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Abstract 

The design of blast-resistant civilian structures is not a common practice in the construction 

industry. However, the increasing threat of terrorist attacks using vehicle bombs targeting civilian 

facilities has necessitated the development of innovative solutions. A key solution to prevent 

existing buildings from damage due to blast is to mitigate risk by providing a secured distance 

around the perimeter of buildings or hardening building components. Columns, being critical 

elements of buildings, are responsible for the overall strength and stability of the entire structure. 

Columns are primarily designed to carry vertical loads, with some also offering resistance to lateral 

loads caused by earthquakes and wind. However, their lateral capacity is limited in the event of a 

nearby explosion. Columns' lateral deflections must be limited to avoid localized column failure 

under such loadings. The loss of a column can also trigger progressive collapse, leading to partial 

or complete building collapse. Protecting existing building columns through blast 

strengthening/hardening can reduce blast risk and improve structural performance under such 

extreme events. This research aims to address blast risk to reinforced concrete (RC) columns and 

explores potential improvements in their response by developing innovative hardening techniques. 

It focuses on ground-floor columns, which are susceptible to external surface blasts typically 

triggered by vehicular or hand-carried bombs. The proposed hardening technique primarily 

consists of lateral support(s) provided by external prestressing strands against blast loads, which 

is at the forefront of innovation. The concept of prestressing against blast loading has also been 

extended to new columns designed to incorporate internal prestressing, thereby stabilizing column 

performance under blast loads. Column hardening has also been extended to include jacketing of 

columns by Engineered Cementitious Composites (ECC). Under blast loads, ECC's high tensile 

strain capacity allows it to absorb energy and reduce damage propagation in hardened columns. 

The research consists of extensive experimental and analytical components. The 

experimental program involved designing, constructing, and testing 15 RC columns under 

simulated blast shock waves. Twelve of these columns were hardened either by external or internal 

prestressing or by ECC jacketing. The remaining three columns represent as-built columns without 

the implementation of any strengthening/hardening. The columns were tested against shock waves 

(high transient air pressures) generated by a blast simulator in the form of a shock tube while also 

subjected to vertical gravity loads, also known as axial loads. The test parameters included the 
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location of the prestressing strands (external or internal), the prestressing force and strand 

longitudinal profile, the amount and arrangement of column transverse reinforcement, the dosage 

of fibers in the ECC mix, the thickness of the ECC jacket, and the level of reflected pressure-

impulse combinations. Analysis of the results obtained in the experimental phase revealed that the 

proposed strengthening and hardening techniques significantly enhanced the behavior of the 

columns subjected to combined axial and blast loading. Deployment of external post-tensioned 

strands noticeably reduced the displacement at the critical section created by elastic and plastic 

deformations, thus increasing the resistance of the column. Posttensioned columns using internal 

prestressing also exhibited improved blast resistance response due to additional stability and 

moment resistance compared to their companion reference column. Similarly, ECC jacketing 

proved to be an effective method to improve column resistance, resulting in reduced deformations 

in critical sections. ECC jacket, with its superior ductility and crack control, prevented 

fragmentation and spalling of concrete at the critical section. In general, the hardened columns 

resisted between 20% and 40 % higher blast loads as compared to their companion reference 

columns. When subjected to a similar blast load of their companion reference columns, the 

maximum and residual deflection of strengthened columns were reduced by 40 to 80 % and 76 to 

100 %, respectively. 

The analytical phase of the research consisted of developing resistance functions for the 

tested columns, which were then used to conduct nonlinear single-degree-of-freedom (SDOF) 

dynamic analyses. Resistance functions were developed by considering the strain rate effect (i.e., 

dynamic increase factor, DIF), material non-linearity, and the contributions of prestressing and 

ECC jacketing. The SDOF analysis also considered the effect of the P-delta moment (i.e., 

secondary moment). Comparisons of analytical and experimental column behavior showed that 

the inelastic SDOF analysis provides reasonably accurate predictions of column behavior under 

blast loads, making it an effective design tool. In addition, support reactions were also calculated 

using equations known as dynamic reactions. The research findings were used to develop 

economically viable and structurally sound column hardening techniques for use in engineering 

practice.  
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Chapter 1. Introduction 

1.1 Background  

During the past three decades, a large number of maliciously intended bomb attacks on critical 

infrastructure took place globally in the form of terrorist attacks. The explosions, often using a 

vehicle bomb, targeted not only military facilities but also civilian infrastructures, such as 

embassies, governmental offices, commercial centers, and even residential buildings. The hotel 

bombing in Mogadishu (Somalia, 2017), the bomb attack on a governmental office complex in 

Oslo (Norway, 2011), the car bomb attack near the neighborhood of embassies in Jakarta 

(Indonesia, 2004), the car bombing on the American embassies in Nairobi (Kenya, 1998)) and 

Dar-e-Salam (Tanzania 1998) [1], [2] are just a few examples of these incidents. Past observations 

indicate that non-military facilities are often soft targets that are unprotected against maliciously 

intended acts of terror.  

Blast loads generated by explosions are in the form of short-duration intense pressures, 

resulting in impulsive loads. Blast events, whether due to a terrorist attack or an accidental 

explosion, have devastating effects on structural and non-structural elements. Therefore, 

developing and implementing strengthening/hardening materials and techniques for protecting 

civilian infrastructure against blast loads is of primary importance. Numerous researchers have 

addressed this need and investigated various strengthening strategies and materials to enhance the 

performance of existing civilian infrastructure. The methods suggested and investigated include 

seismic detailing for continuity and deformability, the use of ultra-high-performance fiber-

reinforced cement-based composites (UHPFRC), steel jacketing or the use of concrete-filled steel 

tubes (CFST), externally bonded fiber-reinforced polymer (EB-FRP) materials, fiber-reinforced 

and steel-reinforced polyurea, and aluminum foam [3], [4]. 

Columns are critical building components that provide overall strength and stability to the 

structures. In the event of an explosion, the resulting blast load can cause significant damage to 

the columns, potentially triggering partial or progressive collapse of the entire building. 

Progressive collapse is characterized by a local failure that induces damage to adjacent members, 

resulting in damage to a disproportionately large part of the structure or its collapse. For instance, 

the truck bomb attack on the Alfred P. Murrah Federal Building in 1995 in Oklahoma City (USA) 

resulted in the collapse of 1/3 of the building [5], [6]. 
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Mitigation of the blast load effect on a column can be achieved by one or a combination of 

three possible countermeasures. These can be classified into two categories: soft measures and 

hard measures. An example of a soft measure is increasing the stand-off distance between the 

structure (i.e., asset) and the explosives (i.e., threat). Increasing the stand-off distance is an ideal 

strategy for protecting the building, which can be achieved by using barriers such as roadblocks, 

fencing, concrete blocks, bollards, streetscape security elements, and security checkpoints. 

However, the type and location of the structure may limit the application of an increased stand-off 

distance, especially in urban areas where space is limited around the perimeter of the structure. 

Examples of hard measures include the use of sacrificial panels or load transfer elements to protect 

columns from the direct impact of blast loads. The load transfer mechanism or sacrificial panels 

can distribute the blast loads to slabs & beams and absorb the imparted energy, thereby reducing 

demands on the columns. However, the implementation of this strategy is also limited due to 

architectural & cost-related constraints or structural capacity limitations [4].  

Another means of providing a hard measure is to increase column capacity directly (i.e., 

strengthening/hardening) by modifying column cross-sectional properties, which often involves 

the use of superior-grade materials. Adding additional mass to the existing column may have 

favorable effects due to increased inertia, but it may also have architectural and structural 

limitations. Hardening is an attractive option, but it should be designed carefully to increase the 

strength and ductility of the column with minimal interference to the member's functionality and 

aesthetics. Sometimes, combining the aforementioned protective measures may be necessary to 

achieve the desired protection strategy. Blast protection is a risk-based approach, not an absolute 

concept, aimed at minimizing damage to the column. In blast engineering, the level of protection 

and the potential loss should be balanced against the cost of protection. 

1.2 Research Objectives  

The main objective of the current research project is to develop innovative techniques of blast 

protection for reinforced concrete (RC) columns, either by using external or internal prestressing 

or by providing a column jacket that incorporates a layer (shell) of Engineered Cementitious 

Composite (ECC).  The objective includes the development of a methodology for computing 

resistance functions for protected columns that is suitable for use in dynamic analysis. Finally, the 
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objective includes the development of design methodologies for the protection techniques 

investigated for use in engineering practice.  

1.3 Scope  

The scope of research consists of experimental and analytical phases as presented in the 

following bullet points:  

• Design and construct a total of 15 RC columns for testing under combined simulated blast 

loading and axial load. The test columns share a similar geometry and material properties 

but have different transverse reinforcement ratios. 

• Preparation and testing of three reference columns without strengthening/hardening to 

serve as a benchmark for the investigation of strengthened/hardened columns. 

• Hardening of seven columns using externally placed 7-wire strands longitudinally and 

applying different levels of prestressing force and using different longitudinal profiles of 

strands. These columns represent existing blast-deficient columns in practice. 

• Post-tensioning of two columns internally using 7-wire strands (conventional prestressing 

approach). These columns represent new blast-resistant columns in practice. 

• Strengthening of three columns using ECC jacketing for improved blast resistance. These 

columns also represent blast-deficient columns in practice. 

• Fabrication of a load transfer device in the form of a steel curtain to uniformly transfer and 

distribute the shock wave pressures generated by the shock tube to the test columns. The 

curtain is made of a thin/flexible steel sheet and transverse rigid steel hollow sections 

(HSS). The steel sheet is designed not to resist the applied pressure. The transverse rigid 

HSS were connected to the sheet in the transverse direction of the test columns to distribute 

and apply the collected pressure to the column as a uniformly distributed load. 

• Conduct shock tube testing of columns by applying the desired levels of pressure-impulse 

combinations. Each column is subjected to multiple blast shots under incrementally 

increasing pressure-impulse combinations until column damage or failure is reached.   

• Data acquisition, recording, and analysis to assess the performance of test columns.  

• Develop a methodology to compute resistance functions for columns with due 

consideration given to the effects of hardening elements (prestressing and ECC jacketing), 

material non-linearity, strain rate effects, and presence of axial load. 
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• Develop analytical column models for conducting single-degree-of-freedom (SDOF) 

dynamic analyses of columns and validate the models by comparing the analysis results 

with those obtained from shock tube testing. 

• Develop design procedures and recommendations for use in engineering practice for the 

hardening strategies developed.  

1.4 Synopsis of Chapters  

This thesis is organized into seven chapters and three appendices. Chapter 1 provides a general 

overview of the research background, objectives, scope, and significance of the current research 

project. Chapter 2 presents an extensive background and literature review on explosive events, 

blast loads, and strengthening methods proposed and applied to RC columns. Chapter 3 reports on 

the experimental program. It encompasses all aspects of specimen preparation and testing, 

including material properties, geometry, design, and preparation, as well as the strengthening 

methodologies employed. It also includes details of the test setup and instrumentation used to 

measure the required data, as well as an introduction to the specifics of the shock tube facility. 

Chapter 4 describes test results under blast loading. In particular, the test results, including applied 

pressure and impulse, measured deflections, strain data, support reactions, applied axial load, and 

qualitative damage stage, are presented along with photos and diagrams of each test. The 

presentation of test results is made in four groups: i) reference columns, ii) columns hardened by 

external post-tensioning, iii) internally post-tensioned columns, and iv) columns hardened by ECC 

jacketing. Chapter 5 presents the analysis of test data and a discussion of test results. The test 

results were analyzed and discussed by comparing their behavior with that of their companion 

reference column and with the columns that had different test parameters. Chapter 6 outlines the 

steps involved in generating resistance (force-displacement) curves and equivalent single-degree-

of-freedom (SDOF) modeling for dynamic analysis using a nonlinear numerical integration 

technique. In developing the resistance curves, the effects of several factors, including dynamic 

material properties, the presence of prestressing strands and ECC layer, and the initial applied axial 

load, were considered. Chapter 7 presents the design procedure and recommendations developed 

for the hardening techniques researched based on test results from both prestressed and ECC 

jacketed columns, aiming to improve strength and ductility. The procedure includes the selection 

of strand profile, level of post-tensioning force, the specifics of the ECC mix with emphasis on 
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fiber dosage, and the thickness of the ECC layer. Moreover, Chapter 7 concludes this research 

project and provides recommendations for future research. Appendices are included to present 

additional data, such as strain data, support reactions, and SDOF analysis results. 

1.5 Research Significance 

This research project aims to develop blast risk mitigation strategies for reinforced concrete 

columns, which are critical elements responsible for the overall strength and stability of buildings.  

The experimental investigation of blast-resistant structural elements has challenges and difficulties 

due to the nature of short-duration impulsive blast loads and the required facilities to apply such 

loading. Conducting live field explosion tests is challenging due to high costs, a lack of control 

during testing, and the potential for hazardous situations. When live tests are conducted, they often 

involve military applications, and the resulting test results are generally classified. An alternative 

testing method to live testing is the use of a blast load simulator, specifically a shock tube. A shock 

tube facility requires relatively little operating experience and provides a safe testing environment. 

In this study, the test specimens are subjected to blast loads generated by a shock tube available at 

the University of Ottawa.  

The current investigation focuses on innovative hardening methodologies for enhancing the 

blast resistance of existing and new reinforced concrete columns. The primary technique 

developed is based on the concept of prestressing RC elements using 7-wire strands. The 

application of prestressing strands for the blast resistance of columns is not a common construction 

practice. The technology developed involves generating reacting forces to blast loads along the 

height of the column, and as such, forms an original concept, unlike the common practice of 

jacketing columns for strength and ductility enhancements using steel or fiber-reinforced polymer 

sheets. This method is cost-effective, non-intrusive, and highly effective in resisting extreme blast 

loads. The second technique developed for the blast hardening of concrete columns involves the 

use of ECC jacketing. Previous research on the use of ECC jacketing of columns is scarce in the 

literature, and its application to column blast hardening is unique. Both the use of prestressing and 

ECC jacketing offer innovative and original methodologies for practical application, validated 

through a large volume of valuable test data and companion analytical studies.   
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Chapter 2. Background and Literature Review 

2.1 History of Blast Events 

This section provides brief information on documented explosions that occurred worldwide, 

mainly using vehicle bombs targeting civilian structures (soft targets). The statistics presented in 

this section demonstrate the vulnerability of soft targets in our society to militia group activity and 

highlight the severity of damage and destruction to structures in the event of blast loading. Vehicle 

bombings began at the start of the 20th century, primarily for military purposes. However, in the 

past three decades, due to the rise in global geopolitical conflicts, the tactic of vehicle bombing 

has also been used against critical infrastructure forming soft targets such as governmental 

buildings, embassies, commercial buildings, and even residential buildings. It is reported in the 

literature that in the first decade of the 21st century, there has been a 300% increase in the number 

of maliciously intended terrorist activities worldwide. [7]. Some examples of bombing of civilian 

structures, mostly reinforced concrete buildings, are provided below: 

In 1989, a truck carrying 500 kg of explosives was detonated near the DAS headquarters 

building in Bogota (Colombia). The explosion destroyed 14 city blocks and damaged more than 

300 commercial properties. In 1993, the World Trade Center Towers in New York (USA) were 

the target of a van bomb placed in an underground parking garage at the 2nd sub-ground basement 

level that generated a pressure of more than 1000 MPa. The explosion caused severe damage to 

the tower. Still, it did not cause partial or full collapse of the building (see Figure 2.1). In another 

incident in 1993, a fuel tanker carrying 500 kg of explosives targeted a mosque in Stari Vetiz 

village (Bosnia), damaging many nearby buildings. In 1995, a truck bomb carrying around 2500 

kg of explosives was detonated in front of the Alfred P. Murrah building in Oklahoma City (USA) 

(see Figure 2.2). The blast pressure damaged many nearby buildings. It destroyed three columns 

at the front of the 9-story Alfred P. Murrah building, which were supporting a transfer beam. The 

explosion resulted in the loss of column load-carrying capacity, which was followed by the 

progressive collapse of one-third of the 9-story building. In 1996, a car bomb with a mass of 1500 

kg was used to target the Manchester city center in the UK. The incident caused significant 

structural damage to more than ten nearby buildings; half of them were subsequently demolished. 

In 1996, a truck bomb attack (carrying around 10,000 kg of TNT) on Khobar Tower housing in 

Saudi Arabia damaged or destroyed several high-rise buildings (see Figure 2.3). In 2002, a van 
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bombing carrying 1020 kg of explosives targeted a bar (Sari club) on the island of Bali (Indonesia). 

The explosion created a one-meter-deep crater, destroying nearby buildings and shattering the 

windows of several farther blocks. In the span of almost a decade, from 1993 to 2005, there were 

650 explosions in Pakistan, and in India, during the same period, more than 200 bomb explosions 

were reported. In 2011, a van bomb was detonated in front of a block in Oslo (Norway) housing 

many governmental offices. The blast shattered the windows on all floors of the building and those 

of nearby buildings. In 2015, an 8-story building was destroyed by a truck bomb in Ramadi (Iraq). 

In 2020, a car bomb attack was carried out in downtown Tennessee (US), causing damage to over 

60 residential and commercial buildings and the collapse of one building. Figure 2.4 presents a 

summary of global terrorist attacks. Notably, the number of attacks peaked in 2014, followed by a 

decline in the subsequent years [2], [7], [8].  

2.2 Properties of Blast Loads 

An explosion is a rapid chemical reaction defined as a sudden release of energy. Energy is released 

through light, sound, heat, and changes in the volume of gases. The gas that contains most of the 

released energy expands violently and pushes the surrounding air out of the volume it occupies. 

This process forms a layer of compressed air in front of the expanding gas, known as a shock wave 

or blast wave. The shock wave expands and moves outward in all directions at a supersonic 

velocity from the explosion source (center of burst) and travels a distance known as the stand-off 

zone (see Figure 2.5). A blast load consists of transient high-pressure waves and high-speed wind 

that move like a wall of highly compressed air with a very high velocity. When the layer of 

compressed air is pushed outward, it causes an instant increase in incident pressure that 

significantly exceeds the atmospheric pressure. This pressure is known as overpressure (incident 

pressure), and it is enormously amplified when it encounters a surface, an object, or a structure on 

its path. The amplified resulting pressure is then referred to as the reflected pressure, which is 

multiplied by a factor (i.e., 2 to 13 times) depending on the object's type, shape, and location, as 

well as the blast wave's intensity and incidence angle. Typically, for design purposes, a blast load 

in the range of 10 kPa to 10 MPa is considered, which depends on various factors such as charge 

weight, standoff distance, structural properties, location, and height of the blast field, as well as 

urban development. [9].  
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Depending on how far an explosion happens from the target and the ground's surface, the 

waves propagate with or without a reflection. The blast is considered a free-air burst when the 

explosive charge is detonated adjacent to or above a structure in the air. Therefore, the initial shock 

wave is not amplified, and the blast wave is considered non-reflected or spherical. When the 

explosive charge is detonated above the ground surface, it is referred to as an airburst. During the 

air burst, the initial shock wave propagates away from the burst center, impacts the ground surface, 

and continues to propagate outward along the ground surface, forming a front known as a Mach 

stem or Mach front. The Mach front is the product of the interaction between the incident wave 

(initial wave) and the reflected wave. If the explosive charge is detonated near or on the ground 

surface, the initial wave is reflected and reinforced by the ground surface. At surface burst, the 

reflected wave merges with the incident wave and forms a single hemispherical wave at the point 

of detonation, as depicted in Figure 2.5 [7], [10], [11]. 

To calculate the time history of the blast pressure, the blast parameters should first be 

defined. The blast parameters include the weight of the explosives (charge), blast category, angle 

of incidence, and the distance between the center of the burst and the targeted object, known as 

the stand-off distance. Generally, the charge weight (size of the bomb) defined as a threat is 

expressed in Trinitrotoluene (TNT) equivalent weight. The targeted structure is labeled as an asset. 

The non-obstructed distance between the asset and a threat is defined as a stand-off zone (see 

Figure 2.5). The blast category is identified as external/unconfined (i.e., free-air, air-burst, and 

surface-burst) or internal/confined (i.e., fully confined, partially vented, and fully vented). The 

angle of incidence is a crucial factor in determining the magnitude of blast load on a structure. 

When the incidence angle is zero or the reflected surface is perpendicular to the blast wave, the 

reflected pressure reaches its peak value. 

The blast pressure time history generated by an explosion is illustrated in Figure 2.6. As 

depicted, the pressure attenuates rapidly following an exponentially decaying function in less than 

a second, typically in milliseconds. Figure 2.6 also illustrates that the intensity of overpressure 

reduces to less than the atmospheric pressure over a short period. This decay in pressure results in 

a negative pressure, also called suction, which is ignored in the blast-resistant design of structures 

[12]. As illustrated in Figure 2.7, the intensity of overpressure (incident pressure) also decays 

significantly with an increase in standoff distance, and similarly to the pressure time history, the 
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decay follows an exponential curve. The area under the pressure-time history curve is denoted as 

an impulse, which indicates how long the blast load acts on the target [10], [13], [14].  

