for each specimen under all blast scenarios.

Considering the No. 4 and No. 5 plain concrete specimens, Case-C and Case-D combinations
resulted in average displacement ratios (Janis/dexp) of 110.9% and 113.7% with standard deviations
of 0.131 and 0.134. In comparison, the average displacement ratio was 105.5% and the standard
deviation was 0.126 under the default Case-0 combination.

Similarly, when considering all plain concrete specimens, the mean displacement ratios were
103.9% and 106.3% with standard deviations of 0.169 and 0.177 for Case-C and Case-D
combinations, which compare to an average displacement ratio of 98.8% and standard deviation
of 0.162 for the default Case-0 combination.

The results show that increasing the DIF for steel in tension from 1.05 to 1.10 decreased the
Oanls/ Jexp 1atio by 5.5%. This gap grew to 8.8% when comparing the results with DIF of 1.0 and
1.1. The results follow the expected trend with the ratios reducing as the DIF is increased. In
general, the use of the Saatcioglu et al. (2011) equation resulted in an average displacement ratio
which was closer to 1.0. It can be concluded that this default model resulted in the best overall
predictions. Comparing to the results from the previous section, it can be noticed that the analysis
is more sensitive to the DIF of steel when compared to the DIF of concrete.
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Table 7-21 Sensitivity analysis — dynamic increase factors for plain concrete specimens

Concrete models

Steel models

Combination Compression Tension Tension
[DIF] [DIF] [DIF]
Popovics (1973) ACI Group ITG-6 (2010)
Default Case-0 Linear slope
[1.3] [1.1]
Popovics (1973) ) ACI Group ITG-6 (2010)
Case-C Linear slope
Steel in [1.3] [1.05]
Tension Popovics (1973) ACI Group ITG-6 (2010)
Case-D Linear slope
[1.3] [1.0]
Table 7-22 Summary of analysis results for model selection — steel in tension
AVE. Sanls/Oexp Standard Deviation
Combinations AVg. anis/Oexp Standard Deviation | (Only No. 4 and No. 5 | (Only No. 4 and No. 5
specimens) specimens
Case-0 98.8% 0.162 105.5% 0.126
Case-C 103.9% 0.169 110.9% 0.131
Case-D 106.3% 0.177 113.7% 0.134
SCC-FO-#4-S HSC-FO-#4-S
120.0% 150.0%
100.0% 120.0%
80.0% o
60.0% QO'Of
20.0% 60.0% I I
20.0% 30.0%
0.0% 0.0%
Blast 1 Blast 2 Blast 3a Blast 3b Blast 1 Blast 2 Blast 3a Blast 3b
M Case-0 mCase-C mCase-D M Case-0 mCase-C mCase-D
HSC-FO-#5-S HSC-FO-#6-S
120.0% 100.0%
100.0%
80.0%
60.0% 50.0%
40.0%
20.0%
0.0% 0.0%

Blast 1

B Case-0 M Case-C M Case-D

Blast 2

Blast 3b

Blast 4

Blast 1

Blast 2 Blast 3b

B Case-0 M Case-C mCase-D

Figure 7-24 Sensitivity analysis for plain concrete — DIF for steel in tension
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7.7.4. EFFECT OF DYNAMIC INCREASE FACTORS (HSFRC SPECIMENS)

In this section, the effect of DIF combination on the analytical displacement results for the HSFRC
specimens is examined. In all cases the default material models were kept constant (for concrete
in compression: Mansur (1999), concrete in tension: Lok and Pei (1998), steel in tension: ACI
ITG-6 (2010)) and only the DIF parameters were varied. Case-A and Case-B were designed to
investigate the effect of DIF for HSFRC in compression and tension, respectively. Case-C and
Case-D examined the effect of steel DIF model on the analytical predictions.

7.7.4.1. DIF equation for HSFRC in compression

Two cases were considered to examine the effect of DIF of HSFRC in compression. Table 7-23
shows the material and DIF combinations for both Case-0 and Case-A. The only difference
between the two cases is the use of conservative design DIF of 1.19 for HSFRC in compression
for Case-A in place of the DIF of 1.28 which is used in the default Case-0 analysis. The average
displacement ratios for all HSFRC specimens can be found in Table 7-24. Figure 7-25 compares
the displacement ratios for each HSFRC specimen for all blast scenarios.

