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ABSTRACT

The CSA S850 Blast standard provides guidelines that can be used to enhance the blast
performance of reinforced concrete structures. In the case of beams, the standard requires
the use of top continuity (compression) bars and well-detailed transverse steel to ensure
strength and ductility under blast loads. However, the requirements in the CSA S850
standard are intended for normal-strength concrete structures. Given the increased use of
high-strength concrete (HSC) in practice, there is a need to explore the effects of modern
blast designs on the behavior of HSC structures subjected to blast loads.

Accordingly, this project examines the effect of modern reinforcement detailing on the static,
dynamic and post-blast performance of high-strength concrete beams. The study further
examines the ability to use fibers to relax such detailing and simplify construction. A total of
seventeen beams are tested. Static testing is conducted under four-point bending, with blast
testing conducted using the University of Ottawa shock-tube. The post-blast behavior of the
beams is assessed by conducting residual static tests on the blast-damaged specimens. The
parameters investigated include the effects of: blast detailing vs. nominal detailing, steel
fibers, the effect of longitudinal steel ratio (in compression and tension) and tie spacing.

The results show that under static loads, the use of blast detailing significantly improves the
flexural behavior of the beams in terms of ductility. Likewise, the provision of continuity
(compression) bars and closely spaced ties is found to improve blast performance by better
controlling displacements, increasing blast resistance, limiting damages and allowing for
important post-blast residual capacity. The use of steel fibers and relaxed detailing
(increased tie spacing) is found to increase resistance and improve cracking behavior under
static loads, with an ability to match the blast performance of more heavily-detailed HSC
specimens. The use of fibers also allowed for substantial post-blast capacity. Finally, the steel
ratio (in tension, in compression and in the transverse direction) was found to affect the blast
behavior of the HSC beams.

In addition to the experiments, the analytical study predicts the static and blast response of
the tested beams using sectional analysis and non-linear SDOF modeling. Results show that
the analysis methodology was able to predict the static and blast responses of the blast-
detailed and fiber-reinforced HSC beams with reasonable accuracy.
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NOTATIONS

Symbol
A

db

dr

fac
fau
fay
freteq
fs
fsh
fu
fy
Fm
Ir
Kim
La

Pr

Definition

Area impacted by the blast pressure

Steel reinforcement bar diameter

Fiber diameter

Modulus of elasticity, concrete

Modulus of elasticity, steel

Fiber reinforced concrete tensile stress
Unconfined concrete stress

Unconfined fiber reinforced concrete stress
Compressive concrete strength
Unconfined compressive concrete strength

Unconfined compressive fiber reinforced
strength

Design compressive concrete strength
Design steel ultimate stress
Design steel yield stress
Equivalent flexural strength
Steel stress

Steel strain hardening stress
Steel ultimate stress

Steel yield stress

Mean load

Reflected impulse

Load mass transformation factor
Driver length

Fiber length

Total mass of the system

Reflected pressure

concrete



Pa

Rlv
tp

Driver pressure

Building of the member

Reinforcing index

Positive phase duration

Deflection at mid-height

Acceleration at mid-height

Fiber volume ratio

Steel strain

Steel strain hardening strain

Steel ultimate strain

Steel yield strain

Dynamic Strain rate

Static strain rate

Displacement at yielding of reinforcing bar
Displacement when load reached 85% of peak load
Residual displacement

Maximum displacement

Maximum support rotation

Matrix bond strength



ACRONYMS

Acronym
ACI
ASTM
ATC
BLS
CEB
CSA
DIF
FRP
HL
HS
HSC
HSFRC
HSS
LTD
LVDT
NBCC
NS
NSC
NSR
RPC
SCC
SDOF
SFRC
SHPB
TNT
UFC

Definition
American Concrete Institute
American Society of Testing and Materials
Applied Technology Council
Blast loading simulator
Comité euro-international du béton
Canadian Standards Association
Dynamic increase factor
Fiber-reinforced polymer
Hairline (crack width)
High strength (steel reinforcement)
High strength concrete
High strength fiber reinforced concrete
Hollow steel section
Load transfer device
Linear variable displacement transducer
National Building Code of Canada
Normal strength (steel reinforcement)
Normal strength concrete
Normal strength reinforcement
Reactive powder concrete
Self-consolidating concrete
Single degree of freedom
Steel fiber reinforced concrete
Split Hopkinson Pressure Bar
Trinitrotoluene
Unified Facilities Criteria
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CHAPTER 1: INTRODUCTION

1.1 GENERAL CONTEXT

Recently, there has been growing concern about the structural safety of structures exposed
to blast loads. Events such as the bombing of the Murrah Federal Building in Oklahoma City
in 1995 (Hinman & Hammond, 1997) and the destruction of more than 30 buildings by the
Lac Mégantic rail disaster in 2013 (Lacoursiere et al., 2015) demonstrate the vulnerability of
structures to blast-induced failures. As a result, it is becoming increasingly important to
ensure bridges, transportation systems, government offices, and vulnerable public buildings
are blast resistant.

The use of high-strength concrete (HSC) is now commonly used in construction due to its
increased strength, stiffness and durability characteristics. While important research exists
on the behavior of HSC structures under static and earthquake loads, research on the blast
behavior of HSC structures is scarce. It is well known that concrete shows increased
brittleness as its strength is increased, and this can raise concerns about the ductility of HSC
elements subjected to blast loads.

Modern blast codes such as the Canadian CSA S850 Blast standard, have been developed to
better protect structures against bomb blasts(CSA, 2012). In the case of reinforced concrete
structures, the standard provides detailing requirements that allow for improved
performance under extreme dynamic loading. In the case of flexural members, the standard
requires the use of top continuity bars and well-detailed transverse steel to ensure strength
and ductility. However, the requirements in the CSA S850 standard are intended for normal-
strength concrete structures, and there is a need to adapt design rules for more advanced
materials such as high-strength concrete.

Accordingly, this project examines the effect of modern blast detailing, including the use of
top continuity (compression) bars and closely spaced ties, on the static and dynamic
performance of high-strength concrete beams. The study further examines the potential of
using steel fibers in HSC to relax such detailing and simplify construction which can in turn
reduce construction cost and time.

1.2  RESEARCH OBJECTIVES

The primary objective of this experimental research is to investigate the effect of blast
detailing as required by the CSA S850 standard on the static and dynamic behavior of high-
strength concrete beams (with f; = 80 MPa). To achieve this objective, a large set of HSC and
beams designed according to modern blast rules (provision of continuity bars and closely-
spaced transverse steel) are tested under quasi-static four-point bending and simulated



blast loads using a shock-tube. Specimens showing residual strength from blast testing are
further tested under static loads to assess their residual strength and energy-dissipation
capacity when compared to undamaged beams. Moreover, the thesis also examines the
potential of using steel fibers to relax the detailing required by modern blast codes by testing
companion beams with moderate amounts of fibers and intermediate (relaxed) detailing.

A secondary objective of the thesis is to study the suitability of using non-linear single-
degree-of-freedom (SDOF) analysis to predict the dynamic response of the blast-detailed and
fiber-reinforced HSC beams.

1.3 SCOPE

As part of the experimental research, seventeen beams are tested, including seven beams
under four-point quasi-static bending, and ten beams under simulated blast loading. Eight
blast-damaged beams are further tested under static loads to assess their post-blast residual
strength and ductility. The following parameters are investigated in this study:

¢ The effect of reinforcement detailing in HSC beams: by comparing the response
of the test beams with blast detailing to a companion set of beams with nominal
detailing tested by Algassem (2016);

e The effect of steel fibers and ability of fibers to relax detailing in HSC beams:
by testing a companion set of high-strength fiber-reinforced concrete (HSFRC)
beams with moderate amount of hybrid fibers and intermediate detailing;

e The effect of single and repeated loading: by testing a selected number of
specimens under single and repeated blast loads;

e The effect of longitudinal tension reinforcement ratio: by testing plain HSC and
HSFRC beams constructed with 2-15M (ps= 1.6%), 2-20M (ps= 2.4%), and 2-25M (ps
= 4.1%) bars;

e The effect of longitudinal compression reinforcement ratio: by testing beams
with either 6 mm wire of 10M bars as compression reinforcement;

e The effect of tie spacing in the HSC beams: by testing companion beams with d/4
(s=50 mm) and d/2 (s=100mm) tie spacing.

As part of the analytical study, material constitutive models for HSC, HSFRC and steel
reinforcement, including the effects of strain-rates are used to conduct sectional and
member analysis in order to develop resistance functions for the beams under static and
dynamic conditions. The dynamic functions are then used to conduct non-linear single-
degree-of-freedom (SDOF) analysis to predict the blast response of the beams.



1.4 THESIS BREAKDOWN
This thesis contains eight chapters, which is divided as follows:

Chapter 1 - Introduction:

e Introduces the significance of this experimental research, describes the objectives
and defines the scope of the thesis.

Chapter 2 - Literature review:

e Provides general background information on previous studies, with a focus on
previous studies examining the effects of steel detailing, HSC and fibers on the high
strength concrete on the static and dynamic response of reinforced concrete beams.

Chapter 3 - Experimental program:

e Describes the experimental program, including specimen designs, material
properties, test setups (static, blast and residual) and testing protocols.

Chapter 4 - Experimental static results:
e Presents the individual results for the beams tested under static loads.

Chapter 5 - Experimental dvnamic results:

e Presents the individual results for the beams tested under blast loads. The results
from the post-blast residual tests are also presented.

Chapter 6 - Discussion of the Static, Dvnamic, and Residual results:

e Discusses the effects of the test parameters, including the effects of Blast Detailing,
Fibers, tension-steel ratio, compression steel ratio, tie spacing on the static and
dynamic responses of the beams;

e Discusses the effects of the parameters on the dynamic resistance curves;

e Discusses the post-blast residual static tests and compares the residual capacity and
ductility of the blast-damaged beams to the undamaged companions.

Chapter 7 - Dynamic and static analysis:
e Predicts the static response of the tested beams using sectional analysis;

e Predicts the dynamic response of the tested beams using non-linear single-degree-of-
freedom (SDOF) analysis.

Chapter 8 - Conclusion:

e Presents the conclusions from the experimental and analytical research and provides
recommendations for further research.
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CHAPTER 2: LITERATURE REVIEW
2.1 CHAPTER OVERVIEW

This chapter provides a literature review related to high-strength concrete, steel detailing
and fibers on the static and blast behavior of reinforced concrete beams. The first section
briefly introduces high-strength concrete and the influence of fibers on key HSC properties.
The next section presents a review of previous research on the static behavior of HSC beams,
with a focus on the effects of reinforcement detailing and fibers. The third and fourth sections
review previous studies that have examined the effects of detailing and fibers on the dynamic
(impact and blast) performance of beams. The final section summarizes the detailing
requirements for beams in the Canadian CSA S850 Blast Design Standard.

2.2 HIGH-STRENGTH CONCRETE AND BENEFITS OF FIBERS

According to the American Concrete Institute (ACI), high-strength concrete (HSC) can be
defined as concrete with a compressive strength which exceeds 55 MPa (ACI MCP, 2015).
The Canadian CSA A23.3-14 standard does not explicitly define HSC but imposes certain
design restrictions and more stringent requirements when the concrete strength exceeds 60
MPa (CSA, 2014). It is also noted that the current blast design standard (CSA S850-12, section
9.2.2.2) imposes restrictions on the design strength of concrete in blast-resistant structures
to 80 MPa.

When compared to normal-strength concrete, HSC presents several enhancements which
include increased strength, stiffness, and durability. As a result, HSC has gained increased
acceptance as a structural material in building and bridge applications (ACI363R, 2010). On
the other hand, it is well known that concrete becomes more brittle as its compressive
strength is increased. The addition of steel fibers in high-strength concrete solves this
problem by increasing its toughness and ductility in compression, with an added benefit of
improved tensile post-cracking resistance.

Mansur et al., (1999) investigated the compressive behavior of HSC having compressive
strengths (f’.) from 70 to 120 MPa, reinforced with steel fibers at the content of 0.5% to
1.5% by volume of concrete (40-120 kg/m?3). Results showed no increase in the peak
strength with the addition of fibers. However, the toughness and post-peak response
significantly increased, with a change in the failure mode, from brittle to ductile. As shown
in Figure 2-1, the toughness of HSC concrete increases proportionally with the increase in
fiber content. Based on the results, Mansur presented a model that can be used to predict the
stress-strain response of fiber-reinforced HSC in compression.

The effects of steel fibers on the tensile response of HSC has been studied by several
researchers. Like all other conventional concretes, High Strength Concrete shows brittle
response in tension, with failure after first cracking. The addition of fibers allows concrete



to carry tensile stresses after cracking, resulting in an enhancement in tensile post-cracking
strength and toughness. The ability of fibers to bridge cracking also improves the tension
response of high-strength concrete. Song and Hwang (2004) studies the compressive
response, splitting tensile resistance and flexural toughness of HSC reinforced by 0.5%, 1%,
1.5% and 2% steel fibers. Results show that the use of fibers improved the splitting tensile
resistance and toughness index of high-strength concrete, especially when using higher fiber
contents (see Figure 2-2).

The effects of steel fibers on the dynamic response of high-strength concrete have also been
examined by several researchers. Wang et al, (2011) investigated the high strain rate
compressive response of high strength fiber reinforced concrete (HSFRC) under high-
velocity impact using a Split-Hopkinson pressure bar (SHPB) device. Results showed that the
DIF for plain HSC indicated similar values when compared to the calculated CEB-FIP
equation. However, this model overestimated the dynamic response of HSFRC, especially
above the transition strain rate of 30/s. This study also found that under high-velocity impact
loading, fibers were able to better control damage in HSC due to the holding effect of the
fibers. It was also found that the presence of fibers increased the strength and energy
absorption of HSFRC when compared to HSC, resulting in better impact resistance. Based on
this study, the authors proposed a model to predict the high strain rate compressive
response of HSFRC (see Figure 2-3):

éc 1.026a . . 1
fos (8—) for e, < (30 + 23i)s~
DIF = =72 = O 2-1
fem (é‘c . N -1
n a) for €. > (30 + 23i)s
Where: i: 0 for plain concrete and 1 for FRC

&.: strain rate (s~1) in the range from 3 X 107° to 300 s

&.0: quasi-static strain rate in compression, takenas 3 X 1076 571

n = ys(1 — 0.3392i); k=(1+0.05i)/3; loglogy,=6.156a — 1
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2.3 PREVIOUS RESEARCH ON BEHAVIOR OF HSC BEAMS UNDER STATIC LOADING
2.3.1 OVERVIEW OF PREVIOUS TESTS

Over the years several studies have been conducted to examine the effect of concrete
strength on the flexural behavior of reinforced concrete beams (Sarkar et al., 1997); (Shin et
al., 1999) and (Ashour 2000). These studies have investigated the effects of concrete strength,
beam dimensions (a/d ratio, beam depth), longitudinal steel ratio and shear reinforcement
on HSC beam behavior. A few previous studies have also examined the effects of
reinforcement detailing and fibers on the shear and flexural response of HSC beams as
summarized in the following sub-sections and shown in Table 2.1 and Table 2.2.

2.3.2 EFFECT OF REINFORCEMENT DETAILING

Rashid and Mansur (2005) presented one of the more comprehensive studies in the literature
on the effects of reinforcement detailing on the flexural response of high-strength concrete
beams. The testing program included 16 doubly-reinforced beams with cross-sectional
dimensions of 250x400 mm and a total length of 3600 mm. The main parameters
investigated were: concrete compressive strengths (f’. =43 — 126 MPa), tensile
reinforcement ratio (p; = 1.25 —5.31%), compressive reinforcement ratio (p, = 0.3 —
0.94%), transverse reinforcement ratio (p, = 0.62 — 1.85). The author found that
increasing the tensile reinforcement ratio resulted in a lower ductility index but increased
the moment resistance of the specimens (Figure 2-4-b). Results showed that compression
reinforcement and lateral ties had a more influential effect on the post-peak behavior of the
beams, enhancing ductility and toughness, with no significant effects on maximum load and
stiffness. The use of compression bars and closely-spaced ties, confined and increased the
toughness of concrete in compression, which improved the post-peak ductility of the beams.
However, the use of compression bars with nominal ties spacing (s = 200 mm, s=d/2)
resulted in premature buckling of the compression steel, which reduced beam ductility. In
contrast, reducing the spacing of the transverse steel (s= 66.7 mm, s=d/5.5) improved the
load-bearing capacity, toughness, and ductility of the beams (see Figure 2-4-e). Based on
this study, the authors recommended the use of d/4 ties when designing doubly-reinforced
HSC beams.

Ashour et al. (2000) studied the effects of concrete strength and tensile steel ratio by testing
nine 200 mm x 250 mm x 3080 mm doubly-reinforced HSC beams under four-point load as
shown in Figure 2-5. The beams were designed with different compressive strengths (f’, =
48 — 102 MPa), tension reinforcement ratio (p; = 1.18 —2.37%), and compression
reinforcement ratio of (p, = 0 -0.15%). Results showed that concrete strength had minimal
effects on the load-deflection responses of the beams with low reinforcement ratio. On the
other hand, the influence of concrete strength was more pronounced in beams having higher
tensile steel ratios, with a 15 % increase in maximum load at f’, = 102 MPa when compared
to f’. = 48 MPa when p; = 2.37 %. However, at lower reinforcement ratios (p; =
1.18 & 1.77%), specimens with compressive strengths of (f’.) 48,78 and 102 MPa showed
similar peak loads. The authors also noted, with the addition of transverse and compression
reinforcement, the displacement ductility increased with higher tension reinforcement ratio
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up to p; = 1.77%. However, a reduction of 12.5% in ductility was recorded at a
reinforcement ratio of p; = 2.37%. Also, slight improvement of the displacement ductility
was noticeable with higher strength concrete for doubly reinforced beams.

Sharifi and Maghsoudi (2014) presented another study that investigated the flexural
behavior of HSC beams with both tension and compression reinforcement. A total of six (200
mm X 300 mm x 2000 mm) singly-reinforced and doubly-reinforced beams were tested
under static loads. The beams had three different tension-steel ratios (p; =
4.81,5.38,and 6.80%) and compression steel ratios (p, = 2.44,2.69,and 3.40% ). The
results show that increasing the tensile reinforcement ratio enhanced the maximum
resistance of the beams but reduced the ductility. As seen in Figure 2-5, the use of
compression bars improved the deflection response and ductility of the beams having
moderate steel ratios. On the other hand, the doubly reinforced and singly-reinforced
specimens showed similar load-displacement curves at the maximum reinforcement ratio
(p: = 6.80% and p, = 3.40%).

Kwan et al. (2006) conducted an analytical study that examined the effects of detailing on
the flexural response of beams having cross-sections of 300mm x 600mm. The parametric
study examined the effects of concrete strength as well as the tension, compression and
confinement reinforcement ratios. As shown in Figure 2-7, the analysis showed that higher
tension-steel ratio (p;) resulted in lower ductility (i) in the HSC beams. The authors noted
that fixing the tension reinforcement ratio (p,;), while increasing both the compression
and/or confining reinforcement ratio increased the ductility factor (u). To maintain a
minimum ductility factor of p=3.32, the authors proposed the following equations for (1)
compression reinforcement, (2) confinement reinforcement, and (3) combined compression
and confining reinforcements, with all cases having a fixed allowable tension to balanced
steel ratio of p;, = 0.75%:

3350 p, = f.— 30 (2-2)
54f, = f.— 30 (2-3)
3350 p. + 54f, = f.— 30 (2-4)

Where: f.: Compressive strength, f.: Confining stress; p.: compression steel ratio.



Table 2.1 - Summary of previous research on the Effect of Reinforcement Detailing in HSC beams

Beam Longitudinal Transverse
Dimensions C(():ncrete Reinforcement Reinforcement
omp.
No. of Test Type of
Authors Beams | Method | Concrete BxHxL strel}gth Tension | Compression Spacing Stet.el
(mm x mm x mm) fe p: (%) pc (%) S (mm) Ratio
(MPa) ¢ ¢ pr (%)
. NSC
Rashid et 16 P 250 | 400 | 3600 | 43-126 125 0.3-0.94 66.7-200 | 0.62-1.85
al. (2005) bending HSC 5.31
NSC
Ashour 4P 1.18-
2 2 48-102 - 1 -
(2000) 9 bending Hse 00 50 | 3080 8-10 237 50
Sharifi and 4p 481-
Maghsoudi 6 . HSC 200 | 300 | 2000 67-78 ; 2.44-3.40 45-65 -
bending 6.80
(2014)
NSC
Kwan et al. 6 P 150 | 150 | 1000 |  30-90 0.2-12 0-2.5 150-200 -
(2006) bending HSC
Note: NSC: Normal Strength Concrete; HSC: High Strength Concrete; 4P: four-point bending test.
W: width of the beam, H: height of the beam, L: length of the beam
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Figure 2-4 - (a) Experimental setup and beam design; Load-deflection response showing effects of: (b)
concrete strength; (c) tensile reinforcement; (d) compression reinforcement; and (e) transverse steel. (Rashid
etal. 2005)
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2.3.3 EFFECT OF STEEL FIBERS

As previously noted, high-strength concrete (HSC) has a limited tensile capacity and exhibits
a brittle failure under compression. The addition of steel fibers to HSC reduces the brittleness
of HSC, increases tensile strength, and improves the post-cracking behavior, energy
absorption capacity and ductility of high-strength concrete (Plizzari et al., 2000). A few
studies investigated the benefits of implementing steel fibers in high-strength concrete
beams tested under static loads as shown in Table 2.2.

Biolzi and Cattaneo (2017) examined the shear-flexure response of thirty-six fiber
reinforced concrete beams (f’. = 40 — 90 MPa),) under four-point bending as shown in
Figure 2-8. The parameters investigated were the influence of fibers and transverse steel on
the crack patterns, ultimate shear capacities, and failure modes. The authors reported that
the addition of 1% fibers significantly increased the shear and flexure capacity of the HSC
beams, and was sufficient to replace transverse reinforcement. In general, results confirmed
the benefits of using fibers to improve strength, stiffness, and ductility of specimens with and
without stirrups. In addition, the use of fibers resulted in better damage control and reduced
crack spacings and crack widths.

Tahenni et al. (2016) examined the shear behavior of twenty-four high strength fiber
reinforced concrete beams (100 mm x 150 mm x 1100 mm), built with and without stirrups
under quasi-static load. The major factors considered were the volume of the steel fibers (0,
0.5, 1.0, 2.0, and 3.0%), and the aspect ratio of the two fibers used in this study (lf/df = 65
and 80). Results showed that fibers at volumes = 1% provided better shear resistance when
compared to stirrups. The use of 2% and 3% fibers controlled diagonal cracking and
increased shear resistance, changing the failure mode from shear to flexure. Similarly, it was
found that the shear capacity increased by 47% and 88% with fiber contents of 0.5% and
3%, respectively. Moreover, using fibers with higher aspect ratios and using higher fiber
volume fractions were found to improve the ductility ratio (see Figure 2-9). Also, the authors
mentioned that HSFRC is well suited for dynamic loading (e.g. earthquakes) due to its
increased and the ability of fibers to prevent brittle and catastrophic failure.

Noghabai et al. (2000) presented another study that investigated the shear and flexure
behavior of HSC beams reinforced with different types of fibers as shown in Table 2.1. The
main parameters investigated were fiber type and fiber volume (0.5%, 0.75%, and 1%)
content. Results showed that fibers restrained the propagation of cracks and reduced crack
widths, resulting in enhanced stiffness and toughness. Fibers also increased the shear
capacity of the beams by 49% to 107% at fiber volume fractions of 0.5% to 1%. It was found
that the depth of the beams affected the failure mode and effectiveness of the fibers.

While most previous studies are focused on shear, a few previous studies have examined the
effects of steel fibers on the flexural performance of HSC beams. Ashour and Wafa (1993)
investigated the flexural behavior of eight HSFRC beams (cross-section of 300 x 170 mm;
with fiber contents of 0, 0.5, 1 and 1.5%) under four-point bending. The authors noted that
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the addition of fibers improved HSC’s response in terms of compressive strength, modulus
of rupture, splitting tensile strength, flexural strength, showing increases of 5.1, 50.7, 62.3,
and 20% when adding 1% fibers. Similarly, the addition of 1.5 % fibers increased the
ductility and the toughness of the beams by 3.38, 3.52, and 5.26, respectively. The authors
also found that adding 1.5% of steel fibers to HSC reduced crack widths and improved the
energy absorption capacity and ductility of the beams. As shown in Figure 2-10, the test
results showed that the presence of fibers increased the length of the plastic hinge zone,
which was found to be proportional to the fiber content.

Table 2.2 - Summary of previous research on the Effect of Fibers

Beam Dimensions

Longitudinal

Transverse

Reinforcement Reinforcement Fibers
Concrete
No. of Test Type of Comp.
Authors °
Beams | Method | Concrete WxHxL strer[lgth Tension | Compression | Spacing Steel § ~ ~ E
fe Ratio § = E E ~
(mm x mmxmm) | (MPa) | o (%) pe (%) Sm) | o0 | S| 2| T3] B
S <
Biolzi et 4p 2400
NSC -
al (2017 36 bending 150 | 300 2900 40-90 1.1 0.4 150 0.3 HE 10 30 ) 48
HSC
3400
. 0.0
Tahenni 4p 05
etal. 24 bendin HSC 100 | 150 | 1100 65 1.4 0.9 - 0.4 HE 1'0 35 | 05 65
(2016) g oo | 60| 07| 80
3.0
29
250
1500 3.0 0.5 30
Noghabai 4p NSC 300 100 HE
(2000) 32 bending HSC 200 500 3600 46-93 3.1 - 180 - p 0.75 | 60 | 0.6 -
6000 4.3 1 50
700
4.5
Azlhvc\)/urf 18 4P NS 150 | 150 | 1000 93 037 150- 0
anc vata bending | o0 2.84 200 - HE | 05 | 60 | 08 | 75
(1993) 458 1
Note: W: width of the beam, H: height of the beam, L: length of the beam, L¢: Length of the fiber df: diameter of the fibers;

HE: Hooked-End fibers; P: Polyolefin fibers
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2.4 PREVIOUS IMPACT AND BLAST RESEARCH ON EFFECTS OF STEEL DETAILING

This section summarizes previous studies that have examined the effect on steel detailing on
the impact and blast performance of beams, including those studies which examined the
effects of transverse reinforcement and compression reinforcement detailing (see Table 2.3
and Table 2.4).

2.4.1 PREVIOUS IMPACT TESTS

Louw et al. (1992) investigated the response of a series cantilever reinforced concrete
columns having concrete strengths varying between 17 to 37 MPa under impact loading. A
total of 36 columns were cast, with varied longitudinal reinforcement ratios of 1.5 to 3% and
stirrups spacings between 100 to 250 mm. The specimens were subjected to impact loading
at varying velocities (6.4 to 7.1 m/s) by varying the striker mass from 650 to 1450 kg. [t was
found that concrete strength and the shear reinforcement ratio had a greater influence on
the shear resistance of the specimens. On the other hand, the longitudinal reinforcement
ratio had a greater effect on the flexural strength of the beam-columns.