Blast pressure time history can be obtained using the following methods: empirical equations 

proposed by various researchers, UFC (Unified Facilities Criteria) charts, and the use of software 

applications. It is worth mentioning that the first step in using any of the aforementioned methods 

is to express non-TNT explosives into a TNT equivalent charge weight using the following 

equation: 

𝑊𝑃,𝑇𝑁𝑇 = (
𝑃

𝑃𝑇𝑁𝑇
) ∙ 𝑊         (2.1) 

where P is the peak pressure generated by the explosion of the explosive weight W, WP, TNT is the 

equivalent weight of TNT that will create a similar effect, and PTNT is the peak pressure of TNT. 

Some of the proposed equations for calculating blast load properties are briefly discussed in 

this section. Newmark, in 1961, suggested the following equations to calculate the peak incident 

pressure and peak reflected pressure from a chemical explosion at the ground surface. [8], [15]. 

𝑃𝑠𝑜 = 6784 ∙
𝑊

𝑅3 + 93 ∙ (
𝑊

𝑅3)
1

2⁄

       (2.2) 

𝑃𝑟 = 2 ∙ 𝑃𝑜 ∙
6

7∙𝑃𝑜+𝑃𝑠𝑜
    when      𝑃𝑠𝑜 < 10 𝑏𝑎𝑟     (2.3a) 

𝑃𝑟 = 4 ∙ 𝑙𝑜𝑔10 ∙ 𝑃𝑠𝑜 + 1.5    when      𝑃𝑠𝑜 ≥ 10 𝑏𝑎𝑟     (2.3b) 

𝑡𝑜 = 10.23 ∙
𝑊

1
3⁄

√𝑃𝑠𝑜
    𝑤ℎ𝑒𝑛    𝑃𝑠𝑜 < 70 𝑏𝑎𝑟      (2.4a) 

𝑡𝑜 = 20.77 ∙
𝑊

1
3⁄

√𝑃𝑠𝑜
    𝑤ℎ𝑒𝑛    𝑃𝑠𝑜 ≥ 70 𝑏𝑎𝑟      (2.4b) 

where Pso is the peak incident overpressure in units of bar, W is the charge weight in tons, R is the 

stand-off distance in meters, Pr is the peak reflected pressure in bar, and Po is the ambient 

atmospheric pressure equal to 1 bar, to is the shock front duration. 

Kinney and Graham presented the following equations to calculate the incident pressure and 

positive phase duration for an air-burst chemical explosion. Some computer-based applications 

adopted their proposed equations. [16]. 

𝑃𝑠𝑜 = 𝑃𝑜 ∙
808∙[1+(

𝑍

4.5
)

2
]

√[1+(
𝑍

0.048
)

2
]∙[1+(

𝑍

0.32
)

2
]∙[1+(

𝑍

1.35
)

2
]

      (2.5) 
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𝑡𝑜 = 𝑊
1

3⁄ ∙
980∙[1+(

𝑍

0.54
)

10
]

[1+(
𝑍

0.02
)

3
]∙[1+(

𝑍

0.74
)

6
]∙√[1+(

𝑍

6.9
)

2
]

 , (𝑖𝑛 𝑚𝑠)     (2.6) 

𝑡𝑎 =
1

𝑎𝑥
∙ ∫ [

1

1+
6𝑃𝑠𝑜
7𝑃𝑜

]

1
2⁄

∙ 𝑑𝑟
𝑟

𝑟𝑐
 , (𝑖𝑛 𝑚𝑠)      (2.7) 

Where ta is the arrival time, ax is the speed of sound in an undisturbed atmosphere, rc is the charge 

radius, r is the radial distance, and Z is the scaled distance, which can be calculated by the equation 

below as per Kinney: 

𝑍 =
𝑓𝑑∙𝑅

𝑊
1

3⁄
          (2.8) 

𝑓𝑑 = (
𝜌

𝜌𝑜
⁄ )

1
3⁄
         (2.9) 

where R is the actual distance, fd is the transmission factor for distance, ρ is the atmosphere's 

density through which a shock wave passes, and ρo is the atmosphere's density for the reference 

explosion. 

Brode presented the following equations to calculate the incident pressure [17]: 

𝑃𝑠𝑜 =
6.7

𝑍3 + 1    𝑤ℎ𝑒𝑛    𝑃𝑠𝑜 > 10 𝑏𝑎𝑟       (2.10a) 

𝑃𝑠𝑜 =
0.975

𝑍
+

1.455

𝑍2 +
5.85

𝑍3 − 0.019    𝑤ℎ𝑒𝑛    0.1 < 𝑃𝑠𝑜 < 10 𝑏𝑎𝑟   (2.10b) 

𝑍 =
𝑅

𝑊
1

3⁄
          (2.11) 

where Z is a scaled distance that combines the two blast parameters: charge weight, W, and stand-

off distance, R.  

The following equation is one of many equations reported in the literature for calculating 

reflected pressure [8], [18]: 

𝑃𝑟 = 2 ∙ 𝑃𝑠𝑜 ∙ [
7∙𝑃𝑜+4∙𝑃𝑠𝑜

7∙𝑃𝑜+𝑃𝑠𝑜
   ]        (2.12) 

The following expression, based on the Friedlander equation, was developed to calculate and 

plot the variation of positive phase pressure [18]: 

𝑃(𝑡) = 𝑃𝑠𝑜(1 −
𝑡

𝑡𝑜
) ∙ 𝑒

−𝛼∙
𝑡

𝑡𝑜         (2.13) 

𝐼 = ∫ 𝑃(𝑡)𝑑(𝑡)
𝑡𝑜

0
         (2.14) 
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where α is the waveform parameter, and it can be calculated using the table provided by Kinney 

and Graham [16], and I is the impulse. 

The second and preferred method to predict blast load properties in the absence of readily 

available software applications is the use of UFC charts [19]. UFC charts (developed based on 

Kingery-Bulmash equations) provide all the positive phase properties of a blast pressure: incident 

pressure, reflected pressure, impulse, duration, and other parameters. UFC charts presented in 

Figure 2.8 and Figure 2.9, provide the shock wave parameters as a function of Z (scaled distance 

established by the US Department of Defense based on Hopkinson's proposal). The charts are 

prepared for a value of Z = 100 ft/(lb)1/3 at maximum because, beyond this value, the resulting 

damage is superficial for most structures. The scaled distance, a combination of the two blast 

parameters charge weight (W) and stand-off distance (R) is established to assess the blast effect of 

different charge weights at varying stand-off distances. Indeed, it states that the blast pressure of a 

small charge weight, W1, at a small stand-off distance, R1, will generate the same effect as a bigger 

charge weight, W2, at a greater distance, R2, as illustrated in  Figure 2.10, given that both charges 

have similar properties and the same atmosphere.  

Figure 2.11 shows a chart that provides the coefficient when the angle between the shock 

front and the surface of the target (angle of incidence) is not zero. The charts are the results of the 

work by Baker et al. [20]  & Dharaneepathy et al. [21] and are also provided in the TM5-1300 

manual [11]. 

The third and most convenient method of obtaining blast wave properties is to use software 

applications developed by individuals or organizations. Some of those computer programs are 

listed here. ConWEP (Conventional Weapons Effects Program) is a computer program that 

automates the equations developed by Kingery and Bulmash to predict the air blast properties of 

spherical and hemispherical explosions. Kingery and Bulmash's equations can also be found in the 

TM5-855-1 manual [22], which provides procedures for designing and analyzing protective 

structures subjected to the effects of conventional weapons. Eric Jacques, a former PhD student at 

the University of Ottawa, developed another computer application, “Over-pressure” [23], which 

generates pressure-time history diagrams. The software requires the user to input the charge 

weight, stand-off distance, and angle of incidence, which then provides the blast wave properties. 

At the University of Toronto, Philip Miller [23] developed a computer program named Vector-

Blast. His research study findings showed that the program could accurately calculate pressure-
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time histories on the front and rear faces of the structure. A commercial computer program by 

Applied Research Associates (ARA) called A.T.-Blast [24] also provides blast-loading properties 

from a hemispherical explosion. The user can enter charge weight, minimum and maximum 

distance to the explosives, angle of incidence, and the calculation interval. In return, the A.T.-Blast 

calculates pressure (P), impulse (I), equivalent load duration (td), shock front velocity (V), and time 

of arrival (ta). 

2.3 Blast Effect on Structures and Structural Response 

When an explosion occurs, the suddenly released energy is divided into two distinct phenomena: 

air blast overpressure and thermal radiation, and ground shock generated by the coupling of air 

and ground reflection. Air blasts are the leading cause of damage or collapse of a structure on the 

ground. Air blast or blast pressure on a structure comprises three components: i) Incident Pressure- 

when a shock front generated by an explosion reaches a structure, the pressure instantaneously 

rises from ambient conditions to a peak known as the incident pressure; ii) Reflected Pressure- as 

the shock wave strikes and reflects off the surface of the structure (i.e., interaction with the 

structure), it produces an amplified pressure known as reflected pressure, which is much higher 

than the incident pressure and represents the actual blast load applied to the structure; iii) Dynamic 

Pressure (Blast Wind)- following the initial pressure rise, a high-speed air movement known as 

blast wind impacts the structure, which is influenced by a drag coefficient that varies depending 

on the geometry and orientation of the structure relative to the blast wave. Eventually, the blast 

pressure decays exponentially and develops a negative pressure; however, for structural 

investigations and design, often only the positive pressure is considered (see Figure 2.12). 

Since blast loading is a rare event typically studied within military and specialized 

engineering domains, comparing it to a more familiar dynamic load, such as seismic loading, can 

help pave the way for broader understanding. Both blast and seismic forces are dynamic in nature, 

meaning they involve time-dependent forces acting on a structure. However, their characteristics 

and the way structures respond to them differ significantly. Seismic forces are natural and originate 

from ground vibrations during an earthquake. These vibrations transfer energy to the structure 

from the foundation upward, generating internal forces as the ground shakes the building. In 

contrast, blast loads are man-made and result from explosions, delivering a sudden, intense 

pressure wave called a blast wave that impacts the structure externally, often at or above ground 
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level. This effect is more comparable to a shock wave or wind pressure but occurs with much 

greater intensity. One key difference lies in the duration of these loads: Seismic events typically 

last several seconds, while blast waves occur over just a few milliseconds. Additionally, a 

structure’s mass tends to work in favor of seismic forces by increasing its inertial response, 

whereas in blast events, greater mass can help resist the rapid pressure by providing stability and 

absorbing energy. 

Analysis of a structure's response to blast loading is complicated due to various factors, 

including the effect of high strain rates, the nonlinearity of material behavior, uncertainty in blast 

load calculations, and dynamic reactions. Nonetheless, to predict and investigate the resistance of 

a structure against blast loading, the pressure-time history of the air blast must first be generated. 

The second step involves computing the time history of loading (reflected pressure) acting on the 

structure and the structure's corresponding response. The tools for conducting such an 

investigation include empirical and analytical solutions, which require knowledge of dynamic 

analysis techniques. One of the most commonly used techniques is the equivalent single-degree-

of-freedom (SDOF) model analysis. Another technique is the 3D (three-dimensional) finite 

element modeling, based on multi-degree-of-freedom (MDOF) nonlinear dynamic analysis, using 

computer applications such as LS-DYNA. In contrast to the simplified SDOF system analysis, the 

3D analysis incorporates all the parameters of a structural response, providing an in-depth 

understanding of the behavior. However, implementing the MDOF nonlinear dynamic analysis 

requires advanced knowledge of sophisticated computer programs and coding languages. 

Blast loading is an extreme event that causes large inelastic deformations in a structure or 

member. This pushes the resisting element beyond its elastic limit, resulting in an elastoplastic 

system. In blast-resistant design, structural members are often allowed to undergo plastic 

deformation to achieve a more economical and energy-absorbing response. These members are 

designed for the ultimate limit state, and their performance is assessed based on limiting 

deflections or rotations. In such cases, safety factors may be taken as unity to reflect the extreme 

nature of blast loading and the need to utilize full member capacity. Figure 2.13a shows a bilinear 

resistance function that represents the response of an RC element and illustrates the resistance 

versus deformation relationship. A more realistic resistance function of a flexure-dominant RC 

element reported in Cormie et al [25] is shown in Figure 2.13b. It can be inferred from the figure 

that the curve becomes flat after the yielding of the tension reinforcement and remains flat until 
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the concrete crushes in the compression zone. Concrete crushing usually begins when the rotation 

due to deflection reaches two degrees. When the member rotation exceeds two degrees, the 

concrete in the compression zone is thoroughly crushed, and the member will fail if no 

compression reinforcement is provided. For a well-designed member, when the rotation is between 

two and five degrees, the member will exhibit a total crushing of compression concrete and 

cracking of tension concrete (cover). A member may experience higher resistance under high 

rotational deformation due to steel strain hardening; however, eventually, it will collapse due to 

loss of stability or structural integrity. 

2.4 Single-Degree-of-Freedom Analysis (SDOF) 

The structure and loading can be replaced with equivalent systems in blast loading analysis. For 

the structure equivalency, the SDOF analysis is a simple method where the actual structure or 

member under consideration is replaced with an equivalent system of a concentrated mass and a 

weightless spring (see Figure 2.14). The approach assumes that the structure has only one degree 

of freedom (i.e., it can only move in one direction) in response to the applied loads. The structure 

is modeled as a mass-spring-damper system, with the mass representing the structure's weight, the 

spring representing the structure's stiffness/resistance, and the damper representing the energy 

dissipated due to damping. For loading, considering the uncertainties associated with evaluating 

blast loads, the blast pressure is replaced with an equivalent triangular impulsive load having a 

peak value of F1 and duration of td, as shown in Figure 2.14. In SDOF analysis, the applied force 

is labeled F(t), member mass or structural mass is denoted M, acceleration is 𝑢̈, displacement is u, 

and K is the spring constant. The terms are related to each other in the following form, known as 

the equation of motion:  

𝐹(𝑡) = 𝑀𝑢̈ + 𝐾𝑢         (2.15) 

The triangular blast pressure as a function of time and the corresponding impulse can be 

obtained using the following equations: 

𝐹(𝑡) = 𝐹𝑟 ∙ (1 −
𝑡

𝑡𝑑
)         (2.16) 

𝐼 =
1

2
∙ 𝐹𝑟 ∙ 𝑡𝑑          (2.17) 

The equation of motion for an undamped SDOF model for such loading will take the 

following form: 
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𝐹𝑟 ∙ (1 −
𝑡

𝑡𝑑
) = 𝑀𝑢̈ + 𝐾𝑢        (2.18) 

The closed-form solution for the above equation can be expressed as: 

𝑢(𝑡) =
𝐹𝑟

𝐾
∙ (1 − cos 𝜔 ∙ 𝑡) +

𝐹𝑟

𝐾∙𝑡𝑑
∙ (

sin 𝜔∙𝑡

𝜔
− 𝑡)    (𝐹𝑜𝑟𝑐𝑒𝑑 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛)  (2.19a) 

𝑢(𝑡) =
𝐹𝑟

𝐾∙𝜔∙𝑡𝑑
∙ [sin 𝜔 ∙ 𝑡 − sin 𝜔 ∙ (𝑡 − 𝑡𝑑) −

𝐹𝑟

𝐾
∙ cos 𝜔 ∙ 𝑡]    (𝐹𝑟𝑒𝑒 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛) (2.19b) 

where Fr is the peak reflected force, ω is the natural frequency, and T is the natural period of 

vibration, and are defined using the following relationship: 

𝜔 =
2𝜋

𝑇
= √

𝐾

𝑀
          (2.20) 

The above solution is obtained assuming the blast load is applied statically, while in reality, 

a dynamic blast load is applied suddenly. To get the value under dynamic loading conditions, the 

solution is multiplied by a factor known as the Dynamic Load Factor (DLF). DLF is the ratio of 

dynamic displacement to the displacement obtained from the static application of blast load F1. 

DLF can be computed using the following equation as a function of time; however, for simplicity, 

the maximum DLF value, denoted as DLFmax, can be obtained and plotted against design 

parameters. For instance, the diagrams showing the relationship of DLFmax and td/T ratio illustrated 

in Figure 2.16, is a valuable design aid for design under impulsive loading [12]. 

𝐷𝐿𝐹 = 1 − cos 𝜔 ∙ 𝑡 +
sin 𝜔∙𝑡

𝜔∙𝑡𝑑
−

𝑡

𝑡𝑑
    (𝑃ℎ𝑎𝑠𝑒 𝐼, 𝐹𝑜𝑟𝑐𝑒𝑑 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛)   (2.21a) 

𝐷𝐿𝐹 =
1

𝜔∙𝑡𝑑
∙ [sin 𝜔 ∙ 𝑡 − sin 𝜔 ∙ (𝑡 − 𝑡𝑑)] − cos 𝜔 ∙ 𝑡    (𝑃ℎ𝑎𝑠𝑒 𝐼𝐼, 𝐹𝑟𝑒𝑒 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛) (2.21b) 

It is worth mentioning that material behavior will change during the blast loading. Concrete 

and steel reinforcement in RC members will exhibit higher compressive and tensile strength. This 

is due to the high strain rate effect of the dynamic nature of blast pressure. To account for the 

effects of high strain rate on material behavior, a factor denoted as Dynamic Increase Factor (DIF) 

is developed and prescribed in design standards. 

The SDOF analysis for which the equation of motion is derived is based on a concentrated 

mass (lumped mass) and force. However, the structural element is a multi-degree-of-freedom 

system with a distributed mass and load resulting from blast pressure. To generate an equivalent 

SDOF system (equivalent lumped mass-spring model with a concentrated load) of the actual 
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element, transformation factors are developed and presented in Biggs [12]. The equation of motion 

for the transformed system takes the following form: 

𝑀𝑒𝑢̈(𝑡) +  𝑘𝑒 ∙ 𝑢(𝑡) = 𝐹𝑒(𝑡)        (2.22) 

where Me is the equivalent mass, ke is the equivalent stiffness, and Fe is the equivalent force. 

A noticeable difference between an equivalent SDOF system and the actual structure is the 

response of a member in terms of reaction. The reaction calculated from the equivalent SDOF 

model is not the same as that of an actual structure. Because the distribution of applied pressure 

may be uniform, however, it is not the case for the inertia force, which is a function of acceleration 

that varies with deflection (see Figure 2.15). In addition, when developing the equivalent SDOF 

system, the intent was to have the same deflection as the actual structure without considering the 

force characteristic to be the same. This issue has to be addressed because reactions are of interest 

for two reasons: the dependency of maximum shear force computations and the design of 

supporting structures on the reaction forces. The expressions of dynamic reactions for different 

cases are presented in Biggs [12], which shows that the reaction is a function of resistance and 

load.  

Analyzing the inelastic response using the closed-form solution presented earlier is 

cumbersome. The alternative solution uses numerical methods such as step-by-step integration 

procedures, either constant or linear acceleration. However, finding the maximum strength and 

ductility for design is often sufficient. The US Army developed design charts (UFC charts) that 

can be used for analyzing the inelastic response of structural elements subjected to blast loading 

(see Figure 2.17). The charts are prepared based on the results of numerical analysis of the 

structural elements with different periods subjected to different blast loads and different ratios of 

ductility. Another method for inelastic analysis of a structure or an individual member is the use 

of software applications such as RC-Blast [26], SBEDS [27] (Single Degree of Freedom Blast 

Effects Design Spreadsheets), and Column Blast Analysis Retrofit Design (CBARD) [28]. 

 Analysis of SDOF enables engineers to estimate the maximum displacements, velocities, 

and accelerations that the structure will experience under real-world conditions. SDOF analysis is 

a helpful tool for the preliminary design and assessment of structural systems and can provide 

valuable insights into the behavior of more complex structures. The method is well described in 

several dynamic analysis books and technical manuals [12], [29], [30]. The accuracy of SDOF 

analysis depends on selecting an appropriate SDOF system that can represent the underlying 
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failure mechanism of the structural element. Conventionally, most literature has depicted structural 

elements as possessing an elastic-perfectly plastic resistance function. However, this idealized 

approach has crucial limitations that must be considered during the analysis. For instance, the axial 

load can cause additional lateral deformation and bending in columns subjected to lateral blast 

pressure, indicating the well-known P-Δ effect. Simultaneously, the axial load can enhance the 

resistance of the column, thus mitigating the adverse P-Δ effect on the column's response in the 

early stage of loading. Therefore, ignoring axial-load effects while studying a structure's response 

to blast loads may not accurately reflect the structure's actual behavior [31]. 

Many researchers conducted studies to improve or modify the equivalent SDOF such that 

the effect of axial load, high-strain-rate effect, and material nonlinearity are considered [32], [33], 

[34]. For instance, Liu et al. [6] investigated the blast response of RC columns by implementing 

the improved SDOF, numerical approach, and experimental program. A total of 11 half-scale RC 

columns were tested against blast loading generated by TNT explosives. For the dynamic analysis, 

an improved equivalent SDOF was suggested. The SDOF analysis was developed based on the 

resistance function considering the complex feature of material behavior, the effect of axial load, 

strain rate effect, and column geometry. The maximum displacement predicted using the SDOF 

system was consistently in agreement with the results obtained from the experimental results. 