Considering the No. 4 and No. 5 HSFRC specimens, the average analytical displacement ratio
under Case-A was 98.7% with a standard deviation of 0.087. This compares to an average
displacement ratio of 97.3% and standard deviation of 0.085 under the default Case-0 combination.
When including all specimens, the average displacement ratio is 96.1% with a standard deviation
of 0.105 under Case-A, compared to a ratio of 94.6% and standard deviation of 0.104 for Case-0.

In general, it can be seen that the choice of DIF value for HSFRC in compression has a moderate
effect on the accuracy of the analytical predictions. The results follow the expected trend with
larger danis/dexp ratios for Case-A which utilized a more conservative DIF value. The results are
generally more accurate for Case-A, which may indicate that the Zhang & Mindess model is over-
predicting the DIF of high-strength SFRC in compression - further research is recommended.
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Table 7-23 Sensitivity analysis — dynamic increase factors for HSFRC specimens

Concrete models Steel models
Combination Compression Tension Tension

[DIF] [DIF] [DIF]

Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
Default Case-0

[1.28] [1.22] [1.1]

Concrete in Case A Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
; ase-
Compression [1.19] [1.22] [1.1]

Table 7-24 Summary of analysis results for DIF selection — concrete in compression

Standard AVE. Fants/Oexp Standard deviation
inati AV ule/Oexp deviation
Combinations (Only No. 4 and No. | (Only No. 4 and No.
5 specimens) 5 specimens
Case-0 94.6% 0.104 97.3% 0.085
Case-A 96.1% 0.105 98.7% 0.087
HSC-F1-#4-S HSC-F1-#5-S
100.0% 120.0%
80.0% 90.0%
60.0%
40.0% 60.0%
20.0% 30.0%
0.0%
Blast1 Blast2 Blast3a Blast3b Blast4 0.0%
Blast1 Blast2 Blast3b Blast4 Blast5
M CASE-O m CASE-A
B CASE-0 M CASE-A
HSC-F1-#6-S
120.0%
90.0%
60.0%
30.0% II
0.0%

Blast 1

Blast2 Blast3b Blast4

B CASE-O m CASE-A

Blast 5

Figure 7-25 Sensitivity analysis for HSFRC specimens — DIF for concrete in compression
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7.7.4.2. DIF equation for HSFRC in tension

One of the distinguishing features of HSFRC when compared to plain HSC is its ability to carry
tensile stresses before and after cracking. However as noted previously, there is a lack of HSFRC
tension model available in the literature. Two tension DIF cases were considered in the sensitivity
analysis. Table 7-25 shows the combinations for Case-0 and Case-B. Case-B replaces the DIF
value of 1.22 predicted by the Malvar and Ross (1998) model, with a more conservative DIF value
of 1.0 for HSFRC in tension. The displacement ratios under both cases for all HSFRC specimens
can be found in Table 7-26. Figure 7-26 compares the displacement ratios for each HSFRC beam
under all blast scenarios.

For the No. 4 and No. 5 HSFRC specimens, the average displacement ratio was 101.4% (S.D. of
0.082) for the Case-B combination. This can be compared to an average displacement ratio of
97.3% (S.D. 0of 0.085) for the default Case-0 combination. Considering all HSFRC specimens, the
average displacement ratio under Cases B and 0 are 98.2% (S.D. of 0.111) and 94.6% (S.D. of
0.104).

The results indicate that the predictions are influenced by the choice of DIF model for HSFRC in
tension. In general, the predictions were more accurate (average ratio closer to 1.0) under the Case-
B combination, an indicator that the more conservative DIF value of 1.0 may be more suitable
when modelling the dynamic response of HSFRC in tension. Regardless, the results indicate the
need for development of FRC-specific tension DIF models which can be used in the blast- design
of fibre-reinforced concrete structures.
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Table 7-25 Sensitivity analysis — dynamic increase factors for HSFRC specimens

Concrete models Steel models
Combination Compression Tension Tension
[DIF] [DIF] [DIF]
Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
Default Case-0
[1.28] [1.22] [1.1]
Concrete in Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
Tension Case-B
[1.28] [1.0] [1.1]