Fujikake et al. (2009) conducted an analytical study investigating the impact responses of
reinforced concrete (RC) beams with concrete strength (f’.) of 42 MPa. In total, twelve
beams (102 mm x 178 mm x 2000 mm) were tested having the following longitudinal
configurations: Tensile reinforcement ratio of (p;) =1.26% and Compressive
reinforcement ratio of (p.) = 1.26 %; Tensile reinforcement ratio of (p;) = 2.46 % and
Compressive reinforcement ratio of (p.) = 0.4%; Tensile reinforcement ratio of (p,) =
2.46 % and Compressive Reinforcement ratio of (p.) = 2.46 %. The main parameters
investigated in this study were the effects of longitudinal reinforcement ratios in tension and
compression. Results showed that the longitudinal reinforcement ratio influenced the failure
mode of the beams. Beams with lower longitudinal steel reinforcement displayed only
flexural failures while the use of higher ratios resulted in flexural failure and greater local
damage near the impact point. The amount of compression steel influenced the degree of
local failure, with reduced damage as the compression ratio increased. The authors also
concluded that increasing the compression steel ratio increased the resistance of the RC
beams under impact loading.

Saatci and Vecchio (2009) examined the shear behavior of reinforced concrete beams with
concrete strength varying from 47 to 53 MPa subjected to impact loading. Eight RC beams
having a cross-section of 410x250 mm and length of 4880 mm were tested under free-falling
drop-weights at the midspan. The beams were double-reinforced with the same
reinforcement ratio in tension and compression (p; = p. =4.78%) but had four transverse
reinforcement ratios: p,, = 0,0.1,0.2,0.4% . All beams developed shear plugs and severe
diagonal shear cracks under the impact point, regardless of their shear capacity. Specimens
with higher transverse steel ratios and shear capacities absorbed more energy and sustained
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more impacts (see Figure 2-11). Beams with lower transverse steel ratios suffered greater
damage under the same or lower impact loads.

Tachibana et al. (2010) conducted a series of impact beam experiments on a series of doubly
reinforced beams constructed with different reinforcement ratios. Eight beams were built
with constant transverse reinforcement (ties spaced at 50 mm), while the longitudinal
reinforcement ratio in tension and compression varied between 0.29 and 1.27%. The beams
were subjected to impact loading using three masses: 150 kg, 300 kg and 450 kg. Results
showed that the resulting impulse from the impact was proportional to the ratio of the
momentum of the impacting mass divided by the static ultimate bending capacity M.,;/ P,.
Also, maximum displacement was found to be inversely proportional to the impact force.
Moreover, the maximum displacement was proportional to the impact energy divided by the
static ultimate bending capacity E.,;/ Py, -

Adhikary et al. (2015) studied the impact response of thirty beams using a drop-weight
impact loading machine with 300 kg of mass, with six beams tested under quasi-static
loading. The main parameters studied were the effect longitudinal steel ratio (tension and
compression; p; = p. = 0.47,0.64 and 1.00 ) and transverse reinforcement ratio (p,, = 0 —
0.56). The study found that maximum midspan deflection increased with an increase in drop
height or impact velocity. The authors note that the presence of inertia forces can cause
different failure modes in RC beams under dynamic versus static loading, with a greater
tendency for shear failure under impact loads. In this study no shear failure occurred in
flexural-dominant beams, however greater localized failure with greater concrete crushing
was noted with increasing drop-height. The author also noted that increasing the
longitudinal reinforcement increased the impact of load resistance and decreased the
maximum midspan deflection. Also, it was found that beams without transverse
reinforcement suffered more damages at equivalent impact force and resulted in early
failure (see Figure 2-12).

Othman and Marzouk (2016) examined the impact response of High Strength Concrete
plates with compressive strength (f’.) ranging from 80 to 160 MPa. The test consisted of
dropping a 475 kg steel weight at the mid-point of six reinforced concrete plates having
varying steel ratios (p. = p; = 1,2,and 3%. Specimens with higher longitudinal steel
reinforcement ratios resulted in lower displacements and higher impact energy capacity at
similar impact loads (See Figure 2-13). On the other hand, the failure mode and crack
patterns were observed to be more dependent on the reinforcement arrangement (i.e. two
layers vs. 1 layer of bars) as opposed to the reinforcement ratio. Results also showed that the
displacements were further reduced with improvements in dynamic performance for
specimens with fibers. Specimens with a fiber content of 3% resulted in higher dynamic
performance when compared to steel fiber contents of 1% and 2%.
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2.4.2 PREVIOUS BLAST TESTS

Feldman et al. (1962) conducted an early study that examined the behavior of reinforced
concrete beams subjected to impulse loading. In total thirty-three beams with a cross-
section of 150 mm x 300 mm), and a length of either 2743 or 3860 mm, were tested with a
blast simulator. The compressive strength and the yield strength of steel reinforcement
were 45 MPa and 328 MPa respectively. The variables investigated included: tension
reinforcement ratio (p; = 0.16 — 0.72%), compression reinforcement ratio (p. =0 - 2.44
%) and transverse reinforcement ratio (p, = 1.47 — 3.33%). Results showed that the yield
strength of steel reinforcement showed an increase of 40 to 50% under rapid rates of loading
(10° in/in/sec) when compared to static loading (10-> in/in/sec). Results also showed that
the compression bars increased the flexural response of the beams, resulting in higher
ductility (See Figure 2-14). The provision of compression bars also allowed the beams to
sustain additional bellows, even after crushing had already occurred in the compression
zone. Furthermore, reducing the tie spacing provided additional confinement of the
concrete, which in turn increased the ductility and prevented buckling of the compression
bars. The authors also noted that the ties configuration (welded, hooked at the top or hooked
at the bottom) or small differences in tie spacing did not significantly affect the dynamic
performance of the beams.

Thiagarajan et al. (2015) presented a study that examined the response of doubly reinforced
concrete slabs under blast loads. The slabs were designed with normal strength concrete
(f’c = 28 MPa), high strength concrete (f’. = 107MPa) and reinforced with either normal
strength reinforcement (NR) or high-strength low-alloy vanadium reinforcement (HSLA-V).
The dynamic tests were conducted using a blast load simulator (BLS). Substitution with
either HSC concrete or HSLA-V bars led to improved blast behavior when compared to slabs
built with conventional concrete and steel materials. For example, HSC slabs had reduced
peak and residual deflections when compared to normal strength concrete slabs with the
same thickness. The spacing of the steel reinforcement was also found to affect the blast
performance of the slabs. The use of 100 mm reinforcement layout in the slabs resulted in
higher ductility and better control of deflections when compared to the use of 200 mm
detailing for both the HSC and NSC slabs (Figure 2-15).
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Table 2.3- Summary of previous impact and blast research on the Effect of Reinforcement Detailing

2 Longitudinal
S . . = . Transverse . .
o g | Beam Dimensions | %, Reinforcement . Parameters investigated
o 4] = b . 0 Reinforcement
S = 2 s _ Ratio (p) %
Stud 2 g & &L S |wg| & Q ud o ; g @ : o 2 ¢
y E £ kS 83| 2 2 |28 € |2 |egs]| 3 £ )= Ee® | & E | wws 5 E D o~
7 =} . w H L L - = 7 s & = = | o wm| = o 3 o 3 o w g2 E = ) s £ 5 2 o E S
=& |2 £ 2 | S |ax 2| S |25 58| 28 | 25| Ezg |g¥| T |882 SEES
& £ |(mm) [(mm)|(mm)| § 5 s =5 £ | 8|55 22| g€ | g2 | E58 |g¢| 8| 285 E8 5@
= o |3 g S o 8 =1 O @ g 5 <= g 0o g s = < £ ERC)
Z. S |= @ = ~ & o 2 g RS 8
100
L t al. F-S -
oUW e & | p-w |Column| 36 | 150 | 350 [1600|17-37| 1.5-3 | 1.5-3 250 v v N - - N
(1992) S-S
350
Kazunori et al 102 | 178 {2000 1.26 0.4
‘|D-W | Beam | 12 42 ‘ 126 | F-S | 75 - v v v v v - - v
(2009) 2.46
2.46
0 0
Saatci et al. 100 | 0.1
(2009) D-W | Beam | 8 | 250 | 410 |4880|47-63| 478 | 478 | F-S | (o0 | o) v v v v v v v v
300 | 0.4
0.49 0.49
. 100 (1000
Tachibanaet | yl poony | g | 190 1950 12000] 24 | 99 |99 _ | 50 | - | v v v - v v |- - v
al. (2010) 300 400 14000 1.61 1.61
2.43 2.44
Huynh et al. Beam 3
D-W 250 | 250 |{200080- - - F-S - - v v v - v - - v
(2015) Column| 13 80-167
. 0.47 | 0.47
Ad}g‘gils‘;tal' I'L | Beam | 36 | 150 | 250 |1700|30-50| 0.64 | 0.64 | - - - v v v - - v - v
1.00 1.01
Othman et al 0.47 1 047
(2016) "|D-W| Slabs | 6 | 1950 |1950| 100 [80-160| 0.64 | 0.64 | - - - v v v - - v - v
1.00 1.01
Note: D-W : Drop Weight HR : High Rate I-L : Impact loading
w : Width H : Height L: Length
F-S : Full Span S-S : Shear Span
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Table 2.4- Summary of previous blast research on the Effect of Reinforcement Detailing
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2.5 PREVIOUS IMPACT AND BLAST RESEARCH ON EFFECTS OF FIBERS IN BEAMS
This section summarizes previous studies that have examined the effect of steel fibers on the
impact and blast performance of beams (see Table 2.5).

2.5.1 PREVIOUS IMPACT TESTS

Banthia et al. (1987) assessed the impact performance of fifty beams, twelve of which were
built with steel (1.5%) and polypropylene (0.5%) fibers. The specimens were subjected to
impact loading which consisted of dropping a hammer that weighed 345 kg (see Figure
2-16). The main parameters investigated were the effect of fibers and transverse
reinforcement. Results demonstrated that HSC is a rate-sensitive material as the impact
strengths and fracture energies increased at higher stress-rates. As expected, plain HSC
showed brittle failure under the impact, while adding longitudinal steel with sufficient
stirrups changed the behavior to ductile (see Figure 2-16). The addition of fibers changed
the brittle response of HSC and improved the ductility and failure mode of the beams. The
authors noted that steel fibers increased the dynamic resistance and fracture energies with
failure controlled by fiber pullout, while polypropylene fibers were weaker and failed by
fracture. Also, transverse reinforcement was found to be very effective in increasing the
ductility of the beams.

Min et al. (2014) investigated the effect of steel fibers and shear reinforcement in beams
subjected to impact loading. In total seven specimens (160 mm x 290 mm x 2200 mm) were
tested, having a concrete strength (f’.) ranging between 50.4 and 71.9 MPa and fiber
contents of 0.75%. Results showed that the use of fibers in beams without shear
reinforcements increased the energy absorption capacity and ductility when compared to
specimens with shear reinforcement. Also, steel fiber reinforced concrete specimens were
found to resist more impact loads with fewer damages. Therefore, the authors concluded
that steel fibers can be used to reduce or replace stirrups in beams subjected to impact.

Huynh et al. (2015) presented a study which examined the drop-weight impact response of
high-Strength concrete (concrete compressive strength: f’.=80-115 MPa) and reactive
powder concrete columns with 2.5% steel fibers (f’.= 130 -167 MPa). The study included
sixteen specimens, including thirteen beam-columns and three beams. The study found that
the axial load and load eccentricity influenced both the impact resistance and the failure
mode of the beams. As shown in Figure 2-17, the use of steel fibers in RPC considerably
improved the impact performance of the beams-columns when compared to HSC specimens.
Results also showed that adding fibers to RPC specimens improved shear resistance,
changing the failure mode from brittle to ductile in flexure.
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Ulzurrun and Zanuy (2017) presented a further study investigating the impact performance
of HSFRC beams without shear reinforcement. Seven FRC (125 mm x 250 mm x 2000 mm)
beams with concrete strength (f’.) of 48 - 65 MPa were built with three volumetric fractions
(0%, 0.5%, and 1.0%) and different types of fibers (smooth, hooked and prismatic).
Specimens without steel fibers exhibited brittle shear failure. The addition of 0.5% smooth
steel fibers was able to prevent shear failure, however, shear failures occurred when using
hooked and prismatic fibers. Conversely, the use of 1.0% of steel fibers prevented shear
failure for all fiber types and resulted in flexural failure. It was found that specimens with
prismatic fibers showed the poorest performance against impact. Results also showed that
specimens with smooth fibers showed an increase in toughness, crack-bridging capacity and
maximum impact loading when compared to hooked and prismatic fibers (as seen in Figure
2-18).

Jin et al. (2017) conducted an experimental and numerical study on a series of FRC beams
tested under impact loading. Twelve fiber reinforced concrete beams (f’, = 42 - 60 MPa)
were tested, with a cross-section of 400 mm x 200 mm and a length of 2800 mm. The
variables included the fiber content (0%, 1%, 2% and 3%) and the transverse reinforcement
ratio (0%, 0.25% and 0.5%). Results show that the impact resistance of the beams increased
with the addition of fibers and transverse reinforcement. In general, lower maximum and
residual displacements were recorded in specimens with higher fiber content (3%) and
transverse steel ratio (0.5%). For example, reducing the spacing of the stirrups from 200
mm to 100 mm decreased the maximum deflection by 45% for the specimen with 2% fibers.
Similarly use of 3% fibers and transverse ratio of 0.25% showed decreases of 145%, 42%
and 29% in displacements when using 0%, 1%, 2% fibers (see Error! Reference source not
found.).

Yoo et al. (2007) examined the effect of steel fibers on the impact resistance of a series of
four Ultra-High-Performance Concrete (UHPC) beams under drop-weight impact loading.
The main parameters were the tension reinforcement ratio (p; = 0, 0.53%, 1.06% and
1.71%), fiber content (0% vs. 2%) and fiber type. The authors found that the addition of steel
fibers decreased the maximum and residual deflections and improved the residual capacity
of the beams after impact. Furthermore, the steel fibers increased the number of cracks,
prevented local failure at the surface and redistributed the tensile stresses. It was also found
that beams without fibers showed a 39% decrease in the moment capacity. UHPC specimens
with twisted steel fibers resulted in less microcracking compared to smooth steel fiber (See
Figure 2-20).
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2.5.2 PREVIOUS BLAST TESTS

The purpose of three-part papers from Magnusson et al. (2010) was to investigate the
flexural and shear behavior of reinforced concrete and steel fiber reinforced concrete beams
under air blast loading. In total, eighty-nine beams were tested having a concrete
compressive strength ranging from 30 to 200 MPa, tensile reinforcement ratio varying
between 2.8% and 2.5%, and steel fibers (either 0% or 1.0% percent by volume). Results
show that the ductility and the deformation capacity of the beams were independent of the
compressive strength of concrete. It was found that the specimens with high reinforcement
ratio without steel fibers failed in shear, however, the beams with a low reinforcement ratio
failed in flexure. The authors also found that the presence of fibers increased the shear
capacity of the beams, preventing shear failure and increased the ductility of the beams.

Algassem (2016) tested twenty beams built with self-consolidating concrete (SCC), HSC and
HSFRC under static and blast loads. The parameters investigated were the effect of concrete
strength, longitudinal reinforcement ratio (p¢, ranging from 1.02 and 2.41 %), presence of
stirrups, and effect of fibers (at volumetric ratios of either 0.5% and 1%). Results showed
that a higher longitudinal tensile reinforcement ratio enhanced the blast performance of the
HSC and HSFRC beams by reducing the maximum and residual mid-span displacements.
Transverse reinforcement played a predominant role in preventing shear failure in the plain
HSC beams. HSFRC specimens reduced the maximum and residual mid-span displacements
while improving overall blast capacity in comparison to HSC beams with no fibers. In
addition, 1% of fibers were sufficient to replace transverse reinforcement and prevent shear
failure (Figure 2-21). Fibers also improved damage control and reduced concrete crushing
in the compression zone. HSC beams with higher longitudinal steel ratio had a greater
amount of damage and concrete loss in the midspan beam region.

Lee et al. (2018) investigated the structural response of Steel Fiber Reinforced Concrete
(SFRC) beams under impact and blast loading. In total, ten SFRC beams were cast. The impact
test consisted of dropping a 300 kg hammer at the midspan of the beams. The remaining five
SFRC beams were subjected to simulated blast tests using a shock tube. The steel fibers were
added at contents of either 0.5% or 1%, with beams built with and without stirrups. Results
showed the addition of steel fibers enhanced the load-carrying capacity, impact resistance,
energy absorption capacity, while also lowering maximum and residual displacements.
Higher amounts of steel fibers provided better structural performance but the use of 1%
fibers was unable to prevent brittle shear failure in any of the test types. Conversely,
providing the beams with transverse reinforcement prevented shear failure and changed the
failure mode to flexure. As shown in Figure 2-22, a combination of the steel fibers and
stirrups provided an improved response under both impact and blast loads when compared
to the use of fibers without stirrups.
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Table 2.5- Summary of previous impact and blast research on the Effect of Fibers
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2.6 REVIEW OF CSA S850 DETAILS REQUIREMENTS FOR BEAMS

The Canadian CSA S850 standard (Design and Assessment of Buildings Subjected to Blast
Loads) and the Department of Defense’s UFC 03-340-02 (Structures to Resist the Effects of
Accidental Explosions) are the two main documents used in the protective design of blast-
resistant structures. These two documents enforce strict detailing requirements in primary
elements in reinforced concrete structures such as beams and columns. According to the CSA
S850 standard, the following requirements apply to beams with a factored axial compressive
force not exceeding 0.10A,f . [clause 9.2.4.1]:

- The provisions only apply to beams with a clear span, not less than four times
its effective depth. Deep beams with a clear span-to-effective depth ratio of 4 and
less are beyond the scope of the standard [clause 9.2.4.2].

- At any section of a flexural member, the areas of top reinforcement and bottom
reinforcement shall each be not less than 1.4 b,,d/f;, and the reinforcement ratio, p,

shall not exceed 0.025. At least two effectively continuous bars shall be provided at
both top and bottom [clause 9.2.4.3].

- The positive moment resistance at the face of a joint shall be not less than one-
half of the negative moment resistance provided at that face of the joint. Neither the
negative nor the positive moment resistance at any section along the member length
shall be less than one-quarter of the maximum moment resistance provided at the
face of either end joint [clause 9.2.4.4].

- Transverse reinforcement shall consist of closed hoops with 135° hooks and
will be made up of one piece of reinforcement. The transverse reinforcement shall
be provided over the clear span of the beam with the first hoop located not more
than 50 mm from the face of the supporting member. The maximum spacing of the

hoops shall not exceed [clause 9.2.4.5]:
d

(6] Z;

o eight times the diameter of the smallest longitudinal bars;

0 24 times the diameter of the hoop bars; or

(o] 300 mm.
- The shear resistance of beams shall be equal to the shear force [applied on the
member]. The moments corresponding to probable strength shall be calculated
using 1.25 fy, where fy is the specified yield stress of reinforcement at the face of
the joint, the SIF, and the DIF in clause 7.3 [clause 9.2.4.6].

- Shear reinforcement for diagonal tension shall be designed to the requirements of

CAN/CSA A23.3, with the following exceptions [clause 9.2.4.7]:

0 a)values of 3=0.10 and 8=45° shall be used throughout the clear length of the
beam; and b) the transverse reinforcement required to resist diagonal
tension shall be hoops over the clear length of the member. Open stirrups,
either single or double leg, shall not be used.
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2.7 SUMMARY AND DISCUSSION OF PREVIOUS WORK AND SYNTHESIS
The following points can be drawn from the literature review:

Several studies have examined the effect of concrete strength and steel detailing on
the flexural behavior of HSC beams tested under quasi-static loads. This research
shows that provision of compression bars and closely spaced ties can enhance the
ductility of HSC beams, with no significant effects on maximum load and stiffness.
The tie spacing has an important effect on the stability of top compression
reinforcement where the use of large tie spacing can cause bar buckling.

Several studies have investigated the effects of fibers on the shear and flexural
response of HSC beams. Tahenni et al. (2016) and Biolzi et al. (2017) noted that 1%
fibers increased shear resistance and flexure ductility and was sufficient to replace
transverse reinforcement in HSC beams. Ashour & Wafa (1993) also observed that
the addition of fibers controlled the propagation of cracks, enhanced stiffness and
improved toughness/ductility in flexural-dominant beams.

The behavior of reinforced concrete beams under impact has been investigated by
many researchers. Among previous studies, a few have focused on the effect of
detailing and fibers. Louw et al. (1992), and Fujikake et al. (2009) observed that the
longitudinal reinforcement ratio influenced the failure mode of beams tested under
impact loading. Improved detailing and use of top compression bars reduced
damages in the compression zone. Similarly, Saatci and Vecchio (2009) observed
that higher transverse steel ratios increased impact resistance and damage
tolerance of beams tested under impact. Banthia et al. (1987) and others concluded
that the addition of fibers can increase the ductility and energy absorption capacity
of reinforced concrete beams subjected to dynamic impact loading.

Very limited studies have focused on the blast performance of beams, especially in
the case of beams built with high-strength concrete. Algassem (2016) conducted one
of the few studies in this area and examined the effect of longitudinal steel ratio and
fibers on the blast performance of singly-reinforced HSC beams. The study found
that HSC beams can suffer brittle concrete compression failures under blast loading.
The use of 1% steel fibers reduced such damage and was able to replace stirrups in
the beam shear spans. No research has examined the blast performance of doubly-
reinforced HSC beams. Moreover, no studies have examined the effect of steel
detailing (tie spacing, compression steel ratio, etc.) on the blast performance of such
beams. There is a need for research on the ability of modern blast detailing (i.e. as
required in the CSA-S850 standard) to improve the blast performance of HSC beams.
Research is also needed to study the ability of steel fibers to relax such detailing.
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1 CHAPTER OVERVIEW

This experimental research program consists of constructing and testing sixteen
beams specimens built with high-strength concrete, fibers and varying types of detailing. Six
of the specimens were tested under quasi-static four-point bending, and the remaining ten
under simulated blast loading. The parameters investigated include the effects of
reinforcement detailing, concrete type (plain HSC vs. HSFRC), longitudinal steel ratio and tie
spacing. This chapter describes the test specimens, material parameters, test setups, and
testing procedures.

3.2 DESCRIPTION OF TEST SPECIMENS

A total of seventeen reinforced concrete beams was designed, built and tested in this
research program. Six of the beams were tested under quasi-static four-point bending and
ten specimens were tested under simulated blast loading using the University of Ottawa
Shock-tube. The test matrix includes eleven high strength concrete (HSC) beams and five
high strength fiber reinforced concrete (HSFRC) beams built with hybrid steel fibers added
at a ratio of 0.75% by volume of concrete (60 kg/m?3). The design details of the specimens
are summarized in Figure 3-1. All beams had a length of 2440 mm, with cross-sectional
dimensions of 125 mm x 250 mm. In all cases, the beams were tested over a simply supported
span of 2232 mm, with a constant moment region of 750 mm and two equal shear spans of
741 mm. The majority of the beams were double-reinforced, with two tension and two
compression bars as continuity reinforcement. Tension reinforcement consisted of either 2-
15M, 2-20M or 2-25M bars (longitudinal steel ratios, p = 1.6%, 2.42% and 4.1%), while the
compression reinforcement consisted of either 2-10M bars (most beams) or 2-6 mm bars
made from non-deformed steel wire (compression steel ratios, p’ = 0.78% or 0.25%). It is
noted that the tension steel ratios fall within the limits in the CSA S850 Standard of p < 2.5%,
but resulted in “under-reinforced” and “over-reinforced” conditions for the beams with
15M/20M and 25M bars, respectively, with provided-to-balanced steel ratios of p/pb = 0.28,
0.42 and 0.72, when not accounting for the compression bars. Transverse reinforcement in
most beams consisted of closed hoops made from 6 mm wire, spaced at s = 50 mm (d/4) or
100 mm (d/2) throughout the span for the beams with “blast” and “intermediate” detailing,
respectively. Two beams in the 25M set and the control beams tested by Algassem (2016)
were singly reinforced and provided with open stirrups made from 6mm wire, spaced at s =
100mm in the shear spans only. All specimens had the same 35 mm of bottom clear cover.

Table 3-1 provides the design properties of the beams including Specimen ID, concrete
type, fiber content, Vr (in %), tension and compression steel size and tie spacing. The
nomenclature follows the following logic:

CONCRETE TYPE - FIBER (%) - TOP REBAR SIZE - BOTTOM REBAR SIZE - STIRRUP
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For example, HSC-F0-15M-10M-d/4 is the ID for a beam constructed with plain HSC, 15M
tension bars, 10M compression bars and closed hoops spaced at d/4 throughout the beam
span. Similarly, HSC-F0.75%-15M-10M-d/2 is the companion beam with fiber-reinforced
HSC and intermediate ties at d/2, while HSC-F0-25M is the plain HSC beam built with 25M

bars and nominal detailing (singly reinforced and stirrups in shear span only).

Table 3-1 - Specimen Series and Specifications

Tension Compression
o 1. 1. Transverse
. Longitudinal Longitudinal .
Fiber . . Reinforcement
. . Concrete Reinforcement Reinforcement . Test
Series Specimen ID content . . Properties
Type VI (%) Properties Properties type 2
Tvpe ratio Type ratio Tie Spacing
€ 1o | P | p'(%) (mm)
HSC-F0-15M-10M-d/4 HSC 2-15M 1.6 2-10M 0.78 50 S
15M | HSC-F0-15M-10M-d/4 HSC 2-15M 1.6 2-10M 0.78 50 D
HSC-F0-15M-10M-d/4[x1] HSC 2-15M 1.6 2-10M 0.78 50 D
HSC-F0-20M-10M-d/4 HSC 2-20M 2.42 2-10M 0.78 50 S
HSC-F0-20M-10M-d/4 HSC 2-20M 2.42 2-10M 0.78 50 D
HSC 20M HSC-F0-20M-10M-d/2 HSC 0 2-20M 2.42 2-10M 0.78 100 D
HSC-F0-20M-6M-d/2 HSC 2-20M 242 2-6M 0.25 1001 D
HSC-F0-25M HSC 2-25M 41 0 - 1001 S
HSC-F0-25M HSC 2-25M 41 - 100 D
25M HSC-F0-25M-10M-d/4 HSC 2-25M 4.1 2-10M 0.78 50 S
HSC-F0-25M-10M-d /4 HSC 2-25M 41 2-10M 0.78 50 D
HSC-F0.75-15M-10M-d/2 HSFRC 2-15M 1.6 2-10M 0.78 100 S
15M

HSC-F0.75-15M-10M-d/2 HSFRC 2-15M 1.6 2-10M 0.78 100 D
HSFRC 20M HSC-F0.75-20M-10M-d/2 HSFRC 0.75 2-20M 1.6 2-10M 0.78 100 S
20M | HSC-F0.75-20M-10M-d/2 HSFRC 2-20M 1.6 2-10M 0.78 100 D
HSC-F0.75-25M-10M-d/2 HSFRC 2-25M 41 2-10M 0.78 100 S
25M HSC-F0.75-25M-10M-d/2 HSFRC 2-25M 41 2-10M 0.78 100 D

1 These beams were designed with nominal detailing (open stirrups in shear spans only)
2 S = beam tested under static load, D = beam tested under dynamic load, D[x1] = replicate beam tested under single blast
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Figure 3-1 - Specimen dimensions and reinforcement details
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3.2.1 CONCRETE PARAMETERS

The plain high strength concrete (HSC) and fiber-reinforced HSC (HSFRC) were mixed at the
Structures Laboratory of the University of Ottawa. All seventeen beams used the same base
HSC mix which had a target strength of 100 MPa. As seen in Table 3-2, the mix contained
Portland cement (Trillium Cement / Element GU TYPE 1), silica fume, slag, fine aggregates
(sand), and two sizes of coarse aggregate (9.5 mm and 19 mm). Liquid admixtures in the mix
consisted of MasterGlenium 7500 super-plasticizer and MasterSet R 100 retarder. The
water-to-cement (w/c) ratio was 0.27, and the steel f fibers added to the FRC specimen
consisted of a hybrid mix of 0.25% of micro-fibers and 0.5% of hooked-end steel fibers.
Figure 3-2 shows typical materials used in the mixtures.