2.5 Blast Hardening Techniques of Columns 

Blast mitigation can be achieved by applying one or a combination of several protection measures 

(soft and hard). Increasing the stand-off distance is the most efficient measure; however, it is not 

always practical in urbanized neighborhoods [35]. Another measure is the use of a cladding façade 

(sometimes sacrificial claddings) to distribute the blast pressure and prevent severe loading of an 

individual member [36]. However, this may not always be possible due to architectural constraints 

or the structure's functionality and structural capacity limitations. The role and effectiveness of 

architectural planning to mitigate blast effects are also studied in the literature [37]. When the 

former measures cannot be implemented or are insufficient, then hardening/strengthening is the 

alternative measure to be implemented. In this method, the strength and ductility of the structures 

are enhanced by applying superior material to the existing member or using energy-absorbent 

materials and techniques. 

Elastomeric coatings are an emerging material and technique for strengthening structural 

members against blast loading and ballistic protection. Polyurea is a material formed by the 
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reaction between isocyanate and amine, producing a heterogeneous landscape with a nano-

segregated microstructure. It was initially developed for the automotive industry and has been 

commercially available since the 1990s in the construction industry. It was first used by a U.S. 

military organization, the U.S. Air Force, to retrofit walls. Polyurea's popularity is due to its ability 

to neutralize blast waves after capturing them and its dynamic transition from rubber to glass when 

subjected to high-strain-rate loading. It exhibits high strain before failure when subjected to 

dynamic, intense loading, such as blast and impact loads. It presents noticeable properties, 

including high elongation and strength, rapid curing time, and excellent tear and tensile strength, 

as well as flexibility, hardness, and ease of installation. Its adherence to various substrates, such 

as metal, timber, concrete, etc., is essential to this material. However, the disadvantages of this 

method are the need for rapid mixing of reactants or else it sets in seconds, strict safety 

requirements when spraying it on the object under consideration, and the costly application process 

[38], [39]. 

Several methods have been investigated and proposed for hardening/strengthening RC 

columns. For instance, Ultra High-Performance Fiber Reinforced Concrete (UHPFRC), Ultra 

High-Performance Concrete (UHPC), concrete-filled steel tubes (CFSTs), and well-detailed 

designs of transverse reinforcement (increasing the number of stirrups) are recommended for 

constructing or strengthening blast-resistant RC columns. The primary concern for the engineering 

community regarding existing buildings is the strengthening of columns that are particularly 

vulnerable to explosions, as these members were not originally designed to resist such extreme 

loads. Various materials and methods of strengthening RC columns are reported in the literature. 

The researchers primarily focused on using fiber-reinforced polymers (FRPs) applied externally 

to the columns. Additionally, the use of a steel jacket for strengthening the columns is 

recommended. There are also some less-studied methods for strengthening structural members 

against blast loading, including concrete-filled FRP tube columns, aluminum foam layers, the use 

of shape memory alloys (SMAs), and the application of Engineered Cementitious Composites 

(ECC) layers [4], [40]. The following sections present a summary of the proposed and applied 

retrofitting techniques to enhance the blast resistance of RC columns: 

2.5.1 Seismically/Well-Detailed Columns 

Protective design measures against blasts are not commonly adopted in civilian infrastructure 

worldwide. The alternative practical measure suggested by many researchers is implementing 
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seismic design and detailing to enhance the seismic and blast resistance of buildings. Seismic 

detailing enhances the ductility of columns and prevents progressive collapse resulting from the 

loss of columns. Studies reported in the literature and summarized below have shown that an 

increase in the ratio of transverse reinforcement enhances the impact and blast resistance of the 

structural member. Seismic detailing enhances the response of the column subject to blast pressure. 

In contrast to columns under gravity loads that are conceptually designed to undergo elastic 

deformations, blast columns, similar to seismic columns, undergo large inelastic deformations and 

crushing of the core concrete. Increasing the transverse reinforcement ratio results in better 

confinement of core concrete and its integrity, which can improve ductility. Improvement in 

ductility is conditioned by the level of axial load and whether the axial load can contain the neutral 

axis within the confined core [41]. Additionally, transverse reinforcement enhances the shear 

capacity and provides lateral support for the longitudinal reinforcement, thereby restraining it from 

premature buckling. Seismic detailing emphasizes the use of closely spaced ties over potential 

plastic-hinging or shear-critical regions. However, blast loading will not necessarily occur only at 

the shear critical region, and the likelihood of higher pressure at mid-height can compromise the 

integrity of seismically detailed columns. Additionally, well-detailed columns may have more 

congested reinforcement, which can pose a challenge for construction. In this section, research 

studies focusing on the effect of seismically/well-detailed columns improving the resistance 

against blast loading are summarized: 

Tahzeeb et al. [42] investigated the influence of circular ties and helical/spiral transverse 

reinforcement on the blast resistance of RC circular columns. In addition, the study examined the 

role of CFRP ties and wrapping of the same columns with CFRP & steel sheets under blast loading. 

A total of nine axially loaded columns modeled using a FEM computer application known as 

ABAQUS/CAE was analysed under blast loading generated by 80 kg of TNT placed 1.5m above 

the ground surface and a scaled distance of 1 m/kg3. From the nine columns tested in this study, 

one square column (C1) was modeled to replicate the experimental test from the literature [46], 

verifying the developed ABAQUS model for testing eight circular columns with a diameter of 350 

mm. The tested columns had different types of transverse reinforcement, such as circular ties only 

in the plastic hinge regions or over the entire height (C2 and C3), spiral transverse reinforcement 

(C4), CFRP ties over the whole height (C5), 2mm steel sheet wrapping on the columns with 

circular ties or spiral over the entire height (C6 and C7), and 2mm thick CFRP wrapping on the 
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columns with circular ties or spiral on the whole height (C8 and C9). All the columns were loaded 

with 950 kN of concentric axial load during the blast loading. The test results indicated an 

enhancement of the column response against blast loading when extra transverse reinforcement 

(as required by seismic guidelines) is provided. The enhancement was more pronounced in the 

case of spiral reinforcement and was further improved by combining helical reinforcement with 

external CFRP wrapping.  

Lee et al. [47] conducted an experimental and analytical investigation into the behavior of 

seismically designed RC columns subjected to blast and impact loading. A total of six RC columns, 

with dimensions of 160 x 160 x 2468 mm, were designed and built to achieve the study objectives. 

Out of six specimens, three were tested under a simulated blast wave generated by a shock tube 

testing facility at the University of Ottawa, as shown in Figure 2.18. The columns tested under 

blast loading were the control column (NC), seismically detailed column (SC), and UHPFRC 

jacket retrofitted column (UC). The generated blast pressure was transferred to the column and 

distributed uniformly using a load transfer device made of steel sheet and hollow structural steel 

(HSS) sections. A partially fixed support condition was used to restrain the rotational movement 

somewhat. An axial load equivalent to 40% of the column's concentric capacity was applied using 

a hydraulic jack. For numerical investigation, a finite element analysis (FEA) was conducted using 

the commercial software application LS-DYNA. LS-DYNA is a specialized application in the 

dynamic analysis of nonlinear transient loading as a function of time. The test results from the 

experiment and numerical study indicated that seismically detailed columns and columns with 

UHPFRC result in less maximum and residual displacement, as well as better blast load resistance. 

The column with combined seismic detailing and retrofitting using a UHPFRC jacket exhibited 

better blast load resistance compared to NC and SC columns. The study concluded that the 

selection of the retrofitting method depends on the expected failure mode (i.e., local or global). If 

local damage is expected, then UHPFRC should be considered. 

Kyei and Braimah [43]  numerically investigated the performance of seismically detailed 

RC columns with dimensions of  300 x 300 x 3000 mm subjected to blast and axial loading 

combined. The study was conducted on three types of columns: conventional columns (i.e., 300 

mm spacing of transverse reinforcement), Seismic-1 detailed columns (i.e., reduced stirrups 

spacing to 75mm in the plastic hinge region), and Seismic-2 detailed columns (i.e., reduced stirrups 

spacing to 75mm in the plastic hinge region and mid-height region). Numerical modeling was 
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performed with LS-DYNA simulation of blast loading using the Load Blast Enhanced (LBE) 

keycard. LBE produces a blast load based on the blast load calculation code called ConWep 

(Conventional Weapons Effects Program). To validate the finite element numerical models of their 

study, the result of an experimental test from the study by Siba [44] was compared with the 

obtained results. The study findings showed that closely spaced transverse reinforcement resulted 

in less displacement at close-in explosions (i.e., small-scaled distance). The presence of axial load 

reduced lateral displacement due to blast loading. However, a higher applied axial load to axial 

resistance ratio (ALRs) resulted in concrete crushing in compression and buckling of longitudinal 

bars at the mid-height region. 

Kadhom et al. [45] investigated the response of seismically designed and gravity-designed 

columns subjected to simulated blast load using a shock tube facility at the University of Ottawa. 

Four RC columns with dimensions of 150 x 150 x 2400 mm axially loaded to 54% of their 

concentric capacity were subjected to shock tube testing. The blast pressure was transferred 

uniformly through a load transfer element consisting of thin steel sheets and hollow structural steel 

(HSS) stiffeners. Two of the four columns were reinforced with transverse reinforcement spaced 

37.5 mm apart to achieve seismically detailed columns that resist lateral loads. The other two 

columns were designed for gravity loads with transverse reinforcement with 100 mm spacing. The 

test results showed that the two gravity columns exhibited mid-height displacements of 125.3 mm 

and 157 mm at 51 kPa and 53 kPa of reflected pressure, respectively. At these displacements, the 

axial load dropped to 47 kN and 16.7 kN from 411 kN and 402 kN before blast loading, 

respectively. The columns failed due to concrete crushing at the compression face, and longitudinal 

bars buckled at the critical section. However, the seismic columns exhibited less mid-height 

displacement, equal to 114.9 mm and 130.3 mm at similar reflected pressures. The axial load 

measured at the instant of these displacements dropped to 140.9 kN and 80 kN from 420 kN before 

blast loading, respectively. The columns exhibited concrete crushing at the compression face and 

extensive tension cracks at the critical section. The results indicate that increasing the transverse 

reinforcement ratio enhances the resistance of the tested columns, thereby improving the structural 

performance of RC columns in the event of an explosion.  

Bao and Li [46] conducted a numerical study investigating the behavior and residual axial 

strength of RC columns subjected to blast pressure generated by a close-in explosion (i.e., short 

stand-off distance). An explicit nonlinear finite element modeling (FEM) application, known as 
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LS-DYNA, was adopted to perform a numerical simulation. The result of their finite element 

model was verified against correlated experimental results reported in the literature. The study 

included modeling 12 columns for parametric analysis. The columns had the exact dimensions 

(355 x 355 mm) but varying heights of 3480, 2840, and 2130 mm, divided into groups of four 

columns per height. The columns were designed with varying properties to investigate the effects 

of axial load ratio (ALR), transverse and longitudinal reinforcement ratios, and column aspect 

ratio. The simulated blast pressure was modeled, assuming a stand-off distance of 5m and a charge 

weight of 0-1 ton of TNT, to result in different levels of damage to the tested columns. The test 

results showed that gravity columns or columns designed for conventional day-to-day loads 

exhibited more deflection than those designed according to seismic load requirements. This 

indicates that seismic detailing reduces blast-associated damage, thereby enhancing the response 

of columns in the event of an explosion. The study findings showed that columns with a low level 

of applied axial load exhibited more ductile behavior than those with a high axial load. It was due 

to the effects of the secondary moment, also known as the P- effect, created by the high axial 

load at the instance of high mid-height displacement. The increase in longitudinal reinforcement 

ratio proved effective in reducing mid-height displacement, but it will not necessarily improve the 

blast response. This was related to the change in failure mode from flexure to shear, which occurred 

when the flexural capacity exceeded the shear capacity due to an excessive amount of longitudinal 

reinforcement. It was also found that under high, long-term axial loads, the columns exhibit a 

smaller ratio of residual axial strength. The study concluded with a proposed equation to predict 

the ratio of residual axial load capacity, considering the ratio of mid-height displacement to the 

column height. 

Williamson et al. and Davis et al., [47], [48], [49] studied the blast response of bridge 

columns in an experimental program using live explosives, as shown in Figure 2.19. The study 

was conducted to evaluate the design parameters with a significant impact on the blast performance 

of bridge columns. The study consists of two phases. Phase I aimed to assess the structural loads 

on bridge columns from different stand-off distances and charge weights, considering both square 

and circular cross sections. Phase II consisted of several experimental tests focusing on small 

stand-off distances (close-in explosions) and contact charges. A total of 10 half-scale columns with 

eight different designs were tested under small stand-off blast loading to investigate the effects of 

five parameters: volumetric reinforcement ratio, cross-section shape, aspect ratio (L/D), transverse 
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reinforcement type, and splice location of longitudinal reinforcement. The cross-sectional shapes 

included in their study were circular (18- and 30-inch diameters) and square (30 x 30 inches); two 

aspect ratios were included, lower (large diameters) and higher (small diameters), representing 

single-column bents and multicolumn bents, respectively. Two splice configurations were 

considered: one near the base and one without any splice, representing typical and seismic 

columns, respectively. The types of transverse reinforcement considered were hoops/ties and 

spirals. The columns were categorized into three types according to the load demand criteria. They 

were denoted as gravity, seismic, and blast-resistant columns depending on the volumetric ratio of 

transverse reinforcement. For the blast-loaded designed columns, the volumetric ratio of transverse 

reinforcement was 50% higher than the seismically detailed columns. The reason for having a 

higher volumetric reinforcement ratio in blast design columns was the possibility of plastic hinging 

over the entire column height due to uncertainty associated with the location of blast loading. All 

the columns were cast using 28 MPa concrete and reinforced with 1% longitudinal reinforcement, 

having a yield strength of 420 MPa. The columns were subjected to a close-in field explosion, but 

the data was not shared due to confidentiality. From the analysis of the test results, it was found 

that the scaled stand-off distance significantly affects the performance of RC columns. Test results 

demonstrated that the chances of column survival increase considerably with a little increase in 

stand-off distance to avoid contact-charge explosion. The shape of the cross-section plays a crucial 

role in reducing the magnitude of reflected pressure, thereby decreasing blast pressure on a column. 

Therefore, the circular section was favored over the square or rectangular cross-section. The test 

results showed that the gravity columns with discrete ties and standard hooks had the lowest 

resistance against blast loading, exhibiting brittle shear failure and anchorage failure of the hooks. 

Shear failure was the typical failure mode; however, most tested columns had sufficient shear 

capacity, which minimized spalling and prevented a breach. The dominant failure mode for the 

tested specimens was direct shear, which can be controlled by increasing the volumetric 

reinforcement ratio, resulting in improved confinement, ductility, and shear capacity. Hence, the 

test results showed that seismically designed columns performed better than those designed for 

gravity. The type of transverse reinforcement significantly affected the response of the tested 

columns, and the results showed that continuous spirals were more effective than discrete hoops, 

as they provided better confinement of the core. The study concluded with proposed guidelines for 

designing and detailing RC bridge columns against potential blast loading. The proposed 
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guidelines recommend using discrete hoops with adequate anchorage or continuous spirals, 

increasing the ratio of transverse reinforcement that covers the entire height, and avoiding 

longitudinal splices to improve the blast resistance behavior of columns. 

Lloyd [50] conducted experiments on fourteen half-scale reinforced concrete columns 

subjected to shock-wave loading induced by a shock tube. 12 of the columns were 100 x 150 mm 

in cross-section, and two were 150 x 150 mm. The columns were reinforced with four 10M 

longitudinal reinforcing bars and 6.3mm smooth round bars as transverse reinforcement. 

Transverse reinforcement was added in the form of closed hoops spaced at h/2 or h/4 for the entire 

height of the column. The columns with smaller transverse steel spacing were intended to represent 

seismically designed columns, while those with larger spacing represented gravity loaded columns. 

Axial loads ranging from 28% to 42% of the concentric capacity were applied to the columns, with 

concrete strengths ranging from 46.5 MPa to 58 MPa during testing. The study concluded that 

there was a significant variation in axial load during the dynamic response of the columns. This 

was due to the ends of the columns moving toward the column height with horizontal displacement. 

The responses of the seismic and non-seismic columns were not significantly different, which was 

attributed to the column's slenderness and the small area of the core concrete, making confinement 

effects negligible. The close spacing of the transverse ties prevented reinforcement buckling during 

the dynamic response for both column types. The authors also performed SDOF analysis to predict 

the column displacement at mid-height and then compared the predictions with actual test results. 

It was found that the SDOF model accurately predicted the maximum displacement of test 

specimens under moderate levels of response. However, for large displacement responses, the 

model underestimated the displacements. The SDOF model was found to perform well in 

predicting the displacements of columns that experienced severe damage, approaching the point 

of collapse. The study concluded with a recommendation to investigate the effect of increasing the 

cross-sectional dimensions and to monitor the degradation of axial load through the use of load 

sensors and time history analysis. 

2.4.2 Columns Made of FRC, UHPC, and UHPFRC  

UHPC and UHPFRC are cement-based composites that exhibit superior mechanical properties 

compared to conventional Ordinary Portland Cement (OPC) concrete. These mixes are generally 

obtained by using workability admixtures, lower water-cement ratio, steam curing with heat, and 

the incorporation of discontinuous fibers. UHPC can provide a compressive strength reaching up 
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to 200 MPa, a modulus of rupture around 40 MPa, and a strain-hardening response when subjected 

to a direct tension test [51]. It is reported in the literature that these materials can improve damage 

tolerance and enhance the strength, ductility, and toughness of the structural member. These 

improvements can enhance the resilience and performance of the structure when subjected to blast 

and impact loads. Whether used with fibers or without, it can dissipate higher energy compared to 

OPC concrete under extreme loading conditions. UHPC and UHPFRC also enable the inclusion 

of high-strength steel, which results in higher strength and ductility. UHPFRC is a suitable 

construction material for enhancing the column's performance, minimizing seismic detailing 

requirements, and preventing progressive collapse. In addition, UHPFRC is also used as a 

protective layer for existing structural members subjected to blast loading. However, despite the 

numerous benefits provided, the amount of fiber that can be incorporated into the mix is limited 

due to workability concerns. One drawback of these materials is the high cost compared to 

conventional OPC concrete because they need special treatment when mixing and casting [52]. In 

this section, previous studies of interest focusing on the blast response of columns made using 

UHPC and UHPFRC are summarized: 

Hammoud et al. [53] conducted an experimental study investigating the response of 

columns made of high-strength concrete and high-strength reinforcement subjected to simulated 

blast loading using a shock tube. The study parameters were the type of concrete, type of 

longitudinal steel reinforcement, the ratio of longitudinal reinforcement, and seismic detailing. An 

analytical investigation was also part of the program, utilizing nonlinear SDOF and finite element 

modeling to predict the response of the tested columns to blast loading. A total of 10 columns, 

divided into two groups, were tested, where six columns were prepared using normal strength 

grade (400 MPa) reinforcement with either regular strength concrete (NSC) or high strength 

concrete (HSC). The remaining four columns were made of high-strength reinforcement (Grade 

690 MPa) and high-strength concrete. The reported strength of the concrete was 35 MPa for NSC 

and 80 MPa for HSC. The columns' dimensions were 152 x 152 mm with a height of 2.44 m, a 

span of 1.98 m, and axially loaded to 30% of their concentric capacity. The longitudinal 

reinforcement ratio was 1.2% to 3.4%, and transverse reinforcement spacing was chosen to 

represent seismic and non-seismic columns. The test result illustrated that the NSC column and 

HSC exhibited significant damage and mid-height displacement when subjected to around 85 kPa 

reflected pressure. However, the maximum and residual displacements were 17% and 14% lower, 
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respectively, in the case of HSC columns. Both columns failed due to concrete crushing and cover 

spalling, with a greater extent of cover spalling for the HSC column. It was found that high-strength 

concrete (i.e., twice as strong as normal-strength concrete in this study) did not noticeably improve 

the blast response of the columns. Test results for both normal-strength bars and high-strength bar 

columns demonstrated that seismic detailing enhanced performance by minimizing core concrete 

damage and preventing bar buckling in compression. Seismic detailing reduced maximum 

displacement and residual deformations for both the columns with grade 400 MPa steel 

reinforcement and grade 690 MPa reinforcement bars. In addition, closely spaced ties in HSC 

columns with high-strength steel resulted in the rupture of tension reinforcement at failure. 

Increasing the ratio of longitudinal reinforcement reduced the maximum deformations. It improved 

the blast performance of columns such that columns with a higher reinforcement ratio could sustain 

an enormous blast load before failure. Columns with high-strength steel exhibited failure due to 

rupture of tension reinforcement, and the failure was delayed by using a higher ratio of steel 

reinforcement. This indicates that increasing the longitudinal reinforcement ratio significantly 

improves blast response. It was also observed that high-strength steel better controlled the 

maximum and residual deformation of the columns at failure, thereby reducing the damage. 

Moreover, high-strength steel provided better blast resistance at a lower steel ratio than 

conventional steel reinforcement. The analytical results showed that SDOF analysis and FEM 

analysis using LS-DYNA can offer a reliable and efficient prediction of column response against 

blast load. The accuracy of the FEM analysis was slightly better than the SDOF analysis. 