Table 7-26 Summary of analysis results for DIF selection — concrete in tension

AVE. Banis/Oexp Standard Deviation
. Standard
Combinations AVE. dants/Oexp Deviation (Only No. 4 and No. | (Only No. 4 and No. 5
5 specimens) specimens)
Case-0 94.6% 0.104 97.3% 0.085
Case-B 98.2% 0.111 101.4% 0.082
HSC-F1-#4-S HSC-F1-#5-S
150.0% 150.0%
100.0% 100.0%
50.0% I I I 50.0% I I I I
0.0% 0.0%
Blast1 Blast2 Blast3a Blast3b Blast4 Blast1 Blast2 Blast3b Blast4 Blast5
B CASE-O m CASE-B W CASE-0 m CASE-B
HSC-F1-#6-S
150.0%
100.0%
0.0%

Blast 1

Blast2 Blast3b Blast4

m CASE-O m CASE-B

Blast 5

Figure 7-26 Sensitivity analysis for HSFRC specimens — DIF for concrete in tension
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7.7.4.3. DIF equation for steel in tension

This final sensitivity analysis examines the effect of steel DIF on the HSFRC beam displacement
predictions. Table 7-27 shows the combinations for Case-0, Case-C and Case-D. Case-C and Case-
D combinations replace the DIF of 1.19 predicted by the Saatcioglu et al. (2011) model, with DIF
values of 1.05 (based on UFC recommendation for steel DIF at ultimate stress) and a conservative
value of 1.0, respectively. The average displacement ratios for the HSFRC specimens under the
three scenarios can be found in Table 7-28. Figure 7-27 includes the displacement ratios for each
specimen under all blast load cases.

Considering the No. 4 and No. 5 HSFRC specimens, the average 1 displacement ratios under Case-
C and Case-D are 100.8% and 104.6% with standard deviations of 0.087 and 0.092, respectively.
This can be compared to the average displacement ratio of 97.3% and standard deviation of 0.085
under the default Case-0 combination. A similar trend is observed when considering all specimens
with average displacement ratios of 97.9%, 101.5% and 94.6% under Case-C, Case-D and Case-0
combinations.

The results show that analysis was sensitive to dynamic strength of the steel reinforcement, with
the results following the expected trend; lower DIF = larger displacement ratios. For example,
when the DIF value is increased from 1.0 to 1.1, the displacement ratios decreased by 7 percentage
points. The DIF value of 1.1, calculated using the Saatcioglu et al. (2011) equation, results in
acceptable prediction of the dynamic response of the HSFRC beams with high-strength
reinforcement. The use of DIF of 1.0 results in more conservative predictions and may be more
suitable for design purposes given the lack of experimental data related to the response of high-
strength reinforcement under dynamic tension.
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Table 7-27 Sensitivity analysis — dynamic increase factors for HSFRC specimens

Concrete models

Steel models

Combination Compression Tension Tension
[DIF] [DIF1 [DIF1
Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
Default Case-0
[1.28] [1.22] [1.1]
Case.C Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
ase-
Steel in [1.28] [1.22] [1.05]
Tension CaseD Mansur (1999) Lok & Pei (1998) ACI Group ITG-6 (2010)
ase-
[1.28] [1.22] [1.0]
Table 7-28 Summary of analysis results for model selection — steel in tension
AVE. Sanls/Oexp Standard Deviation
Combinations AVg. anis/Oexp Standard Deviation | (Only No. 4 and No. 5 (Only No. 4 and No. 5
specimens) specimens)
Case-0 94.6% 0.104 97.3% 0.085
Case-C 97.9% 0.106 100.8% 0.087
Case-D 101.5% 0.109 104.6% 0.092
HSC-F1-#4-S HSC-F1-#5-S
120.0% 120.0%
100.0% 100.0%
80.0% 80.0%
60.0% 60.0%
40.0% 40.0%
20.0% 20.0%
0.0% 0.0%
Blast1 Blast2 Blast3a Blast3b Blast4 Blast1 Blast2 Blast3b Blast4 Blast5
B CASE-O ECASE-C mCase-D B CASE-O W CASE-C mCase-D
HSC-F1-#6-S
120.0%
100.0%
80.0%
60.0%
40.0%
20.0%
0.0%
Blast1 Blast2 Blast3b Blast4 Blast5

B CASE-O mCASE-C mCase-D

Figure 7-27 Sensitivity analysis for HSFRC specimens — DIF for steel in tension
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7.8.