Table 3-2 - Properties of High strength concrete

Mix Design Component Content Density Quantity for two beams
Portland Cement (GU) 440.3 kg/m3 67.14 kg
Slag 193.6 kg/m3 29.52kg
Silica Fume 56.7 kg/m3 8.64 kg
Fine Aggregate Sand 872.1 kg/m3 133 kg
9.5 mm 661 kg/m3 100.8 kg
Coarse Aggregate 19 mm 662 kg/m3 100.8 kg
Water 185.6 kg/m3 28.3 kg
Super Plasticizer 13.1 L/m3 2Lor22L
Retarder 3.3L/m3 0.5L
Steel Fibers 0.25% BELM 19.5 kg/m3 of concrete 2.86 L
0.5%ZP305 39 kg/m3 of concrete 571L

Silica fume

Coarse Aggregate Sand Retarder
(19 mm)

Steel Fiber (ZP) Steel Fiber (OL)

Figure 3-2 - Materials used in the base HSC mix
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3.2.2 STEEL REINFORCEMENT PARAMETERS

Five different steel reinforcement types were used in the construction of the specimens. The
first type consisted of non-deformed “6M” non-deformed steel wire, having a diameter, db =
6.3 mm and cross-sectional area of Ab = 32 mmZ. This steel was used for the closed-hoops or
stirrups, as compression steel in one beam. The remaining steel consisted of either 10M,
15M, 20M or 25M used for the tension and compression steel (db = 11.3, 16.0, 19.5 and 25.2
mm; Ap = 100, 200, 300 and 500 mm?2).

Three coupons for each type of steel reinforcement were tested in direct tension using a 600
kN Galdabini Sun 60 Universal Testing Machine as shown in Figure 3-3. The steel specimens
were subjected to an axial tension rate of 5 mm/min, whereas the displacements were
measured with an axial extensometer - model 3542 Epsilon Technology Corporation -
having a gauge length of 50 mm. Table 3-3 provides the properties of each type in terms of
yield strain (&y) and Strength (fy ), ultimate strain (&u) and strength (fu ) and strain at
rupture (&r). Typical stress-strain relationships for each rebar are shown in Figure 3-4. It is
noted that the 25M could not be tested due to equipment limitations, therefore data for this
bar type is not reported.

R

Figure 3-3 - Galdabini Steel Coupon Testing Setup

Table 3-3 - Steel reinforcement mechanical properties

Steel Bar Yield Ultimate Rupture
ID . . Bar Area
Reinforcement Diameter ) . Strength Strain Strength
d Ap (mm?) Strain gy &
» (mm) fy (MPa) &u fuMPa)
6M Non-deformed 6.35 32 0.003 561 0.056 615 0.070
10M Regular 11.3 100 0.0020 475 0.150 590 0.204
15M Regular 16.0 200 0.0023 436 0.144 584 0.228
20M Regular 19.5 300 0.0021 430 0.160 565 0.233
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Figure 3-4 - Steel reinforcement stress-strain relationships for 6M, 10M, 15M & 20M bar types

3.2.3 STEEL FIBER PARAMETERS

Two types of fibers were used in the high-strength fiber-reinforced concrete beams. To allow
for a workable mix with moderate fiber content (0.75% = 60 kg/m3), a hybrid mix of steel
fibers, consisting of 0.25% micro-fibers (OL) and 0.5% of macro hooked-end fibers. Table
3-4 presents the properties of the two fibers in term of: Length Lf (mm), Diameter df (mm),
Aspect Ratio (mm/mm) and Tensile Strength (MPa). The ZP fibers had hooked-ends with 30
mm length and tensile strength of 1350 MPa, whereas the smooth OL fibers had a length of
13 mm and tensile strength of 2750 MPa. Photos of both fibers are shown in Figure 3-5.
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Table 3-4 Steel fiber properties

. . Length L¢ |Diameter ds Aspect Ratio Tensile Strength
Fiber ID Fiber Name (mm) (mm) (mm/mm) (MPa)
ZP ZP 305 30 0.55 55 1350
OL OL 13 0.20 65 2750

Mt

(a) ZP 305 fiber (b) OL fiber (c) side by side comparison of ZP and OL

Figure 3-5 - (a) ZP Fiber (b) OL Fiber (c) side by side comparison of ZP and OL

3.3 CONSTRUCTION OF TEST SPECIMENS

The sixteen beams were built in the structural laboratory at the University of Ottawa. The
construction process was as follows: constructing the formwork and steel cages, installing
the strain gauges, casting of the beams and curing of the specimens.

3.3.1 PREPARATION

The first construction phase consisted of building a wood formwork to cast the beams. A 4’x
8’ sheet of plywood with 1/2” thickness was placed at the base, which was divided equally
into 7 sections by 3/4” thick plywood. Then, 2” x 4” studs were placed to provide lateral
support on the sides when casting the specimens (see Figure 3-7(a))

Typical steel cages after construction are shown in Figure 3-6. To allow for proper
anchorage and development the 15M bars had 90° hooks, while the 20M bars had 180°
hooks. The 25M bars were kept straight due to the limitations of the bending equipment in
the lab. To monitor strains in the steel bars, strain gauges were installed at the midpoint of
the longitudinal steel bars as seen in Figure 3-7(b). The strain gauges for static and dynamic
specimens were of the120 Q and 350 Q type respectively. Two gauges were placed on the
longitudinal bars, with one gauge placed on one of the compression bars in each beam. Prior
to casting form oil was applied with a roller and brush on the inside face of the formwork.
Lastly, the cages were inserted into the form and were placed on top of a 35 mm chair to
allow for proper coverage on the underside of the beams.

In all cases, HSC and HSFRC concrete were mixed using a large electric pan mixer with a
capacity of 225 L at the University of Ottawa Structures Laboratory (Figure 3-7(c). The
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mixing procedure consisted of measuring all mix materials, dry mixing the
cement/sand/aggregates, gradually adding water, and finally the steel fibers. The entire mix
took approximately five-ten minutes, after which the concrete was directly poured into the
form while being vibrated with a poker vibrator to ensure proper consolidation of concrete.
In total, two beams, two flexural prisms, and six cylinders were cast per batch. Thereafter,
the specimens were covered with moist burlap and plastic was placed on top of the burlap
to prevent the specimens from drying out. All the specimens were cured for seven days, then
removed from the form where they were air-cured until testing.

Steel cages

a 15M-10M-d/2

b)  15M-10M-d/4

()  25M-10M-d/2

) 25M -10M-d/4
Figure 3-6 - Steel Reinforcement Details
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(a) Beams in formwork before (b)  Strain gauges after
casting installation

(d)  Casting of the beams with

vibration
Figure 3-7 - Construction and casting photos

(c) Pan mixer
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3.3.2 FRESH STATE PROPERTIES

The ASTM C1611 “Standard Test Method for Slump of Hydraulic-Cement
Concrete” was used to record the slump for each mix. The test consisted of pouring three
layers of concrete which were rodded individually twenty-five times. The mold was lifted
after leveling the top of the concrete. The slump was recorded by measuring the vertical
distance (height) between the top of the upturned cone and the top of the concrete. Table
3-5 presented the slump test values for each of the HSC and HSFRC mixes, while sample
photos are shown in Figure 3-8.

Table 3-5 - Concrete Fresh State Material Properties

. . Concrete Fiber content ASTM C143
Series Specimen ID Slump Test type
Type Vf (%)
(mm)

HSC-F0-15M-10M-d/4 HSC 193 S

15M  ["HSC-FO-15M-10M-d/4 HSC 200 D
HSC-F0-15M-10M-d /4[x1] HSC 195 D
HSC-F0-20M-10M-d /4 HSC 200 S
HSC-F0-20M-10M-d/4 HSC 190 D

HSC | 20M I Myoc Fo20M-10M-d/2 HSC 0 195 D
HSC-F0-20M-6M-d/2 HSC 190 D

HSC-F0-25M HSC 205 S

s5M | HSC-FO-25M HSC 200 D
HSC-F0-25M-10M-d/4 HSC 205 S
HSC-F0-25M-10M-d/4 HSC 200 D

15y | HSC-F0.75-15M-10M-d/2 HSFRC 130 S
HSC-F0.75-15M-10M-d/2 HSFRC 135 D

Hybrid HSC-F0.75-20M-10M-d/2 HSFRC 137 S

20M 0.75

HSC HSC-F0.75-20M-10M-d/2 HSFRC 130 D
a5y | HSC-F0.75-15M-10M-d/2 HSFRC 140 S
HSC-F0.75-15M-10M-d/2 HSFRC 140 D

(b)  HSFRC
Figure 3-8- Concrete slump test
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3.4 HARDENED FRESH STATE PROPERTIES

For every mix, two flexural concrete prisms and six cylinders were prepared and cured for
seven days. The cylinders and prisms were tested to get the compressive strength and
flexural strength/toughness of the samples.

3.4.1 COMPRESSIVE CYLINDER TEST

Each cast included six 100 mm x 200 mm cylinders. Four of the cylinders were tested under
pure axial compression in accordance with ASTM C39 “Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens” to get the compressive strength at
7 days and 28 days. The results of these tests are presented in Table 3-6. The last two
cylinders were tested to obtain both compressive strength and stress-strain relationships
using a set of two LVDTs on the day of testing. In all cases, the tests were conducted using a
PILOT CONTROLS machine with 1000 KN capacity. Figure 3-9 shows typical stress-strain
curves for plain HSC and HSFRC. Typical cylinders after testing are shown in Figure 3-9 (b).

| ==

tomg
——

e e

."C e i e

Stress-strain test

1 s
(b) Compression test (c)
Figure 3-9- Cylinder Testing Setup
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Table 3-6 - Concrete compressive strength summary

Fib Cylinder Test Compressive
. . Concrete 1ber Strength (MPa) Test
Series Specimen ID content Vf
Type (%) 7 28 davs day of beam type
days y test
HSC-F0-15M-10M-d/4 HSC 75 98 105 S
15M | HSC-F0-15M-10M-d/4 HSC 79 101 115 D
HSC-F0-15M-10M-d/4[x1] HSC 85 100 114 D
HSC-F0-20M-10M-d/4 HSC 79 95 116 S
20M HSC-F0-20M-10M-d/4 HSC 85 100 114 D
HSC HSC-F0-20M-10M-d/2 HSC 0 80 103 100 D
HSC-F0-20M-6M-d/2 HSC 80 103 100 D
HSC-F0-25M HSC 83 112 112 S
25M HSC-F0-25M HSC 82 95 98 D
HSC-F0-25M-10M-d/4 HSC 83 112 112 S
HSC-F0-25M-10M-d/4 HSC 82 95 98 D
15M HSC-F0.75-15M-10M-d/2 HSFRC 75 87 94 S
HSC-F0.75-15M-10M-d/2 HSFRC 78 90 100 D
HSC-F0.75-20M-10M-d/2 HSFRC 75 87 94 S
HSFRC | 20M HSC-F0.75-20M-10M-d/2 HSFRC 0.75 78 90 100 D
25M HSC-F0.75-15M-10M-d/2 HSFRC 78 107 110 S
HSC-F0.75-15M-10M-d/2 HSFRC 78 107 118 D
120 ‘ 120 ‘ : 120 ; ‘
— HSC — HSFRC — HSC
100 | 100 | 100 | — HSFRC
© 80f T 80f < sof
o o o
s = =
5 6of S 60 S 60f
o o o
» 40t h 40F h o 40t
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Figure 3-10- Stress Strain relationship
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Figure 3-11- Sample concrete cylinder testing failures

20r

0

0 0.003 0.006 0.009 0.012 0.015

Strain (mm/mm)

PR T T

HSFRC




3.4.2 FLEXURE TOUGHNESS

From each batch, two prisms with dimensions of 100 mm x 100 mm x 400 mm were built
and tested to determine the modulus of rupture and toughness properties (for HSFRC).
Testing was conducted using a GALDABINI SUN 60 Universal Testing Machine, with the
prisms tested under four-point loading in accordance with the ASTM C1609 standard which
is shown in Figure 3-12. As quantified in ASTM C1609, the test started with an initial loading
rate varying between 0.025 mm/min to 0.075 mm/min. However, beyond a deflection of
L/900, the rate varied from 0.05 to 0.2 mm/min. During testing, the loading rate was kept
constant under deflection control of 0.075 mm/min. Deflections were measured using a
"Japanese yoke" and two LVDTs. The test results are summarized in Table 3-7, and load-
deformation curves are listed in Figure 3-12.

Figure 3-13 shows typical samples for HSC (before testing) and HSFRC (after testing).
During testing, the plain HSC displayed linear elastic response and exhibited brittle failure
after first cracking. In contrast, the addition of steel fibers to the HSC improved the pre-peak
and post-peak response as seen in Figure 3-14, allowing HSFRC to carry significant post-
cracking stresses with improved toughness.

.

Figure 3-12- GALDABINI SUN 60 Universal Floor Standing Testing Machine
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Load (kN)

(@) HSC

(b)  HSFRC

Figure 3-13- HSC and HSFRC Flexural Prism Toughness Testing Failures

35 35 T T T 35
30 30 30
25 25 25
20 Z 20 Z 20
= 3
Is) el
15 s 15 8 15
L 3
10 1 10} 10
5 5 5
O Il Il Il Il Il Il 0 1 1 1 1 0 Il Il Il Il Il Il
0 05 1 156 2 25 3 35 0 1 2 3 4 5 05 1 15 2 25 3 35
Deformation (mm) Deformation (mm) Deformation (mm)
(a) HSC (b)  HSFRC (c)  HSCvsHSFRC

Figure 3-14- Flexural prism Load-Deflection Curve Samples for HSC and HSFRC

Table 3-7 - Results from the ASTM C1609 toughness tests

. ASTM C1609
Concrete Mix
Py 6, P, 5, f1 fv Pgoo f 600 P59 fis0 Tis5o
HSC 28.42 | 0.09 | 28.42 | 0.09 8.62 8.62 - - - - 1.86
HSFRC 30.88 | 0.02 | 30.88 | 0.02 9.26 9.26 15.80 4.74 7.90 2.37 32.2
L = Span length

Pp = P; = Peak Load = First-Peak Load
3p = 8§, = Net deflection at Peak and First-Peak Loads
fp = f; = Peak Strength and First-Peak Strength

P.p, = Residual Load at net deflection of L/600

L = Span Length (300 mm), (L/600 =0.5,L/150 =2)
P1= First-Peak Load (kN)

81= Net Deflection at First-Peak Load (mm)

Pp= Peak Load (kN)

Sp= Net Deflection at Peak Load (mm)

fi= First-Peak Strength (MPa) o Ty00 = Area under the load vs. net deflection curve 0 to L/150
fo= Peak Strength (MPa) §
Psoo= Residual Load at net deflection of L/600 (kN)

fo = Residual Strength at net deflection of L/600

P2, = Residual Load at net deflection of L/150
Pp=Pymmmnte 150
£,2, = Residual Strength at net deflection of L/150

[ ——
fsoo= Residual Strength at net deflection of L/600 (MPa) P“:’ -
P1so= Residual Load at net deflection of L/150 (kN) Piso
Fis0= Residual Strength at net deflection of L/150 (MPa)
T1so= Area under load vs. net deflection curve (0 to L/150), (kN*mm)
- - * *hykd2 0 :
FT = Flexural Toughness Factor = (T1s0*L)/(L/150 *b*d?) 06:: ) LA Net Deflection g
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3.5 EXPERIMENTAL SETUP

3.5.1 STATIC TESTING

A total of six beams were subjected to quasi-static four-point bending loading with simply
supported boundary conditions. The beams were tested over a span of 2232 mm, with two
concentrated loads distanced at 750 mm (central constant moment region) and two equal
shear spans of 741 mm. As seen in Figure 3-15 and Figure 3-16, the loading was applied
using a hydraulic jack and manually operated pump. The load was then transferred to an I-
Beam which distributed the load as two-point loads located at 375 mm from the center of
the beam. The loading was monitored using two load cells located at the supports as well at
the jack location, and deflections were recorded at mid-span with a displacement cable
transducer (DCT). The tensile strains in the steel longitudinal reinforcement were captured
using the strain gauges glued to the reinforcement bars at mid-span. A data acquisition
system was used to record the load, deflections and strains readings.

All static specimens followed the same loading sequence. In the first step, a 20 kN was
applied to detect first cracking. If the first hairline crack was not found, the load was
augmented incrementally by 10kN until it appeared. Thereafter, the load was increased in
20 kN intervals, until yielding. In the post-yield range, loading was changed to displacement-
control using 10 mm increments until failure of the beam or reaching the maximum
displacement (150 mm) of the hydraulic jack. In some cases, testing was stopped earlier if
the leading beam-ends began touching the specimens.

It is noted that several beams were tested after blast testing using the same setup to assess
their residual capacity. The residual tests were conducted in displacement control using
increments of 20 mm until beam failure or when the test setup capacity was exceeded.

Data
= Acquisition
| Machine
Pump
connected

R ,!_E’ S | Load Cell
si=  Beam [ —

Figure 3-15 - Beam specimen prior to static testing

50



YWDAG BAR ATTACHED TO STROMG FLOOR

| J——l—BEAM

REACTION FRAME
HYDRAULIC JACK

CIRCULAR LOAD CELE—.

LATERAL SUPPORT | pEAM
OADGING PLATE T o /3
R S e B A5 R B U e EEs A e s 2 e -'..".‘:_'/:{OLLER

“TUGMPLE SUPPORT L /OAD CELL
STEEL PLATE ——

cr

Figure 3-16 - Loading device and support details (sketch)

3.5.2 BLAST TESTING

3.5.2.1 SHOCK TUBE

Dynamic blast testing was conducted using the University of Ottawa shock-tube (Lloyd et al.
2011; Saatcioglu etal. 2011). The shock-tube can simulate the shock waves generated by the
detonation of high explosives in the far-field range. As illustrated in Figure 3-17 and Figure
3-18 the shock tube consists of four main sections: a variable-length driver, spool section,
expansion chamber, and rigid end test frame (with 2 m x 2 m square opening).

The driver length varies between 305 mm (1 ft) to 5158 mm (17 ft). It is used to generate
the blast energy and controls the duration of the shockwave, while the driver pressure
determines the magnitude of the peak reflected pressure of the shock wave. This study used
a constant driver length of 2743 mm (9 ft). The second component is the spool section which
is composed of a double diaphragm firing system placed between the expansion chamber
section and the driver and is used to control the release of compressed air. The diaphragm
system has two sets of aluminum sheets. the first set blocks the opening of the driver and the
second set of sheets blocks the opening of the expansion chamber. When the specified
pressure is reached, the pressurized air is released from the spool, which ruptures the
aluminum foils, thereby releasing the pressure into the expansion chamber. This
compressed-air travels along the length of the expansion section until it reaches the
specimen at the rigid end frame. Meanwhile, the lateral load transfer device (LTD) collects
the shockwaves and transfers the pressure onto the specimens. The pressure at the rigid end
frame section is known as the “reflected pressure” and is measured using two pressure
sensors placed at the side and bottom of the shock-tube end-frame.
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Figure 3-17- Shock Tube (a) Driver Section, (b) Spool Section
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Figure 3-18- Sock Tube (a) Rigid End Test Frame Section, (b) Beam Setup
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3.5.2.2 LATERAL LOAD TRANSFER DEVICE

The lateral load transfer device (LTD) redirects the blast pressure generated by the shock-
tube end-frame opening onto the beams. The test fixture was designed to duplicate the
loading pattern in the static tests and collects and transfers the blast pressure as to two
concentric point loads. As shown in Figure 3-19, the lateral load transfer device covers the
entire 2 m x 2 m shock-tube opening and is composed of two side-by-side rigid steel panels
(height: 2032 mm; width:1000 mm). The LTD also consists of hollow steel section (HSS)
members and rigid plates as seen in Figure 3-19. Sliding hinges are placed at the top and
bottom supports, which allow free lateral movement of the middle portion of the LTD
(Jacques, 2016). To redirect the shockwaves to the specimen, two I-steel load-transfer beams
with a dimension of 160 mm x 165 mm x 1200 mm are attached to the LTD (see Figure
3-19).

= oo OO -
I R | R == SLIBING HINGE
=] | OAD TRAWSFER
PANEL
——1
£ M
= LoAD TRAWSFER
e BEAM
E I -
[ R {!_'_,_—ﬂ' )
—— 1
HOLLOW STEEL
SECTIONS MEMBERS
= o o 0O -
Z438.00 mm

Figure 3-19 - Lateral load transfer device section details
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3.5.2.3 SUPPORTS

The beams were secured to the shock-tube using simple supports that allowed rotation and
closely replicated the conditions found in the static tests. The setup results in a 2232 mm
unsupported span, with two shear spans of 741 mm and a constant moment region of 750
mm. Both top and bottom supports were identical consisting of front and rear support
components. The front supports consist of 1000 mm long, 152 x 152 mm square HSS section
with an integrated load cell, which is connected using four 19 mm diameter threaded rods.
The rear supports consist of 500 mm long 51 x 51 mm HSS, with an additional 440 mm long
HSS section to simulate a roller condition. A schematic of the setup is shown in Figure 3-20
and Figure 3-21.
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Figure 3-20 - Dynamic experimental setup - Side view
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Figure 3-21 - Dynamic experimental setup - Front view
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3.5.2.4 DATA ACQUISITION SYSTEM

A Yokogawa SL 1000 High-speed Data Acquisition unit, capable of recording 100,000 data
points per second (100,000 Hz), was used to record data from the LVDTs strain gauges and
dynamic reactions and pressure gages using a trigger system. The data is exported for full
analysis through software XViewer in a .csv format.

3.5.2.5 HIGH-SPEED VIDEO CAMERA

All dynamic tests were recorded with AOS Technology X-PRI high-speed camera to capture
the response of the specimens at each blast. The camera has a resolution of 800x600 pixels
and rate of 1000 frames per second. During the tests, the camera was installed at the side of
the beams, with a second camera placed at 45 degrees.

3.5.2.6 PRESSURE SENSORS

Two PCB Piezotronics Model #112A22 piezoelectric pressure sensors were installed at the
side and bottom of the end frame to record complete pressure-time histories for each blast
wave and send a trigger signal to record the data.

3.5.2.7 LINEAR VARIABLE DISPLACEMENT TRANSDUCERS (LVDT)

Two linear variable displacement transducers (LVDT), Celesco model CLWF-300, with a 300
mm gauge length were installed at the mid and third span of each beam to measure the
lateral displacements of the beams during blast loading. The mid-span LVDT recorded the
maximum and residual displacement, while the third span LVDT is used in case of failure of
the middle LVDT. Another LVDT was installed at the bottom of the end-frame to correct for
any shock-tube movement during testing.

3.5.2.8 STRAIN GAUGES

In total three strain gauges were installed at the mid-span of the longitudinal reinforcement
rebars (1 on the top and 2 on the bottom steel as seen in Figure 3-22). The strain gauges
used were FLA-6-350-11 with a length of 6 mm and an electrical resistance of 350 ohms.

Figure 3-22 - Specimen 20M-10M-d/2 with two strain gauges at the bottom steel and one strain gauge at the
top
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3.5.2.9 EXPERIMENTAL PROCEDURE

Dynamic testing was conducted by testing the specimens under gradually increasing
pressures until failure. The testing sequence aimed at examining the response of the beams
under elastic, yield and ultimate conditions, with the Blasts selected to allow for direct
comparison with the previous tests on the nominally detailed specimens tested by Algassem
(2016)

The shockwaves' properties are obtained by adjusting the driver length and pressure. In this
study, the driver length was kept constant at 2745mm (9 ft) with the driver pressure varied.
Table 3-8 provides a summary of the resulting blast properties, including the average,
reflected pressure, reflected impulse, and positive phase duration. Sample pressure-time
histories are shown in Figure 3-23.

For the 15 M beams with plain HSC, the blast sequence was as follows: Blast A (30 psi), Blast
B (50 psi), and Blast C (70 psi). An additional blast was applied in the case of the beam with
fibers: Blast D (90 psi). Similarly, the sequence in the 20M series consisted of Blast A (30 psi),
Blast C (70 psi), and Blast D (90 psi). The beams in the 25 M series were subjected to Blast C
(70 psi) and Blast D (90 psi) only, except for the HSFRC specimen, which was subjected to an
addition Blast load at 100 psi (Blast E).

Table 3-8 - Blast test properties

Approximate Driver Positive Phase
pp Reflected Pressure Reflected Impulse .
Pressure Duration
Blast Pq P, I tp
ID kPa kPa kPa-ms ms
A 207 (30) 46.34 372.90 19.75
B 345 (50) 57.82 582.42 21.25
C 483 (70) 70.81 701.37 21.43
D 621 (90) 97.70 1001.43 27.81
E 690 (100) 89.32 1312.96 26.85
Sample Pressure Time Histories
120 ‘ ‘ ‘ .
— Blast A
110 ¢ — BlzztB
= 100 | — BlastC
L — Blast D
3 % ~ BlstE
S 80Fr
5 701
2 60}
a 50}
E 40 -
g 30t
D 201
ot
0
-10

-50 0 50 100 150 200 250
Time (ms)

Figure 3-23 - Typical pressure-time histories for Blasts A-E
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CHAPTER 4: EXPERIMENTAL RESULTS - STATIC TESTS
4.1 CHAPTER OVERVIEW

This section summarizes the experimental test results of the specimen tested under
quasi-static four-point bending. The static results for the seven beams cast with High
Strength Concrete (HSC), and High Strength Fiber Reinforced Concrete (HSFRC) are
presented in Table 4-1. The individual response and behavior of the beams are
documented in this chapter. The results are further discussed/compared in Chapter 6.