Xu et al. [54] investigated the blast performance of UHPFRC and high-strength reinforced 

concrete (HSRC) columns subjected to actual blast loading, as shown in Figure 2.20. The tested 

columns had dimensions of 200 x 200 mm and a span of 2.5 m. The columns were tested at close-

in explosions with a stand-off distance of 1.5 m, but with varying charge weights (1 to 35 kg of 

equivalent TNT). Eight columns, four made of UHPFRC and four made of HSRC, were designed 

to have a compressive strength of 148 MPa at 28 days. The columns were reinforced with high-

strength steel having a yield and ultimate strength of 1450 MPa and 1600 MPa, respectively. Two 

columns from the Set of UHPFRC columns were loaded axially to 20% of their capacity, and two 

columns from the Set of HSRC columns were loaded with 1000 kN axial load. The test results 

indicated that axial load reduced the mid-height displacement under blast loading for both the 

UHPFRC and HSRC columns. However, it was presented that at large deflections and the 
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formation of plastic hinges, the axial load further increases the stress and displacement due to the 

P- effect. Therefore, the assessment of the damage scenario revealed that a higher axial load, 

combined with the simultaneous application of a blast load, resulted in more severe damage to the 

tested HSRC columns. It was also noted that the UHPFRC columns exhibited 23% less deflection 

than their HSRC counterparts, indicating the effectiveness of the steel fibers. 

Aoude et al. [55] investigated the response of columns made with UHPFRC subject to blast 

loading generated by the shock tube facility at the University of Ottawa. There were nine full-scale 

columns with different properties in terms of the type of concrete, dosage and properties of fibers, 

spacing of stirrups/transverse reinforcement, and the ratio of longitudinal reinforcement. The 

columns were divided into two sets; the first set comprised of four columns aimed to study the 

effect of fiber content and seismic detailing, and the type of concrete on the blast response of tested 

columns, and the second set comprised of five columns was designed to study the effect of 

longitudinal reinforcement ratio and properties of fibers on blast response. All the tested columns 

were 152 x 152 mm with a clear span of 1980 mm and were cast with conventional self-compacting 

concrete (f'c = 52 MPa) and UHPFRC (f’c = 128 to 169 MPa). The columns were tested in a 

partially fixed support system under a combined axial load (30% of the concentric capacity) and a 

simulated blast load. The columns were tested under varying degrees of blast pressure in multiple 

hits until they failed. The onset of failure was characterized by the simultaneous crushing of 

concrete in compression and the buckling or rupture of longitudinal reinforcement. A comparison 

of the test results with those of an earlier study by Burrell et al. [60], in which tested columns had 

identical properties but different concrete strengths, shows that UHPFRC columns experienced 

relatively minor damage. Test results indicated that using UHPFRC resulted in less maximum and 

residual mid-height displacement and prevented buckling of compression reinforcement at 

equivalent blast loads compared to normal-strength concrete. The damage tolerance was increased, 

and secondary blast fragments were eliminated. In addition, it was found that using UHPFRC 

improved confinement, as the failure was primarily due to the rupture of bars in tension. This was 

also evident when comparing the test results with the behavior of control columns from the Burrell 

et al. [60] study, which showed that UHPFRC columns with moderate transverse reinforcement 

performed better under higher blast loads. Increasing the fiber dosage positively affected the blast 

performance of the tested columns; however, this effect was negligible beyond 4% due to a volume 

increase in fiber content. Using fibers with higher tensile strength and aspect ratio resulted in 
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improved blast performance for the tested columns, which exhibited lower maximum and residual 

displacements. The columns with higher longitudinal reinforcement did not exhibit rupture of 

tension reinforcement. The blast performance of columns was further enhanced when the 

UHPFRC and seismic detailing effects were combined in a single column. 

Burrell et al. [56] studied the response of columns cast with steel fiber reinforced concrete 

(SFRC) subjected to simulated blast load generated by a shock tube at the University of Ottawa, 

as shown in Figure 2.21. The parameter considered in the study was the volume of steel fiber 

content and spacing of transverse reinforcement that represents seismic and non-seismic columns. 

Eight self-consolidating concrete (SCC) columns were tested in two batches: two control 

specimens with SCC only and six columns with SCC and steel fiber content. The tested columns 

represent half-scale ground-floor columns, which will be the critical structural element in 

preventing progressive collapse and an easy target for malicious attacks. The columns' dimensions 

were 152 x 152 mm, and they were designed in accordance with CSA A23.3 for both seismic and 

non-seismic columns. The columns had the same stirrup spacing over the entire height, with 38mm 

and 75 mm spacing for seismic and non-seismic columns, respectively.  The dosage of steel fiber 

used in the mix with SCC ranged from 0% to 1.5%. One column was cast with a high-strength 

fiber content. The columns were tested and subjected to multiple shock waves (ranging from low 

to high) generated by the shock tube, and were loaded axially during blast loading to 30% of their 

concentric capacity. The test result showed that when the blast pressure hits the column, it results 

in horizontal displacement that can shorten the column compared to its initial height before the 

blast test. This shortening results in a reduction of the column's axial load under blast loading 

because the rate of horizontal displacement due to the supersonic velocity of the blast load is higher 

than the rate at which the gravity load acts [41]. The axial load reduction momentarily recovers to 

its original level after the blast wave decays. The test results indicated that seismic detailing 

reduced the maximum displacement and residual displacement and prevented bar buckling on the 

compression side. The incorporation of steel fibers resulted in a reduction of both the maximum 

and residual displacement at mid-height. The improvement in blast performance was proportional 

to the amount of fiber content used in the mix. The enhancement is due to the addition of steel 

fibers. This can be attributed to the increase in stiffness, enhanced damage tolerance with reduced 

concrete fragmentation, and the development of post-cracking strength through the fiber bridging 

of the cracks. However, even though the SFRC columns were comparable to seismic columns in 
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terms of mid-height displacement, the compression bar buckling was not prevented in the case of 

SFRC columns. Significant blast-resistant behavior was observed in columns with SFRC and 

seismic detailing, characterized by closely spaced transverse reinforcement. 

Astarlioglu and Krauthammer [57] conducted a numerical study to investigate the 

behavior of NSC and UHPFRC columns subjected to blast loading. The study parameters included 

concrete type, different levels of blast pressure, the effect of boundary conditions, and the axial 

load level. Dynamic analysis was conducted using the SDOF model, which was implemented in 

the computer code Dynamic Structural Analysis Suite (DSAS). DSAS is an advanced analysis 

program for structures that couples structural elements with a fast-running SDOF engine to the 

nonlinear resistance function produced by a displacement-controlled finite element solver. The 

tested columns had a square cross-section with dimensions of 406 mm x 406 mm and a span of 

3.66 m and were designed as non-seismic columns. The columns were made using NSC of 27.6 

MPa strength, UHPFRC of 164.1 MPa strength, and grade 60 steel reinforcement. The columns 

were tested under simply supported and fixed support conditions, with varying axial loads 

corresponding to the ultimate concentric capacity, yielding of the reinforcement, 10% of the 

concentric capacity, and no axial load. The columns were subjected to four different blast pressures 

generated by varying combinations of charge weights and stand-off distances. In total, 16 cases 

were investigated using a combination of four axial loads with four blast configurations for the 

NSC and UHPFRC. Test results showed that simply supported NSC columns did not fail under 

low blast load intensity and performed better when the axial load was increased. However, it could 

not survive the combination of medium-low and medium-high blast intensities with higher axial 

loads. In contrast, the simply supported UHPFRC exhibited a linear elastic response under blast 

load with lower intensity and minor plastic deformation under blast load with medium-low 

intensity. The UHPFRC columns exhibited significant plastic deformations under medium- to 

high-blast loads, and failure was observed with the high axial load case. The fixed support 

condition enhanced the performance of both NSC and UHPFRC. Overall, the UHPFRC columns 

exhibited less mid-height displacement than the NSC columns, with reductions of 27% and 30% 

for simply supported and fixed support conditions, respectively. Moreover, the study results 

showed that the UHPFRC columns subjected to blast loads resisted more than four times the load 

of an NSC column and could survive before failure. 
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2.4.3 CFSTs Columns 

Concrete-filled Steel Tubes (CFSTs) are a well-known method for improving the shear resistance 

of columns against seismic loading. CFSTs are known as the new steel-concrete composite 

member, inheriting high strength and significant durability. One type of CFST is the hollow steel-

concrete element constructed by pouring concrete between two steel tubes placed concentrically, 

which acts as a confining mechanism to the hollow core concrete. This type of CFST is known as 

concrete-filled double-skin tubes (CFDST). Considering the improvements provided by the CFSTs 

and steel jacketing, they are also adopted to enhance the blast resistance of RC columns in bridges 

and buildings. However, the difficulty of installation and the vulnerability to corrosion of such a 

method result in increased maintenance costs. In this section, previous studies investigating the 

effectiveness of CFSTs in improving the resistance of columns against blast loading are 

summarized: 

Cui et al. [58] studied the behavior of concrete-filled steel tubular (CFST) columns against 

close-in blast loading and assessed the associated damage. The study included an experimental 

investigation and a numerical analysis. Their study tested two types of CFST: one was a normal 

solid-section (NSS), and the other was the hollow double-skin CFST, also known as CFDST. The 

NSS columns had a diameter of 273 mm and a steel thickness of 7 mm. They were filled with 

concrete with a compressive strength of 40 MPa. The CFDST columns were made of two steel 

pipes, with an outer diameter of 273mm and an inner diameter of 50mm, respectively, and a 

thickness of 7mm for the outer pipe, while the inner pipe had a thickness of 3mm. The CFDST 

column was also filled with 40 MPa concrete between the inner and outer pipes. The columns were 

subjected to a charge equivalent to 50 kg of TNT at a 0.5 m stand-off distance, placed at the mid-

height of the columns. Test results showed that both columns exhibited significant plastic 

deformation on the surface facing the blast, resulting in the crushing of the inner concrete. The 

damage to the inner concrete of CFDST columns was less than that of the NSS column, while the 

deformation of NSS columns was less than that of the CFDST column. The mid-height deflection 

of the CFDST columns was 195 mm, while for the NSS columns, it was 135 mm. The results 

suggest that the blast response of the NSS columns was better than that of the CFDST column. For 

the numerical analysis, LS-DYNA software was used to establish a FEM model considering the 

experimental results. The numerical simulation results fell within the acceptable range, with 

experimental findings indicating that the mid-height deformation of the hollow section was higher 
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than that of the solid section. They established two damage assessment criteria: the columns are 

deemed safe if the mid-height deflection is less than 1/60 of the column height, and they are 

considered unsafe if it exceeds this ratio. The study concludes by presenting a mathematical 

formula to generate a pressure impulse curve for the two types of columns tested. 

Li et al. [59] studied three circular CFDST columns with an internal diameter of 159 mm, 

an outer diameter of 325 mm, a thickness of 6 mm for both the outer and inner pipes, and a height 

of 2.5 m. The columns were subjected to various standoff distances (i.e., 200 and 300 cm) and 

charge weights of 5 and 8 kg of TNT. For numerical modeling, a commercial computer program 

known as LS-DYNA was used to conduct nonlinear dynamic analysis. The columns were loaded 

with an initial axial load of 500 kN, corresponding to 10% of column concentric capacity. In the 

numerical modeling, multiple tests were performed by changing the charge weight, stand-off 

distance, axial load ratio, and charge setup. Experimental test results indicated that the damage 

was primarily local denting on the blast face, resulting from the close-in explosion, without 

significant global deformation of the entire column. With the increase in charge weight, the steel 

tubes exhibited local yield in the vicinity of the explosion. Further exploration revealed severe 

damage to the core concrete as well, indicating plastic deformation of the concrete material around 

the height of the blast from the ground. The numerical results agreed with the experimental 

findings because they predicted similar damage patterns and deformations. The results illustrated 

that more than 70% of the energy from blast loading was absorbed by the core concrete, 

emphasizing the effectiveness of concrete fillers in CFDST columns. Meanwhile, the steel tubes 

provide good confinement to the core concrete, enabling the concrete to absorb more energy 

without spalling. The explosive charge setup, in terms of shape and dimension, proved to have a 

significant effect on blast loading. It was revealed that increasing the axial load enhanced the 

resistance of columns against blast loading. This is attributed to the fact that the P- effect is not 

triggered because, in the close-in explosion, the columns did not experience a sizeable global 

deflection. 

Zhang et al., [60] conducted an experimental and numerical study to investigate the 

behavior of a CFDST filled with steel fiber-reinforced concrete (SFRC) subjected to blast loading. 

The CFDST was composed of square cross-section inner and outer steel tubes filled with 

UHPFRC. A total of six CFDST columns were prepared using square hollow inner and outer 

sections filled with a UHPFRC having a compressive strength of 170 MPa. A numerical study was 
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performed, and a numerical model using an FEM computer (LS-DYNA) was developed. In 

addition, a parametric study was conducted using the numerical model, considering various 

parameters such as the ratio of axial load, outer and inner steel tube thickness, concrete strength, 

and the geometry of the outer and inner cross-sections. To investigate the effect of the mentioned 

parameter on blast resistance, a total of 33 numerical specimens were modeled. The tested 

specimens had a length of 2.5 m and dimensions of 210 mm and 100 mm with 5 mm thickness for 

the outer and inner sections, respectively. The tested columns were subjected to a reflected pressure 

generated by 35 and 50 kg of TNT at a 1.5 m stand-off distance and a simultaneous application of 

1000 kN axial load, corresponding to 25% of the concentric capacity. The test result indicated that 

columns built with CFDSTs can sustain severe blast pressure without buckling steel tubes or 

crushing hollow-core concrete. Increasing the charge weight from 35 to 50 kg resulted in large 

mid-height displacement, which was more evident in the columns without any applied axial load. 

A good agreement was reported between the experimental results and the numerical modeling 

outcomes. The numerical study found that increasing the ratio of axial load up to a certain level 

reduces the mid-height displacement; however, larger axial loads affected the columns' behavior 

at higher mid-height displacements. Using high-strength concrete was beneficial in reducing 

residual displacement compared to normal-strength concrete, but it had a slight impact on 

maximum displacement. It was also reported that the blast resistance is improved by increasing 

the thickness of the outer and inner sections. However, this effect was more pronounced in the 

outer section thickness increment.  

Wang et al., [61] studied the resistance of concrete-filled steel tubes (CFST) against blast 

loading and investigated the tested columns' residual strength. A total of 8 columns with varying 

steel tube thickness, charge weight, and cross-sectional shape were subjected to a close-in 

explosion in an experimental testing program. The tested columns had a tube thickness of 2.8 mm 

& 3.8 mm with either a square cross-section or a circular cross-section. The square columns had a 

dimension of 200 x 200 mm, while the diameter of the circular columns was 194 mm. The filler 

concrete had a compressive strength of 47.4 MPa, and the steel tube's yield strength ranged from 

300 to 500 MPa, depending on the steel thickness. The columns were loaded with an axial load 

exceeding 500 kN and a TNT equivalence charge ranging from 25 to 50 kg, with a stand-off 

distance of 1.5 m. Test results showed that all the tested columns exhibited global flexural failure, 

with signs of local buckling failure only in columns with square cross-sections. It was evident from 
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the test results that increasing the charge weight resulted in increased mid-height displacement. 

However, the higher thickness of the steel tube resulted in less mid-height displacement. The 

results from the residual strength test revealed that square columns experienced concrete crushing 

and spalling at the core, whereas the core of circular columns was split into three pieces. 

Additionally, it was noted that the residual capacity of CFST-tested columns was approximately 

60%. The columns with a square cross-section and higher steel tube thickness showed a better 

residual strength ratio. 

Zhang et al. [66] numerically studied the blast response of CFDST subjected to a ConWep 

air blast loading model generated using LS-DYNA. In a parametric study, the effect of axial 

loading and charge weight was investigated, and the mode of failure was analyzed. The columns 

modeled had a circular cross-section with a height of 3.9 m and thicknesses of 9.3 mm and 3.18 

mm for the outer tube (400 mm diameter) and inner tube (190.7 mm diameter), respectively. The 

columns were loaded with varying axial loads and pressure from spherical TNT charges of 400 

kg, 800 kg, and 1200 kg at a stand-off distance of 2 m and 1.5 m above ground level. The results 

showed that a greater charge weight created the most significant displacement, with a residual 

displacement of 0.2 m at mid-height. At the beginning of the blast loading, the base shear force 

was high and then decayed with the increase in mid-height displacement, but the column lost its 

shear capacity at the end of the blast loading phase. The results illustrated that axial load had a 

limited effect on moment capacity, shear forces, and maximum displacement. However, it 

significantly affects the residual displacement and curvature, negatively impacting the damage to 

the members. The failure modes observed in this study were flexural, shear, and a combination of 

both damage types; however, flexural failure was more pronounced in most of the modeled 

columns. 

Fujikura et al., [62] conducted an experimental investigation of a bridge pier system against 

blast and seismic loading, a so-called multi-hazard system that did not act simultaneously. In the 

study, a prototype multicolumn pier-bent system made of concrete-filled steel tubes CFST columns 

is developed and tested against blast loading. The experimental findings are compared with a 

simplified analysis using a SDOF dynamic analysis. The study considered the effect of blast 

loading from a small vehicle bomb under the bridge deck at a close distance to the piers. Initial 

investigation revealed that steel jacketing alone could not withstand extreme blast loads due to the 

large base shear forces at the location of the discontinuity between the jacket and the foundation. 
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Therefore, the proposed multicolumn pier-bent was designed using CFST, a continuous system 

integrated into the footing. The multicolumn system had a connected foundation beam and cap 

beam made of a concrete-embedded C-channel. The columns were made of 42 MPa concrete and 

had a yield strength of 254-419 MPa for the round HSS sections, respectively, but were multiplied 

by DIF. A 1/4-scale model of two identical multicolumn bridge pier systems, each with three 

circular piers of different diameters, was tested. In all cases, the columns were subjected to multiple 

explosions on different sides, but above ground level. The charge weight varied in each test, and 

the stand-off distance was also reduced, which created more significant damage to the columns. 

The test results showed that the multicolumn system can effectively sustain blast loads, as the 

initial damage was observed only in the form of denting of the steel tube and cracking of the core 

concrete on the tension face. With the increase in charge weight, buckling of the steel tube and 

fracture of both the steel tube and the core concrete were noticed at the location near the height of 

the explosion. Eventually, with a further increase in blast pressure due to the greater charge weight 

and lower stand-off distance, the column blew away from one end close to the explosion. These 

results indicate that the proposed multicolumn pier-bent made of CFST exhibits ductile behavior 

against blast loading. The results obtained from the SDOF analysis and experimental findings 

suggest that using a circular cross-section, compared to a flat surface, can reduce the blast pressure 

acting on a structural member by up to 50%. 

2.4.4 Columns Retrofitted with Steel Jacketing 

Steel jacketing is a well-known method for improving the shear resistance of columns against 

seismic loading. Researchers have studied and suggested using steel cases as jackets to provide 

transverse reinforcement and confine concrete in high-shear regions. The steel jacket enables the 

formation and development of plastic hinges near the support, thereby enhancing the strength and 

ductility of the columns. Retrofitted columns with steel shell jackets may appear similar to CFSTs, 

but their behaviors differ when subjected to blast loading. This non-similarity is due to the 

discontinuity of steel jackets at the top and bottom of retrofitted columns, which prevents 

unexpected footing or cap beam overload. This gap results in a shear failure of the column in the 

event of an explosion, as reported in the literature [68]. Considering the improvement provided by 

the steel jacketing, it is also used to enhance the blast resistance of RC columns in bridges or 

buildings. However, the difficulty of installation and the vulnerability to corrosion of such a 

method result in increased maintenance costs. Additionally, the existing structure's ability to 
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withstand added loads is another drawback of this method. In this section, previous studies 

investigating the effectiveness of steel jacketing to increase the resistance of columns against blast 

loading are summarized: 

Thai et al. [64] conducted a numerical study to investigate the effectiveness of steel 

jacketing as a strengthening method for enhancing the blast resistance of columns. The study 

employed a parametric analysis to assess the impact of steel cover plate thickness, axial load, 

scaled distance, and blast loading conditions on the structural performance of columns subjected 

to blast loading. LS-DYNA was used to model the RC columns. The columns had a dimension of 

250 mm x 250 mm and a height of 3.6 m. They were made of 30 MPa concrete and reinforced 

with rebars of 420 MPa yield strength. The columns were modeled as fixed boundary conditions 

subjected to 8 kg of TNT with varying explosive locations near the base and at mid-height. The 

focus of the study was a close-in explosion; therefore, the standoff distance was in the range of 

0.2-0.8 m. The columns were tested under blast loading at various axial loads, ranging from 0% to 

80% of the concentric capacity of the columns. Two thicknesses of steel plate, 3 mm and 6 mm, 

were considered to study the effect of thickness on blast response. The result indicated that when 

the scaled distance is less than 0.2 m/kg3, the residual axial capacity of the column is almost 

negligible as the column gets severely damaged during the blast loading. However, at a larger 

scaled distance equal to 0.3 m/kg3 or higher, the column retained around 80% of its axial capacity. 