DYNAMIC ANALYSIS POTENTIAL SOURCES OF ERROR

The maximum displacements of all the specimens were predicted using dynamic inelastic SDOF

analysis. This section lists some potential sources of error which may have influenced the accuracy

of the predictions:

The specimens in this study were tested under repeated blast loads, resulting in
accumulated damage from previous blast loading. The displacements at early shots were
generally well predicted, however the errors became larger at later shots (e.g. Blasts 4 and
5). Shots 1 and 2 were meant to test the specimens under elastic and yield conditions and
therefore the effect of repeated loading is minimal at these blasts. However, the effect of
accumulated damage becomes more important at later blast loads owing to the cracking
and crushing of concrete from previous test shots. This accumulated damage decreases the
residual stiffness of the beams and was not accounted for in the analysis.

The analytical predictions for No. 6 specimens were generally less accurate when
compared to the companion beams with No. 4 and No. 5 reinforcement. The errors can
possibly be related to the over-reinforcement of the No. 6 beams, which may have not been
fully captured in the analysis.

The analytical resistance curves generally over-predicted the pre-yield stiffness of the
specimens. Furthermore, while the experimental curves show almost linear response up to
peak load, the analytical curves showed a more rounded response with an initial linear
branch followed by a non-linear parabolic branch. Although this non-linear response is
found in the stress-strain response of the high-strength reinforcement it is less evident when
examining the experimental beam resistance curves. The difference in the stiffness and
shape of the resistance curves is another potential source of error in the analysis.

Another potential source of error is the choice of plastic hinge length (assumed to be equal
to the effective depth d). Some research has shown that the hinge length may be reduced
for fibre-reinforced concrete structural members when compared to conventional
reinforced concrete members, and this can influence the post-peak branch of the resistance
curves and affect the analytical predictions.

One final source error as shown in the sensitivity analysis is the choice of material and DIF
models for concrete, HSFRC and high-strength steel reinforcement. The results are
sensitive to the DIFs used in analysis and further research aimed at developing reliable DIF
models for HSFRC and high-strength steel reinforcement is recommended.
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CHAPTER 8. CONCLUSION

8.1. CONCLUSION

This thesis presented an experimental study which investigated the blast performance of high-
strength concrete (HSC) and high-strength steel fibre-reinforced concrete (HSFRC) beams,
reinforced with ASTM A1035 (MMFX) Grade 100 steel reinforcing bars. The main parameters of
this research included concrete strength, steel fibres, steel reinforcement ratio, and strength of steel
reinforcement.

In total, eleven beams were tested, including three beams tested under quasi-static four-point
bending and eight beams tested under dynamic loads simulated using a shock-tube. The overall
blast resistance, maximum and residual displacements, failure mode, crack control, damage
behaviour and secondary fragmentation were considered as the main criteria to judge the behaviour
of the specimens under dynamic loading. For the static tests, the main criteria included ultimate
strength, mid-span displacement at failure, toughness, ductility and failure mode. The conclusions
from the experimental research program can be summarized below:

e Increasing the longitudinal reinforcement ratio of the high-strength steel was found to
improve the overall blast resistance of the HSC and HSFRC beams under dynamic loading.
It was also effective in reducing maximum and residual displacements at equivalent blast
loads. In terms of static response, reinforcing the HSC beams with higher reinforcement
ratio led to an increase in ultimate strength, with a reduction in ductility;

e The results indicate the importance of carefully considering the reinforcement ratio in
beams reinforced with high-strength bars. In the HSC series, the use of 2 - No. 6 bars led
to over-reinforced conditions, which led to brittle failures under static and blast loads. The
reinforcement ratio should be kept below balanced conditions to ensure an appropriate
level of ductility and to fully utilize the strength of the ASTM A1035 bars;

e The dynamic results show the importance of ensuring beams with ASTM A1035 bars have
sufficient transverse reinforcement to prevent brittle shear failures. In the SCC series,
increasing the reinforcement from 2 - No. 4 to 2 - No. 5 bars was found to change the
failure mode from flexure to shear owing to the increase in shear demand and insufficient
amount of transverse reinforcement.

e Provision of 1% steel fibres significantly improved the blast behaviour of the high-strength
concrete beams with high-strength bars. The addition of fibres led to increased blast load
capacity, with a reduction of maximum and residual displacements at equivalent blasts.
Reinforcing the beams with steel fibres also greatly reduced secondary fragmentation and
increased damage tolerance.

e Concrete strength was found to have a moderate effect on the blast response of the beams
in the No. 4 series, where HSC led to reduced displacements when compared to NSC. In
the No. 5 series, the use of HSC increased shear capacity, preventing brittle shear failure,
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and allowed the beam to resist a higher magnitude of blast load before failure. However,
the HSC specimens tended to be more brittle, with more severe damage at failure.