The results for each specimen are presented in Figures and Tables. The figures include
the following: (1) load vs. displacement curve, (2) load vs. strain for longitudinal
reinforcement, (3) a graph of load vs. flexural and shear crack widths, (4) a graph of
flexural and shear crack widths vs. displacement and (5) a pictorial description of the
damage in the beams at various stages during testing.

Data from the load-displacement curves includes the following: (1) the yield load (Py) and
maximum load (Pmax), (2) Displacement at yield (Ayield), at 85% of peak load (Amax) and
at end of testing or failure (Aend), (3) stiffness, (4) Ductility: Amax /Ayield and Aend/Ayield, (5)
Toughness: areas under the load-deflection curve until Amax and Aend and (A2 and Aepg )
as presented graphically in Figure 4-1.
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Pyiel .....
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o
T

max end

30 60 90

Displacement (mm)

Figure 4-1 - Load vs. mid-span deflection curve
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Table 4-1 - Static Testing Data Summary

. . - Toughness
Fiber Load Displacement Stiffness Ductility g
Concrete (kN-mm) Damage
Seri ID content A A .
eries Type Vi (%) Py Phax | Ayield | Apax | Aend K max end | o A Mechanism
(% ~ |7 d
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayicia | Ayieta | ™™ e
HSC-F0-15M-10M-d /4 HSC 0 105 108 16 149 149 6562 9.3 9.3 14018 14018 Flexure
15M
Flexure +
HSC-F0.75-15M-10M-d/2 HSFRC 0.75 112 117 11 98.8 102 10181 8.9 9.3 9997 10234
Bar Rupture
HSC-F0-20M-10M-d/4 HSC 0 127 131 13 150 150 9411 11.5 11.5 18889 18889 Flexure
20M
HSC-F0.75-20M-10M-d/2 HSFRC 0.75 160 168 15 37 100 10667 2.5 6.8 4781 12494 Flexure
HSC-F0-25M HSC 0 - 202 - - 18 11098 - - - 1920 Shear
25M HSC-F0-25M-10M-d /4 HSC 0 220 225 19.2 80 120 11458 4.2 6.3 14734 19734 Flexure
HSC-F0.75-25M-10M-d/2 HSFRC 0.75 240 248 19.3 70 125 12435 3.5 6.5 13931 22811 Flexure
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4.2 RESULTS OF THE 15M SERIES

4.2.1 HSC-FO0-15M-10M-D/4

The first beam in the 15M series was built with plain high strength concrete, 2-15M
tension bars, 2-10M continuity (compression) bars, and closed ties spaced at 50 mm
(d/4) throughout the span, meeting the blast detailing requirement of the CSA S850
standard. Table 4-1 and Figure 4-2 to Figure 4-4 summarize the results for this beam.

The first flexural hairline cracks appeared at a displacement of 2.38 mm (20 kN). Yielding
of longitudinal bars occurred at a displacement of 16 mm (Pyietla = 105 kN; see Figure
4-3). The beam reached a maximum load (Pmax) of 108 kN (17mm). The top cover
concrete in the midspan region started crushing at a displacement of 24 mm which
resulted in a sudden drop in load to 98 kN. However, the provision of compression bars
and ties prevented failure allowing the beam to sustain pronounced post-yield
deflections until the end of testing at a large deflection of 149 mm. Damage at failure was
limited to spalling of cover concrete in the midspan constant moment region, with no
buckling of the compression bars, nor severe crushing of confined concrete within the
core (Figure 4-4). The results demonstrate the important ductility that can be provided
by blast detailing, even under quasi-static loading.

a) Load - Mid-Span Deflection Data Summary
160 T
— HSC-F0-15M-10M-d/4 Pmax (kN) 108
L6-Yeilding of the longitudinal rebars
128 | L7-Multiple cracks in the flexure zone |
Concrete crushed betwen point loads Agpg (mm) 149
L8-Spallation of concrete
= 961 ]
X
; K (N/mm) 6750
8 L14-Flexure Failure
— 64 | ) 4
L11-Severe crushing of the concrete Aeng
—end 9.3
Ayield
32 L3-First shear crack b
L1-First hairline flexural crack
0 L L L L Amax 14018
0 32 64 96 128 160
Displacement (mm)

Condition of beam after static test Failure Mechanism

Flexure: excessive
deformation with top cover
spalling

== o a ¥

Figure 4-2 Residual test results for beam HSC-F0-15M-10M-d/4
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Figure 4-3 - Experiment results for beam HSC-F0-15M-10M-d /4
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End of testing
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core is well
confined

igure 4-4 - Major events for specimen HSC-F0-15M-10M-d/4
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4.2.2 HSC-F0.75-15M-10M-D/2

The second specimen in the 15M series was built with high strength fiber reinforced
concrete (HSFRC) and had similar properties to the previous beam, with the exception of
the addition of 0.75% fibers and the use of relax, “intermediate” detailing with ties spaced
ats =100 mm (d/2). The test results for this beam are provided in Table 4-1 and Figure
4-5 to Figure 4-7.

As opposed to the previous beam, the first flexural hairline cracks appeared at 40 kN
(displacement of 3.1mm) due to fibers. Yielding occurred when the displacement reached
11 mm, at an applied load (Pyiela) of 112 kN. The addition of fibers allowed for an increase
in stiffness (K= 10181 N/mm) and maximum load (Pmax= 117 kN at 22 mm) when
compared to the 15M beam with plain HSC and blast detailing. After yielding the first
localized crack appeared at a displacement of 32 mm (112 kN), growing to a maximum
width of 6 mm. The progressive application of load proportionally increased localized the
crack width at this location. As shown in Figure 4-5, the localized crack eventually
propagated from the tension zone into the core region of the beam, reaching a maximum
width of 17 mm at a displacement of 72 mm (100 kN). The localized cracking eventually
led to the rupture of the tension reinforcement, with the beam reaching a large
deformation of (Aend) of 102 mm (load before failure = 88 kN). It is noted that unlike the
previous beam, the top cover region damage remained well controlled.

- ) :&{/_\

a) Load - Mid-Span Deflection Data Summary
160 T
— HSC-F0.75-15M-10M-d/2 Pmax (kN) 117
L6-Yeilding of the longitudinal rebars
128 L8-Multiple cracks in the flexure zone ]
Concrete crushed betwen point loads Aenq (Mm) 102
Z 96| b
=
8 L10-Locolization of cracks K (N/mm) 10181
3 64 Crack width increased to 1 1mm ]
L15-Bar Rupture Aend
~ 9.3
32 4 Ayield
L2-First hairline flexural crack
O L L L L
A 10234
0 32 64 96 128 160 max
Displacement (mm)
Condition of the beam after static test Failure Mechanism

Tension Bar rupture

Figure 4-5 Residual tésf results for beam HSC-F0.75-15M-10M-d/2
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Figure 4-6 - Experiment results for beam HSC-F0.75-15M-10M-d/2
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Figure 4-7 - Major events for specimen Hybrid-HSC-F0.75-20M-10M-d/2
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4.3  RESULTS OF THE 20M SERIES

4.3.1 HSC-F0-20M-10M-D/4

This specimen followed the detailing requirements of the CSA S850 standard and was
designed plain high strength concrete, 2-20M bars in tension, 2-10M layers of bars in
compression and closed ties spaced at 50mm (d/4). The results for this beam are shown
in Table 4-1 and Figure 4-8 to Figure 4-10.

The first flexural and shear hairline cracks appeared at displacements of 1.5 mm (30 kN)
and 10 mm (100 kN), respectively. Yielding of the longitudinal bars occurred at a
displacement of 15 mm (Pyiela =127 kN; see Figure 4-9). The maximum load reached Pmax
= 131 kN (17 mm), which was followed by a sudden drop to 120 kN (60mm) due to
concrete crushing in the top cover region. Once again blast detailing allowed for a well-
defined post-yield plateau without further significant drops load in load until the end of
testing. The confinement steel protected the core region, while also preventing buckling
of the compression bars. The specimen maintained an average load of 125 kN load until
the end of testing at a very large deformation (Aend) of 150 mm.

a) Load - Mid-Span Deflection Data Summary

192 T T
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160 [L7-Yeilding L10-Multiple cracks in the flexure zone -
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Figure 4-8 Residual test results for beam HSC-F0-20M-10M-d /4
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Figure 4-9 - Experiment results for beam HSC-F0-20M-10M-d /4
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Experimental Results Comments
Load stage 2P (kN) Mid-span deflection (mm)
L1 20.0 1.5
First hairline
crack appeared
1 - . in the flexure
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ey _& = \? i __I o - S =
T = e B <y
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e : o e N
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= e
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Excessive
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Figure 4-10 - Major events for specimen HSC-F0-20M-10M-d /4
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4.3.2 HSC-F0.75-20M-10M-D/2

The second beam in the 20M series was designed with high strength fiber reinforced
concrete with identical properties to the previous beam except for the use of intermediate
ties (closed hoops, spaced at d/2 =100 mm), and fibers added at 0.75% by volume of
concrete. The results are shown in Table 4-1 and Figure 4-11 to Figure 4-13.

The addition of fibers controlled early cracks, with flexural cracks appearing at a later
stage (L2: displacement of 2.8 mm and a load of 40kN) when compared to the two
previous beams. The yield (Pyield) and maximum (Pmax) load recorded were 160 kN (15
mm) and 168 kN (25 mm), respectively. As seen in Figure 4-11, the load-displacement
curve showed a rapid decrease in the load capacity after the peak, with the load reduced
by 29 % (130 kN) at a displacement of 40 mm. This sudden drop is the result of gradual
concrete crushing in the midspan compression zone. Thus, this specimen behaved
differently when compared to the plain HSC beam with blast detailing, which kept the
load constant until the end of testing. As testing continued, the load capacity of the beam
continued to decrease, and the beam failed in flexure at a displacement of 100 mm (88
kN). As seen in Figure 4-13, the beam suffered severe crushing in compression with
buckling of the top compression (10M) bars. In addition, the maximum localized crack
width reached 25 mm, however, unlike the 15M series beam, bar rupture did not occur.
The results demonstrate the importance of tie spacing in doubly-reinforced beams, even
when using HSFRC.

a) Load - Mid-Span Deflection Data Summary
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cracks width
L14-Flexure Failure Aend 6.8
40 1 Ayiela
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A 12494
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b) Condition of the beam after static test Failure Mechanism
Flexure failure: crushing of
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Figure 4-11 Residual test results for beam HSC-F0.75-20M-10M-d /2
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Figure 4-13 - Major events for specimen Hybrid-HSC-F0.75-20M-10M-d/2




4.4 RESULTS OF THE 25M SERIES
4.4.1 HSC-F0-25M

The 25M series included three beams. This beam was designed with plain high strength
concrete and singly-reinforced with 2-25M longitudinal bars and nominal detailing.
Transverse reinforcement consisted of 6M U-shaped stirrups spaced at 100 mm in the
shear spans only. Table 4-1 provides the results of the beam while Figure 4-14 to Figure
4-16 show the static response of the beam

The first flexural hairline cracks were observed when the applied load reached 30 kN (2.7
mm). The continuous application of loads generated multiple flexural cracks, with the
first diagonal shear cracks appearing at 11.5 mm (120 kN). At 16 mm (180 kN), the
concrete started to crush under the loading plate. Shortly thereafter, the specimen
experienced a sudden shear failure at a maximum load (Pmax) of 202 kN and
corresponding displacement (Aend) of 18.2 mm. The tension bars (2-25M) never yielded
which resulted in zero ductility, though the strain data indicates that the strains were
closed to yield. The results demonstrate the importance of providing sufficient transverse
reinforcement in HSC beams, especially as the tension steel ratio increases.

a) Load - Mid-Span Deflection Data Summary
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b) Condition of the beam after static test Failure Mechanism
Shear
K

Figure 4-14 Residual test results for beam HSC-F0-25M
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Figure 4-15 - Experiment results for beam HSC-F0-25M
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Experimental Results Comments
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Figure 4-16 - Major events for specimen HSC-F0-25M
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4.4.2 HSC-F0-25M-10M-D/4

This specimen was the second beam tested in the 25M Series. Unlike the previous
specimen, this beam was detailed according to the requirements of the CSA S850
standard. In particular, the beam was doubly-reinforced, with 25M bars in tension and
10M bars in compression, and ties spaced at 50 mm (d/4). The results for this beam are
presented in Figure 4-17 to Figure 4-19.

At a displacement of 3.4 mm (40 kN), the first hairline cracks were recorded in the flexure
region. The number of flexural and flexural shear cracks increased with the application
of loads and resulted in the yielding of the tensile reinforcement at 19.2 mm (Pyield =220
kN). Thus, the blast detailing prevented shear failure when compared to the previous
beam which failed at (Pmax) 202 kN. Shortly after yielding, a sudden drop in the load
occurred at 25mm (209 kN) due to concrete crushing. The closely spaced ties ensured the
stability of the compression bars and confinement of core concrete which allowed for a
sustained post-yield response and high ductility despite the high-tension steel ratio.
Nonetheless, the high strain demands on the compression zone combined with the
relatively small diameter compression bars resulted in buckling of the compression steel
at 73 mm (210 kN). As a result, the load capacity rapidly decreased and displayed
behavior which was different than the 15M and 20M blast detailed beams. The specimen
failed in flexure at a displacement (Aqnq) of 120 mm (104.21 kN). The results
demonstrate the beneficial effects of blast detailing while also pointing to the importance
of increasing the compression steel ratio (bar size) in heavily-reinforced HSC beams.

a) Load - Mid-Span Deflection Data Summary
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b) Condition of the beam after static test Failure Mechanism
Flexure failure, excessive
deflection, with severe
crushing and buckling of
compression bars
Pk ol

Figure 4-17 Residual test results for beam HSC-F0-25M-10M-d/4
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Figure 4-18 - Experiment results for beam HSC-F0-25M-10M-d /4
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Experimental Results Comments

Load stage 2P (kN) Mid-span deflection (mm)
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Figure 4-19 - Major ev
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ents for specimen HSC-F0-25M-10M-d/4
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4.4.3 HSC-F0.75-25M-10M-D/2

This specimen was the last beam tested under static loads and was built with 25M bars
like the previous specimen but was built with high strength fibers reinforced concrete
and intermediate ties spaced at s = 100 mm (d/2). The summary of the test results is
provided in Table 4-1 and Figure 4-20 to Figure 4-22.

The first hairline cracks appeared in the flexure zone at an applied load of 50kN (3.2 mm)

representing an increase when compared to the previous beam. As seen in Figure 4-20,
the addition of fibers also allowed for increased yield (Py;ejq) and maximum (Pp,,y) loads
when compared to the previous beam, reaching 240 kN (19.3mm) and 248 kN (21 mm),
respectively. The beam experienced visible macro fiber pullout in the tension region at a
displacement of 35 mm (225 kN), which was followed by buckling of the top 10M bars at
67 mm (215 kN). Despite this, the hybrid confining effect of the intermediate ties and
fibers increased the overall performance of the beam when compared to the companion
beam designed with blast detailing. The beam showed large deflections with concrete
crushing in the constant moment region and failed in flexure at a large deformation (Agpq4)
of 125 mm (90 kN).

a) Load - Mid-Span Deflection Data Summary
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Figure 4-21 - Experiment results for beam HSC-F0.75-25M-10M-d/2
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Experimental Results

Comments
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Figure 4-22 - Major events for specimen Hybrid-HSC-F0-25M-10M-d/2
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CHAPTER 5: EXPERIMENTAL RESULTS - DYNAMIC
TESTS

5.1 CHAPTER OVERVIEW

This chapter presents the experimental data collected for the ten beams tested under
dynamic blast loading. Section 5.2 provides a general summary of the data collected for
each beam which includes the shockwave properties and beam response in terms of mid-
span displacements, support rotation, and dynamic reactions. Section 5.3 presents a
detailed summary for each specimen, describing the results after each test shot and
presenting additional data which includes pressure-impulse & pressure-displacement
time histories, test photos, dynamic reactions, strain data, and residual load-deflection
test results.

5.2 SUMMARY OF RESULTS OF EXPERIMENTS

Table 5-2 provides a summary of the dynamic test results including the shockwave
parameters and the response of the beams after each blast. The blast properties include
the driver pressure (Pad), reflected pressure (Pr), reflected impulse (Ir), positive phase
duration (tp) as defined in Figure 5-1a. Beam response is summarized in terms of
maximum displacement (Dmax), maximum support rotation (Bmax) and residual
displacement (Dres) as illustrated in Figure 5-1b. It is noted that the displacements
(maximum and residual) values presented are not cumulative. Finally, the peak dynamic
load (PmaxP), corresponding to the sum of the dynamic reactions is also reported.

Table 5-2 also compares the experimental support rotations with the Response Limits
(B1-B4) and Component Damage Levels in the CSA S850 standard (see Table 5-1). The
response limits in the CSA S850 standard correspond to different support rotations
(Bimax) or ductility ratios (U,qy)- For singly-reinforced and doubly-reinforced beams,
limits B1, B2, B3 and B4 are equivalent to p,,0x = 1, Ojnax = 2° and 4°, 6,4, = 5°and 6°,
and 6,,,, = 10° respectively, with component damage levels given as: “Blowout”
(greater than B4), “Hazardous failure” (between B4 and B3); “Heavy” (between B3 and
B2); “Moderate” (between B2 and B1) and “Superficial” (less than B1).
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Figure 5-1 - Blast A: Reflected pressure, impulse, and displacement time histories

Table 5-1 - CSA S850 Response Limits and Component Damage levels

Single-reinforced beam Double-reinforced beam L.
Response Limit Expected Damage Level
Angle Angle
0 <1° 0 <1° <B1 Superficial

1°< 6 <2° 1°< 6 <4° B2-B1 Moderate

2°< 0 <5° 4°< 0 <6° B2-B3 Heavy

5°< 6 <10° 6°< 0 <10° B3-B4 Hazardous
0=10° 0=10° > B4 Blowout
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Table 5-2- Dynamic Testing Data Summary

. . . Dynamic CSA S850 Response Limits
Driver Shockwave properties Displacement Angle .
Blast Reaction and Component Damage!
Beam ID pressure Observed Damage
ID kPa (psi) Pr Ir ta Dumax Dres Omax Prmax Response Expected
p (kPa) | (kPa-ms) | (ms) | (mm) | (mm) ©) (kN) Limit Damage Level
HSC-FO-15M* A 207 (30) 429 340.7 15.9 21.4 4.7 1.1 S Moderate Damage, F & S Cracks B2-B1 Moderate
B 345 (50) 58.6 516.0 17.6 124.0 22.0 6.4 kS Extreme Damage, Concrete crushing B3-B4 Hazardous
A 207 (30) 39.2 360.0 18.4 15.1 0.2 0.8 kS Moderate Damage, F & S Cracks <B1 Superficial
HSC-F0-20M* B 345 (50) 57.4 538.2 18.8 329 12.4 1.7 S Limited Damage, Flexural Cracks B2-B1 Moderate
© 483 (70) 68.8 702.6 20.4 118.1 71.7 6.1 S Extreme Damage, Concrete crushing B3-B4 Hazardous
HSC-FO- 25M C 483 (70) 78.5 746.2 20.6 30.9 5.1 1.5 217.3 Moderate Damage, F & S Cracks B2-B1 Moderate
D 621 (90) 91.4 1007.7 26.7 185.4 - 8.6 - Extreme Damage, Concrete crushing B3-B4 Hazardous
A 207 (30) 46.3 3729 19.8 17.7 4.2 0.9 103.7 Limited Damage, Flexural Cracks <B1 Superficial
HSC-F0-15M-10M-d/4 B 345 (50) 57.8 582.4 21.3 33.1 18.0 1.6 135.8 Moderate Damage, F & S Cracks B2-B1 Moderate
C 483 (70) 70.8 701.4 214 63.4 45.2 3.0 134.7 Concrete crushing and Cover spalling B2-B1 Moderate
HSC-F0-15M-10M-d/4[x1] C 483 (70) 69.8 711.9 21.0 61.6 42.4 29 125.4 Moderate Damage, Cracks opening B2-B1 Moderate
A 207 (30) 33.4 3355 19.3 10.8 1.1 0.5 93.7 No Damage, Few Hairlines Cracks <B1 Superficial
HSC-F0.75-15M-10M-d,/2 B 345 (50) 55.9 565.0 21.6 28.6 12.0 1.4 142.4 Limited Damage, Fle.xural Cracks B2-B1 Moderate
C 483 (70) 70.1 730.7 23.6 58.5 34.5 2.8 158.5 Moderate Damage, fiber pull-out B2-B1 Moderate
D 621 (90) 86.3 921.2 219 70.1 53.1 3.3 140.7 Moderate Damage, Crack localization B2-B1 Moderate
A 207 (30) 45.0 486.9 28.1 10.6 0.8 0.5 103.7 Limited Damage, Flexural Cracks <B1 Superficial
HSC-F0-20M-6M-d/2 C 483 (70) 82.0 784.4 20.6 40.2 18.2 1.9 135.8 Moderate Damage, F & S Cracks B2-B1 Moderate
D 621 (90) 76.9 973.6 23.0 123.4 72.9 5.8 134.7 Extreme Damage, Concrete crushing B3-B2 Heavy
HSC-F0-20M-10M-d/2 A 207 (30) 429 402.6 20.7 12.1 1.4 0.6 103.9 Limited Damage, Flexural Cracks <B1 Superficial
@ 483 (70) 74.7 881.1 28.8 37.4 19.8 1.8 178.8 Moderate Damage, F & S Cracks B2-B1 Moderate
D 621 (90) 93.0 1099.4 29.4 72.4 49.7 3.5 170.7 Concrete crushing and Cover spalling B2-B1 Moderate
A 207 (30) 45.1 370.4 19.1 11.5 1.7 0.6 103.9 Limited Damage, Flexural Cracks <B1 Superficial
HSC-F0-20M-10M-d/4 C 483 (70) 74.9 703.9 21.1 34.6 17.3 1.7 178.8 Moderate Damage, F & S Cracks B2-B1 Moderate
D 621 (90) 88.7 837.2 20.2 71.6 48.2 3.4 170.7 Concrete crushing and Cover spalling B2-B1 Moderate
A 207 (30) 43.1 315.0 18.6 11.1 1.2 0.2 81.5 No Damage, Few Hairlines Cracks <B1 Superficial
HSC-F0.75- 20M-10M-d/2 C 483 (70) 68.7 706.5 21.3 36.5 15.2 1.1 217.3 Limited Damage, Flexural Cracks B2-B1 Moderate
D 621 (90) 89.9 896.9 25.7 49.9 27.4 1.8 206.1 Moderate Damage, fiber pull-out B2-B1 Moderate
HSC-FO- 25M-10M-d /4 C 483 (70) 721 819.0 26.9 26.5 2.3 0.6 251.0 Moderate Da}mage, F&S Cracks. B2-B1 Moderate
D 621 (90) 97.7 1001.4 27.8 45.1 14.9 2.2 284.2 Concrete crushing and Cover spalling B2-B1 Moderate
© 483 (70) 80.4 637.0 20.7 21.6 3.4 1.0 208.0 No Damage, Few Hairlines Cracks B2-B1 Moderate
HSC-F0.75- 25M-10M-d/4 D 621 (90) 85.2 945.2 25.9 36.6 12.8 1.7 283.4 Limited Damage, Flexural Cracks B2-B1 Moderate
E 690 (100) 89.3 1313.0 26.9 54.7 21.6 2.6 252.8 Moderate Damage, fiber pull-out B2-B1 Moderate

1: Flexural cracking:

1

; Shear cracking: S; *: Beams tested by Algassem (2016), +: No available data
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53  RESULTS OF THE 15M SERIES
5.3.1 HSC-FO-15M-10M-D/4

This beam was built with plain HSC and was designed in accordance with the detailing
requirements of the CSA S850 standard. The beam was reinforced with 2 - 15M bars in
tension and 2 -10M bars in compression, with closed ties spaced at 50 mm (s = d/4)
throughout the beam span. This beam was subjected to three dynamic blast loads: A (30
psi), B (50 psi), and C (70 psi) as reported in Table 5-2. Additional results are presented
in Figure 5-2 to Figure 5-4.

Blast A (30 psi) was intended to bring the 15M bars close to yielding and resulted in
maximum and residual displacements of D, = 17.7 mm and D,.s = 4.2 mm, with the
formation of hairline cracking. Blast B (50 psi) resulted in the formation of further
flexural and flexural-shear cracks which extended the full depth of the beam section. The
displacements reached D4 = 33.1 mm and D, = 18 mm after this blast. Blast C (70 psi)
resulted in a loss of concrete cover in the mid-span compression region, with D, = 63.4
mm corresponding to maximum support rotation of 6,;,,,= 3.02° and D¢s = 45.2 mm.

After the dynamic blast test, the residual capacity of the beam was tested under four-
point quasi-static bending. Figure 4-2 shows the residual response of the beam.
Considering the initial residual deformation of 67.4 mm, the beam reached a peak load of
PmaxR =107.5 kN (similar to the original undamaged, Pmax=108.1 kN) and continued to
carry load of Pend®=103.9 kN up to a displacement of Amax® =150.9 mm, with failure
occurring due to crushing of concrete in the mid-span region, without bar buckling.

Close up

(a) Blast A (30 psi) | (b) Blast B (50 psi) (9 Blast C (70 psi)
Figure 5-2 - HSC-F0-15M-10M-d/4 - Photographs at the end of Blasts A, B, and C
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Blast C: Reflected pressure, impulse, and displacement time histories

Figure 5-3 Recorded reflected pressure, impulse and displacement for Blasts A, B and C (HSC-F0-15M-
10M-d/4)
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Figure 5-4 Dynamic resistance curve and strain data (HSC-F0-15M-10M-d/4)

a) Residual test load-deflection result

Data Summary
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b) Condition of the beam before residual test- after Blast C (70 psi) Comments

7

-After blast testing, the beam
has lost the top cover concrete

-Maximum residual
displacement of 63.36 mm

Comments

cracks.

158.75 mm

-Bars do not buckle
-Beam reached a maximum
cumulative displacement of

-Beam is severely deformed
but additional damage limited
to growth and extension of

Figure 5-5 Residual test results for beam HSC-F0-15M-10M-d/4
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5.3.2 HSC-FO- 15M-10M-D/4[X1]

This beam was identical to the previous beam but subjected to a single blast load of 70
psi (Blast C). Results are summarized in Table 5-2 and Figure 5-6 to Figure 5-8.

At Blast C, the beam suffered limited damages with concrete cracking in the constant
moment region. Unlike the previous beam, this specimen did not experience spalling of
concrete in the compression region. The maximum and residual displacements recorded
during this test were Dy, = 61.55 mm (0,;,,4 = 2.9°) and Dos = 42.4 mm which were 3%
and 6% lower compared to the beam tested under repeated blasts.