The explosion near the base of the columns resulted in local damage to the column, while the mid-

height explosion caused global deflection of the columns. The results also revealed that the effect 

of axial loading was more severe in the case of the base charge, and the deformation increased to 

90% with an increase in axial load to 80%. Furthermore, increasing the thickness of the steel plate 

was not particularly beneficial in preventing local damage and collapse of the column. It was 

suggested that a suitable thickness of steel plate jacketing be used, one that is neither too thin to 

be torn by blast pressure nor too thick, which would alter the retrofitted column into a CFST 

column. 

Omran and Mollaei [65] studied various steel jacketing configurations to improve axial 

loading and blast resistance of RC columns in an experimental and numerical investigation, as 

shown in Figure 2.23. It is worth noting that the primary objective of their proposed strengthening 

was to increase axial resistance. The study consisted of two phases. In Phase 1, four RC columns, 

without any strengthening mechanism, were subjected to 18 kg of equivalent TNT explosive at a 
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stand-off distance of 3 m, both with and without axial load. The tested columns had a square cross-

section with dimensions of 350 x 350 mm and a span of 3 m, reinforced as non-seismic columns. 

Two of the four experimentally tested columns were loaded axially using prestressing rods 

connected to the columns via top and bottom plates at both ends, with an applied axial load of 600 

kN, corresponding to 16% of the concentric capacity. Due to the blast load generated by the actual 

explosion, the column with axial load exhibited a deflection of 3.5 mm, and the identical column 

without axial loading experienced 8 mm deflection. The result from Phase 1 aimed to validate the 

developed finite element modeling using ABAQUS in Phase 2 of the research study, which showed 

good agreement with the experimental results. In Phase 2, a total of six columns with exact 

dimensions and reinforcement were tested, but with different types of steel jacketing 

configurations. These columns were then modeled and tested against blast loading. The steel 

jacketing was applied using steel angles, channels, and connecting steel plates. The strengthening 

configuration consisted of two columns with four steel angles (one on each corner, but with a 

different number of connecting plates), two columns with two steel channels (one on each 

opposing face, but with a different number of connecting plates), and one column with an entire 

steel plate casing. The results showed that the columns with two steel channels and a higher 

number of connecting plates exhibited the highest axial load capacity and blast resistance 

enhancement. Even though the remaining jacketing configuration enhanced the axial loading 

capacity, the blast response was not noticeably affected. Considering the residual axial resistance 

after blast loading, the column with steel channels outperformed the others, followed by the 

column with steel plate casing. 

Fouche et al., [66] proposed a modification system to improve the blast resistance of steel 

jacketed columns mainly retrofitted to resist seismic loading, as shown in Figure 2.24. The 

modified steel jacketing concept was proposed in response to reports of direct shear failure of steel 

jacketed columns at the discontinuity location of the steel casing when subjected to blast loading. 

The proposed modification involves applying a structural steel collar at the discontinuity location 

in the steel jacket and anchoring it to the footing or cap beam, ensuring it does not contribute to 

the flexural resistance of the retrofitted column. The collars were designed to transfer the column 

shear to adjacent members and not contribute to the flexural resistance. A non-stick filler material 

was used between the added steel collars and the column surface to prevent flexural contribution. 

This modification was intended to enhance the local shear strength while preserving the steel 
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jacketing's role in seismic resistance by permitting plastic hinge formation at the gap locations. To 

assess the effectiveness of the proposed modification, a series of actual explosive tests simulating 

a vehicle bomb were conducted on a ¼ scale model of a multicolumn pier-bent system. The tested 

columns had a height of 1.5 m and a diameter of 200 mm and were cast with a 35 MPa self-

consolidating concrete. The columns were retrofitted with a steel jacket of 1.2 mm thickness and 

a yield strength of approximately 200 MPa. The modification collars were made of two 8 mm-

thick halves of A53 steel welded together and a base plate made of steel to facilitate anchoring the 

collar to an adjacent member. Columns were modified at the base only or the base and top near 

the cap beam with varying collar heights. After multiple blast tests, signs of concrete cracking 

were observed at the top, near the cap beams. Additionally, several buckling waves of the steel 

casing appeared on the blast face near the location of the explosive material's detonation point. 

Test results indicated that the modification effectively prevented a direct shear failure due to blast 

loading. The column exhibited ductile failure, experiencing a base rotation of up to 0.15 to 0.18 

radians. 

Fujikura and Bruneau [63] experimentally studied the behavior of non-seismic retrofitted 

and seismically detailed bridge piers subjected to actual blast loading. A total of four ¼-scale RC 

columns were part of a bridge pier system, where two columns were seismically detailed by 

providing closely spaced spirals, and two columns were typical gravity columns but retrofitted 

with steel jacketing. It was tested in an explosion equivalent to a vehicle bombing under the bridge 

deck. The tested columns had a diameter of 813 mm, cast with a concrete mix having a 

compressive strength of 27.6 MPa and reinforced with reinforcement having a yield strength of 

414 MPa. To retrofit the non-seismic columns, a steel plate with a thickness of 1.13 mm and a 

yield strength of 254 MPa was used as steel jacketing. The columns were tested in multiple blast 

tests by varying the stand-off distance in each test. The observation of test results showed that none 

of the four columns exhibited ductile behavior as expected. The governing mode of failure for all 

four columns was direct shear, as evidenced by the columns shearing off at their bases. The 

observation of the test result also indicated plastic hinge formation at the base of the column, as 

well as at the location of the explosion height, with signs of cracks and curvature before it failed 

in direct shear. Only one seismically detailed column did not shear off; however, spalling of 

concrete and shear deformation were evident, suggesting the onset of a shear failure. The study 

also included an analytical component, where SDOF analysis and plastic analysis were conducted 
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to develop a model for calculating the direct shear resistance of RC sections, considering the 

interaction between moment and direct shear. The proposed model predictions agreed with the 

experimental results because they accounted for the reduction in direct shear resistance when the 

section was subjected to high bending moments. 

2.4.5 Columns Hardened with EB-FRP Application  

As suggested by many researchers, fiber-reinforced polymer (FRP) materials are efficient in blast 

mitigation by improving the strength and stiffness of the structural member. FRP is a composite 

material composed of a polymeric resin reinforced with fibers made from various materials, 

including carbon, glass, and aramid, with the most recent additions being basalt and steel. FRPs 

were first used in the automotive and aviation industries due to their high strength, lightweight 

properties, non-corrosive nature, ease of installation, and durability. Since the 1990s, the use of 

FRPs has been introduced in the construction industry and has expanded to various applications. 

To name a few: strengthening of structural members (i.e., in shear, flexure, and confinement), FRP 

bars as reinforcement for structures (mainly supported at the ground), and the use of FRP as 

formwork and reinforcement of concrete-filled tubes (CFTs). However, FRP strengthening system 

failure occurs without much warning, and premature failure due to debonding or FRP-concrete 

delamination is a noticeable disadvantage of this technique. In this section, the previous studies on 

the use of FRPs as a strengthening technique to enhance the blast resistance of RC columns are 

summarized: 

Hu et al. [67] conducted an extensive experimental and numerical study to investigate the 

behavior of retrofitted reinforced concrete columns with different configurations of Carbon Fiber 

Reinforced Polymer (CFRP) strengthening under blast loading. The study also considered the 

effect of the double-end-initiation explosion on the blast response of the retrofitted columns. The 

research program consisted of two phases, where columns were tested under combined axial 

loading and field explosion, and then the blasted specimens were tested under a compressive axial 

load. Four columns were subjected to a close-in explosion by initiating the explosion from both 

ends of the explosive cylinder. From four specimens, one served as a control, while the remaining 

three were retrofitted with three different strengthening configurations to determine the suitable 

retrofitting method for columns using CFRP sheets. The tested columns had a square cross-section 

with dimensions of 200 mm x 200 mm and a height of 2.5 m. The columns were made of concrete 

with a compressive strength of 50 MPa and reinforced with longitudinal and transverse 



Page | 39 

 

reinforcement, representing a non-seismic column. The retrofitted columns were wrapped with 

0.167 mm thick CFRP, having a modulus of 212 GPa and a tensile strength of 4100 MPa, 

respectively. From the three retrofitted columns, one was wrapped with two layers of CFRP in the 

transverse direction; the second was strengthened with a layer in the longitudinal direction, another 

layer was wrapped in the transverse direction, and the third column was strengthened with 

segmental (i.e., middle and two ends) CFRP transverse wraps. All test specimens were loaded 

axially to 30% of their concentric capacity and subjected to 11.1 kg of equivalent TNT at a 1.5 m 

stand-off distance. Numerical modeling was conducted using the LS-DYNA computer program to 

perform a parametric analysis, considering the effects of axial load ratio (ALR), the explosive 

shape (i.e., the diameter-to-length ratio of the explosive cylinder, D/L), longitudinal reinforcement 

ratio, transverse reinforcement ratio, and the thickness of the CFRP layers. Field test results 

showed that the CFRP retrofitting prevented the compression shear failure due to concrete crushing 

and spalling at mid-height associated with a large diagonal crack. In addition, the maximum and 

residual displacements of the retrofitted columns were significantly less than those of the control 

column, as the CFRP layers increased the strength and stiffness of the column by providing 

confinement. The two retrofitted specimens exhibited different levels of flexural deformation, 

whereas the segmental wrapping showed diagonal cracks and concrete spalling in the un-retrofitted 

regions. Retrofitting the columns also increased the residual axial load-carrying capacity from 7% 

to 43%, depending on the different strengthening configurations. The retrofitted columns under 

residual axial loading suffered damage at the end parts where the CFRP wrapping was not applied. 

The parametric study revealed that the lateral maximum and residual displacement increase with 

the increase in the D/L ratio because a larger D/L ratio of the explosion cylinder generates a higher 

reflected overpressure. Increasing the thickness of CFRP wraps reduced the maximum and residual 

displacement. It was also revealed that increasing the ALR ratio improved the contribution of 

CFRP retrofitting. Increasing the longitudinal and transverse reinforcement ratio enhanced the 

blast response of the column but reduced the contribution of CFRP strengthening.  

Kodham et al. [68] investigated the dynamic behavior of retrofitted columns using different 

types of CFRP laminates subjected to shock tube generated blast load as shown in Figure 2.25. 

Three half-scale columns, with dimensions of 150 x 150 x 2400mm, cast with a concrete mix 

reporting a compressive strength of 33 MPa at 28 days, were tested in a simply supported 

condition. The columns were designed as typical gravity columns, also known as non-seismic 
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columns. Two of the three columns were wrapped with either CFRP jackets of woven fibers in 

0/90⁰ orientation (UD.0/90) or inclined orientation to ±45 (W.0/90±45) over the entire height of 

the columns. The columns were loaded with an axial load of 400 kN using hydraulic jacks and 

then simultaneously loaded with blast pressure produced by the shock tube facility. The blast load 

was applied uniformly to the surface of columns using a lateral load transfer element (LLTE) made 

of thin steel sheets and hollow structural steel (HSS) stiffeners. All the columns were subjected to 

a similar blast pressure of approximately 50 kPa. The test results showed that the control column 

exhibited a maximum and residual displacement of 156.9 mm and 127.3 mm, respectively, when 

subjected to a reflected pressure of 53 kPa. The residual axial load of the control column was only 

3.6 kN. The column retrofitted with a W.0/90±45 CFRP laminate was tested at a reflected pressure 

of 48 kPa and had a maximum and residual displacement of 53.5 mm and 20 mm, respectively. 

The axial load capacity after the blast loading of this column was 294 kN. Similarly, the columns 

with a U.0/90 CFRP jacket were subjected to a 49 kPa blast pressure, resulting in maximum and 

residual displacements of 51.3 mm and 20.5 mm, respectively. At the same time, its axial load 

resistance was 396.2 kN after blast loading. Analysis of the results suggests that the CFRP 

jacketing significantly reduced mid-height displacement and prevented associated damage in the 

critical zone. The results also indicated that the CFRP laminate with the W±45 design had better 

ductility performance than the CFRP laminate with only unidirectional laminates. 

Beger et al. [69] studied the effect of strengthening using Steel-Reinforced Polymer (SRP) 

and CFRP on the blast performance of RC columns. A total of 18 specimens with varying 

strengthening methods and scaled distances were subjected to actual blast load using C4 

explosives. The specimens were 150 x 150 mm square cross-sections with a height of 2,100 mm 

and a span of 1,500 mm, made of 44 MPa concrete and reinforced with 450 MPa steel 

reinforcement. The columns were loaded with a 300 kN axial load and maintained this load during 

the blast loading. The charge weight for blast pressure ranged from 49 kg to 100 kg, and two 

different stand-off distances were applied: 4 m and 5.25 m. The test results showed that the control 

columns could resist lower charge weights with signs of cracks or concrete spalling until complete 

damage occurred when exposed to 100 kg of C4 at a 4 m stand-off distance. The test result on 

SRP-strengthened columns revealed that with the same applied load that completely damaged the 

control columns, there were significant deformations on the SRP columns. The deformations were 

in terms of longitudinal SRP rupture. However, the load-carrying capacity was still substantial. 
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The deformations in the columns strengthened with only longitudinal SRP were permanent cracks, 

delamination, and spalling. There was a distributed curvature along the full height of the SRP-

strengthened columns. However, the CFRP-strengthened columns mostly remained straight 

outside the plastic hinge location. In addition, the CFRP columns exhibited fewer and localized 

deformations, primarily at the location of plastic hinges. This is attributed to the CFRP's higher 

stiffness compared to the SRP used in the study. It was also evident that the ductility of CFRP 

columns was less than that of the SRP columns, and SRP columns better resisted small projectile 

impacts due to blasts. 

Elsanadedy et al. [70] numerically studied the effect of stand-off distance and charge weight 

on the blast response of RC columns without strengthening and with the CFRP strengthening 

technique. The tested columns were modeled using LS-DYNA and represented the exterior RC 

columns of an existing typical building in Riyadh. The columns modeled had circular cross-

sections with a diameter of 600 mm and a height of 4 m, made of 30 MPa concrete and reinforced 

in both longitudinal and transverse directions. The specimens were retrofitted in both transverse 

and longitudinal directions using two layers of 1 mm thick CFRP sheets. The CFRP strengthening 

was applied to increase the area and the moment of inertia of the cross-section. In addition, the 

strengthening provides confinement to prevent the spalling of the concrete cover during blast 

loading, thereby increasing the cracked moment of inertia. The columns were assumed to have 

fixed conditions at both ends and were subjected to axial loading and blast loads. To generate blast 

pressure, different charge weights of TNT explosives (i.e., 100, 200, 500, and 1000 kg) at varying 

stand-off distances (1, 2, 4, and 15 m) and at 1 m above the ground were modeled using the 

numerical software LS-DYNA. The test result showed that strengthening the columns reduced the 

initial period of vibration by 11.7%. The effect of stand-off distance was increasing exponentially 

on maximum lateral and residual displacements. It was reported that a 2 m stand-off distance, with 

applied charge weights of 500 kg and 1000 kg, destroyed both strengthened and un-strengthened 

columns, and a similar result can be expected at a 1 m stand-off distance. In contrast, the 

strengthened and un-strengthened columns did not sustain any damage when subjected to 100 kg 

of explosives at a 15 m stand-off distance. The analysis of the results illustrated that the retrofitting 

prevented damage to the column against blast loads generated by charges of 200 and 500 kg at a 

4 m stand-off distance. Strengthening the columns reduced the maximum lateral displacement by 

8% and 79% when applying 100 kg and 500 kg of charge weight at a 4 m stand-off distance. The 
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study suggested that retrofitting enhances the behavior of the columns, which can provide 

noticeable blast resistance and prevent progressive collapse in the event of a moderate explosion.  

Rodriquez-Nikl et al., [71] experimentally investigated the protection of RC columns from 

blast loading using CFRP jackets. A total of ten columns were tested against simulated blast 

loading using a blast simulator facility at the University of California, San Diego. The blast 

simulator utilizes hydraulics to accelerate large masses toward the target, imparting a controllable 

impulse to the test specimen and applying a repeatable blast-type pressure to the specimen. The 

applied impulse level on the specimens ranged from 6.8 MPa-ms to 15.7 MPa-ms. The specimens 

were designed to resist gravity loads in so-called non-seismic columns. Some of the columns were 

wrapped with CFRP jackets of different thicknesses. Test results showed that the control columns 

exhibited brittle shear failure at a low level of blast loading. However, the CFRP-hardened 

columns exhibited a ductile flexural hinging failure, which resulted in lower deflections. The 

study's findings indicated a significant enhancement in blast response due to the hardening of 

columns using CFRP jacketing. 

Crawford et al., [72] modeled the blast performance of first-story columns retrofitted with 

Carbon Fiber Reinforced Polymer (CFRP) or carbon wraps subject to blast loading and 

simultaneous axial loading using DYNA3D finite element code. The studied columns were 

designed to match the specifications of UBC seismic zone 1 (gravity columns) and UBC seismic 

zone 4 (seismic columns). The columns' dimensions were 30-inch square cross-sections with a 

height of 14.5 ft, made of grade 60 steel reinforcement and concrete with a compressive strength 

of 5,000 psi. Carbon wraps were used to increase axial and flexural capacity while mainly 

mitigating direct shear failure. The six layers of carbon wrap used for retrofitting had a thickness 

of 0.019 inches per layer, a strength of 54 ksi, and a stiffness of 7600 ksi. Two shapes of carbon 

wrapping were applied: direct application and a circular wrapping, which was provided by 

injecting grout between the square column surface and the carbon wrap. Various charge weights 

(i.e., 1500 lb and 3000 lb) and stand-off distances (i.e., 10, 20, and 40 feet) were considered in the 

study. The study results illustrated that the significant potential collapse mechanism for the 

building is the direct shear failure of the ground floor columns. The blast performance of the 

unwrapped seismic columns was better than that of the gravity columns at combinations of 20 feet 

stand-off distance & 1500 lb charge weight and 40 feet stand-off distance with both 1500 lb & 

3000 lb charge weights. It was evident from the results that wrapping the columns in a circular 
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shape significantly enhanced the columns' blast resistance and prevented them from collapsing. 

However, the improvement in the direct composite wrap in a square shape in the blast response of 

columns was not the same as that of the circular wrapping method. 

2.4.6 Other Strategies and Techniques to Improve Column Blast Response 

Wang et al. [73] numerically studied the blast performance of RC columns strengthened with a 

layer of UHPFRC. Their study included four parts; the first part investigated the effectiveness of 

UHPFRC as a protective layer for columns subjected to blast loading using a commercial FEM 

computer application known as ANSYS/LS-DAYNA, the second part is focused on sensitivity 

analysis using Tornado diagram (TD) and first-order second moment (FOSM) methods to identify 

controlling design variables, in part three different length and location of UHPFRC layer is 

investigated to find the effective required length of UHPFRC, part four discusses the response 

surface model (RSM) to quantify the dynamic response of strengthened columns by measuring the 

residual capacity. For quantifying the residual capacity of columns subjected to blast loading, a 

displacement-control load was applied in the axial direction using the restart analysis module. The 

columns established for FEM using ANSYS/LS-DYNA had dimensions of 400 x 400 mm and a 

height of 4 m reinforced as a typical gravity column. For comparison, two models were established: 

a normal RC column and an RC column strengthened with an 80 mm thick UHPFRC layer around 

the perimeter of the entire column height. Conventional concrete was modeled as C40 grade, and 

the UHPFRC layer was modeled to have a compressive strength of 160 MPa and a steel fiber 

content of 2% by volume. The axial load considered during the test resulted in a stress of 18 MPa 

on the columns. To study the effectiveness of the UHPFRC layer, the RC column and strengthened 

columns were subjected to 10 kg of TNT and different stand-off distances of 0.25, 0.375, 0.5, 0.75, 

1, 1.5, 2, and 3 m. The test results showed that the conventional RC columns exhibited severe 

damage compared to strengthened columns under the same loading conditions, especially in small 

stand-off distances of less than 2 m. The restart analysis module showed that the residual capacity 

of the UHPFRC-strengthened column is 2 to 4 times higher than that of the conventional RC 

columns. At some point, the damage index was the same for both columns. However, the residual 

capacity of strengthened columns was always higher than that of conventional columns. For the 

sensitivity analysis, four parameters were considered: thickness & strength of the UHPFRC layer 

and ratio of transverse & longitudinal reinforcement. The results indicated that the UHPFRC layer 

thickness is the governing factor in terms of the residual capacity of the columns. At the same 
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time, the ratio of longitudinal reinforcement was the most influential factor in determining the 

maximum displacement and elemental peak stress. Two different strengthening configurations 

were applied to determine the most effective length and location of UHPFRC: symmetrically 

mirrored at mid-height and a one-ended application from the bottom of the column to the total 

height. It was shown that the longer the layer, the higher the strength, and when the entire column's 

height was covered, the column achieved the best result. Moreover, the established model using 

RSM provided accurate predictions of UHPFRC residual capacity and was in good agreement with 

the results achieved from FEM simulations. 

Vavilala et al. [40] numerically studied the effect of polymeric foam on blast mitigation of 

RC columns. The blast loading and blast response were modeled using the Coupled Eulerian-

Lagrangian (CEL) method provided by the software known as ABAQUS/Explicit. The modeled 

columns had square cross-sections of 355 x 355 mm and a height of 3.48 m, reinforced in both 

longitudinal and transverse directions using eight #25M and 10 # M@350 mm, respectively. This 

study proposes the use of polymeric foam, which is also used as a mitigation and packaging 

material for impact loading. The columns were jacketed with varying thicknesses of polymeric 

foam (i.e., 5, 8, and 10 mm) and sandwiched with a 1 mm steel sheet for uniform load distribution. 