The responses of the specimens in this study were compared to those of a companion set
of beams constructed with normal-strength reinforcement. Under static loads, plain HSC
specimens with high-strength steel bars had higher ultimate load resistance, but reduced
ductility. It is also noted that the specimens with conventional steel showed a clear yield
plateau in their plastic response, while the MMFX specimens showed no distinct yield
point and more limited plastic deformation capacity. Nonetheless, the benefits of using
high-strength MMFX bars was clear in the dynamic test series, where the higher strength
reinforcement led to increased blast resistance and reduced displacements at equivalent
blasts. The provision of fibres further improved the blast performance of the beams
reinforced with high-strength bars.

Dynamic inelastic analysis was used to predict the response of the test specimens. Resistance
curves were first developed using dynamic material models for HSC, HSFRC and high-strength
reinforcement. SDOF analysis was then conducted using the software RCBlast. The effect of

various modelling parameters on the analytical predictions was also investigated using a sensitivity

analysis. The analytical procedure was also used to predict the resistance curves of the statically
tested beams. The conclusions from the analytical study are summarized below:

The SDOF method, with appropriate development of dynamic resistance functions, was
able to accurately predict the dynamic response of the beams. One potential source of error
includes the over-estimation of beam stiffness in the analytical resistance curves.

The sensitivity analysis showed that the Popovics (1973) model for plain concrete in
compression; Mansur (1999) & Lok and Pei (1998) models for HSFRC in
compression/tension and ACI ITG-6R (2011) model for high-strength steel in tension,
resulted in the most accurate predictions when compared to all other model combinations.
The DIF equations proposed by Saatcioglu et al. (2011) for concrete in compression, Zhang
& Mindness (2011) for HSFRC in compression, with conservative values of 1.0 for the
DIFs of high-strength steel and HSFRC in tension led to accurate analytical predictions.
Using a DIF of 1.1 for high-strength steel, corresponding to the value at ultimate stress in
the Saatcioglu et al. (2011) model, also resulted in acceptable analytical predictions of
maximum displacements.

The results also indicate the need to develop appropriate strain-rate sensitive material
models for HSFRC in tension. Using the Malvar and Ross (1998) model may over-estimate
the dynamic strength of HSFRC in tension.

Analysis using the design DIF factors of the UFC-3-340-02 (2008) guidelines resulted in
more conservative predictions of blast response when compared to the strain-rate sensitive
models proposed by other researchers, with the analysis-to-experimental displacement
ratio generally being less than 1.0.
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Prediction of the static response of HSC beams using either the Ramberg-Osgood (R-O)
function, ACI ITG-6R expressions or coupon stress-strain data for high-strength steel,
resulted in acceptable prediction of the experimental static resistance curves, although
stiffness was over-estimated. The use of bi-linear stress-strain curves with more
conservative design yield strengths of 550 MPa or 690 MPa resulted in conservative
predictions of beam ultimate resistance.

8.2. RECOMMENDATIONS FOR FUTURE

The following recommendations for future research are suggested:

Only a limited number of static tests were conducted in this study. Further tests examining
the static flexural response of HSFRC beams reinforced with high-strength reinforcement
1s recommended;

Further research examining the shear behaviour of HSC and HSFRC beams reinforced with
high-strength reinforcement under static and blast loads;

The effect of shear-span to depth ratio on the flexural response of HSC and HSFRC beams
warrants further study;

The effects of fibre properties (type, length, aspect-ratio, content) on the blast response of
HSFRC beams tested under blast loads also requires further investigation;

Further studies on the blast behaviour of other types of structural members built with HSC
or HSFRC and high-strength reinforcement (columns, slabs and walls);

Research leading to the development of reliable strain-rate dynamic increase factor models
for HSFRC in tension and high-strength reinforcement;

Finite element modelling of the blast response of reinforced concrete beams built with
high-strength concrete, high-strength fibre-reinforced concrete and high-strength steel.
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