After blast testing, the beam was subjected tested under static loads to study its residual
load-carrying capacity. The results for this test are provided in Figure 5-9. Taking into
consideration the initial residual deformation (A;.s=42.4 mm), the beam recorded a
maximum load of PmaxR =102.9 KN, which represents 95% of the original (undamaged)
beam capacity. The beam carried a load of Pend®R=95.2 kN at the end of testing at
AmaxR=148.4 mm. The damage was limited to the top concrete cover and cracking.

Close up

(a) Blast C (70 psi)
Figure 5-6 - HSC-F0-15M-10M-d/4[x1] - Photographs at the end of Blast C
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(a) Blast C: Reflected pressure, impulse, and displacement time histories
Figure 5-7 - Recorded reflected pressure, impulse, and displacement for Blasts A, B, and C (HSC-F0-15M-
10M-d/4[x1])
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Figure 5-8 - Dynamic resistance curve and strain data (HSC-F0-15M-10M-d/4[x1])
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a) Residual test load-deflection result Data Summary
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b) Condition of beam before residual test- after Blast C (70 psi) Comments

At end of blast testing beam shows
cracking but no significant cover
damage. Total residual
displacement reaches 42.4 mm.

Comments

Propagation of the flexural cracks.
Concrete cover crushes in the
compression zone, with some cover
spalling in tension region
Bar buckling does not occur

Figure 5-9 - Residual test results for beam HSC-F0-15M-10M-d/4[x1]
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5.3.3 HSC-F0.75- 15M-10M-D/2

The third beam in the 15M series was built with HSFRC having 0.75% fibers with double-
reinforcement (10M bars in compression) with intermediate ties spaced at 100 mm
(d/2). Results are provided in Table 5-2 and Figure 5-10 to Figure 5-12. This specimen
was subjected to four blast loads: A, B, C,and D (30, 50, 70 and 90 psi).

Blast A tested the beam within the elastic range, which resulted in the formation of
hairline cracks in the flexural zone with displacements of D, = 10.8 mm and D, = 1.1
mm. Blast B pushed the specimen into the inelastic range, reaching displacements of D, 4
= 28.6 mm and D, = 12.0 mm. Blast C inflicted moderate damages with lower
displacements of Dy, = 58.5 mm and D5 = 34.5 mm. Unlike the previous beams, this
beam survived Blast C with damage limited to fiber pull-out at the location of the major
cracks (cracks width: 5mm). Blast D was the final shot for this beam and resulted in
maximum and residual displacements of D, = 70.1 mm (0,,,x = 2.3°) and D, = 53.1
mm with crack localization with crack width of 15 mm. The fibers were effective in
controlling crushing in the compression zone.

After the blast test, the residual capacity of the beam was tested under static loading.
Results are shown in Figure 5-13. Considering the initial displacement, this beam
reached a peak load of Pmax® =130.6 kN. The specimen carried a residual load of
PendR=115.7 kN till failure to a very large displacement of AmaxR =151.1 mm. The damages
were concentrated in the flexural region of the beam, with the expansion of the localized
cracks, but no bar rupture.

Close up

(a) Blast A (30 psi) | (b) Blast B (50 psi) | (c) BlastC (70 psi) (d) Blast D (90 psi)

Figure 5-10 - HSC-F0.75-15M-10M-d/2 - Photographs at the end of Blasts A, B, C and D
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(d)  Blast C: Reflected pressure, impulse, and displacement time histories

Figure 5-11 Recorded reflected pressure, impulse, and displacement for Blast A, B, C & D (HSC-F0.75-
15M-10M-d/2)

160 T T T 2500 T T T T T
— Blast A (30 psi) Tension
140 — Blast B (50 psi)
— Blast C (70 psi) 2000 i
120 3
— \/‘“ E 1500} l
< €
o 80 g ©_ 1000 - — No Data g
E S
o ~
o 60 i =
® 500 b
40 : &»
0 - u
20 R
0 1 1 1 1 1 _500 1 1 1 1 1
0 10 20 30 40 560 60 70 -20 0 20 40 60 80 100
Displacement (mm) Time (ms)
(a) Dynamic resistance curves (b)  Strain data (tension bars)

Figure 5-12 Dynamic resistance curve and strain data (HSC-F0.75-15M-10M-d/2)
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Data Summary

(a) Residual test load-deflection result
150 T T T T
Peak Load EI‘BS (mm) 99.6
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Pmax® (KN) 130.6
g 90
K
3 60 | Sres AmaxR (mm) 151.1
Load at Amax
30
0 ) ) ) ) PendR (kN) 115.7
40 80 120 160
Displacement (mm)
(b) Condition of beam before residual test- after Blast D (90 psi) Comments
-Flexural cracks are

developed  within  the
constant moment region of
the beam. Localized cracks
have formed.

-Maximum displacement
after blast testing reaches
99 mm.

Comments
-Pronounced localized
cracks.
-Maximum cumulative

displacement of 151 mm.

Figure 5-13 Residual test results for beam HSC-F0.75-15M-10M-d /2
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5.4 RESULTS OF THE 20M SERIES
5.4.1 HSC-F0-20M-6M-D/2

The 20M series included four beams designed with different detailing levels and concrete
types. This beam was designed with plain high strength concrete and was doubly
reinforced with 2-20M bars in the tension region and 2-6M bars in the compression
region. Transverse reinforcement consisted of closed-ties spaced at 100 mm (d/2)
throughout the beam span. The design of the transverse reinforcement and compression
bars does not meet the requirements of the CSA-S850 standard. Results for this beam are
summarized in Table 5-2, and Figure 5-14 to Figure 5-16. This beam was subjected to
three Blast loads: Blast A (30 psi), Blast C (70 psi) and Blast D (90 psi).

Blast A tested the beam within the elastic range and resulted in limited damages with a
maximum and residual displacement of D, ;4= 10.6 mm and D,¢s= 0.7 mm. Blast C pushed
the longitudinal tension-steel into the inelastic region, with the formation of flexural and
flexural-shear cracks. The provision of compression reinforcement in the constant
moment region prevented failure, with displacements of D,;,,x= 40.2 mm and D 4= 18.2
mm and support rotation of 1.9°. Blast D caused severe flexure failure which was
associated with crushing of concrete in the constant moment region, buckling of the
small-diameter compression bars and cover spalling which exposed the tension bars (see
Figure 5-14). The beam suffered displacements of D,,,4,=123.4 mm (maximum support
rotation of Bmax = 5.8°) and D.¢s=72.9 mm. Because of severe failure, the residual load-
carrying capacity was not investigated.

Close up

(a)

Blast A (30 psi) (3)] Blast C (70 psi) (c) Blast D (90 psi)

Figure 5-14 - HSC-F0-20M-6M-d/2 - Photographs at the end of Blasts A, C,and D
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(c) Blast C: Reflected pressure, impulse, and displacement time histories

Figure 5-15 - Recorded reflected pressure, impulse and displacement for Blasts A, C and D (HSC-F0-20M-
6M-d/2)
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Figure 5-16 - Dynamic resistance curve and strain data (HSC-F0-20M-6M-d/2)

96




5.4.2 HSC-F0-20M-10M-D/2

The second beam in the 20M series was cast with plain HSC with a similar design to HSC-
F0-20M-6M-d/2, except for the use of 10M bars instead of 6M wires in compression.
Testing sequence for this beam included: Blast A (30 psi), Blast C (70 psi) and Blast D (90
psi). The results are provided in Table 5-2 and Figure 5-17 to Figure 5-19.

Blast A tested the beam within the elastic range and resulted in flexural cracks with
maximum and residual displacements of D= 12.1 mm and D,es= 1.4 mm. Blast C
resulted in further developments of flexural and flexural-shear cracks which extended to
the entire depth of the beam. After this blast, the displacements reached D,;,,x= 37.4 mm
and D,¢s= 19.8 mm. Blast D resulted in further cracking with spalling of concrete cover in
the midspan compression region. Higher compression reinforcement prevented
complete failure and limited the damages in the constant moment region when compared
to the previous beam. The beam experienced pronounced deformations after this test
with Dya=72.6 mm (0,,,4=3.5°) and D,¢c=49.7 mm.

After blast testing the beam’s residual capacity was assessed under static loads. Results
are presented in Figure 5-20. With the initial displacement of Y res= 72.4 mm, the
maximum residual load reached Pmax®= 132.2 kN. The beam continued to carry load
(PendR= 97.5 kN) until the end of testing at a displacement of Amax® = 151.7 mm. Damage
after the residual test consisted of concrete crushing in the midspan region and buckling
of the longitudinal compression reinforcement bars due to the relatively large tie spacing

of 100 mm (d/2).

Close up

I s

(a) Blast A (30 psi) (b) Blast C (70 psi) (c) Blast D (90 psi)

Figure 5-17 - Failure of the specimen at Blast A, C, and D
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(c) Blast C: Reflected pressure, impulse, and displacement time histories

Figure 5-18 - Recorded reflected pressure, impulse, and displacement for Blasts A, B, and C (HSC-F0-20M-

10M-d/2)
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Figure 5-19 Dynamic resistance curve and strain data (HSC-F0-20M-10M-d/2)

(@) Residual test load-deflection result Data Summary
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Condition of beam before residual test- after Blast D (90 psi)

-Specimen experienced crushing
of cover concrete during the
blast test
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reached 71 mm.

displacement
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e

-Damages in compression zone
become more pronounced

-Buckling of the
compression bars

top

Figure 5-20 Residual test results for beam HSC-F0-20M-10M-d/2

99




5.4.3 HSC-F0-20M-10M-D/4

The third beam in the 20M series is similar to the previous beam except for reduced tie
spacing of 50 mm (s = d/4) to meet the requirements of the CSA S850 standard. Table
5-2 and Figure 5-21 to Figure 5-23 summarize the results for this beam. This beam was
also tested under Blasts A, C, and D (30, 70 and 90 psi).

Blast A was meant to evaluate the behavior of the beam within the elastic range, and
resulted in limited damages, with maximum and residual displacements of Dy, = 11.5
mm and D, = 1.7 mm, respectively. Blast C strained the longitudinal tension and
compression reinforcements into the inelastic range, increased the number of flexural
and flexural-shear cracks, with Dy, = 34.6 mm and D, = 17.3 mm. Blast D resulted in
further crack opening, with crushing of cover concrete in compression. However, the
provision of compression bars and closely spaced hoops confined the core concrete and
prevented buckling, resulting in Dy, = 71.6 mm and D, = 48.2 mm, and a maximum
support rotation (0,,,x) of 3.4°.

After Blast D, the residual capacity of this beam was tested under static loading and the
results are presented in Figure 5-24. Considering the initial residual from the blast test,
the beam reached a peak residual load of PmaxR =139.3 kN. The beam continued to carry
the load until reaching a maximum displacement of Amax® = 150.4 mm, with crushing of
concrete in the mid-span region but no buckling of compression steel.

~

Close up

(a) Blast A (30 psi) (b) Blast C (70 psi) (c) Blast D (90 psi)

Figure 5-21 - HSC-F0-20M-10M-d/4 - Photographs at the end of Blasts A, C, and D

100




Pressure and Impulse Time History Pressure and Displacement Time History
HSC-F0-20M-10M-d/4 Blast A: 30 psi HSC-F0-20M-10M-d/4 Blast A: 30 psi
80 800 80 80
= Pressure = Pressure
= Impulse = Displacement
60 [ 600 60 4 60
% B % E
¢ wf 400 & € 0 =
) X o g
2 3 ] 3
@ 20} 200 2 @ 20 20 &
£ 2 £ B
= a
0 0 0 0
= 42.09KPa
I, =393.87KPa-ms Dpax =11.47mm
tg=19.37ms Dyes = 1.67mm
_20 ! ! ! 1 1 _200 _20 ! ! ! 1 1 _20
-50 0 50 100 150 200 250 -50 0 50 100 150 200 250
Time (ms) Time (ms)
(a) Blast A: Reflected pressure, impulse, and displacement time histories
Pressure and Impulse Time History Pressure and Impulse Time History
HSC-F0-20M-10M-d/4 Blast C: 70 psi HSC-F0-20M-10M-d/4 Blast C: 70 psi
140 1400 140 1400
= Pressure = Pressure
120 — tmpuke | 4200 120 | T tmedlse | 1200
100 | 1000 ~ 100 | 1000 ~
— [%2] —_ [72]
& 80 800 £ g 80 800 £
< e X o
© e0f 600 < ® 60} 600 =
2 [ 2 ]
@ @ A @
o 40F 400 2 o 40 400 2
o S o £
20 200 — 20 200 —
0 = 107N 0 0 0
tg=27.45ms
-20 . . . . . -200 -20 -200
-50 0 50 100 150 200 250 -50 0 50 100 150 200 250
Time (ms) Time (ms)
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(c) Blast D: Reflected pressure, impulse, and displacement time histories

Figure 5-22 - HSC-F0-20M-10M-d /4 recorded reflected pressure, impulse, and displacement for Blasts A,
C,and D
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Figure 5-23 Dynamic resistance curve and strain data (HSC-F0-20M-10M-d/4)

(a) Residual test load-deflection result Data Summary
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Figure 5-24 Residual test results for beam HSC-F0-20M-10M-d /4
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5.4.4 HSC-F0.75-20M-10M-D/2

The final specimen in the 20M series was built with HSFRC having 0.75% fibers and
intermediate tie spacing of 100 mm (d/2). Results of the blast test are provided in Table
5-2 and Figure 5-25 to Figure 5-27. This beam was subjected to three dynamic blast
loads: A (30 psi), C (70 psi), and D (90 psi).

Blast A kept the longitudinal tension-steel within the elastic range and resulted in minor
cracks. Support rotations remained below 1° with D, = 11.1 mm and D, = 1.2 mm.
Blast C inflicted moderate damages with D, ,x = 36.5 mm and D, = 15.2 mm, pushing
the longitudinal tension reinforcement into the inelastic range. The last shot for this
specimen was Blast D (90 psi), reaching Dy, =49.9 mm ((0,2x= 1.7°) and D¢ = 1.7 mm.
The addition of fibers reduced the displacements by half when compared to the previous
beam, with no significant cover damage. The mean crack width recorded was 7 mm with
visible fiber pullout across some cracks. However, the structural damage was limited to
cracking, as the fibers held the concrete together.

After the dynamic blast test, the residual load-carrying capacity of the beam was tested
under static bending. Results of the residual test are presented in Figure 5-28.
Considering the total residual displacement after blast testing, Y’ res =43.7 mm, the beam
recorded a maximum residual load of Pmax® =162.9 kN. The beam supported a very large
deflection (of Amax®=150 mm), with damage limited to cracking at the end of testing,
demonstrating the high post-blast resilience of the beam.

| o— . Close up

(a)

Blast A (30 psi) ((3))] Blast C (70 psi) (c) Blast D (90 psi)

Figure 5-25 - HSC-F0.75-20M-10M-d/2 - Photographs at the end of Blasts A, C, and D
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(c) Blast D: Reflected pressure, impulse, and displacement time histories

Figure 5-26 - HSC-F0.75-20M-10M-d/2 recorded reflected pressure, impulse, and displacement for Blasts

A ,C andD
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Figure 5-27 - Dynamic resistance curve and strain data (HSC-F0.75-20M-10M-d/2)

(a) Residual test load-deflection result Data Summary
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Figure 5-28 - Residual test results for beam HSC-F0.75-20M-10M-d /2
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5.5 RESULTS OF THE 25M SERIES
5.5.1 HSC-F0-25M

The first beam of the 25M series was designed with plain high strength concrete
and singly-reinforced with 25M longitudinal bars. Transverse reinforcement consisted of
U-shaped stirrups spaced at 100 mm in the shear spans only. Results of the blast test for
this beam are found in Table 5-2 and Figure 5-29 to Figure 5-30. This specimen was
subjected to two dynamic blast loads: C (70 psi), and D (90 psi).

Blast C brought the longitudinal tension reinforcement into the inelastic range with
moderate beam damage consisting of shear and flexural cracks, and Dy, = 30.1 mm and
Dyes = 5.1 mm at a support rotation of 1.5°. Blast D inflicted enough impact force to cause
complete blowout failure of the specimen. Using the high-speed camera the maximum
displacement was estimated to reach D,,,x = 185.4 mm, corresponding to a support
rotation 0,,,,= 8.6°. In addition to the crushing, a concrete cover segment with 600 mm
length spalled of the beam exposing the longitudinal reinforcement bars in the constant
moment region. Because of the blowout failure, no residual test was carried out on this
specimen.

i) s Tt Close up
(a) Blast C (70 psi) (b) Blast D (90 psi)
Figure 5-29 - HSC-F0-25M - Photographs at the end of Blasts C and D
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(b)  Blast D: Reflected pressure, impulse, and displacement time histories

Figure 5-30 - HSC-F0-25M recorded reflected pressure, impulse and displacement for Blasts C and D.
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Figure 5-31 Dynamic resistance curve and strain data (HSC-F0-25M)
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5.5.2 HSC-F0-25M-10M-D/4

The next beam in the 25M series was doubly reinforced in the longitudinal direction with
2-25M in tension region and 2-10M in the compression region, with closed ties spaced at
50 mm (s = d/4) throughout the beam span. Table 5-2 shows the results along with
Figure 5.32 to Figure 5-34. Like the previous beam, the specimen was tested under Blast
C and D pressures (70 and 90 psi)

Blast tested pushed the longitudinal reinforcement steel into the inelastic range, and
resulted in flexural and shear cracks, with a maximum support rotation of 1.3° and
maximum and residual displacements of D,;,,x = 26.5 mm and D, = 2.3 mm. Blast D (90
psi) was the last blast applied on this specimen and resulted in concrete crushing in the
mid-span compression zone, but much more moderate damages as opposed to the
blowout failure of the previous beam. The provision of compression and transverse ties
protected the midspan compression region in this heavily reinforced specimen. This
blast resulted in maximum and residual displacements of D, = 45.1 mm (0,,.4= 2.2°)
and Dy¢s = 14.9 mm.

Following the blast tests, the beam was tested under static loading to study its residual
capacity. The maximum load recorded was Pmax®=201kN, which represents 88% of the
original (undamaged) beam capacity. Other results for the residual test are summarized
in Figure 5-35. Taking into consideration the total residual deformation after blast
testing (3 res=57.2 mm), the beam continued to carry load up to a displacement of AmaxR
=137.4 mm, with flexure failure associated with further crushing of concrete in the mid-
span region and buckling of the bars in between the ties.

Close up

(b) Blast C (70 psi) | (c) Blast D (90 psi)
Figure 5.32 - HSC-F0-25M-10M-d/4 - Photographs at the end of Blasts C and D
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(b) Blast D: Reflected pressure, impulse, and displacement time histories

Figure 5-33 - HSC-F0-25M-10M-d/4 recorded reflected pressure, impulse, and displacement for Blasts C

and D.
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Figure 5-34 Dynamic resistance curve and strain data (HSC-F0-25M-10M-d/4)
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(a) Residual test load-deflection result Data Summary
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(b) Condition of beam before residual test- after Blast D (90 psi)
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Figure 5-35 Residual test results for beam HSC-F0-25M-10M-d /4
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5.5.3 HSC-F0.75-25M-10M-D/2

The last beam in the test program and in the 25M series was identical to the previous
beam except for the use HSFRC containing 0.75% fibers and larger intermediate tie
spacing of 100 mm (d/2). Results are provided in Table 5-2 and Figure 5-36 to Figure
5-38. This beam was also tested under Blasts C and D (70 and 90 psi).

Blast C tested the beam beyond yielding and resulted in maximum and residual
displacements of D,,x = 21.6 mm and D,¢s = 3.4 mm with limited damages. Blast D
inflicted moderate damages that were limited to fiber pull-out, crack localization (the
main crack reaches 5 mm) but no cover crushing or spalling. This blast resulted in a
support rotation of 2.6°, with D, = 36.6 mm and D,..s = 12.8 mm. Since the beam showed
low damage it was tested under another blast corresponding to Blast E (100 psi). This
shot resulted in the further opening of the main cracks, and the displacements reached
Dimax = 54.7 mm (0,,,x= 2.6°) and D,.s = 21.6 mm. Despite flexural cracks openings, the
fibers held the concrete together and secondary fragments were not generated.

After the final blast, the residual capacity of the beam was tested under static loading.
Results are shown in Figure 5-39. The beam carried a maximum residual load of Pmax®
=223 kN, which was 11% lower than the original (undamaged) beam capacity.
Considering the initial residual deformation of 37.7 mm, the beam continued to carry a
residual load of PendR= 83 kN until reaching a very large displacement of AmaxR = 153mm.
The residual test resulted in more severe damages that were concentrated in the constant
region of the beam.
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Close up
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(a) Blast C (70 psi) (b) Blast D (90 psi) (c) Blast E (100 psi)

Figure 5-36 - HSC-F0.75-25M-10M-d/2 - Photographs at the end of Blasts C, D and E
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Figure 5-37 - HSC-F0.75-25M-10M-d/2 recorded reflected pressure, impulse and displacement for Blasts

CtoE
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Figure 5-38 Dynamic resistance curve and strain data (HSC-F0.75-25M-10M-d/2)
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Figure 5-39 Residual test results for beam HSC-F0.75-25M-10M-d/2
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CHAPTER 6: DISCUSSION OF EXPERIMENTAL RESULTS

6.1 CHAPTER OVERVIEW

This chapter presents a discussion examining the results of the HSC and HSFRC beams tested
under quasi-static and simulated blastloads. The effects of blast detailing, fibers, longitudinal
steel ratio, transverse reinforcement ratio, compression steel ratio, and repeated loading are
investigated. In addition, the effects of test variables on the dynamic reaction curves, and the
residual post-blast capacity of the beams are investigated.

6.2 SUMMARY OF RESULTS

This study included seventeen beams, including seven beams tested under static loads, and
ten beams tested under dynamic loading. In order to investigate the effect of blast detailing,
an additional two beams tested by Algassem (2016) are included in the discussions: HSC-F0-
15M-0M* and HSC-FO0-20M*. These beams were designed with plain HSC and nominal
detailing, consisting of 2-15M or 2-20M bars, with open stirrups in the shear spans only.

The static load-deflection curves for all beam tested in this study are shown in Figure 6-1,
while key parameters from these curves are summarized in Table 4-1including: maximum
load (Ppax), secant stiffness (K), yield displacement (4y), displacement (A¢pq), ductility
(Aend/Ayiela) and toughness (Aepq) at the end of testing, defined as the area under the curves

up to Agpg-

The results from the blast tests are summarized in Table 5-2, which reports the shockwave
data (P, I, and t4 = peak reflected pressure, impulse, and positive phase duration) as well
as specimen response after each test (D a1, Dres and 0, = maximum displacement,
residual displacement, and support rotation). Table 5-2 also compares the results with the
response limits in the CSA S850 blast standard. Figure 6-2-Figure 6-4 also provides an
overview of the blast test results, in terms of displacements, failure blasts and photos
illustrating failure mode.

The majority of beams in this study had significant post-blast resistance. The residual
resistance of the beams was assessed by testing the blast-damaged beams under static four-
point bending. Figure 6-1-b provides a summary of these tests.

The following sections review the effects of detailing, tension-steel ratio, fibers and
compression/transverse steel ratio on the static, blast and post-blast responses of the beams
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Figure 6-1 - Load displacement curves for all specimens
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Blast C (P4=70 psi)
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HSC-F0-15M-10M-d/4

Blast C (70 psi)
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Figure 6-4 -Photos of all beams indicating Final Blasts
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6.3  EFFECT OF BLAST DETAILING

The effect of blast detailing on the static and dynamic response of the HSC beams can be
examined by comparing the responses of the blast-detailed HSC beams (HSC-F0-15M-10M-
d/4, HSC-F0-20M-10M-d/4, and HSC-F0-25M-10M-d/4), with the companion nominally-
detailed beams (HSC-F0-15M, HSC-F0-20M, and HSC-F0-25M). Detailing in the blast-
detailed beams included top continuity (compression) bars and closed ties spaced at s = 50
mm (d/4) throughout the span, while the nominally-detailed beams were singly-reinforced
with open-stirrups at s = 100 mm (d/2) in the shear spans only.

6.3.1 STATIC TEST RESULTS

Figure 6-5 and Table 6.1 summarize the static results for the beams with blast and nominal
detailing. It can be observed that the improved detailing enhanced all aspects of structural
response and failure mode under static loading.

No clear trend emerges when examining the effect on peak strength and stiffness. In the 15M
series, beam HSC-F0-15M-10M-d/4 shows an increase of 3% in strength (P,.x) when
compared to beam HSC-F0-15M*, with similar stiffness. A similar effect is observed in the
25M series, where beam HSC-F0-25M-10M-d/4 shows an 11% in peak strength (owing to
the change in failure mode) with similar stiffness when compared to HSC-F0-25M. On the
other hand, in the 20M series, beam HSC-F0-20M-10M-d/4 shows similar strength to HSC-
F0-20M*, with a 249% increase in stiffness. It can be concluded that the reinforcement
detailing did not significantly affect peak strength and stiffness in the HSC beams.

On the other hand, the enhancement in post-peak ductility is clear. In the 15M and 20M
series, the nominally detailed HSC beams reached yielding but eventually failed in flexure
due to crushing of HSC concrete in the midspan compression zone at maximum
displacements of A, ,x = 41 mm [L/54] and 31 mm [L/72]. In comparison, provision of
compression bars and transverse ties in the companion beams with blast detailing allowed
the beams to carry sustained post-peak loads until very large deflections of ~ A, = 150
mm [L/13]. As a result, beams HSC-F0-15M-10M-d/4 and HSC-F0-20M-10M-d/4 show

impressive increases in ductility (Ap,ax/Ay) [T 233% & 376% ] and overall toughness (A,,4)

[t 328% & 531%] when compared to the companion beams with nominal detailing (see
Table 1). The enhancement in behavior can be explained by the improvement in toughness
and confinement in the midspan compression zone which controlled and delayed concrete
crushing. Similarly, owing to the reduced tie spacing (from d/2 to d/4) changed the failure
mode from shear to flexure in the beam with 25M bars. Moreover, the improved concrete
response in the midspan zone allowed the beam to carry significant post-peak deformations
despite the high-tension steel ratio, representing significant improvements when compared
to the sudden shear failure in the companion with nominal stirrups.
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A ductility index of 3 is generally considered as adequate in the study of reinforced concrete
beams (Rashid and Mansur, 2005). This minimum is approximately met in the nominally-
detailed beam with 15M bars (HSC-FO-15M: Ay, /A= 2.74), but not satisfied in beam HSC-
F0-20M which had 20M bars and a reinforcement ratio p = 2.4%, which was only slightly
lower than the maximum permitted by the CSA S850 blast standard (p = 2.5%). Previous
research shows that the ductility of conventionally reinforced HSC beams significantly
reduces as the ratio p/pb approaches 0.4-0.5 (Wu et al,, 2005); the result for beam HSC-FO0-
20M which had a ratio p/pb = 0.42 fits this trend. In comparison, the blast-detailed beams
with 15M and 20M bars show ductility ratios of 9.3 and 11.5, with an ability to continue to
carry the load until the end of testing (150 mm). Even beam HSC-F0-25M-10M-d/4 which
had 25M bars, with p = 4.1% (well above the CSA S850 limit), shows important ductility of
Amax/Ay= 4.2 (where Ap,, is taken at 85% drop in load). In summary, the results
demonstrate the significant response characteristics that can be gained from the use of blast
detailing in HSC beams, even under quasi-static loads.