Various TNT explosives (i.e., 10, 25, and 50 kg) and stand-off distances are considered in their 

study to perform a parametric analysis. Numerical results and analysis illustrated that the 

displacement was reduced when the thickness of polymeric foam was increased. Increasing the 

stand-off distance had a significant effect on the response of columns. The best result was obtained 

for 10mm polymeric foam subjected to 10 kg of TNT explosive. 

Codina et al., [74] investigated two strengthening methods to enhance the blast response of 

RC columns subjected to field blast testing. There were three samples: one serving as a control, 

one retrofitted with typical steel jacketing, and one using a sacrificial polyurethane brick layer. 

The test columns had a square cross-section with dimensions of 230 mm x 230 mm and a height 

of 2.44 m. The columns were made of concrete with a compressive strength of 30 MPa and 

reinforced with steel rebars of 420 MPa yield strength. The transverse reinforcement was placed 

so that the spacing detailing matched seismic demand detailing at both ends. A steel jacket, 3.25 

mm thick, was made from a mild steel plate and wrapped around one column. On the blast face of 

another column, polyurethane bricks were placed first, and then a very thin layer of 0.89 mm steel 

sheet was used to restrict them in their location. The columns were subjected to a blast load 
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generated by 8 kg of equivalent TNT at a stand-off distance of 60cm placed near the bottom of the 

columns to replicate the vehicle bomb on the ground.  It should be noted that no axial load was 

applied to the tested column during or before the blast testing. The test result showed that the 

control column exhibited significant damage at the plastic hinge close to the location of the 

explosive. In contrast, the steel jacketed column was the least damaged specimen. The sacrificial 

polyurethane bricks were also efficient in absorbing the blast energy, resulting in less damage and 

residual displacement compared to the control column. The steel jacketed column had 60% less 

residual deflection, and the polyurethane brick column had around 20% less residual deflection 

than the control column. The study suggested that higher-density polyurethane bricks could further 

improve the energy absorption of RC columns in the event of an explosion. 

Qasrawi et al. [75] studied the blast performance of concrete-filled FRP tubes (CFFTs) 

subjected to an actual close-in explosion. CFFTs are used to strengthen and confine reinforced 

concrete, thereby improving the resistance of members subjected to conventional loads. In 

addition, CFFTs in the form of glass fiber-reinforced polymer (GFRP) tubes are used as stay-in-

place formwork and reinforcement, which not only expedite the construction process but also 

improve the structural behavior of a member. Their study tested eight full-scale circular RC 

columns with and without GFRP tubes under monotonic static and blast loading. The parameters 

investigated were the effect of the GFRP tube, the longitudinal reinforcement ratio, and the scaled 

distance on the behavior of CFFTs subjected to close-in blast loading. The columns were 4m long 

and 220mm in diameter, made of 34 MPa concrete and reinforced with longitudinal reinforcement 

having a yield strength of 430 MPa. Two longitudinal reinforcement ratios were used in the tested 

specimens, which were 1.2% and 2.4%, representing the minimum and maximum recommended 

ratios. The GFRP tubes encasing the columns had a hoop tensile strength of 128 MPa, a hoop 

modulus of 21.6 GPa, a tensile strength of 48.3 MPa, and a modulus of 10.1 GPa. The outer 

diameter of the tubes was 220 mm, and the thickness was 5.5 mm. Six of the eight columns were 

tested under blast loading generated by incremental charge weights of 15, 30, 50, and 100 kg of 

C4 explosives, placed at a 2 m standoff distance. It was evident from the test results that the CFFT 

columns did not exhibit visible signs of damage, whereas the RC columns without GFRP tubes 

showed crushing of the compression concrete and spalling of the concrete on the tension face. All 

the RC columns had higher residual displacement than their counterparts, but with GFRP tubes. 

The comparison of results indicates that the presence of GFRP tubes provides blast resistance and 
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protects the core concrete by confining it. The residual displacement of CFFT columns with a 2.4% 

longitudinal reinforcement ratio was reported to be zero for higher-scaled distance blast loading. 

However, for the smaller scaled distance, it was reduced significantly by 29% compared to control 

specimens. The findings suggested that CFFT columns outperformed the control columns by 

reducing the localized damage and residual displacement under blast loading. 

Lloyd [9] conducted an extensive experimental and analytical study to investigate different 

materials and strengthening techniques to retrofit RC columns against blast loading, as shown in 

Figure 2.26. The data obtained in the experimental phase of the study were then used for validation 

of SDOF analysis to model the behavior of the column when subjected to blast loading. Sixteen 

half-scale columns were prepared in addition to two from a previous study. Of the 18 columns, 12 

were designed for gravity loads (non-seismic), and six were seismic columns; 13 columns were 

retrofitted using different mechanisms. The columns were square (150 mm x 150 mm) and 

rectangular (100 mm x 150 mm) in cross-section, with a height of 2.4 m. The columns were made 

of concrete mixes with different compressive strengths but reinforced with the same diameter of 

longitudinal rebar (10M). Four columns were strengthened with a single layer of CFRP jacketing 

over the entire height of the columns. Two columns were reinforced with longitudinal CFRP strips 

on the loaded and unloaded faces of the column. Two columns were strengthened with a 

combination of longitudinal CFRP strips and wrapped with a single layer of CFRP jacketing. One 

column was strengthened using a confinement retrofitting technique that comprised fiber-

reinforced concrete (FRC) wedges placed externally around the column and then wrapped with 

high-strength prestressed steel straps over the wedges. One column was retrofitted with an 

innovative compression steel brace placed externally to the blast face of the column and then 

combined with FRC wedges and external hoop prestressing. Three columns were retrofitted using 

innovative tension steel braces placed externally, which braced the columns at two points over 

their height. All the columns were axially loaded using hydraulic jacks with a load level ranging 

from 11.6% to 36.7% of their concentric capacities. The columns were subjected to simulated 

incremental blast loading ranging from 45 kPa to 99 kPa generated by the shock tube facility. The 

blast load was transferred uniformly to the column using a load-transferring device (LTD) 

composed of a thin steel sheet and a hollow structural steel (HSS) section. The LTD was designed 

because the shock tube opening had a square cross-section that could not be fully covered with a 

column, and the shock wave could escape from the open sides of the columns on the shock tube if 
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the LTD were not used. The test results showed that all the retrofit methods used in the study 

improved the blast response of the RC column, with varying levels of enhancement. The control 

columns failed due to concrete crushing and buckling of the compression bar in the compression 

face of the columns. The seismic columns with small hoop spacing prevented the buckling of 

compression bars at failure. The seismic detailing in their study did not result in a significant 

enhancement because the axial load level was significantly dropped during the dynamic response 

to blast loading. The columns retrofitted with the combined application of longitudinal CFRP and 

transverse jacketing CFRP had the highest improvement in the CFRP retrofitted category. Lateral 

bracing, either compression or tension brace that developed restoring forces during blast loading, 

provided a better dynamic response than all the control and retrofitted columns. The columns with 

tension bracing were the most efficient retrofitting techniques among all the retrofitting options 

studied in their research program. It was also found that the prediction by equivalent SDOF system 

analysis was comparable to the experimental results. The study concluded with recommendations 

for retrofitting RC columns against blast loading. 

2.6 Summary 

A comprehensive review of the literature, primarily focusing on the strengthening of reinforced 

concrete (RC) columns against blast loading, is presented in this chapter. An overview of the 

existing knowledge on the behavior of reinforced concrete (RC) columns and the effects of various 

strengthening methods is reported. The benefits and shortcomings of the methods reported in this 

chapter are also highlighted. A deep investigation of the literature revealed that the concept of 

prestressing to strengthen columns against blast loading has not yet been explored. In particular, 

external prestressing, an innovative hardening method, is not documented in the literature to the 

author's knowledge. Additionally, the application of ECC (an emerging construction material) for 

blast-loading strengthening has not yet been thoroughly studied. The current study aims to 

introduce and investigate these innovative strengthening methods, not only to enrich the existing 

literature database but also to provide a new alternative method for blast hardening. 
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Figure 2.1 – Inside the parking garage of the World Trade Center in New York after the bombing in 1993. 

     

Figure 2.2– Alfred P. Murrah Building in Oklahoma City 1995 before and after the blast. 

  

Figure 2.3 – Khobar Towers in Saudi Arabia 1996 before and after the blast. 
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(a) 

 

(b) 

Figure 2.4 – a) Number of explosive events between years 2000 and 2014, b) Terror attacks in the West 

by motivation, 2007–2022 (source: [76]). 
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Figure 2.5 – Blast load properties and parameters (source : [10]). 

 

 

 

Figure 2.6 – Incident and reflected pressure versus time (Source: [77]). 
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Figure 2.7 – Pressure decay with an increase in standoff distance (Source: [10]). 

 

 

Figure 2.8 – Positive phase parameters of shock wave for a free air (spherical) TNT explosion at sea level 

(source: [19]). 
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Figure 2.9 – Positive phase parameters of shock wave for a surface (hemispherical) TNT explosion at sea 

level (source: [19]). 

 

 

 

Figure 2.10 – Illustration of scaled distance concept. 
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Figure 2.11 – Variation of reflected pressure vs angle of incidence (source: [19]). 

 

Figure 2.12 – Effect of blast load positive and negative phase on target (source : [25]). 
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(a) 

 

 

 

(b) 

Figure 2.13 – a) bilinear resistance function, b) resistance function for RC with large deflections (source:  

[25]). 
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Figure 2.14 – Idealization of blast load and equivalency of structure to SDOF system. 

 

 

 

 

Figure 2.15 – A member's response in terms of reaction and inertia. 
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Figure 2.16 – Relationship of DLF maximum and time to maximum response with the ratio of blast 

duration over the natural period of a structure (source: [12]). 
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Figure 2.17 – UFC charts showing the relationship of ductility (Xm/Xe) with ratio of blast duration and 

period (T/TN) (source: [19]). 
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Figure 2.18 –  Test setup and failure at the bottom and mid-height of non-seismic column (a) and seismic 

column (b) after three blast shots generated by shock tube (source:[78]). 
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Figure 2.19 –  Photo of the test setup and test result focusing on scaled standoff distance; a) large 

distance, b) small distance (source:[47], [48], [49]). 
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Figure 2.20 –  Test setup and the result of different columns with UHPFRC (U1B and U2B) and HSRC 

(H1A and H2A) (source: [54]). 
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Figure 2.21 –  Column failure after 3rd blast shot for different columns having different stirrups spacing 

and percentage of discrete steel fibers in concrete (source:[56]). 
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Figure 2.22 –  (a) blast testing setup, (b) detail of TNT explosive charge setup, and (c) test results of 

specimen C3 (source: [59]). 
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Figure 2.23 –  Test specimen and setup and finite element modeling samples (source:[65]). 
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Figure 2.24 –  Failure of test specimen labeled MSJC4 (global view and close up of base (source: [66])). 

 

Figure 2.25 –  Test setup and damage at critical section after the test (a) Col.1, b) Col.2, (c) Col.3 

(source:[68]). 
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Figure 2.26 –  Test result of two retrofitting methods after 4th blast shot: a) hoop prestressed column, b) 

tension braced column (source: [9]). 
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Chapter 3. Experimental Program 

A comprehensive experimental investigation was conducted to generate test data for achieving the 

study objectives. The experimental program involves preparing, strengthening, and testing 

specimens using the shock tube facility at the University of Ottawa. The test specimens were tested 

under combined axial load and blast load. A total of 15 columns were constructed and tested. The 

columns were grouped into two main categories (i.e., with and without seismic/blast detailing) and 

then divided into four sub-groups: a group of reference columns and three groups of 

hardened/strengthened columns according to the strengthening method proposed and used, as 

follows:  

a) Hardening by external post-tensioning using prestressing strands. 

b) Post-tensioning by conventional prestressing using internal prestressing strands. 

c) Hardening by jacketing using an Engineered Cementitious Composite (ECC) shell covering.  

This chapter describes the test specimens, material properties, instrumentation and test setup, 

and the loading regime. 

3.1 Test Specimens 

Fifteen reinforced concrete (RC) columns were designed and constructed. The columns are 

representative of the ground floor exterior columns of a building. The columns had a square cross-

section with dimensions of 152 x 152 mm and a height of 2400 mm. The concrete cover was 10 

mm to outside of the longitudinal reinforcement. Four 10M longitudinal reinforcements were 

distributed in each corner of the cross-section, providing a reinforcement ratio of 1.7%. The 

longitudinal reinforcement had hooks with a 90-degree bend extending more than 50 mm into the 

core concrete to provide better anchorage. 12 of the 15 constructed columns represent typical 

gravity columns (non-seismic) having transverse reinforcement (ties) spaced at a distance of h/2 

(i.e., 75 mm). The remaining three columns had reduced spacing of ties to h/4 (i.e., 37 mm) 

spacing, representing a seismic/blast resistant column. The column ties were square closed hoops 

with a 135-degree bend at the ends, extending 40 mm into the core concrete. Two gravity-designed 

columns were tested as reference columns, representatives of non-seismic columns without 

hardening, and one column with closely spaced ties was tested as a reference column, 

representative of seismic/blast detailed columns. Figure 3.1 shows the geometry and reinforcement 
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details of test specimens. Figures 3.2 to 3.4 show the stages of column preparation, including the 

assembly of the reinforcement cage, as well as the casting and curing of concrete. 

3.2 Materials Properties 

3.2.1. Concrete 

The columns were made of Ordinary Portland Cement (OPC) concrete mix with a compressive 

strength of 45 MPa and 50 MPa on the test date. Some columns were made of self-consolidating 

concrete (SCC), also called self-compacting concrete, supplied by a local ready-mix company, 

having a compressive strength of 45 MPa at 28 days. The SCC mix had a w/c ratio of 0.4, a slump 

of 650 mm, and a maximum aggregate size of 14 mm. The remaining columns were cast using an 

in-house batched regular concrete mix as per the mix proportions reported in Table 3.1. This 

concrete mix had a w/c ratio of 0.5, a slump of 125 mm, and a maximum aggregate size of 14 mm. 

Standard cylinder tests were conducted as per ASTM C39, which resulted in a 28-strength of 50 

MPa. The column tests were conducted at or shortly after 28 days, with concrete strength 

remaining approximately the same as reported. 

3.2.2. Steel Reinforcement 

The longitudinal column reinforcement consisted of deformed rebars, while transverse 

reinforcement was in the form of smooth wire. Coupon tests were conducted according to ASTM 

E8 standards to obtain the yield and ultimate strength of steel reinforcement. The longitudinal and 

transverse reinforcement had an actual yield strength of 480 MPa and 455 MPa, respectively. 

Mechanical properties of the deformed and smooth reinforcement are given in Table 3.2.  

3.2.3. Seven-wire Strands 

Two of the hardening methods investigated in this study involved the use of prestressing strands. 

The strands consisted of 7-wire steel strands. The 7-wire strands had a diameter of 13 mm and 15 

mm. These strands are generally reported to have an ultimate strength of 1860 MPa without a 

specific yielding point. It is noted in the literature that these strands typically have a yield strength 

of 1650 MPa, corresponding to a tensile strain of 1%. To verify the actual strength of the materials 

supplied, coupon tests were conducted according to ASTM A1061. When tested at the University 

of Ottawa Structures Laboratory, the ultimate strength of strands was observed to reach 
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approximately 2200 MPa. The mechanical properties of the prestressing strands are given in Table 

3.2. 

3.2.4. Steel Parts and Fasteners 

The hardening techniques used as external post-tensioning required rigid spacers, called deviators, 

and an anchorage mechanism, called end fixtures. The deviators and the end fixtures were made 

of mild steel plates and angles. The steel plates were welded or fastened using grade 3 and 6 steel 

bolts and nuts. 

3.2.5. Engineered Cementitious Composite (ECC) 

Table 3.3 presents the mix proportions of the ECC mixes used to cast the shell covering all sides of 

the column. The mixes had 2% and 1.5% of UHMWPE (ultra-high molecular weight polyethylene) 

fibers with properties given in Table 3.4. ECC batching was performed in-house using a regular 

pan mixer. The mixing steps differ from the traditional concrete (OPCC) and fiber-reinforced 

concrete (FRC) mixes because there is no coarse aggregate in the ECC mix used in this study. The 

batching process of the ECC mix is shown in Figure 3.5. When batching the ECC, the water plus 

the superplasticizer and cement plus silica fume are mixed first, forming a cement slurry. Fiber is 

added to the mix gradually to prevent agglomeration (known as balling effect). Before adding the 

fibers to the water-cement slurry, the fibers were dispersed inside a bucket using air pressure. It is 

essential to disperse the fibers for at least a minute in small portions using a bucket and air pressure, 

without which the fibers cannot be easily distributed during mixing. The ECC mix used for 

jacketing of the columns had a compressive strength of 70 MPa, cracking strength of around 3 

MPa, an ultimate tensile strength of 5 MPa, and young modulus of 23,000 MPa, at testing age. The 

mechanical properties of the ECC mix are presented in Table 3.5. Figure 3.6 to Figure 3.10 show 

photos of coupon tests and the stress-strain behavior of the tested coupons. The compressive stress-

strain diagram of the ECC cylinder was obtained under force-controlled monotonic loading 

conditions that does not capture the post peak behavior in compression.  

3.3 Hardening/Strengthening Methodology 

This study presents and investigates three methods of hardening/strengthening RC columns. The 

methods proposed aim to enhance column strength and ductility. Two of the methods are designed 

to harden the existing columns of a structure, while the third method is suggested for designing 



Page | 69 

 

newly built blast-resistant columns. Figure 3.11 shows the test matrix presenting the category of 

specimens tested for each suggested strengthening/hardening method. 

3.4 Strengthening Procedure 

3.4.1. Hardening by External Posttensioning 

The first hardening method proposed is external post-tensioning using prestressing strands based 

on the conventional prestressing concept. In this method, seven non-seismic (gravity-designed) 

columns were hardened with different longitudinal profiles of the external post-tensioning strands. 

These are shown in  Figure 3.12 to Figure 3.19. The strands were installed in such a way that they 

created an active negative moment to act against the positive moment generated by blast loads. In 

addition, a reserve (passive) moment capacity was presumed to be activated when the column 

develops large enough deflections under blast loads to further tension the strands. The post-

tensioning was done against rigid end fixtures provided at the ends, designed to anchor the strands 

without any possible slippage. End fixtures were designed to provide end anchorage without 

having to drill through columns for passing the strands through the member. Drilling the concrete 

column is an option that can be used in practice. However, this approach has two disadvantages: 

first, it is difficult to drill long distance through a large size column, and second, the presence of 

column reinforcement may create challenges while drilling. It is worth noting that securing the end 

fixtures is crucial since the stress concentration at the anchorage location can result in movement 

or failure of the anchorage system, resulting in prestressing losses.  

Four longitudinal strand profiles were designed to investigate the most effective post-

tensioning profile for blast hardening of columns. One column was hardened with single-harped 

profile strands, two with a double-harped profile, two with a triple-harped (semi-parabola) profile, 

and two with a parabolic profile (i.e., five deviators). The strands were prestressed to a low level 

of tension compared to conventional prestressing. The intent was not to impose excessive 

compression on the column due to post-tensioning so that the level of compression, when 

combined with the effects of gravity loads would not reach critical levels (i.e. exceeding 55% of 

concentric capacity).  In addition, the initially low level of prestressing would permit further stress 

development capacity of strands during blast loading. Therefore, single-harped strands were 

prestressed to 15% of their ultimate tensile capacity (fpu), where fpu = 1860 MPa. Double-harped 

strands were prestressed to 13% (first column) and 16% (second column) of their ultimate tensile 
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capacity. The triple-harped (semi-parabolic) profiles were prestressed to 10% (first column) and 

15% (second column) of their ultimate tensile capacity. Parabolic strands were prestressed to 9% 

(first column) and 16% (second column) of the strand ultimate tensile capacity. An important 

consideration for the level of prestressing was not to exceed service load stress limits specified in 

CSA A23.3 [79]. Accordingly, the service load stress limits of 0.5√𝑓𝑐
′ and 0.6𝑓𝑐

′ for tension and 

compression were considered in establishing the initial stress levels. Table 3.6 shows the details of 

the pre-blast design of each prestressing profile investigated in this study based on the resisting 

forces illustrated in Table 3.7. The single-harped and double-harped strands are identical to the first 

two profiles shown in Table 3.7. The other two profiles investigated, i.e., triple-harped and assumed 

parabolic profiles, correspond to the third profile given in the same table (Table 3.7).  

In the experimental program, the hardening procedure can be implemented either when the 

column is lying on the laboratory floor (as shown in Figure 3.20a) or when the column is in an 

upright position mounted on the shock tube (as shown in Figure 3.21). The latter position represents 

the actual condition of a column in a structure under load. In this study the strands were snag 

tighten on the ground however actual prestressing of the column was implemented in an upright 

position when mounted in the test setup under axial load . The presence of axial load increases the 

column moment capacity, which in turn prevents cracking due to initial post-tensioning of the 

proposed hardening technique.  

The following procedure was followed in the experimental program to prepare columns for 

blast testing: 

• The end fixtures (L-shape steel angles) were secured to top and bottom ends of the column 

using two rods connected to a thick steel plate attached to the protected side of the column 

opposite the threat side also called blast side. The L-shape angle was also connected using 

three ½ inch bolts to the steel plate placed on top and bottom of the column mainly designed 

for  axial load application, as shown in Figure 3.20b. The end fixtures were made of 75 mm 

x 75 mm with 10 mm thick steel angles, and were designed to provide a rigid anchorage 

platform. The angles had slot holes on both ends aligned on either side of the column with 

at least one-inch clearance to enable not only the passage of the strands but also to ensure 

free rotation of the pinned-support top and bottom load plates during blast loading. In 

addition, thick steel shims were attached to the inner side of the angles (positioning under 

the chucks of prestressing strands) to achieve the required angle for each strand profile with 
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respect to first deviator along the column height, and also prevent kinking of the strands 

during blast loading. Figure 3.20c shows a photo of the disassembled past of described end 

fixture. 

• To obtain the desired strand profiles, deviators were placed between the strand and the face 

of the column (protected side) opposite to the blast face (loading side). Deviators (in the 

form of half-moons and thick steel plates) were attached to the columns using two rods 

connected to another thick plate placed on the blast face of the column, as shown in Figure 

3.20. Deviators were sufficiently rigid and appropriately secured not to move from their 

designed location during blast loading. Deviators were made of thick steel plates and 

welded notched arc-shaped steel parts, so-called half-moon guides (see Figure 3.20c). The 

half-moons not only provided the specified deviation for the strands but also acted as a 

guide to keep the strands in their track during the strengthening and loading stages. Half-

moon guides were designed to sink in the strand to prevent misalignment during blast 

loading. The friction between the half-moons and the strands is assumed to be negligible. 

• Deviators were placed at various locations along the height depending on the strand profile 

(see Figure 3.12 to Figure 3.19). The desired strand profile dictated the deviator dimension. 

For instance, the dimension of the mid-height deviator for parabolic shape lies between the 

single-harped profile and the triple-harped deviation at mid-height. This was required to 

ensure a similar slope at each deviation point to create an almost perfect parabolic shape. 

In some cases where a small deviation was needed, a deviator with a round surface (made 

of one piece long steel plate) on one side was used instead of the half-moon deviators setup. 

The number of deviators differed according to the longitudinal strand profiles as follows: 

I. The single-harped profile strand had only one 55 mm deviator at the mid-height of 

the column.  

II. Double-harped had two 55 mm deviators at 1/3 and 2/3 of the column height.  

III. The column with a triple-harped strand profile had a 95 mm maximum deviator at 

mid-height with two small deviators of 15 mm located closer to each column end.  

IV. The columns with parabolic profile strands had five deviators: a maximum 75 mm 

deviation at mid-height, two deviators 45 mm above and below the mid-height, and 

two deviators 15 mm close to each end of the column.  
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• Two #13M seven-wire strands were longitudinally installed along the height of the column 

by first anchoring them to the blast face. The strands were aligned such that they ran on 

two sides of the column (i.e., faces parallel to the shock wave), were anchored on both 

ends, and then passed over the fastened deviator on the protected side.  

• The strands were anchored at either the top or bottom of the column using conventional 

chucks (wedge and ring) secured to the end fixtures, as shown in Figure 3.20b. At the other 

end, a splice chuck (also called tensioner) was used to anchor the strand and also to 

facilitate post-tensioning of the strands, similar to a turnbuckle. To obtain an equivalent 

torque force to create the desired tension force in the cable, torque wrenches were 

calibrated using a digital torque meter. The calibration was done by applying torque force 

using a torque wrench with attached torque meter and measuring the resultant tensile force 

using a 500 kN tensile testing machine setup. In the calibration process, a one-meter-long 

strand was hooked to a servo-electric tension testing machine, anchored using a regular 

chuck from one end and a splice tensioner chuck from the other. The torque meter was 

attached to the torque wrench stem, and the force was applied by fastening the splice nut, 

while the tensile force was measured using the load cell embedded in the setup.  

• Post-tensioning was applied using the splice chuck and tensioner but without any 

conventional jacking method of post-tensioning. Conventional prestressing using hydraulic 

jacks may become challenging in an existing build environment. A heavy-duty tensioner 

in the prestressing industry can be used with commonly used torque wrenches to apply the 

desired tensioning force instead of jacking particularly in repair of deteriorated strands of 

bridge girders. The tensioner also called splice chuck can be fastened to coupling nuts (used 

for current tests) or secured to a female-anchored nut embedded into a hard surface. The 

splice chuck, as shown in Figure 3.22 is mainly designed for barrier cables used in vehicle 

parking floors above the ground level. To obtain maximum strength of tensioner used in 

this study, it was tested under tension while anchored to a 7-wire strand using a 500 kN 

servo-electric machine in the structural laboratory at the University of Ottawa. The test was 

terminated due to strand rupturing without any visible deformation of the splice chuck.  

3.4.2. Posttensioning using Internal Prestressing Strands  

The strengthening method investigated in current research, hereafter called post-tensioning, is the 

conventional post-tensioning of columns using internally placed 7-wire strands, as shown in Figure 
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3.23 and Figure 3.24. Two seismic/blast columns were post-tensioned with straight profile (constant 

eccentricity) strands placed inside the column through a duct provided when casting the column. 

The first column had only one #15M strand placed internally on ¾ of column breadth (b) 

longitudinally over the protected face. The strand with a straight profile on the protected face could 

also be another choice of external post-tensioning discussed in the hardened columns section 

above. However, using an external straight longitudinal profile would be more challenging in 

implementing and also maybe less effective. A larger strand size and higher prestressing force 

(35% of ultimate tensile capacity of strand) were designed to make a comparable effect to the 

externally placed strands method. The higher prestressing force would compensate for the smaller 

eccentricity when using straight profile strands. In the case of the hardening method using external 

prestressing, the prestressing force was low because the role of the deviator was significant in 

creating a reacting moment before and during blast loading. 

The second posttensioned column had two internally placed #15M strands running at ¼ and 

¾ of column breadth (b) longitudinally on both faces of the column (Blast face and protected face). 

Both strands were straight in profile and prestressed to 40% of their ultimate tensile capacity. In 

this case, the prestressing level was slightly higher than the column with a single straight strand. 

This is because of the absence of a reacting moment created by the eccentricity of a single strand. 

Even though double strands do not provide any active moment to act against blast loading, it offers 

several advantages compared to non-prestressed columns. The prestressing provides stability and 

rigidity to the column and improves the column's shear resistance. In addition, in the case of an 

explosion from inside or outside the structure, the column with strands on both sides provides an 

attractive choice for the mitigation of blast damage from either side.  

To implement post-tensiong of these columns, the following procedure was followed: 

• During the assembly of column reinforcement cage, a PVC (polyvinyl chloride) pipe with 

an internal diameter of 17 mm was provided to create a duct inside the cage (so called 

sheath in prestressing construction). The pipe was adequately secured with wires to 

maintain its longitudinal straight profile during concrete pouring. One duct was provided 

for the column with a single strand, and two ducts were provided for the column with 

double strands. 
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• After the column was cast and the concrete was cured, the 7-wire strand (either one or two 

strands) was inserted through the duct. The strands remained unbonded inside the duct 

without grease or any other protective material. 

• A stress-bearing thin plate with holes to accommodate the strands was also placed on each 

column end to prevent stress concentration at anchorage locations.   

• The strands were locked from one end and pulled from the other end using hollow 

cylindrical jacks, as shown in Figure 3.25. Since post-tensioning was performed before the 

axial load was applied, the prestressing force was slightly increased to account for column 

shortening due to the application of axial load during testing. 

• As seen in Figure 3.25b, the chucks (ring and the wedge) on both ends of the columns are 

projected up, which would prevent the application of axial load through pinned support 

plates. To resolve this limitation, a rigid thick steel plate with holes larger than the outside 

diameter of the chuck was fabricated. The rigid plates were then placed on both ends of the 

column between the column and axial load-hydraulic jack and column and axial load-cell, 

as can be seen in Figure 3.25b 

A seismic/blast column with built in duct was also prepared and tested without putting any 

strands in the duct pipe (see Figure 3.26) to investigate the effect of concrete removal from the 

compression zone of the column with a double strand. The column was also built to serve as a 

reference column to the post-tensioned columns. In addition, this column can be used to study the 

effect of closely spaced ties on the behavior of a column in the event of a blast load compared to 

the gravity-designed column (i.e. companion reference to hardened columns).  

3.4.3. Hardening by ECC Jacketing 

The second hardening technique investigated was jacketing with Engineered Cementitious 

Composite (ECC). The ECC jacket acted like a shell over the column core and developed full 

composite action with the existing column. ECC is known as a strain-hardening material with 

multi-cracking behavior under tension. When subjected to compression, it behaves a bit softer than 

traditional concrete because of its relatively low rigidity. It provides a ductile behavior with energy 

absorption capacity. The columns considered for this method included non-seismic columns with 

h/2 spacing of column ties. Three columns were built and jacketed with ECC to investigate the 

effectiveness of ECC, The columns were tested under constant axial load and blast shock wave. 
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Two columns were retrofitted with two different thicknesses (i.e., 30 mm and 20 mm) of ECC 

layer with 2% fiber content, and one column was jacketed with a 25 mm thick layer having 1.5% 

fibers (see Figure 3.27 to Figure 3.31). The following procedure was employed to first jacket the 

columns and prepare them for testing under blast loading. 

• The core concrete surface was roughened prior to casting ECC around the column. 

Roughening was done with a bushing tool intended for this purpose. The bushing tool was 

used with rotary hammers in machine hammering mode. The goal was to achieve a surface 

roughness of a minimum of concrete surface profile index of 6 (CSP6) as per the 

International Concrete Repair Institute [83]. All four side surfaces were roughened to a 

CSP of at least six and then air-blown and water-washed to remove any loose debris and 

dust resulting from the roughening process. The roughening process removed the cover 

concrete entirely, leaving only column core concrete.  

• Wooden formwork was prepared with dimensions matching the jacketed column size. The 

ECC mix was poured on the bottom layer before placing the core column inside the 

formwork. The core column was placed inside the wooden formwork with proper spacers 

to ensure the required spacing on all sides. The approach successfully assured 

homogeneous casting of the bottom layer and prevented possible gaps. However, in 

practice this would not be necessary as all sides would be exposed and easily accessible 

for placing the ECC layer.  

• The remaining three sides were poured after the column was already inside the formwork 

and resting on the bottom layer. The time to place the column above the bottom layer was 

less than 10 minutes, so there was no bonding problems or cold joints between the 

remaining three sides and the bottom layer.  

• The jacketed columns were cured using wet burlaps and covered with polyethylene sheets 

for at least seven days.  

3.5 Test Matrix 

Table 3.8 presents the geometry of columns and the details of the strengthening methodology. The 

table also shows the column categories considered (non-seismic with a tie spacing of h/2 or 

seismic/blast with a tie spacing of h/4). In addition, the table presents the level of axial load as a 

percentage of the column concentric capacity based on CSA A23.3. The columns were labeled 
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with acronyms and numbers stating the type and the parameters of hardening method. For instance, 

columns Ref-N1 and Ref-S represent the reference columns designed as a non-seismic and seismic 

column, respectively, cast during the first phase with a concrete compressive strength of 45 MPa. 

Column SH-207e-0.15fpu-N1 represents a non-seismic column with an external single-harped 

prestressing 7-wire strand with 207 mm eccentricity and prestressed to 15% of strand ultimate 

tensile capacity. Similarly, DH, TH, and P stand for double-harped, triple-harped, and parabolic 

longitudinal profiles of hardened columns post-tensioned with external 7-wire strands. The column 

labels from the post-tensioned group with internal 7-wire strands start with the letters PT. For 

example, PT-SS-0.35fpu-S presents the post-tensioned seismic column with an internal single 

strand (SS) prestressed by a prestressing force equal to 35% of strand tensile capacity. Similarly, 

column PT-DS-0.40fpu-S represents the post-tensioned seismic column with an internal double 

strand (DS) prestressed by a prestressing force equal to 40% of strand capacity. The jacketed 

columns were also given specific labels such as ECC-2.0%vf-t30-N1, represented non-seismic 

column from the first phase jacketed with a 30 mm thick ECC layer made from ECC mix 

containing 2% dosage polyethylene fibers. The last two columns jacketed with ECC differ from 

the first ECC column in fiber dosage or thickness as reflected in their labels. The suffix N2 in the 

column labels presents the columns cast in the second phase with a concrete compressive strength 

of 50 MPa at 28 days. 

3.6 Instrumentation and Test Setup 

All the columns were instrumented with electrical resistance strain gauges to monitor the state of 

strain at selected stages of loading (see Figure 3.32). Electrical resistance strain gauges embedded 

inside the specimens were used for longitudinal and transverse reinforcements. Strain gauges were 

glued on to the longitudinal reinforcement at column mid-height (critical section). A strain gauge 

was glued at 1/3 of the column height on the transverse reinforcement. In addition, external strain 

gauges were attached to prestressing strands and the ECC surface. For internally post-tensioned 

columns a strain gauge was glued to the strand before inserting it inside the duct, and then the 

strand was carefully placed in. However, during the jacking process of the strands the strain gauges 

stopped working, possibly either the gauge or the wiring being damaged between the duct and the 

strand surface because of the very tight confined space around the strand and the duct wall. 
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A high-sensitivity LVDT (Linear Variable Displacement Transducer) was deployed at mid-

height with a customized protection steel frame, as shown in Figure 3.33. The protection steel 

frame is designed to protect the LVDT in case of total collapse of the specimen. The LVDT and 

the protection frame were mounted to a rigid steel pipe secured between the laboratory floor and 

ceiling. The other end of LVDT was bolted to the surface of the column, which was tested to 

measure the deflection and rebound of the column during blast loading. All the instrumentation 

was monitored using a high-speed data acquisition system that can record up to 100,000 samples 

per second. In addition, the high-speed cameras (Phantom VL420 with a recording capability of 

2000 frames per second) were used to measure positive and negative (rebound) deflections during 

blast loading and used as backup in case of LVDT malfunctioning. Two cameras were used in the 

process, one capturing the side view and the second capturing the front view. The cameras were 

set up with a triggering mechanism programmed in the data acquisition system to initiate the 

recording of the column time history response. The triggering was important in synchronizing 

video time history to the data time history of the tested column. 

The columns were mounted vertically between the hydraulic jack used to apply the axial 

load and the load cell that was placed above the column and under the laboratory ceiling. Before 

mounting the column, a custom-made Load Transfer Device (LTD), described in Section 3.9 was 

installed on the shock tube, covering the end frame. The column was placed between the flanges 

of the shock tube frame and supported by roller-pinned supports, as shown in Figure 3.33. The 

roller-pinned supports were attached to a rigid hollow structural steel (HSS) tied to the shock tube 

opening flanges using threaded rods at the top and bottom of the shock tube opening. In addition, 

the HSS section was supported with two steel pipes to maintain its location along the height in the 

vertical direction. Columns were resting on roller-supported plates to restrict lateral translation but 

allow free rotation and longitudinal translation. Longitudinal translation is expected because of 

column shortening due to axial compression and blast-induced lateral deflection.  

The pressure generated by the shock tube (described in Section 3.8) was uniformly 

transferred to the columns using the LTD. The built-in Piezotronics pressure sensors (at the side 

and bottom) located inside the shock tube near the reflecting surface of LTD were used to measure 

the reflected pressure-time history. The axial load time history was monitored using a load cell 

placed between the top of the column and the laboratory ceiling, which was a 910 mm thick 

reinforced concrete slab as shown in Figure 3.33. The pressure generated by the hydraulic pump 
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for the jack that used to apply the axial load was also monitored using a pressure gauge to ensure 

the application of the designed axial load. In addition, two load cells were placed at the bottom 

and top supports between the rigid HSS section and column to measure the support reactions in 

the direction of blast loading (see Figure 3.33). 

3.7 Loading Protocol 

Columns were subjected to combined axial load applied by hydraulic jack and blast load generated 

by the shock tube. The columns were first loaded with axial load prior to applying blast pressure. 

The axial load was equal to 35% of the column concentric capacity. It was applied using a 500 kN 

capacity hydraulic jack placed at the bottom of the column (see Figure 3.34). To facilitate axial 

rotation during blast loading, grooved plates with smooth round bars were used at the top and 

bottom of the column between the column and the hydraulic jack (sandwiched), as well as between 

the column and the load cell.  

The columns were subjected to multiple incremental blast shots to assess their elastic and 

inelastic responses. The axial load was adjusted to the initial level after each blast shot when 

needed and it could be resisted by the test column. Occasionally it was observed that the load 

dropped not due to the column strength reduction, but rather due to the movement of the overall 

setup. The adjustment of axial load was also done during the prestressing application prior to blast 

testing because it was being reduced. The vertical force component of post-tensioned strands 

resulted in the shortening of the column, thus releasing a portion of the pressure exerted by the 

hydraulic jack. Similarly, reapplying the lost portion of the axial load caused some loss of tension 

in the strands. Therefore, the prestressing force and the axial load were adjusted periodically to 

achieve the desired levels of forces.  

3.8 Blast Simulator 

Performing live blast tests (field testing) using explosive materials is costly and strictly controlled 

due to safety and security concerns. Blast simulators provide an alternative to field testing that can 

generate a similar effect of blast load. A commonly used blast simulator is a shock tube. The shock 

tube generates a blast load by driving air to hit the test specimen at a high velocity. The shock tube 

at the University of Ottawa can generate blast loading with high strain rates, simulating blast 

loading conditions observed during far-field explosions. To generate a blast load with a desired 

reflected pressure and impulse, a combination of driver length and pressure need to be considered. 
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Shock tubes consist of two major sections: a driver and an expansion section, as shown in      

Figure 3.35. The driver section can have a spool section added for double diaphragm shock tubes 

for improved control of shock waves. The pressure in the spool is used to balance driver pressure 

until the desired pressure level is attained prior to releasing the spool pressure to trigger the blast 

shot. The driver section has an adjustable length, consisting of steel pipes to generate the required 

pressure and impulse (duration). The driver length of the shock tube used in the current research 

project can be adjusted in increments of 305 mm based on the required pressure-impulse 

combination. The driver section is filled with compressed air which is contained inside the driver 

section by an aluminum diaphragm at the location of the spool (see Figure 3.35). The spool section 

facilitates the controlled firing mechanism as previously indicated using an air pressure control 

device shown in Figure 3.35e. The testing mechanism at the University of Ottawa shock tube is 

called a double firing mechanism, where the three sections are separated using aluminum foils. To 

achieve the desired pressure, diaphragms are placed on both ends of the spool section (a diaphragm 

before the expansion section and on the side of the driver section (as shown in Figure 3.35c), 

creating a gap. When the driver section is filled with targeted pressure, the spool section is also 

filled with approximately half the targeted air pressure to balance some of the driver pressure and 

prevent the rupturing the diaphragms prematurely (Figure 3.35d shows the hoses connected to the 

spool and driver sections). Therefore, the thickness of the diaphragm used on the spool side is 

adjusted according to the difference in pressures considered. Diaphragms are usually made of 

aluminum foils with varying thicknesses according to the desired pressure in the driver section. 

The aluminum foil thickness and quantity are selected based on the predetermined pressure-

impulse combination. The aluminum foils used were supplied in square shapes and had to be 

drilled with holes matching the diameter of the fastener (steel bolts) on the shock tube spool section 

(see Figure 3.36). The blast load is generated when the diaphragms rupture and the air pressure rush 

towards the expansion section (end frame) at supersonic velocities. The driver pressure determines 

the reflected pressure, while the driver length controls the duration of load (impulse). 

The expansion section is equipped with vents on the sides and top of the rigid frame that are 

closed before the shock wave is released. The presence of vents releases the pressure after it hits 

the test sample to minimize secondary pressures that result from the returning air pressure after 

hitting the back of the shock tube. The expansion section of the shock tube at the University of 

Ottawa has a rectangular opening (end frame) of 2032 x 2032 mm. If test specimens are larger 
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than the existing opening, the expansion section can be modified, but not for the current study. For 

nonplanar test specimens (i.e., columns, beams, window parts, etc.), a carefully designed load 

transfer device (LTD) is used to uniformly distribute the load without providing additional 

resistance. In addition, the LTD can also simulate a cladding façade in an actual building. The 

combination of driver air pressure and driver length generates a unique combination of pressure 

and impulse. Table 3.9 presents the combinations of driver length and air pressure used in the 

current test program to simulate blast loads generated by a specific charge weight and stand-off 

distance combination. 