6.3.2 BLAST TEST RESULTS

The previous sub-section demonstrated the benefits of improved steel detailing on the
static response of the HSC beams. As demonstrated in this section, the use of blast detailing
also improved all aspects of blast response in the HSC beams. Figure 6-6, Figure 6-9 and
Figure 6-12 compare the responses of the blast-detailed and nominally-detailed HSC
beams under dynamic loading. Photos of the beams at the end of blast testing are shown in
Figure 6-7, Figure 6-10 and Figure 6-13.

Beginning with the 15M series (Figure 6-6), it can be observed that beam HSC-F0-15M-10M-
d/4 shows reductions of 21% and 9% in maximum displacements when compared to HSC-
F0-15M at Blast A (30 psi). In addition, the use of compression bars results in significant
reductions in the rebound displacement (reduction of 92%) at this blast. The next blast
(Blast B - 50 psi; I, = 516582 kPa-ms) resulted in a support rotation of 6,,,, = 6.41°
(“Hazardous” damage) and severe concrete failure in the HSC beam with nominal detailing
(see Figure 6-7). In comparison, beam HSC-F0-15M-10M-d/4 survived this shot, and further
tested at Blast C (70psi), with support rotations of 1.58° and 3° (“moderate” damage). As
shown in Figure 6-7, the beam showed high damage tolerance at Blast C (I,- = 701 kPa-ms),
which was limited to the loss of the top concrete cover in the midspan region.

Figure 6-9 compares the responses of the beams in the 20M series. Like the previous series,
the blast design significantly improved the dynamic response of the beams at every blast.
For example, beam HSC-F0-20M-10M-d/4 had a 24% reduction in maximum displacement
at Blast A (30 psi), with an important reduction in the rebound displacement. As shown in
Figure 6-10, the absence of compression bars and confinement steel caused specimen HSC-
F0-20M* to fail in flexure at Blast C (70 psi) (I, = 703 kPa-ms) which resulted in a support
rotation of 6,,,, = 6.06° (“hazardous” damage). The failure was associated with significant
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concrete crushing in the midspan zone, with the generation of important secondary
fragments at failure. On the other hand, damage remained well controlled in the beam with
blast detailing at Blast C, with the beam also tested under Blast D (90 psi) (I, = 837 kPa-ms),
with support rotations of 6,,,,, = 1.65° and 3.4° (“moderate” damage) at these two blasts. As
shown in Figure 6-10, after Blast D, damage was limited to spalling of top concrete cover in
the mid-span compression region, with the use of closely spaced ties ensuring the integrity
of the core concrete region and preventing bar buckling.

The effect of blast detailing in the 25M series can be observed in Figure 6-12. To recall the
beams in this series were heavily reinforced in tension with p = 4.1%. Under static loading,
the use of closely spaced ties and blast-detailing prevented shear failure and allowed for high
ductility. Under blast loading, both the beams with nominal and improved detailing failed in
flexure, but with improved response for beam HSC-F0-25M-10M-d /4. Examining the results,
the beam with 25M bars and blast detailing shows reductions of 21% and 55% in maximum
and residual displacements when compared to beam HSC-F0-25M which only had stirrups
in the shear spans. Failure of beam HSC-F0-25M occurs in a severe manner under Blast D
(90 psi), with a very large maximum displacement, large support rotation of 6,,,; = 8.6°
(“hazardous”) owing to the nominal detailing and over-reinforced conditions. As shown in
Figure 6-13 the lack of compression bars and ties resulted in severe damage and complete
loss of concrete in the midspan compression zone. In comparison, the beam with blast
detailing survived Blast D, experiencing a support rotation of 0,5, = 2.10 (“moderate”), with
damage limited to spalling of the top cover concrete cover and visible protection of the
midspan core region.

In summary, the results demonstrate the significant increases in blast resistance (ability to
withstand higher blast loads before failure) and ductility (ability to withstand larger
displacements/support rotations without damage) that can be gained from the use of
improved detailing in high-strength concrete beams designed using the guidelines in the CSA
S850 blast standard.

In addition to the enhancements in displacement control, blast capacity and damage
tolerance, the use of blast detailing also allowed for significant post-blast residual capacity
as will be discussed in the next sections.
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Table 6.1 - Effect of blast detailing - 15M Series Static Test Results

Tough
Load Displacement Stiffness Ductility oughness )
ID (kN-mm) Failure
Py Pmax Ayield Amax Aend K Amax Aend Mode
Amax Aend
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayicia | Ayiera
HSC-F0-15M* 95 105 15 41 41 6518 2.7 2.7 3273 3273 Flexure
HSC-F0-15M-10M-d/4 | 105 108 16 149 149 6562 9.3 9.3 14018 | 14018 Flexure
(a) Load Displacement Curves for 15M series
150 T
— HSC-F0-15M*
— HSC-FO0-15M-10M-d/4
125 1
100 1
g
- 75t |
§ Blast Detailing
50 1
D— Nominal Detailing
25 1
O 1 1 1 1
0 32 64 96 128 160
Displacement (mm)
(b) Condition of beams at Failure Ak | Failure
HSC-F0-15M* 41 Flexure
HSC-F0-15M-10M-d/4 149 | Flexure
— :..;" ___f - -' .q' ‘ =

Figure 6-5 - Load Displacement Curves and photos of the beams under static loads - 15M series
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Figure 6-6 - Effect of blast detailing on displacements: Series 15M
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Figure 6-7 - Damage and Failure Modes of the 15M series beams with nominal detailing and blast detailing
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Table 6.2 - Effect of blast detailing - 20M Series Static Test Results

Tough
Load Displacement Stiffness Ductility ougnness .
ID (KN-mm) Failure
Py Pmax Ayield Amax Aend K Amax Aend A A Mechanism
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayiia | Byieia |~ ™ | "
HSC-F0-20M* 126 137 16 31 31 7615 2.1 2.1 2994 2994 Flexure
HSC-F0-20M-10M-d/4 | 127 131 13 150 150 9411 11.5 11.5 | 18889 | 18889 Flexure
(a) Load Displacement Curves for 20M series
200 T T T T
— HSC-F0-20M*
— HSC-F0-20M-10M-d/4
160 £ ]
Z 120 LA AL
< -/
g Blast Detailing
9 8o .
40 \ Nominal Detailing 1
0 Il Il Il Il
0 32 64 96 128 160
Displacement (mm)
(b) Condition of beams at Failure Aax | Failure
HSC-FO-20M* 31 | Flexure
HSC-F0-20M-10M-
150 Flexure
d/4

Figure 6-8 - Load Displacement Curves for 20M series tested under static load

123




Blast A (30 psi) Blast C (70 psi) Blast D (90 psi)
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Figure 6-9 - Displacement time histories; Effect of blast detailing on HSC specimens: Series 20M
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Figure 6-10 - Damage and Failure Modes of the 20M series with nominal detailing and blast detailing
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Table 6.3 - Effect of blast detailing - 25M Series Static Test Results

Tough
Load Displacement Stiffness Ductility ougnness .
(kN-mm) Failure
ID Py Pmax Ayield Amax Aend K Amax Aend A A Mechanism
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayicta | Ayiera - end
HSC-FO- 25M - 202 - - 18 11098 - - - 1920 Shear
HSC-F0-25M-10M-d/4 | 220 225 19.2 80 120 11458 4.17 6.25 | 14734 | 19734 Flexure
(a) Load Displacement Curves for 25M series
300 T
— HSC-F0-25M
— HSC-F0-25M-10M-d/4
250 1
Blast Detailing
200 1
z
<
- 150 |
®
S
100 Nominla Detailing 1
50 1
0 1 1 1 1
0 30 60 90 120 150
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(b) Condition of beams at Failure Apax | Failure
S
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d/4
= A

Figure 6-11 - Load Displacement Curves for 25M series tested under static load
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Figure 6-12 - Displacement time histories; Effect of blast detailing on HSC specimens Series 25M
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Figure 6-13 - Damage and Failure Modes of the 25M series with nominal detailing and blast detailing
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6.4  EFFECT OF FIBERS

The effect of Fibers is examined by comparing the static and dynamic responses of the
following three sets of specimens: (1) HSC-F0-15M-10M-d/4 and HSC-F0.75-15M-10M-d/2;
(2) HSC-F0-20M-10M-d/4 and HSC-F0.75-20M-10M-d/2 and (3) HSC-F0-25M-10M-d/4 and
HSC-F0.75-25M-10M-d/2, which were built with plain HSC and HSFRC containing 0.75% of
hybrid fibers, respectively. Traverse reinforcement in the plain HSC specimens consisted of
close hoops spaced at 50 mm (s=d/4), while a larger “intermediate” tie spacing of 100 mm
(s=d/2) was used in the beams with fibers.

6.4.1 STATIC TEST RESULTS

Table 6.4 to Table 6.6 present the static results, while Figure 6-14,Figure 6-17, and Figure
6-20 show the load-defection curves and the damage profile of the beams with steel fibers.
The experimental results show that a moderate amount of steel fibers can be used to enhance
the overall performance of the beams and relax detailing while also improving the control of
cracking and damage. First, it can be observed that the beams with fibers show increased
peak strength and stiffness when compared to their plain HSC companions. Examining the
results, beams HSC-F0.75-15M-10M-d/2, HSC-F0.75-20M-10M-d/2, and HSC-F0.75-25M-
10M-d/2 in the 15M, 20M and 25M series, show improvements of 8%, 13% and 10% in peak
load (Pmax) with enhancements of 55%, 28%, and 9% in initial stiffness (K), when compared
to beams HSC-F0-15M-10M-d/4, HSC-F0-20M-10M-d/4, and HSC-F0-25M-10M-d/4. The
ability of steel fibers to bridge cracks was also evident at the early stage of testing, delaying
the formation of the first hairline cracks and reducing crack widths prior to yielding.

In general, the use of fibers delayed concrete crushing in the midspan region, and the
excellent toughness of the HSFRC concrete in compression allowed for minimum damage in
the midspan compression zone throughout testing. The ability of fibers to delay crushing is
most clear in the beams with 25M bars, where beam HSC-F0.75-25M-10M-d/2 shows
improvements of 4% and 16% in ductility and overall toughness when compared to HSC-FO-
25M-10M-d/4. In general, it can be seen that the fibers allowed for high ductility and
toughness in all three series. On the other hand, the use of fibers resulted in crack
localization, where the crack widths extended rapidly at one or two cracks, resulting in high
strains in the tension steel bars at these locations. This translated into early bar rupture in
the HSFRC beam with 15M bars (p=1.5%), resulting in a relative loss of ductility and a more
brittle failure mode when compared to its HSC companion. Increasing the tension bar area
prevented such failure in the HSFRC beam with 25M bars (p=4.1%), whereas crack
localization is also apparent in the HSFRC beam with 20M bars (p=2.5%). It is also noted that
while the increased tie spacing (d/2) did not affect damage in the midspan concrete zone, it
led to compression bar buckling in the HSFRC beams with 15M and 25M bars.
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6.4.2 BLAST TEST RESULTS

The previous sub-section demonstrated the benefits of steel fibers on the static response of
the HSC beams in terms of strength and stiffness. The fiber-reinforced concrete beams also
showed post-peak behavior which at least matched that of the more-heavily detailed HSC
beams, except that earlier bar rupture was observed when using low steel ratio.

This section compares the dynamic responses of the companion HSC beams and HSFRC
beams to examine if fibers can relax blast detailing (i.e. increase tie spacing) and further
improve blast response. Figure 6-15, Figure 6-18 and Figure 6-21 present the dynamic
responses of beams HSC-F0.75-15M-10M-d/2, HSC-F0.75-20M-10M-d/2, and HSC-F0.75-
25M-10M-d/2 (which were built with HSFRC and d/2 ties) and beams HSC-F0-15M-10M-
d/4, HSC-F0-20M-10M-d/4, and HSC-F0-25M-10M-d/4 (which were built with plain HSC
and d/4 ties). The damage and failure photos of the beams are shown in Figure 6-16, Figure
6-19 and Figure 6-22.

Examining the results, HSFRC beams were effective in controlling the displacements, cracks
and secondary fragmentation at each blast (Blast A, B, C, D, and E). Blast A (30 psi) was
intended to test beams within the elastic range and resulted in similar responses for the
companion HSFRC and HSC beams. The contribution of fibers becomes more pronounced at
higher blast intensities. In the 15M series, the use of fibers resulted in reductions of 14% and
8% in maximum displacements, and reductions of 33% and 24 in residual displacements at
Blasts B (50 psi) and C (70 psi). Likewise, the beams in the 20M series show similar
responses at Blast A, but the fibers reduce maximum and residual displacements by 30% and
43% at Blast D (90 psi). In the same way, the use of fibers, in the 25M series reduced
maximum and residual deformations by 19% and 14% at this same blast.

The use of fibers also improved the damage tolerance in the beams. As noted in the previous
sections the use of blast detailing allowed for high damage control in the HSC beams with
compression bars and d/4 ties, however, these beams suffered spalling/crushing of the top
cover region. This spalling is clear in the final test photos of the HSC beams in the 15M, 20M,
and 25M sets. In comparison, this cover damage remained well controlled in the companion
HSFRC beams which were subsequently tested at larger blast intensity without failure. This
is also clear when examining the high-speed videos of the companion beams (see Figure
6-39 to Figure 6-41). All HSFRC beams did not fail under intense blast testing, showing
significant post-blast residual capacity as will be discussed in the following sections.

In summary, the use of fibers in HSC was effective in controlling blast-induced displacements
and damage with responses that matched or outperformed the responses of the companion
beams with blast detailing. Keeping in mind the potential of bar rupture, the results show
that the use of a moderate amount of fibers (0.75% volume content in this study) can be used
to relax transverse reinforcement detailing while enhancing the blast performance.
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Table 6.4 - Effect of Fibers - 15M Series Static Test Results

Tough
Load Displacement Stiffness Ductility (l)(lll\lg ness
- (kN-mm) Failure
Py Pmax Ayield Amax Aend K Amax Aend A A Mechanism
(kN) | (&N) | (mm) | (mm) | (mm) | (N/mm) |Ayieta |Byicta | ™ | T
HSC-F0-15M-10M-d/4 105 108 16 149 149 6562 9.3 9.3 14018 | 14018 Flexure
Fl
HSC-F0.75-15M-10M-d/2 | 112 | 117 | 11 988 | 102 10181 | 89 | 93 | 9997 | 10234 exure
Bar Rupture
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Figure 6-14 - Load Displacement Curves for 15M series tested und
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Figure 6-15 - Displacement time histories: Effect of fibers in 15M series
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Figure 6-16 - Damage and Failure Modes of the 15M series beams with blast detailing and fibers
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Table 6.5 - Effect of Fibers - 20M Series Static Test Results

Tough
Load Displacement Stiffness Ductility ouginess
(kN-mm) Failure
ID Py Pmax Ayield Amax Aend K Amax Aend A A Mechanism
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayicta | Ayieta | =™ end
HSC-F0-20M-10M-d/4 127 131 13 150 150 9411 11.5 | 11.5 | 18889 | 18889 Flexure
HSC-F0.75-20M-10M-d/2 | 160 168 15 37 100 10667 2.5 6.8 4781 | 12494 Flexure
(@) Load Displacement Curves for 15M series
200 T T T T
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Figure 6-17 - Load Displacement Curves for 20M series tested under static load
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Figure 6-18 - Displacement time histories; Effect of fibers in 20M series
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Figure 6-19 - Damage and Failure Modes of the 20M series with blast detailing and fibers




Table 6.6 — Effect of Fibers - 25M Series Static Test Results

Tough
Load Displacement Stiffness Ductility ouganess .
ID (kN-mm) Failure
Py Pmax Ayield Amax Aend K Amax Aend A A Mechanism
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayietq | Ayieta e end
HSC-F0-25M-10M-d/4 | 220 | 225 19.2 80 120 11458 4.17 6.25 | 14734 19734 Flexure
HSC-F0.75-25M-10M-
d/2 240 | 248 19.3 70 125 12435 3.5 6.47 | 13931 22811 Flexure
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Figure 6-20 - Load Displacement Curves for 25M series tested under static load
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Figure 6-21 - Displacement time histories; Effect of fibers: Series 25M
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Figure 6-22 - Damage and Failure Modes of the 25M series with blast detailing and fibers



6.5  SINGLE VS REPEATED BLAST: SERIES 15M

The majority of the beams in this research were tested under repeated blasts which can
result in accumulated damage. The effect of repeated loading is examined by comparing the
results for beams HSC-F0-15M-10M-d/4[x1] and HSC- FO-15M-10M-d/4 which were tested
under single and repeated blasts, respectively. Both beams had identical properties and were
built with plain HSC and blast detailing, with 2-15M bars in tension, 2-10M bars in
compression, and ties spaced at 50 mm (s = d/4) throughout the beam span.

The results of the beams are shown in Figure 6-23 and Figure 6-24. Beam HSC- FO-15M-
10M-d/4, was subjected to two blast loads, Blasts A-B (30-50 psi), prior to the application of
Blast C (70 psi), while specimen HSC-F0-15M-10M-d/4[x1] was tested under a single shot
corresponding to Blast C.

Comparing the results at Blast C, it can be observed that both beams show similar maximum
and residual displacements, with D, = 61.5 mm and D,.. = 45.2 mm for HSC-F0-15M-10M-
d/4[x1], corresponding to minor reductions of 3% and 6% when compared to the beam
tested under repeated shots (D31 = 63.9 mm and D,.s =43.1 mm). Thus, it can be concluded
that the repeated blast testing did not significantly affect the displacement responses of the
blast-detailed HSC beams.

Figure 6-24 compares the photos of the specimens after Blast C. It can be observed that the
beam tested under repeated tests shows loss of top cover concrete, whereas the midspan
cover damage is reduced in the companion tested under the single blast. The increased
damage can be explained by the “rebound” displacements experienced by beam HSC-FO-
15M-10M-d/4 during blasts A/B, which weakened the unreinforced cover region prior to
application of Blast C.

Figure 6-25 compares the post-blast residual static results for the companion beams tested
under single and repeated blasts. It can be observed that despite the relatively greater
damage in beam HSC-F0-15M-10M-d/4 before the residual static testing, both beams show
similar residual post-blast resistance and ductility (in fact the beam tested under repeated
blasts shows a slightly higher residual capacity). Indeed, both beams continued to carry
significant loads until the end of residual static testing, demonstrating the high resilience of
both blast-detailed beams.

In summary, the dynamic response of the beams didn’t show large differences under single
and repeated loading, with the exception of greater damage in the unreinforced cover region
in the beam tested under repeated blasts.
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Figure 6-23 - Displacement time histories; Single vs Repeated Blast: Series 15M
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Figure 6-24 - Damage and Failure Modes of the beams tested under single and repeated blasts
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Figure 6-25 - Residual test results for beams tested under single and repeated blasts
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6.6  EFFECT OF TIE SPACING

The effect of tie spacing in the constant moment region can be examined by comparing the
responses of beams HSC-F0-20M-10M-d /4 and HSC-F0-20M -10M-d/2 under blast and post-
blast loading. Both beams were built with plain HSC and were double-reinforced with 20M
and 10M bars in tension and compression but were detailed with closed hoops spaced at s =
50 mm (d/4; pt=1%) and s = 100 mm (d/2, pt=0.5%), representing blast and intermediate
detailing, respectively.

Figure 6-26 compares the displacement results for the beams which were tested under
Blasts A, C, and D (30, 70 and 90 psi). It can be observed that the tie spacing had limited
effects on the blast deformations. Blast A tested the beams within the elastic range, with both
beams showing similar responses. Examination of the results shows slight reductions of 5%
in Dj.x and 21% in D, with a lower first-rebound displacement for the beam with blast
detailing. Blast C pushed the tension steel into the inelastic range, with good control of
damage in both specimens. Nonetheless, the beam with d /4 ties shows reductions of 7% and
20% in maximum and residual displacements when compared to HSC-F0-20M-10M-d/2.
The first rebound is the same however, the rebound displacements in the second and third
cycles are larger in the beam with d/2 ties. Blast D was the final shot applied on the
specimens and resulted in similar responses in both beams, though the beam with d/2 ties
shows slightly higher residual and 2" rebound displacements (differences of less than 5%).

Figure 6-27 compares the damage in the beams at the end of blast testing. Both beams show
similar cracking patterns and spalling of top concrete cover in compression, though the
extent of the cover damage zone is greater in the beam with d/2 ties.

Figure 6-28 compares the post-blast residual static results of the companion beams with
d/4 and d/2 ties. It can be observed that the beam with intermediate ties shows similar peak
resistance but a more rapid strength decay, with an eventual loss of load-carrying capacity
due to buckling of the 10M compression bars. In comparison, the post-blast capacity remains
stable, with bar buckling prevented, in the beam with d/4 ties.

In conclusion, the results show the significant blast performance that can be gained from the
use of improved detailing in HSC beams (i.e. provision of top continuity (compression) bars
and transverse reinforcement throughout the beam span), even when using intermediate
ties. However, the post-blast tests demonstrate that the use of d/4 ties is more effective in
preventing bar buckling and confining the core concrete in the beam midspan region. Indeed,
the use of such detailing ensures high post-blast residual capacity, even after intense blast
testing and the applications of significant residual static loads.
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Figure 6-26 - Displacement time histories: Effect of tie spacing (d/2 vs d/4)

HSC-F0-20M-10M-d/2 HSC-F0-20M-10M-d/4
Blast D (90 psi) Blast D (90 psi)

Figure 6-27 - Damage and Failure Modes of the HSC beams with d/2 and d/4 ties
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Figure 6-28 - Residual test results for beams with intermediate (d/2) and blast (d/4) detailing
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6.7 EFFECT OF COMPRESSION STEEL RATIO

The results of specimens HSC-F0-20M-6M-d/2 and HSC-F0-20M-10M-d/2 can be compared
to study the effect of the compression reinforcement ratio. Both beams were built with plain
HSC and intermediate ties spaced at s = 100 mm throughout their span, however
compression steel consisted of 6 mm wire (p’ = 0.25%, As’ = 63 mm?2) and 10M deformed bars
(p’ = 0.8%, As’ = 200 mm?) in the two beams.

Figure 6-29 compares the displacement responses of the beams at Blasts A, C, and D (30, 70,
90 psi), and Figure 6-30 shows the damage in the beams after the final shot. Examining the
dynamic test results, it can be observed that the compression steel ratio had limited effects
at Blasts A and C. Indeed, the maximum displacements are similar (and in some cases slightly
higher for the beam with increased amount of compression bars). However, the negative
effect of the insufficient compression bar area is clear at Blast D. Beam HSC-F0-20M-6M-d /2
shows significantly larger maximum and residual deformations (increases of 42% and 32%)
when compared to beam with 10M compression bars. Moreover, the beam with 6 mm wire
experiences severe failure which was associated with bar buckling, significant crushing of
concrete and cover spalling. In comparison, the damage is limited to the top cover region,
without bar buckling, in the beam with 10M bars. As noted in the previous section, this beam
was able to carry significant residual static loads after blast testing, whereas all capacity was
lost in the beam with insufficient compression steel.

The CSA S850 standard requires that the area of the top and bottom reinforcement in beams

at any section not be less than 1.4bwfi , where b, d, f, = beam width, beam depth and
y

specified yield strength (Cl. 9.2.4.3) = 85 mm?, with p< 2.5%. In addition, Cl. 9.2.4.4 requires
that the positive and negative moment not differ significantly (this clause is intended for
continuous beam members; however, it ensures a minimum level of positive and negative
moment resistance throughout the beam span).

It can be observed that the requirements of Cl. 9.2.4.3 (and Cl. 9.2.4.4) are not met in beam
HSC-F0-20M-6M-d /2. The results clearly demonstrate the importance of carefully detailing
the compression reinforcement in HSC beams designed for blast effects.
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Figure 6-29 - Displacement time histories; Effect of compression reinforcement (6M vs 10M)
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Figure 6-30 - Damage and Failure Modes: Effect of compression reinforcement (6M vs 10M)
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6.8 EFFECT OF TENSION STEEL RATIO (HSC SERIES)

The effect of tension reinforcement ratio can be examined by comparing the responses of
beams HSC-F0-15M-10M-d/4, HSC-F0-20M-10M-d/4 and HSC-F0-25M-10M-d/4. All three
specimens were built with plain HSC and were designed in accordance with the CSA-S850
blast detailing requirements, with 2-10M bars in compression and closed ties spaced at 50
mm (s=d/4) throughout the beam span. However, the tension steel ratio varied with
longitudinal reinforcement ratio (p) of 1.6% (2-15M), 2.4% (2-20M), and 4.1% (2-25M),
respectively.

6.8.1 STATIC TEST RESULTS

Static results are summarized in Table 6.7 and Figure 6-31. For comparison, the responses
of the companion nominally detailed HSC beams are also included in Figure 6-31. It can be
observed that increasing the tension steel ratio led to increases in strength and stiffness in
the blast-detailed HSC beams. For example, the beam with 25M bars shows increases of 22%
and 73% in strength (Pmax), and 75% and 109% in stiffness (K) when compared to the
companions with 20M and 15M bars. Importantly, all three blast-detailed beams fail in
flexure with high ductility, whereas increasing the steel ratio in the nominally-detailed
specimens reduces ductility (Apax/Ayielq = 2.74 and 2.05 in the singly-reinforced HSC beams
with 15M and 20M bars), with shear failure (and no ductility) in the case of the nominally-
detailed HSC beam with 25M bars.

The blast-detailed beams with 15M and 20M bars (p = 1.5% and 2.4%) show similar ductility
of Amax/Ayield = 9-3 & 11, with testing, stopped at 150 mm due to excessive deformations. In
addition, damage in both beams was limited to spalling of top cover concrete and
flexural/shear cracking, with no damage to the core region in the midspan zone. On the other
hand, increasing the tension steel ratio to p = 4.1% in the beam with 25M bars led to buckling
of the 10M compression bars, and more intense crushing in the midspan beam zone, which
resulted in a relative loss in ductility to Ay ,x/Ayielg- The results show that HSC beams

designed with tension-steel ratios beyond p = 2.5% (CSA S850 limit) show reduced ductility.
Moreover, the results point to the importance of properly detailing the compression steel in
doubly reinforced HSC beams, especially as the tension steel is increased.

6.8.2 BLAST TEST RESULTS

Figure 6-32 compares the dynamic responses and displacements of the HSC beams with
varying steel ratios, while Figure 6-33 shows photographs of the beams at the end of testing.
It can be observed that increasing the tension steel ratio led to better control of
displacements at equivalent blasts. The beams with 15M and 20M bars were tested under
Blast A (30 psi), where it can be that the beam with increased tension steel area showed
reductions of 35% and 77 in maximum and residual displacements. The same trend
continues at the subsequent blasts. At Blast C (70 psi) a gradual decrease in maximum and
residual deformations is observed as the steel ratio is increased. The beam with 25M bars (p
=4.1%) shows reductions of 62% and 95% in D,;,,x and D, displacements when compared
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to the beam with 20M bars (p = 2.4%), which in turn shows reductions of 37% and 56% for
the beam with 15M bars (p = 1.5%). Crushing of cover concrete occurs in the beam with 15M
bars at Blast C, while damage remained well controlled in the 20M and 25M companions
which were tested under a further blast. At Blast D (90 psi), the use of increased steel ratio
in the 25M specimen once again led to improved control of maximum and residual
displacements (reductions of 38% and 70% when compared to the 20M beam). Both beams
experienced damage in the top cover concrete region at this blast.

Figure 6-34 compares the post-blast residual static results for the three beams. All three
beams show significant residual strength, with larger residual capacity but lower ductility in
the beam with 25M bars. Similar to the static results, the beam with 25M bars experiences
buckling of the 10M compression bars, whereas the extent of buckling is limited in the beams
with 15M and 20M bars.

In summary, increasing the tensile reinforcement ratio increased the overall capacity of the
beams under static loading, with improved control of displacements under blast loads. On
the other hand, increasing the steel ratio beyond the CSA S850 limits led to a more rapid loss
in static and post-blast residual strength, with a greater susceptibility to bar buckling and
concrete damage at failure.
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Table 6.7 - Effect of Tension Reinforcement - Plain HSC Static Test Results

Tough
Load Displacement Stiffness Ductility oughness .
ID (kN-mm) Failure
Py Pmax Ayield Amax Aend K Amax Aend A A Mechanism
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayieta | Ayicla - end
HSC-F0-15M-10M-d/4 | 105 | 108 16 149 149 6562 9.3 9.3 14018 | 14018 Flexure
HSC-F0-20M-10M-d/4 | 127 | 131 13 150 150 9411 11.5 11.5 18889 | 18889 Flexure
HSC-F0-25M-10M-d/4 | 220 | 225 19.2 80 120 11458 4.17 6.25 14734 | 19734 Flexure
(a) Load Displacement Curves for plain HSC series
Nominal Detailing Blast Detailing
300 300
— HSC-F0-15M* — HSC-FO-15M-10M-d/4
— HSC-F0-20M* — HSC-F0-20M-10M-d/4
250 | — HSC-F0-25M 250 | — HSC-F0-25M-10M-d/4
200 f 25M 200 | 15M |
> - /
3 150 | o 3 150 f Pk
- —
100 | 100 f ey ]
15M ™~ N
50 50 | ]
0 : : : : 0 : : : :
0 40 80 120 160 200 0 40 80 120 160 200
Displacement (mm) Displacement (mm)
(b) Condition of beams at Failure Anax Failure
HSC-FO-15M-10M-d/4 149 | Flexure
HSC-F0-20M-10M-d /4 150 | Flexure
HSC-F0-25M-10M-d/4 120 | Flexure

145

Figure 6-31 - Results and photos at end of static testing: Effect of steel ratio in HSC beams




Blast A (30 psi) Blast C (70 psi) Blast D (90 psi)
30 130 110
— HSC-F0-15M-10M-d/4 —— HSC-FO-15M-10M-d/4 —— HSC-F0-20M-10M-d/4
— HSC-F0-20M-10M-d/4 — HSC-F0-20M-10M-d/4 2 —— HSC-F0-25M-10M-d/4
100 | —— HSC-F0-25M-10M-d/4 |

£ 201 5 €

£ E E

5 15M g £

£ 10 \ £ =

Q [0} Q

1) () (5]

© o ©

Q. Q. Qo

a8 o / a a

20M
10 . . . . . 20 . . . . . 10 . . . . .
-50 0 50 100 150 200 250 -50 0 50 100 150 200 250 -50 0 50 100 150 200 250
Time (ms) Time (ms) Time (ms)
Blast A (P4=30 psi) Blast C (Pa=70 psi) Blast D (P4a=90 psi)

20 g77 70 639 80
=18 — -
£ E 60 E 70

16
s 14 11.5 s 43.1 .E. g
g %% § a0 > 2 20
£ a £ 30 245 £
% 6 4.3 % 20 15.9 &
S oa & 5 20 Not
23 11 No & 10 23 o 1o tested

o Shots o 0
R\ » > » » » R
e e s s s
e el & o s o &
« & & & & & <
& & & & & & &
@ Maximum & Residual & Maximum & Residual H Maximum & Residual

Figure 6-32 -Displacement time histories: Effect of steel ratio in HSC beams
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Figure 6-33 - Damage and Failure Modes: Effect of steel ratio in HSC beams
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Comparison of residual load-deflecting curves

Shifting based on residual blast displacement Without shifting
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(Amax R=137.40 mm)

Figure 6-34 - Residual test results for beams tested Effect of reinforcement ratio (HSC beams)
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6.9 EFFECT OF REINFORCEMENT RATIO (HSFRC BEAMS)

The effect of tension steel ratio for the specimens with hybrid fibers is examined by
comparing the responses of beams HSC-F0.75-15M-10M-d/2, HSC-F0.75-20M-10M-d/2 vs
HSC-F0.75-25M-10M-d/2. All specimens were built with HSFRC, 2-10M bars in compression
and intermediate ties spaced at 100 mm (s=d/2) but had varying steel ratios of (p): 1.6% (2-
15M), 2.4% (2-20M), and 4.1% (2-25M).

6.9.1 STATIC TEST RESULTS

Figure 6-35 compares the responses of the specimens under static loading. As in the
previous series increasing the tension steel ratio increased the maximum capacity (Pmax)
and stiffness (K) of the beams. In addition, the use of increased steel ratio increased overall
toughness (Amax). Beam HSC-F0.75-25M-10M-d/2 with 25M bars (p=4.1%) recorded
values of Pmax= 248 kN , K= 12435 N/mm, and Amax,=22811 kN-mm, representing
increases of 112%, 23% and 123% compared to HSC-F0.75-20M-10M-d/2, and 50%, 25%
and 83% when compared to beam HSC-F0.75-25M-10M-d/2. All beams show significant
post-blast deformations, however the strength decay after peak was more rapid with the
increase in steel ratio. On the other hand, the beam with 10M bars (p =1.5%) experiences
earlier failure due to tension bar rupture, whereas this failure mode is prevented in the
beams with 20M (p =2.5%) and 25M bars (p =4.1%). The results point to the importance of
carefully considering the tension steel ratio in HSFRC beams. This is especially important
since the 15M beam had a relatively moderate amount of steel. Previous research shows that
the use of fibers can result in crack localization and bar rupture in HSC beams, especially as
the tension steel ratio reduces below p = 0.5-1% ((Dancygier and Karinski 2019).

6.9.2 BLAST TEST RESULTS

Figure 6-36 and Figure 6-37 shows the blast results of the specimens with fibers. Similar
to the previous test series, increasing the tensile reinforcement ratio led to enhanced control
of displacements at equivalent blasts. For example, at Blast C (70 psi), the beam with 25M
bars (p= 4.1%) shows reductions of 41% and 78% in maximum and residual displacements
when compared to the beam with 20M bars, which in turns shows reduction of 37% and
56% when compared to the specimen with 15M bars. All specimens showed good control of
cracking and cover damage, even as the steel ratio was increased. As a result, all beams were
tested under Blast D (90 psi) loading. Once again increasing the steel ratio in the beam with
25M bars led reductions of 27 % and 53% in maximum and residual deformations compared
to the 20M specimen, which in turn showed reductions of 29% and 49% compared to the
15M beam.

Figure 6-38 compares the post-blast residual static results of the HSFRC beams. The
specimens with fibers show significant residual capacity, where the beam with the largest
tension bars (2-25M) showed greater residual capacity but lower ductility. Similar to the
static results, the beam with 25M bars experience buckling of the 10M compression bars.
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Moreover, similar to the static results, the beam with 15M bars suffered bar rupture failure
during the residual tests, while this failure is prevented in the beam with 20M bars which
eventually failed due to buckling of the 10M bars in compression bars.

In summary, increasing the tensile reinforcement ratio increased the static resistance of the
beams and led to better control of displacements under blast loading. Results also indicate
that HSFRC with low to moderate steel ratios may be susceptible to tension steel bar rupture
due to crack localization, and this point should be considered when designing such beams.

Table 6.8 - Effect of Tension Reinforcement - Plain HSC Static Test Results

Load Displacement Stiffness Ductility Toughness )
D (KN-mm) Failure
Py Pmax Ayield Amax Aend K Amax AElld A A Mechanism
(kN) | (kN) | (mm) | (mm) | (mm) | (N/mm) | Ayiiq | Ayiera max end
HSC-F0.75-15M-10M-d/2 | 112 | 117 11 98.8 102 10181 8.9 9.3 9997 10234 Flexure
HSC-F0.75-20M-10M-d/2 | 160 | 168 15 37 100 10667 2.5 6.8 4781 12494 Flexure
HSC-F0.75-25M-10M-d/2 | 240 | 248 19.3 70 125 12435 3.5 6.47 13931 22811 Flexure
(a) Load Displacement Curves for plain HSFRC series
300 ; ;
— HSC-F0.75-15M-10M-d/2
— HSC-F0.75-20M-10M-d/2
250 F— HSC-F0.75-25M-10M-d/2
200 |
z
S 150}
g
100 |
50
0 L L L
0 40 80 120 160
Displacement (mm)
(b) Condition of beams at Failure Annax Failure
—% e | .
== = A Flexure
HSC-F0.75-15M-10M- 102
d/2 Bars
Rupture

HSC-F0.75-20M-10M-
d/2

100 Flexure

HSC-F0.75-25M-10M-
d/2

125 Flexure
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Figure 6-36 - Displacement time histories: Effect of reinforcement ratio in HSFRC beams
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Figure 6-37 - Damage and Failure Modes of the 15M, 20M, and 25M HSFRC beams




Comparison of residual load-deflecting curves

Shifting based on residual blast displacement Without shifting
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Figure 6-38 - Residual test results for beams tested under the Effect of reinforcement ratio (HSFRC beams)
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a) HSC-FO0-15M-0M-d/2* b) HSC-F0-15M-10M-d/4 c¢) HSC-F0.75-15M-10M-d/2
Blast B (50 psi) Blast C (70 psi) Blast D (90 psi)

Figure 6-39 - Speed videos showing secondary blast fragments (15M Series)

a) HSC-F0-20M-0M-d/2* b) HSC-F0-20M-10M-d/4 c¢) HSC-F0.75-20M-10M-d/2
Blast C (70 psi) Blast D (90 psi) Blast D (90 psi)

Figure 6-40 - Speed videos showing secondary blast fragments (20M Series)
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a)

HSC-F0-25M-0M-d/2*
Blast D (90 psi)

b)

HSC-F0-25M-10M-d/4
Blast D (90 psi)

c) HSC-F0.25M-15M-10M-d/2
Blast E (100 psi)

Figure 6-41 - Speed videos showing secondary blast fragments (25M Series)
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6.10 DYNAMIC REACTION - LOAD-DISPLACEMENT CURVES

This research program included companion beams with identical properties that were
tested under static and dynamic conditions using the same loading pattern. The dynamic
results were obtained by summing the support reactions recorded by the load-cells during
testing. This section presents a comparison of the dynamic reactions (dynamic resistance
curves) at different blast intensities and compares the load-deformation responses and peak
loads under static (PS.,) and dynamic (P2,,) conditions.

Dynamic resistance curves:

Figure 6-42 shows the dynamic resistance curves for all beams at all blasts. In most cases,
the maximum dynamic load (P2,y) increased with increasing blast intensity. For example, at
Blast C (70 psi), beam HSC-F0-15M-10M-d/4 showed a 30% increase in P2,, when compared
to Blast A (30 psi) which tested the beam in the elastic range. Blast B (50 psi) brought the
beam to yield levels and therefore the capacities are quite similar at Blasts B and C. Lower
peak dynamic loads are observed at later blasts (e.g. Blast D - 90 psi) for some beams since
these shots tested the specimens well into the inelastic range, resulting in reduced dynamic
capacities. The envelope resistance curves (obtained by overlapping the individual blast
responses) are therefore used when comparing the results in the next section, where P25 E
and APF represent the maximum capacity and toughness (total area) in the envelope

resistance curves.

Dynamic vs Static resistance:

Figure 6-43 compares the resistance curves of the HSC and HSFRC beams under static and
dynamic loading. The maximum loads under dynamic and static loading, and their ratio
(PPZE /PS .) are also reported in the plots and in Table 6.9. The results show that the beams
experience an increase in maximum capacity under dynamic loading. For example, beams
HSC-F0-15M-10M-d/4, HSC-F0-20M-10M-d/4, and HSC-F0-25M-10M-d/4 (plain HSC and
blast detailing) show dynamic and static loads of: P2;F= 136 kN vs. PS5, = 108 kN; P2 E =
207 kN vs. PS¢ = 131 kN ; and PR2;E= 299 kN vs. P3., =225 kN, with dynamic-to-static load
ratios of 1.2, 1.6 and 1 .3. The increase in capacity can be explained by the increase in
concrete and reinforcement strengths under high strain-rate loading.

The same trend is observed for the beams with fibers, with higher peak loads under dynamic
vs. static conditions. The HSFRC specimens with 15M, 20M and 25M bars show PPZE/pPs_.
ratios of 1.5, 1.3 and 1.1. [t is interesting to note that the HSFRC beams show larger dynamic
loads when compared to their plain HSC counter-parts, however, the P2;E/PS .. ratios are

generally lower for the beams with fibers (see Figure 6-43).
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Effect of parameters on dynamic resistance curves

The dynamic resistance functions of beams with different designs are compared in Figure
6-44. The effect of steel detailing can be observed in Figure 6-44a-c which compares the
dynamic load-deflection curves of the beams with blast and nominal detailing. It can be
observed that the improved detailing (use of compression bars and ties throughout the span)
results in similar dynamic resistance (P22E) but increased dynamic toughness (AD~E). The
results show that the AD~E toughness is 52%, 50% and 44% larger for the blast-detailed HSC
beams with 15M, 20M, and 25M bars when compared to the companions with nominal

details.

Figure 6-44 d-e-f compares the resistance curves of the HSFRC beams with intermediate
ties (d/2) with the companion blast-detailed HSC beams (d/4). It can be observed that the
beams with fibers show similar dynamic loads (P25) but increases by 40%, 25%, and 22%
in overall AD~E toughness when compared to the companion HSC beams with 15M, 20M, and
25M bars.

Figure 6-44g compares the dynamic resistance curves of the beams tested under single and
repeated blasts. It can be observed that both beams show similar resistance functions. In
fact, the beam tested under repeated blasts shows increases of 9% and 32% in peak
resistance (P2;E) and overall toughness (AD~E). The results confirm that repeated tests had
minimal effects on the dynamic responses of the beams in this series. The increased strength
can possibly be explained by the built-up residual deformations which may have pushed the

tension steel into strain-hardening.

Figure 6-44h compares the HSC beams in the 20M series which had d/2 (s=100 mm) and
d/4 (s=50mm) ties. It can be observed beam HSC-F0-20M-10M-d/4 shows only slight
increases of 7% and 3% in load (P2;.E) and toughness (AD~E) when compared to beam HSC-

FO-20M-10M-d/2.

Finally, Figure 6-44i-j compares the resistance functions of the HSC and HSFRC beams with
varying steel ratios. As expected, larger dynamic resistance is observed as the steel ratio is
increased in both series. In the HSC series, beam HSC-F0-25M-10M-d/4 (p; = 4.1%) shows
increases of 120% and 44% in P22E when compared to beams HSC-F0-15M-10M-d/4 (p, =
1.6%) and HSC-F0-20M-10M-d/4 (ps = 2.4%). On the other hand, the HSC beam with 25M
bars shows a reduction of 16% in A2~ toughness when compared with the companion with
20M bars. In the HSFRC series, beam HSC-F0.75-25M-10M-d/2 (p; = 4.1%) shows increases
of 60% and 13% in P2-E, and improvements of 25% and 18% in A2~E toughness when
compared to the companions with 15M (p; =1.6%) and 20M (p; = 2.4%) bars.
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Table 6.9 - Summary of Static and Dynamic resistance curve results

Phax Plax Poax Poax / Phax AYE

erles KN kN kN ratio KN-mm
30 psi 50 psi 70 psi 90 psi 100 psi

HSC-F0-15M-10M-d/4[x1] 108.03 A k- 125.39 ks * 125.39 1.16 5171

15M | HSC- F0-15M-10M-d/4 108.03 103.66 135.77 134.68 > ks 135.77 1.26 6805

HSC- F0.75-15M-10M-d /2 117.28 93.67 151.61 177.22 140.70 * 177.22 1.52 9435
HSC-F0-20M-6M-d/2 ks 102.03 ks 182.85 156.03 kX 182.85 ks 10801

HSC-F0-20M-10M-d/2 ks 103.88 kxS 186.69 193.57 ks 193.57 > 9881

20M

HSC- FO-20M-10M-d /4 131.51 107.11 E 206.90 196.45 ks 206.90 1.57 10425

HSC- F0.75-20M-10M-d /2 167.57 81.50 kS 226.90 222.12 kS 226.90 1.35 9058

HSC- F0-25M-0M-d/2 201.67 * A 240.45 289.46 A 289.46 1.44 6051

25M | HSC- FO-25M-10M-d/4 225.02 ks ks 250.98 298.87 ks 298.87 1.33 8719
HSC- F0.75-25M-10M-d /2 247.61 kS * 226.89 283.41 252.84 283.41 1.14 10654

. . . . - . . - . P23 . . . .
PS..: Static resistance; P2,.: Dynamic resistance; PD2E: Envelope dynamic resistance AD~F: Envelope dynamic toughness; p'S““: Dynamic-to-static resistance ratio

F: No Data
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Figure 6-42 - Dynamic resistance curves at varying blast intensities
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15M Series: Static vs. Dynamic

150 T T 200 T 200 T T
Pmax (kN) Pmax (kN) Pmax (kN)
Dynamic: 125.39 Dynamic: 125.39 Dynamic: 177.22
Static: 108.03 Static: 108.03 Static: 117.28
Ratio: 1.16 150 | Ratio: 1.16 1 150 Ratio; 1,
100
3 £ =
o - 100 | - 100
© © (]
o o e}
- - -
50 |
50 | 50
— Dynamic Envelope — Dynamic
— Static Resistance — Static Resistance — Dynamic Envelope
- - Envelope Curve Fit - = Dynamic Curve Fit 0 - = Envelope Curve Fit
0 ‘ ‘ 0 ‘ ‘ ‘ ‘ s . s
0 20 40 60 0 40 60 0 10 20 30 40 50 60 70
Displacement (mm) Displacement (mm) Displacement (mm)
(a)  HSC- FO-15M-10M-d/4[x1] (b)  HSC- F0-15M-10M-d/4 (c)  HSC-F0.75-15M-10M-d/2
20M Series: Static vs. Dynamic
250 T T T 300 . .
Pmax (kN) Pmax (kN)
Dynamic: 206.90 2 Dynamic: 226.90
200 | Static: 131.50 | 50 Static: 16757 |
Ratio: 1.57 Ratio: 1.35
. 200
Z 150 1 z
\E/ é “'un’.lﬂ,nu. %
he] Lo 150 K ey, 4
® ® ,'. LA FTTYIN
S 100} : S s
100 R
50 — Dynamic Envelope 50 ) J
— Static Resistance — Dynamic Envelope
- - Envelope Curve Fit o ‘ =~ Envelope Curve Fit
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70 10 20 30 40 50
Displacement (mm) Displacement (mm)
(d)  HSC-F0-20M-10M-d/4 (e)  HSC-F0.75-15M-10M-d/2
25M Series: Static vs. Dynamic
300 T 300 T 350 T
Pmax (kN) Pmax (kN) Pmax (kN)
250 | Dynamic: 289.46 | 250 | Dynamic: 298.87 £ | 300 | Dynamic: 283.4 1
Static: 201.67 Static: 225.02 , Static: 247.61
Ratio: 1.43 Ratio: 1.35 250 | Ratio: 1.14
200 R 200
g g g 200 |
< 150 F . < 150 F >
3 3 8 150}
- - —
100 | R 100 |
100
50 1 — Dynamic Envelope | 50 Dynamic Envelope | — Dynamic Envelope
— Static Resistance — Static Resistance S0 — Static Resistance
- = Envelope Curve Fit - = Envelope Curve Fit - = Envelope Curve Fit
0 L L L 0 L L L L O L L L L L
0 10 20 30 40 0 10 20 30 40 45 0 10 20 30 40 50 55
Displacement (mm) Displacement (mm) Displacement (mm)
(k)  HSC- F0-25M-0M-d/2 ()  HSC- F0-25M-10M-d/4 (m) HSC-F0.75-25M-10M-d/2

Figure 6-43 - Dynamic vs. static resistance curves
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Effect of Blast Detailing
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Figure 6-44 - Effects of different parameters on the dynamic curves
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6.11 RESIDUAL CAPACITY AND ENERGY DISSIPATION

This test program included companion beams with identical properties tested under static
and dynamic conditions. The dynamically tested beams were subsequently tested under
static four-point bending to assess their post-blast residual capacity. The results of these
tests, along with the results from the original undamaged beams are shown in Figure 6-46
while Figure 6-47 shows photos of the beams after residual testing. The maximum residual
capacity (PR,,), residual secant stiffness (k®) and maximum post-blast residual
displacement AR . are reported in Table 6.10.

Adhikary et al. (2015) proposed a residual resistance index defined as RRI = P®,,./P5 . and
damage index, D = 1 — RRI, to assess the post-blast resistance of impact-damaged beams.
According to this study, the degree of damage caused by dynamic loading can be classified
as “low”, “medium”, “high” and “severe” if the damage index is: D <0.2, D=0.2-0.5, D=0.5-0.8
and D=0.8-1.0, respectively. As shown in Figure 6-46a-h, all blast-detailed HSC beams
showed significant residual capacities, with an ability to sustain significant load even after
intense blast testing. Examining Table 6.10, all HSC beams with blast detailing show RRI
above 0.89, with damage indices < 0.2, which confirms the low damage in the beams tested
under blast loads. The same trend is observed in the beams with fibers intermediate
detailing which shows RRI = 0.90. It is interesting to note that near-perfect results are
obtained for the beams with 15M and 20M bars, whereas the lowest RRI are observed for
the specimens with 25M bars (RRI = 0.9, with damage indices = 0.1). As noted before these
beams showed relatively higher compression concrete damage owing to the high strain
demands imposed by the increased tension-steel ratio. Indeed, both the undamaged and
blast-damaged beams showed buckling of the 10M longitudinal compression bars after static
testing, however, this effect is more evident in the blast-damaged specimens.

No “undamaged” static test was conducted on beam HSC-F0-20M-10M-d/2 (ties at s = 100
mm, d/2), however, it can be observed that this beam has a lower peak residual strength
(PR, = 132 kN) when compared to beam HSC-F0-20M-10M-d/4 (ties at s = 50 mm, d/2;
PR . = 139 kN), though both beams show significant post-blast resistance. In general, the
results demonstrate the high residual capacity of HSC and fiber-reinforced concrete beams
with improved detailing.

Adhikary et al. (2015) also proposed a “Residual stiffness index” (RSI) defined as the ratio of
secant stiffness of impact-damaged to undamaged specimens (RSI = k®/k®) and noted
higher RSI indices (lower stiffness degradation) in doubly-reinforced beams compared to
singly-reinforced specimens. The results from the current tests show that the RSI varied
between 0.73 to 0.82 and 0.74 to 0.95 for the HSC and HSFRC beams with improved detailing,
which indicates that all beams showed high residual stiffness even after intense blast testing.

Zanuy and Ulzurrun (2018) proposed the “Total Energy Index” (TEI) to better assess the
energy absorbed after dynamic loading. Figure 6-45a-c shows the procedure to calculate
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the “Impact Energy Index” (IEI), “Residual Energy Index” (REI) and “Total Energy Index”
(TEI), and the results of this analysis are presented in Table 6.10. The IEl index is calculated
using only the undamaged quasi-static response, with IEl = A/A + B, and where A is the
energy calculated up to the residual deflection, and A+B equals the total energy-absorption
capacity of the undamaged beam. After dynamic testing, the energy absorbed in the residual
test, denoted as C in Figure 6-45a can be calculated, with REI = C/A + B. In the last step the
total energy index can be calculated as TEI = IEI + REL

It is interesting to note that the REI values show a reducing trend (0.69 > 0.53 > 0.36) as the
tension steel ratio is increased (p = 1.5% [15M] > 2.5% [20M] > 4.1% [25M]) in the blast-
detailed plain HSC beams, whereas the REI values remain somewhat constant (and in fact
show an increasing trend) for the companion HSFRC beams (REI = 0.53, 0.58 and 0.67 for
the beams with 15M, 20M and 25M bars).

According to Zanuy and Ulzurrun (2018) the IEI and REI “do not provide in itself an easy
identification of residual failure mode or ductility”. On the other hand, the TEI can provide a
better indication of ductility and failure mode, with a TEI of = 1.0 indicating similar failure
mode/ductility for undamaged and damaged beams, and TEI < 0.85 indicating a change of
behavior from “ductile” to “brittle” in undamaged versus damaged specimens. Examining
the results in Table 6.10, most beams show TEI indices = 1.0 (average of 1.11), which
indicates the high post-blast resilience and energy-absorption capacity of the HSC and
HSFRC beams with blast/intermediate detailing. While damage was sometimes more severe
in the blast-damaged beams after residual static loading, all beams carried significant
residual deflections with similar, but sometimes more intense failure modes (e.g. more
severe buckling of compression steel, which can be linked to the damage of the concrete
cover region, and built-up residual strains in the compression bars, prior to residual static
testing - see Figure 6-47).
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Table 6.10 - Summary of the results of Static and Residual Test

Displacement
Load Stiffness
Last
Series Blast RSI
(mm) (mm)
psi kN kN (N/mm) (N/mm)
¥ £ £
HSC-F0-15M-10M-d/4 [x1] 70 108.03 | 102.94 0.95 106.01 148.38 0.36 0.69 1.06
15M | HSC- F0-15M-10M-d/4 70 108.03 | 107.49 1.00 5392 0.82 87.74 150.91 0.54 0.53 1.06
6562
HSC- F0.75-15M-10M-d /2 90 117.28 | 130.56 1.11 10181 7583 0.74 51.29 151 a2 L L
HSC-F0-20M-10M-d/2 90 f 132.15 t f f f 76.76 147.61 ¥ Bk Bk
20M | HSC- FO-20M-10M-d/4 90 131.51 | 139.26 1.06 9411 7250 0.77 83.16 150.35 0.59 0.53 1.12
HSC- F0.75-20M-10M-d /2 90 167.57 | 162.96 0.98 10667 10085 0.95 90.33 133.99 0.55 0.58 1.14
HSC- F0-25M-10M-d/4 90 225.02 | 200.98 0.89 11458 8319 0.73 79.7 136.86 0.79 0.36 1.14
25M
HSC- F0.75-25M-10M-d /2 100 247.61 | 223.44 0.90 12435 9818 0.79 111.36 149.10 0.48 0.67 1.15
Note: PJ ax : Maximum Static Resistance Load; PR,,: Maximum Dynamic Resistance Load; RRI: Ratio of the Maximum Residual and Static Resistance Loads

KS: Static stiffness; KR: Residual stiffness; RSI: Ratio of the residual and static secant stiffness; AR . : Maximum post-blast residual displacement, A{9{%: Total
displacement (Blast residual displacement + Maximum post-blast residual displacement)
IEI: Impact Energy Index; REIL: Residual Energy Index; TEI: Total Energy Index; : No Data
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Figure 6-46 - Static vs Residual curves
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(a)

HSC-F0-15M-10M-d/4

(b) HSC-F0-15M-10M-d /4 [x1]
(single blast)

AR ,=150.91mm

AR .= 14738 mm

HSC-F0.75-15M-10M-d /2

(d) HSC-F0-20M-10M-d/2

AR o= 14727 mm

AR 4= 151.72 mm

HSC-F0-20M-10M-d/4

(f) HSC-F0.75-20M-10M-d/2

AR .=150.35mm

AR .= 14738 mm

HSC-F0-25M-10M-d/4

(h) HSC-F0.75-25M-10M-d/2

Figure 6-47 - Failure modes of beams after the post-blast residual static tests
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CHAPTER 7: ANALYSIS

7.1  PREDICTION OF BLAST RESPONSE OF HSC AND HSFRC BEAMS

Non-linear single degree of freedom (SDOF) analysis was used to predict the dynamic
response of the HSC and HSFRC beams tested in this research study. This was accomplished
by: 1) defining stress-strain relationships for concrete, HSFRC and steel reinforcement at
high-strain rates, 2) predicting moment-curvature relationships for the beam sections using
sectional analysis; 3) developing resistance functions using member analysis and 4)
transforming each beam into an equivalent SDOF system and solving the equation of motion
for maximum displacement response.

7.2  MATERIALS

The following sections provide an overview of the material’s constitutive models as well as
the dynamic increase factors used in the sectional analysis. A summary of the material
models and DIF equations are provided in Figure 7.1, Figure 7.3, and Figure 7.4.

7.2.1 HSC CONCRETE MODELS

The blast-detailed beams were built with high-strength concrete and provided with closely
spaced ties which provided confinement. To account for these effects, the models proposed
by Popovics (1973) and Mander et al. (1988) were used to define the static stress-strain
behavior of unconfined and confined high-strength concrete in compression. The equations
to develop the stress-strain-relationships, as well as the equations for peak confined stress
and strain are presented in Figure 7.1. In the equations: f. = unconfined stress at strain ¢;
f. and €., = peak unconfined stress and strain; f.. = confined stress at strain €.; .. and &
= peak unconfined stress and strain. The Mander model accounts for the arrangement and
distribution of transverse reinforcement on confinement using the confinement
effectiveness parameter, K., with f; defined as the effective confinement pressure. A linear

relationship with maximum tensile stress equal to f{ = 0.33\/f_c’ and slope equal to E,
(modulus of elasticity of concrete) was used for HSC in tension.

Concrete exhibits an increase in strength under dynamic loading (Bishop and Perry Bischoff
and Perry (1991), To consider the effect of high strain rates, the dynamic increase factor (DIF)
models shown in Figure 7.4 were used to determine the dynamic properties of the HSC
concrete. The CEB model CEB (1991) code (1990) expressions were used to determine the
DIF for plain HSC in compression (DIF.), while the model proposed by Malvar (1998)& Ross
(1998) was used for concrete in tension (DIF;). Assuming a constant strain rate (¢) of 1 s-1
for the shock-tube experiments, the models predict the: DIF.= 1.14 and DIF,= 1.22.
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7.2.2 FIBER-REINFORCED CONCRETE MODELS

The addition of fibers enhances the performance of concrete in compression and improves
its tensile post-cracking response. The Mansur et al model. (1999) was used to predict the
response of high-strength fiber-reinforced concrete in compression. This model adopts an
earlier model proposed by Carreira and Chu (1985) and was developed specifically for steel
fiber-reinforced HSC. The equations used to define the stress-strain relationship are shown
in Figure 7.2. In the equations: fs = stress in HSFRC at strain e; f/s and € = peak HSFRC
stress, with fiber parameters (fiber content, length and diameter) are defined using vy, I and

d¢, with (VdLlf) defined as the fiber-factor. In the model, the factors k; and k, are used to
f

account for the influence of steel fibers on post-peak response and are taken as 1.0 until the
stress-strain curve reaches the peak stress.

The tension response of HSFRC was modeled using a simplified tri-linear model originally
developed by Lok and Pei (1998) and modified by Burrell et al. (2014) The model is
composed of three segments. The response before cracking is linear up to stress f. =

0.33 x fc’fl/z, with slope taken as E., with the second branch defined using stress f; and
strain €, (linear descending for the fiber content and type used in this study). The final
branch represents the pullout stage and is linear descending from strain €, to a strain of
0.02 mm/mm at zero stress. In the current study the matrix bond strength (t},,,q) Was taken
as Tpopg = 0.66 X fc'fl/ 2 (two times the cracking stress). The fiber parameters v, Ls and d; are
as defined before, with the modulus of elasticity for the steel fibers taken as 200 GPa.

Previous research indicates that the material response of fiber reinforced concrete is strain
rate dependent under dynamic compression and tension. In this research, the model
proposed by Wang et al. (2011) was used to account for rates effects in HSFRC in compression
(DIF.F). This model modifies the CEB formulation for the influence of fibers in HSC. Due to
the lack of an available model, the DIF equation proposed by Malvar and Ross (1998) was used
to determine the dynamic increase factor of HSFRC in tension (DIF;). These models are
defined in Figure 7.4 and predict DIF.F=1.14, DIF,= 1.22 at¢ = 1 s'L,

7.2.3 TENSION STEEL MODEL

The Jacques et al. (2012) model was used to predict the static tensile stress-strain response
of the longitudinal steel reinforcement in tension. As shown in Figure 7.2, the model
consisted of two linear segments and a parabolic function to account for elastic, post-yield,
and strain-hardening response. In the equations, f; = steel stress at strain ¢g; f, = steel yield
stress at strain gy; f, = steel hardening stress at strain gg; f,, = steel ultimate stress at strain
€,- Research shows that the properties of steel are affected by high strain-rates, with the
effect on yield stress being greater than at ultimate. In this study, the expressions proposed
by Saatcioglu et al. (2011) were used for DIF, (dynamic factor at yield stress) and DIF,
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(dynamic factor at ultimate stress). Using the assumed strain rate of ¢ = of 1 s'1 the model

predicts DIF,= 1.30 and DIF,= 1.10.

7.2.4 ADDITIONAL DIF CASES

To examine the effect of the dynamic increase factors, additional analyses were run using
design DIFs (Case 2) and ignoring dynamic increase factors (DIF = 0, Case 3). Case 2 factors
were applied using the recommendations in the CSA S850 Blast Standard for reinforced
concrete beams in the far range: DIF, & DIF.F= 1.19, DIF,= 1.0, DIFy=1.17 and DIF = 1.05. It
is noted that these factors are not dependant on strain-rate. The default analysis (Case 1)
was run using the strain-rate dependent DIF factors defined in the previous sections.

HSC Materials Models
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peak unconfined concrete strain; E, - concrete elastic modulus; k - slope control parameter; f.. - confined concrete stress at strain &, ;

foc— peak confined stress; €..— peak confined strain; p = ratio of the volume of transverse confining steel to the volume of the confined
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Figure 7.1 Constitutive material models for HSC
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HSFRC Materials Models
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Figure 7.3 Constitutive material model for Steel
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Dynamic Increase factor (DIF) models
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€
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& 1.026a 8’5
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e s ) ) Case 3: DIF, = 1.0 (no dynamic factor)
E Where: 4 =1 and 0 for FRC and plain concrete, respectively;
n=v(1 - 033924); k = (1 + 0.051)/3;
1
logy = 6.156a — 2; o = W; and
Case 2: DIF = 1.19 (Design DIF), Case 3: DIFf = 1.0 (no dynamic factor)
= Saatcioglu et al:
I<3) Atyield - DIF, = 0.034 In(¢) + 1.30 = 1.0 - At ultimate — DIF, = 0.0101 In(¢) + 1.10 > 1.0
s
e Case 2: DIF, = 1.17 and DIF, = 1.05 (Design DIF) - Case 3: DIF, = DIF, = 1.0 (no dynamic factor)

Note: € - static strain rate; £ - dynamic strain rate; DIF,, DIF, DIFy & DIF,: Dynamic increase factors for concrete in compression &

tension and steel at yield & ultimate; o, 1, y, k, B*and § - various curve fitting parameters; 4 - fiber parameter taken as = 1 for FRC and 0

for plain concrete.

7.3

Figure 7.4 Dynamic increase factor (DIF) models for HSC, HSFRC, and Steel

SECTIONAL AND MEMBER ANALYSIS PROCEDURES

Sectional analysis was used to generate the M-¢ (moment-curvature) relationships for each
beam section. The analysis began by defining the constitutive material models for concrete

and steel at high-strain rates using the models defined in the previous section. Figure 7.5
shows sample stress-strain curves for HSC, HSFRC, and steel, with and without DIF factors
applied. With the dynamic properties defined, the procedure is shown in Figure 7.6 (a) was
used to determine the moment-curvature relationship.

The analysis involved discretizing the beam section into n = 50 equal segments, setting a
strain in the top compression fiber, assuming a neutral axis depth, and then using force
equilibrium and summation of moments to determine the curvature and moment. This
iterative procedure was repeated to find the complete (M — ¢) relationship for each beam.

Next, the load-deflection relationships were determined by plotting the curvature along the

beam length ad using the moment area method (§ = |

L/2
0

¢(x) - x - dx) as outlined in Figure

7.6 (b) to determine the deflections. Before yielding (6 < 6,), the deflection was obtained

using the following relationship based on the integration of the curvature:
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L2 a? Len\ (L Lem
e
After yielding, non-linear behavior (cracking and concrete damage) was assumed to be concentrated in the

beam plastic hinge length (I,)), with the plastic deflection determined using the following equation:
L/2

L L
5, = i ¢(x)-x-dx=5y+(¢u—¢y)-(l,;)-<§—§) (6)
Ashour and Wafa (1993) have observed that the actual hinge length in reinforced concrete beams tested

under four-point bending varies and can be shorter or longer than the constant moment region length. In
addition, fibers affect cracking behavior in reinforced concrete beams and can either extend the hinge length
if they cause more diffused cracking or shorten the hinge length if they cause crack localization. To examine
these effects various hinge length cases were considered in the analysis including : 1, = ., (Case 1), where
lcm is the length of the constant moment region, and 1, = 2d or I, = d (Cases 1b, 1c) where d = the beam
section depth.
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Figure 7.5 Sample stress-strain relationships (with and without DIF)
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Multi-layer sectional analysis procedure used to Procedure for determining load-displacement
determine M-® relationship resistance relationship

Repeat
= (1) Chooseload increment P« PP e

Section

F]
‘ ”| .
Discretized  raims  Sreeas — S
balt " —
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* (2] Determine moment distribution Bl
')
Assume neutral axis depth (y,)
and get curvature (¢)

‘ Calculate strain and stress distribution

M,

i
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= [3) UsingM-d: Map cunvature onto beam ~a 4] Determine displacement at mid-span by
integration using Momenit-area method:
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Check equilibrium of forces:N=0?

| ves

Calculate moment:
M= [, oydA = Xi-i0,yiAc + 05ysAs

|

‘ Store Moment and Curvature }—

Figure 7.6 Procedures used to develop the analytical resistance curves (Algassem et al., 2016)

7.4 DYNAMIC ANALYSIS (SDOF PROCEDURE)

Single degree of freedom (SDOF) analysis was used to predict the dynamic displacement
response of each specimen by solving the equation of motion shown in (3):

Ky ymii(t) + R(u(t)) = AP,.(t) (7)
The analysis involved transforming the actual structure (beam) into an equivalent SDOF
system were mass and stiffness are lumped. This is accomplished using the factor K; y;, which
is aload-mass transformation factor that takes into account the loading, deformed shape and
boundary conditions in the actual structure. In this study, factors of 0.6 and 0.56 were used
before and after yield based on the recommendations in Biggs (1964).

The mass (m) of the system was taken as 450 kg, equivalent to the mass of the beam and
load-transfer device (LTD). The remaining parameters include: u(t) = beam mid-span
displacement, 1i(t) = beam mid-span acceleration and R(u(t)) = beam resistance as a
function of displacement.

Finally, AP.(t) represents the loading function, where A is the loaded area of the load-transfer
device (taken as 3.4 m2 for the setup used in this research) and P.(t) is the blast pressure as
a function of time, which was idealized using a triangular function having the same peak
reflected pressure and impulse observed in the experiments.

With the resistance functions, load-mass factors, and forcing function defined, software
RCBlast was used o solve the equation of motion using the average acceleration method.
Some of the steps used in the analysis procedure are shown in Figure 7.7.
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Figure 7.7 SDOF analysis procedure
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7.5 STATIC ANALYSIS RESULTS

Before presenting the results of the dynamic analysis, it is useful to examine the predictions
of the beams under static loads. The analytical static load-deflection responses of the test
beams were determined using the procedure defined in Section 7.3 but ignoring strain-rate
effects. The results of the analysis are summarized in Table 7-1and Figure 7.8, while the
comparison of the experimental and analytical load-deflection curves for the HSC and HSFRC
beams are shown in Figure 7.9 and Figure 7.11.

As seen in Figure 7.9 and Figure 7.11, the analytical load-deflection curves correlate well
with the experimental load-deflection curves, with a good prediction of peak load (P,ys)
when compared to the experiments (Py.x), with an average P,,1s/Pnax ratio of 0.98 when
considering the results for all beams (standard deviation [SD] of 0.04 and the coefficient of
variation [cov] of 4.1%). While the post-peak responses closely match the experimental
curves, it can be seen that analytical curves over-predict the initial stiffness. Considering all
beams, the mean analytical to experimental stiffness ratio (K,u1s/Kmax) is found to be 1.44,
with SD = 0.17 and cov =12%.

Table 7-1 -Comparison of experimental vs. analytical peak loads and stiffness (static tests)

Load Stiffness
Series ID Kexp Kanis
Pex kN Pans kN Pans Pex nis, Kex
p (kN) 1s (kN) is/Pexp (N/mm) | (N/mm) Kanis/Kexp
15M HSC-F0-15M-10M-d/4 108 106 0.98 6562 10771 1.64
HSC-F0.75-15M-10M-d/2 117 110 0.94 10181 11778 1.16
20M HSC-F0-20M-10M-d/4 131 135 1.03 9411 13804 1.47
HSC-F0.75-20M-10M-d/2 168 156 0.93 10667 14380 1.35
25M HSC-F0-25M-10M-d/4 225 227 1.01 11458 17460 1.52
HSC-F0.75-25M-10M-d/2 248 247 1.00 12435 18712 1.50
Mean 0.98 Mean 1.44
Std. Dev. 0.04 Std. Dev. 0.17
Ccov 4.1% cov 12%
250

: ‘
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7.6  DYNAMIC ANALYSIS RESULTS

Figure 7.9 and Figure 7.10 present the results of the dynamic analysis in terms of maximum
displacement and response time histories for plain HSC beams (HSC-F0-15M-10M-d /4, HSC-
F0-20M-10M-d/4, and HSC-F0-25M-10M-d/4) at Blast A-D, while Figure 7.11 and Figure
7.12 show the results for the HSFRC beams (HSC-F0.75-15M-10M-d/4, HSC-F0.75-20M-
10M-d/4, and HSC-F0.75-25M-10M-d/4) at Blast A-E. The dynamic resistance functions for
the beams considering the three cases of DIF and the different plastic hinge length cases are
also shown in the figures. Table 7-2 and

Table 7-3 summarizes the analysis results in terms of predicted displacements for the HSC
and HSFRC beams, respectively.

Considering the plain HSC specimens and all blasts, the mean maximum displacement ratio
(Dan1s/Dmax) for Case 1 (default DIF and plastic hinge length = lcm) is found to be 0.98 (with
SD=0.14 and cov = 14%) which demonstrates that the analytical procedure was able to
predict the maximum displacement responses of the beams with good accuracy. The
analytical displacements for the specimens with fibers (HSFRC) showed similar accuracy for
Case 1 with mean D,1s/Dhax ratio =0.97,SD =0.11, and cov =12%.

Examining the individual results for the HSC beams, it can be seen that the displacement
ratios show a decreasing trend (underprediction of response) as the blast intensity
increases, with mean ratios of 1.2, 0.92, and 0.79 at Blast A. C, and D. This result can be
attributed to the effects of repeated loading and accumulated damaged which were not
considered in the analysis. The same trend is observed for the specimens with fibers, where
the displacement ratios reduce at higher blasts (mean ratios at Blast A: 1.05; Blast C: 0.94;
and Blast C: 0.89).

Examining the specimens tested under single and repeated blasts, it can be seen that beam
HSC-F0-15M-10M-d/4, which was subjected to three Blast loads (Blast A, B, and C), shows a
Danis/Dexp = 0.87 at Blast C which is lower when compared to the companion beam tested
under a single shot (Blast C): Danis/Dexp = 0.90 which further confirms the above conclusions.

The effect of DIF model in the HSC and HSFRC series predictions is presented in Figure 7.9-
f and Figure 7.11-f. Considering all blasts the Danis/Dexp ratios for Cases 1, 2 and 3 are found
to be 0.98, 1.05 and 1.18 for the HSC beams, and 0.97, 1.02, and 1.10 for the HSFRC
specimens. The results follow the expected trend; that is, lower displacement ratios for the
analyses that incorporated the strain rate dependent DIFs (Case 1) when compared to Case
2 (design DIF) and Case 3 (DIF=0). Case 1 was found to result in the most accurate results,
while more conservative predictions were obtained when ignoring the DIF factors. On the
other hand, the results for Case 2 (design DIF) are reasonably accurate.

Figure 7.9-d and Figure 7.11-d show the effects of hinge length assumption (1, = Ioy, 1, =
2d,1, = d; Cases 1, 1b and 1c) on the predicted dynamic load-deflection responses. It can be
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seen that this parameter does not influence the strength nor the stiffness properties of the
resistance functions but affects the ultimate displacements. The effect of this parameter on
the dynamic analysis results at Blast C and D can be seen in Figure 7.9-g and Figure 7.11-
g The results show that decreasing the hinge length from the default value (1, = I.,) to 2d
or d increased the analytical displacements at these blasts. The same trend was observed for
the beams with fibers, indicating that the lower plastic hinge resulted in higher analytical
displacements. It can, however, be concluded that increasing the plastic hinge length did not
considerably affect the analytical displacements, with reasonable predictions when using
Case 1 (Default value, 1, = lcm).

Table 7-2-Idealized blast properties and results of SDOF analysis for HSC beams

Blast Idealized Shockwave properties! Maximum Mid-Span Displacement?
Beam ID Shot # D P: Ir tai Dexp Danis Results
(kPa) (kPa-msec) (msec) (mm) (mm) Danis/Dexp % Error
1 A 46.3 373 16.1 17.7 19.8 1.11 11%
HSC-F0-15M-10M-d/4 2 B 57.8 582 20.2 331 36.4 1.10 10%
3 C 70.8 701 19.8 63.4 55.0 0.87 13%
HSC-FO-15M-10M-d /4 [x1] 1 C 69.8 712 20.4 61.6 55.7 0.90 10%
1 A 45.1 370 16.4 11.5 14.7 1.28 28%
HSC-F0-20M-10M-d/4 2 C 74.9 704 18.8 34.6 38.8 1.12 12%
3 D 88.7 837 189 71.6 58.6 0.82 18%
1 C 72.1 819 22.7 26.5 20.3 0.77 23%
HSC-FO-25M-10M-d/4 2 D 97.7 1001 20.5 45.1 34.6 0.77 23%
Danls/Dexp
Mean 0.97
Std. Dev. 0.19
Ccov 19%

Table 7-3-Idealized blast properties and results of SDOF analysis for HSFRC beams

Idealized Shockwave properties! Maximum Mid-Span Displacement?
Beam ID Shot # BiaDst P: Ir tai Dexp Danis Results
(kPa) | (kPa-msec) | (msec) (mm) (mm) Danis/Dexp | % Error
1 A 334 335 20.1 10.8 12.1 1.11 11%
2 B 55.9 565 20.2 28.6 30.3 1.06 6%
HSC-FO.75-15M-10M-d/2 3 C 70.1 731 20.8 58.5 57.1 0.98 2%
4 D 86.3 921 21.3 70.1 66.6 0.95 5%
1 A 43.1 315 14.6 11.1 10.9 0.99 1%
HSC-F0.75-20M-10M-d/2 2 C 68.7 706 20.6 36.5 329 0.91 9%
3 D 89.9 897 19.9 49.9 443 0.89 11%
1 C 80.4 637 15.8 21.6 20.3 0.94 6%
HSC-F0.75-25M-10M-d/2 2 D 85.2 945 22.2 36.6 29.8 0.82 18%
3 E 89.3 1313 29.4 54.7 44.0 0.80 20%
Danis/Dexp
Mean 0.97
Std. Dev. 0.11
cov 12%

1: Pr = Reflected pressure; Ir = Reflected impulse; tdi = idealized positive phase duration in triangular blast = I+ *2/ Py;
2; Dmax = experimental mid-span displacement; Danis = analytical mid-span displacement; AD = accumulated damage
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Figure 7.10 Displacement time-history predictions for HSC beams
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Figure 7.12 Displacement time-history predictions for HSFRC beams
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CHAPTER 8: CONCLUSION & RECOMMENDATIONS

8.1 CONCLUSION

This research presented an experimental and analytical study that investigated the
performance of high strength concrete (HSC) beams designed in accordance with the CSA-
S850 blast detailing requirements. In addition, the study examined the potential of using
steel fibers to relax such detailing. The main parameters investigated in this research
included the effects of blast detailing, fibers, single vs repeated blasts, tension reinforcement
ratio, compression reinforcement ratio, and transversal detailing.

A total of seventeen beams were included in this research, seven of which were tested under
quasi-static four-point bending, with the remaining ten beams tested under simulated blast
loads using the University of Ottawa shock tube. In total, eight beams with significant post-
blast capacity were tested under quasi-static four-point bending to investigate their residual
post-blast capacity. Conclusions of the experimental research are summarized below:

e The use of blast detailing was found to improve the overall response of plain HSC
beams under static loads, significantly increasing the ductility and toughness. The
blast detailing was also effective in enhancing the blast response of the specimens by
reducing maximum and residual displacements and increasing blast resistance.
Failure mode was also significantly improved, with limited damages and concrete
crushing in the midspan region.

e All blast detailed HSC beams had significant post-blast capacity (RRI =0.9-1), with
large energy dissipation (TEI > 1) and an ability to sustain large post-blast
displacements. The blast damaged beams showed similar failure mode when
compared to the undamaged specimens tested under static loads.

e The use of fibers increased the strength and stiffness of the beams under static loads,
with important ductility. However, the use of low steel ratio (in the 15M specimens)
led to earlier bar rupture and failure. Under blast loads, the use of fibers and
intermediate tie spacing (d/2) not only matched but out-performed the blast
performance of the blast-detailed HSC specimens with d /4 tie spacing, with improved
damage tolerance. All HSFRC beams also showed significant post-blast resistance and
energy-dissipation capacity even after intense blast testing. Keeping in mind the
potential for bar rupture, the results show that moderate amount of fibers can be used
to relax detailing requirements in modern blast codes.

e The effect of repeated blasts was examined by comparing responses of companion
HSC beams with 15M bars and blast detailing tested under multiple and single blasts.
In general, both beams showed similar displacement responses under blast loading.
However, the damages in the unreinforced top cover region were more severe under
repeated loads. Furthermore, both specimens showed similar post-blast behavior in
terms of residual strength, ductility, and failure mode.
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Comparison between doubly reinforced beams with blast detailing (d/4, s= 50mm)
and intermediate detailing (d/2, s= 100mm) in the 20M Series resulted in similar
blast response and failure mode. However, during the residual satanic tests, the
specimen with blast detailing prevented buckling of the compression bars which
resulted in an increase of the overall residual capacity.

The effect of tension steel ratio was examined in both the HSC and HSFRC series. In
both cases, increasing eth steel ratio increased strength and stiffness under static
loads, with improved displacement control under blast loading. However, increasing
the steel ratio beyond the CSA S850 limits resulted in less ductile failures, with more
rapid strength decay, increased concrete damage and bar buckling. On the other hand,
the use of low steel ratio in the HSFRC series led to earlier bar rupture due to crack
localization.

Dynamic inelastic analysis was conducted to predict the blast displacement response of
the HSC and HSFRC beams. Materials and DIF models were used to develop the resistance
curves and dynamic analysis using a SDOF approach was conducted to predict the

analytical displacements of all specimens tested in the shock-tube. The conclusions from
the analytical study are summarized below:

The SDOF method, with the development of dynamic resistance functions, predicted the
dynamic responses of the HSC and HSFRC beams with reasonable accuracy. The accuracy
of the analytical displacement was reduced at subsequent blasts due to the effects of

accumulated damage.

The strain-rate dependent DIF models proposed by and Wang et al. (2011); Malvar &
Ross (1998); and Saatcioglu et al. (2011) led to accurate analytical predictions. Using,
design DIF (CSA S850, 2012) also provided reasonably accurate predictions, while the
use of DIF=0 resulted in more conservative predictions (Danis/Dres > 1).

8.2 RECOMMENDATIONS FOR FUTURE RESEARCH
The following recommendations for future research are suggested:

Further experimental and analytical research to examine the effects of single vs
repeated blasts on the dynamic and residual post-blast behavior of HSC and HSFRC;
Research on the development of reliable stress-strain models and dynamic increase
factors (DIF) for fiber-reinforced concrete incorporating hybrid fibers;

Further research the optimal fiber content that can be used to relax tie spacing
without compromising on dynamic performance in HSC beams and columns.
Performing further experimental research on different parameters (UHPC, High
Strength steel, synthetic fiber) for reinforced concrete beams designed with blast
detailing;

Finite element modeling to better predicts the static and blast response of reinforced
concrete beams built with HSC and HSFRC.
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