3.9 Load Transfer Device (LTD) 

Since columns are nonplanar test specimens, LTD is required to uniformly distribute the blast 

pressure to the surface of the column without venting the pressure generated through the openings 

around the column (if not LTD), while also providing ability to increase blast loads over and above 

the shock tube capacity by collecting the pressure over the entire test area and transferring it to the 

surface of the column (i.e. maximizing the available capacity). In this study, LTD is made of a thin 

steel sheet having a thickness of 0.71 mm and dimensions of 2083 mm x 2083mm (see Figure 3.37 

to Figure 3.39). The LTD was slightly bigger than the shock tube opening (2032 x 2032 mm) to 

prevent pressure loss during blast loading and stop the curtain from penetrating in the shock tube 

opening at rebound (negative phase). The steel sheet is bolted to eight long hollow structural steel 

(HSS) stiffeners (2083 mm long). Six of the eight stiffeners each carry two short HSS (203 mm 

long and 6 mm indented on the column side) sections welded in the middle of the stiffeners. In 

total, 14 contact surfaces (i.e., top and bottom HSS beams and 12 short HSS sections welded to 

the long HSS beams) were created between the curtain and the test specimen, as shown in Figure 

3.39. The total mass of the LTD used is 250 kg. LTD is attached only from the top side to the 

flange of the shock tube opening (swivel joint), so it acts like a curtain that freely moves laterally 

while collecting the shock wave from the shock tube and transferring it to the column without 

contributing to resistance. 
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Table 3.1 – Mix proportions of OPC concrete. 

Materials Quantity (kg) 

Cement (GUL ) 360 

Sand (0-5 mm) 862 

Coarse Aggregates (14 mm) 1075 

Water (L) 180 

Superplasticizer (L) 4 

 

Table 3.2 – Mechanical properties of longitudinal & transverse reinforcement and prestressing strands. 

Property 6.35 mm 

smooth bar 

10M deformed 

rebar 

13M seven-

wire strand 

15M seven-

wire strand 

Yield strength (MPa) 455 480 1650 1650 

Ultimate strength (MPa) 600 670 2200 2200 

Yield strain 0.002 0.002 0.1 0.1 

 

Table 3.3 – Mix proportions of ECC mix. 

Materials 2% fiber 1.5% fiber 

Cement (kg) 1326.6 1333.3 

Silica Fume (kg) 132.7 133.3 

Fibers (kg) 19.6 14.7 

Water (L) 437.7 440 

Superplasticizer (L) 26.5 26.7 

 

Table 3.4 – Mechanical Properties of UHMWPE fibers. 

Diameter (microns) 18 

Length (mm) 13 

Tenacity (GPa) 3 

Modulus (GPa) 114 

Specific gravity (g/cm3) 0.97 
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Table 3.5 – Mechanical properties of ECC mixes obtained experimentally. 

Property 2% fiber 1.5% fiber 

Ultimate Compressive Strength (MPa) 70 75 

Compressive Strain at Maximum Strength  0.007 0.007 

Tensile Cracking Strength (MPa) 3 3 

Ultimate Tensile Strength (MPa) 6 5 

Tensile Cracking Strain 0.00015 0.00016 

Tensile Maximum Strain 0.02 0.015 

 

Table 3.6 – Calculation of pre-blast reactive moment and stresses. 

Strand Profile 
Single-

harped 

Double-

harped 

Triple-

harped 
Parabolic 

Single-

Straight 

Double-

Straight 

Column ID, 

short name 
SH DH1 DH2 TH1 TH2 P1 P2 SS DS 

Total Strand Area, mm2 198 198 198 198 198 198 198 140 280 

Total Prestressing 

Force, kN 
55.2 47.9 58.9 36.8 55.2 33.1 58.9 91.1 208.3 

Eccentricity, mm 

(tension) 
207 207 207 247 247 227 227 37 37 

Eccentricity, mm 

(Compression) 
76 76 76 76 76 76 76 0.0 37 

Strand Angle, degrees 78.8 75.2 75.2 NA NA NA NA 0.0 0.0 

Resultant 

Reactive Moment, kN.m 
8.7 7.5 9.2 6.3 9.4 5 8.9 3.4 0.0 

Resultant 

Compressive Force, kN 
54.2 46.3 57.0 36.8 55.2 33.1 58.9 91.1 208.3 

Initial 

Axial Load, kN 
300 300 300 300 300 300 300 300 300 

Stress, MPa 

(on tension side) 
-0.4 -2.3 0.2 -3.8 0.8 -5.9 -0.3 -11.2 -22.0 

Stress, MPa 

(on compression side) 
-30 -28 -31 25 -31 -23 -31 -23 -22 

Camber, mm 2.4 2.6 3.2 2.6 3.6 2.0 3.4 2.6 0.0 
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Table 3.7 – Taken from Table 8.1 of CPCI design manual 5th edition [81]. 
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Table 3.8 – Test Matrix of current research study. 

# Specimen ID Qty Category 

Cross-section 

Dimensions 

(mm) 

Initial 

Axial 

Load (%) 

Prestressing 

1 Ref-N1 1 Non-seismic 152x152 35 None 

2 Ref-N2 1 Non-seismic 152x152 35 None 

3 Ref-S 1 Seismic/Blast 152x152 35 None 

4 SH-207e-0.15fpu-N1 1 Non-seismic 152x152 35 
55mm deviator, 

15% of fpu 

5 DH1-207e-0.13fpu-N1 1 Non-seismic 152x152 35 
55mm deviator, 

13% of fpu 

6 DH2-207e-0.16fpu-N1 1 Non-seismic 152x152 35 
55mm deviator, 

16% of fpu 

7 TH1-247e-0.1fpu-N1 1 Non-seismic 152x152 35 
95mm deviator, 

10% of fpu 

8 TH2-247e-0.15fpu-N2 1 Non-seismic 152x152 35 
95mm deviator, 

15% of fpu 

9 P1-227e-0.09fpu-N1 1 Non-seismic 152x152 35 
75mm deviator, 

9% of fpu 

10 P2-227e-0.16fpu-N2 1 Non-seismic 152x152 35 
75mm deviator, 

16% of fpu 

11 PT-SS-0.35fpu-S 1 Seismic/Blast 152x152 35 35% of fpu 

12 PT-DS-0.40fpu-S 1 Seismic/Blast 152x152 35 40% of fpu 

13 ECC-2.0%vf-t30-N1 1 Non-seismic 152x152 35 None 

14 ECC-2.0%vf-t20-N2 1 Non-seismic 152x152 35 None 

15 ECC-1.5%vf-t25-N2 1 Non-seismic 152x152 35 None 

 Total number of 

samples 
15     

 

Table 3.9 – Combinations of driver length and air pressure to generate blast loading. 

Driver 

Length  

(m) 

Driver 

pressure 

(kPa) 

Reflected 

pressure 

(kPa) 

Impulse 

(kPa-ms) 

Equivalent TNT 

charge weight  

(kg) 

Equivalent stand-off 

distance  

(m) 

2.75 150 32 264 136 49 

2.75 300 64 461 191 36 

2.75 375 81 560 231 34 

1.83 150 32 194 71 31 

1.83 375 77 437 116 27 

1.83 525 108 598 186 27 
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Figure 3.1 – Geometry and reinforcement details of the columns. 
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Figure 3.2 – Assembly of reinforcement cage and casting concrete. 
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Figure 3.3 – Curing of columns with wet burlaps and polyethylene sheets. 

 



Page | 88 

 

 

 

Figure 3.4 – Columns after curing; ready for strengthening/hardening and testing. 
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Figure 3.5 – Batching process of ECC mix. 
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Figure 3.6 – ECC dog-bone coupon test setup and a close-up photo of a coupon with 2% polyethylene 

fibers. 
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Figure 3.7 – Stress-strain relationship of ECC mix with 1.5% fibers. 

 

 

Figure 3.8 – Stress-strain relationship of ECC mix with 2.0% fibers. 
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Figure 3.9 – ECC cube tests. 

 

Figure 3.10 – Stress-strain relationship of ECC with 2% of polyethylene fibers under compression. 

0

15

30

45

60

75

0 0.003 0.006 0.009 0.012

S
tr

es
s 

(M
P

a
)

Strain

Stress-Strain of ECC (2%vf)



Page | 93 

 

 

 

Figure 3.11 –  Test matrix of current research study. 

 

 

Test Specimens

External 
Prestressing 

Strand Profile

Single-harped 
(SH)

Double-harped 
(DH1 and DH2)

Triple-Harped 
(TH1 and TH2)

Parabolic

(P1 and P2)

Internal 
Prestressing 

(Posttensioned) 

Straight Strand in 
one side (SS)

Straight Strand in 
both side (DS)

Jacketing using 
ECC layer

2.0 % dosage of 
fibers (2.0%vf)

30 mm thick layer 
(t30)

20 mm thick layer 
(t20)

1.5 % dosage of 
fibers (1.5%vf)

25 mm thick layer 
(t25)

Reference

Non-seismic

(N1 and N2)

Seismic/Blast 

(S)



Page | 94 

 

 

Figure 3.12 – The column with two external prestressing strands having a single-harped profile. 
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Figure 3.13 – A photo of a column with single-harped profile prior to testing. 
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Figure 3.14 – Column with two external prestressing strands having a double-harped profile. 
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Figure 3.15 –  A photo of a column with double-harped profile prior to testing. 
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Figure 3.16 –Column with two external prestressing strands having a triple-harped (semi-parabolic) 

profile. 
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Figure 3.17 – Photo of a column with triple-harped profile prior to testing. 
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Figure 3.18 – Column with two external prestressing strands having a parabolic profile. 
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Figure 3.19 –  Photo of a column with parabolic profile prior to testing. 
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(a) 

         
(b) 

 
(c) 

Figure 3.20 –  Photos showing process of hardening columns using external prestressing strands;             

a) parabolic-profile strands, b) top and bottom end of the column with end fixtures showing regular 

chucks and tensioner chucks, and c) disassembled parts of the end fixtures and deviators . 



Page | 103 

 

 
(a) 

     
(b)     (c) 

Figure 3.21 –  Photos showing the process of tensing external prestressing strands by applying torque 

force on the tensioner splice chuck using a torque wrench and a torquemeter; a) full view, b) close-up 

view from left side, c) close-up view from right side. 
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Figure 3.22 –  Photo and details of the male tensioner splice chuck supplied by General Technologies 

Incorporation. 
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Figure 3.23 – Column strengthened with single internal prestressing strands having a straight profile 

(constant eccentricity). 
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Figure 3.24 – Column strengthened with two internal prestressing strands having a straight profile 

(constant eccentricity). 
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(a) 

           

(b) 

Figure 3.25 – Photos of post-tensioning of columns with internal prestressing strands: a) column with 

double strands during jacking, b) end of the columns with one and two strands and a thick hollow cap to 

facilitate axial load application during testing. 



Page | 108 

 

 

Figure 3.26 – Reference column with a longitudinal duct serving as a control for internally post-tensioned 

columns. 
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Figure 3.27 – ECC jacketed column with three different thicknesses and two percentages of polyethylene 

fibers: a) ECC-2.0%vf-t30-N1, b) ECC-1.5%vf-t25-N2, and c) ECC-2.0%vf-t20-N2. 
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Figure 3.28 – Photo of a column prior to testing, representative of internally post-tensioned and jacketed 

columns. 
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Figure 3.29 – Photos showing the process of roughening the surface of the column on all four sides prior 

to pouring ECC jacket. 
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Figure 3.30 – A photo taken while pouring the ECC layer on all surfaces of the column core for ECC 

jacketed columns. 
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Figure 3.31 – Photos of ECC jacketed columns ready for testing. 

     

Figure 3.32 – A photo illustrating strain gauges on longitudinal and transverse reinforcement. 
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Figure 3.33 – The test setup showing shock tube model and instrumentations. 
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Figure 3.34 – Test setup - front view. 
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a)                                                                        b) 

      
c)                                                                                   d) 

         
e)       f) 

Figure 3.35 – Shock tube facility at the University of Ottawa, a) driver section and expansion chamber,      

b) end frame, c) aluminum foil of the driver section, d) Spool section with connected air hoses, e) air 

pressure control device, f) ruptured aluminum diaphragm after the test. 
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Figure 3.36 – Photos from the process of preparing diaphragms from aluminum foils. 
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Figure 3.37 – 3D layout and Front view of LTD. 
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Figure 3.38 –  Photos from the process of preparing LTD. 
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Figure 3.39 –  Photos from the process of installing LTD and its stiffeners in the form of HSS. 
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Chapter 4. Experimental Results 

This chapter presents the results of blast loading on 15 reinforced concrete columns. The columns 

were subjected to a series of progressively increasing shock waves (blast shots) until the collapse 

or significant deterioration of the test specimens. The results presented include reflected pressure, 

mid-height maximum and residual deflections, drop in axial load during testing, reaction force at 

support locations, strain measurements of internal reinforcement and external 7-wire strands when 

applicable, and an assessment of visual qualitative level of damage after each shot. The plots of 

applied reflected pressure, displacement, axial load, and reaction force time histories are presented 

at the end of this chapter. The graphs are plotted for each shot; however, if there was any residual 

deflection in the previous shot, the result of the subsequent shot begins from the same residual 

deflection and not necessarily from zero, except in the first shot. All the columns are tested under 

a combined loading configuration comprised of initial axial and applied blast loads. Therefore, the 

columns undergo an initial compressive strain, which is considered when calculating true/net strain. 

True strain is the sum of the initial axial strain, the residual strain from the previous shot, if 

applicable, and the relative maximum/residual strain.  

The result of each column is reported and discussed, referring to the label predefined in 

Chapter 3. A summary of the applied shock wave parameters and the corresponding test results is 

presented in Table 4.1 to 4.4. The reported parameters in these tables include driver length (LD), 

driver pressure (PD), reflected pressure (Pr), reflected impulse (Ir), idealized duration of positive 

phase (td), maximum mid-height region deflection (dmax), residual and accumulated residual mid-

height deflections (drs and drs_acm), and residual and maximum support rotations (rs and max). The 

measured strain values (residual strain and true strain) are presented in Table 4.5 to  4.8. The 

following subsections describe the test results for all the tested columns and report their behavior 

after each shot.  

4.1 Reference columns 

Reference columns, also called control columns, were tested as built without any 

hardening/strengthening. Two columns from the non-seismic columns category were tested to 

serve as reference columns to compare with columns hardened by externally placed prestressing 

strands and ECC jackets. One column from the seismic/blast columns category was tested to serve 

as a reference to the internally post-tensioned columns. The columns were loaded axially to 300 
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kN before the application of blast loads. The axial load level was kept constant through periodic 

adjustments if allowed by the column residual capacity and when necessary to maintain the 

combined loading configuration. 

4.1.1 Ref-N1 

The non-seismic reference column was tested by applying two blast shots with two different driver 

pressures. The first shot was generated by applying a driver pressure of 186 kPa and a diver length 

of 2.7 m. The second shot was generated by applying a driver pressure of 276 kPa with the same 

driver length. During the first shot, the columns were under 300 kN axial load, while the axial load 

during the second shot decreased and was maintained at 200 kN due to the damage created from 

the first shot. The reflected pressure on the column due to the first blast shot was 35 kPa, and the 

impulse was 303 kPa-ms, resulting in a maximum deflection of 66 mm and a residual deflection 

of 55 mm. The reflected pressure due to the second shot was 42 kPa, and the impulse was 395 kPa-

ms, associated with maximum and residual deflections of 148 mm and 116 mm, respectively (see 

Figure 4.1).  

Visual observations of the column showed that after the first shot, there were signs of 

concrete crushing on the compression side and multiple major cracks on the tension side at the 

critical section (i.e., mid-height), as shown in Figure 4.2. The axial load capacity of the column 

dropped to less than 200 kN. The second shot induced a total collapse of the columns, as illustrated 

in Figure 4.3, resulting in the complete loss of its axial load resistance. The support reaction was 

measured to be 53 kN during the first shot, and it was around 24 kN. 

Measurement of strain gauges (reported in Appendix A, Figure A.1a) revealed that the tension 

reinforcement was significantly strained, almost ten times the yield strain. At the end of the second 

shot, the residual strain for tension reinforcement was more than 2%. The strain gauges reached 

their maximum reading capacity during this shot. The strain gauge attached to the compression 

steel did not provide meaningful data. 

4.1.2 Ref-N2 

The second non-seismic reference column with a 5 MPa higher concrete strength than the first 

column was tested at different pressure-impulse combinations. It was subjected to three blast shots 

with varying driver pressures but a fixed driver length of 1.8 m for all the shots. The first shot was 

generated using a driver pressure of 138 kPa. The second and third shots had 221 kPa and 372 kPa 
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driver pressures, respectively. The maximum reflected pressure on the column during the first shot 

was 29 kPa, and the impulse was 198 kPa-ms, resulting in a maximum mid-height deflection of 

21 mm and a residual deflection of 2 mm. The reflected pressure and impulse due to the second 

shot were 37 kPa and 290 kPa-ms, respectively. This shot generated maximum and residual 

deflections of  42 mm and 25 mm, respectively. The third shot increased the reflected pressure and 

impulse to 55 kPa and 384 kPa-ms, respectively, resulting in a maximum deflection of 144 mm 

and a residual deflection of 97 mm (see Figure 4.4). 

Visual observations of the column showed no signs of concrete crushing and cracking at the 

end of the first shot (see Figure 4.5). However, after the second shot, there was concrete crushing 

on the compression side and major cracks on the tension side at a location below the critical section 

(i.e., mid-height), as depicted in Figure 4.6. After the third shot, the column was completely 

damaged, with a chunk of concrete spalling from both the compression and tension sides, as 

illustrated in Figure 4.7. The column axial load capacity did not drop during the first and second 

shots. However, it totally lost its axial load capacity during the third shot. The support reactions 

were measured to be 29, 47, and 53 kN during the first, second, and third shots, respectively. 

Measurements of strain gauges (presented in Appendix A, Figure A.1b) revealed that the 

compression steel was below the yield strain during the first shot, with tension reinforcement 

exceeding yield. However, the residual strains for compression and tension reinforcements were 

close to 0 %. During the second shot, the compression steel experienced nearly yield strain (i.e., 

0.2 %) while the tension steel strain gauges were reading 1.1 % strain at the time of maximum 

pressure. The residual strain value of compression steel was around 0.07 %, while the tension steel 

indicated 0.6 % strain. During the third shot, the strain in the compression steel was unstable and 

lower than that recorded during the second shot. However, the strain gauges attached to the tension 

reinforcement reached their maximum capacity and stopped reading. The discrepancy in the strain 

measurement of the compression steel can be justified by the location of the plastic hinge, which 

did not occur at exactly mid-height where strain gauges were installed. 

4.1.3 Ref-S 

The seismic/blast designed control column was also tested by applying two blast shots with 

different driver pressures. The first shot was generated by a driver pressure of 138 kPa and a diver 

length of 2.7m. The second shot was generated by a higher driver pressure of 276 kPa, using the 

same driver length. The column was subjected to a reflected pressure of 26 kPa and an impulse of 
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272 kPa-ms) during the first blast shot, resulting in a maximum deflection of 37 mm and a residual 

deflection of 13 mm. The reflected pressure during the second shot was 43 kPa, and the impulse 

was 415 kPa-ms, resulting in a maximum deflection of 166 mm and a residual deflection of 140 

mm (see Figure 4.8).  

Visual observations of the column showed that after the first shot, there were signs of 

concrete crushing on the compression side. Multiple visible cracks were observed on the tension 

side within the critical section region near mid-height. This is shown in Figure 4.9. The axial load 

capacity of the column exhibited a slight drop after the first shot; however, after the second shot, 

the column lost its axial load capacity. The second shot induced a total collapse of the column, as 

illustrated in Figure 4.10. The maximum measured support reaction during the first and second 

shots was 43 kN and 72 kN, respectively. 

Measurement of strain gauges (presented in Appendix A, Figure A.1c) revealed that both 

compression and tension bars exceeded the yield point (1.3 % in compression and 2.3% in tension). 

The residual steel strains for compression and tension were 1% and 1.3%, respectively. During the 

second shot, both compression and tension reinforcement experienced a maximum strain of 2 % 

and a residual strain of around 2 %. Strain data showed that the seismic/blast detailed column 

developed higher strains than the non-seismic column at a similar load level. The difference in 

strains is attributed to the effect of concrete confinement in the seismically detailed column. The 

increase in concrete internal forces resulting from confinement provides greater elongation of 

longitudinal reinforcement, thus resulting in higher strain values. 

4.2 Columns Hardened by External Post-tensioning 

The test program presented in Chapter 3 included two techniques of column hardening, as 

illustrated and described in Section 3.3. The first technique involved external post-tensioning of 

columns using prestressing strands, and the second was based on ECC jacketing of columns. All 

the hardened columns represented non-seismic columns of existing buildings.  They were loaded 

with an axial load of 300 kN before post-tensioning and tested under combined blast and axial 

loading. The test results of hardened columns by external post-tensioning are presented in the 

following subsections:  
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4.2.1 SH-207e-0.15fpu-N1 

The first hardened column was post-tensioned with two external strands having a single-harped 

longitudinal profile. The column was subjected to three incrementally increasing blast shots with 

driver pressures of 159 kPa, 276 kPa, and 362 kPa, respectively. The driver length for all three 

shots was kept at 2.7 m. During the first shot, the column was subjected to a reflected pressure of 

32 kPa and the resulting impulse of 308 kPa-ms, which led to elastic behavior. The maximum 

deflection at this stage of loading was 30 mm, with a rebound deflection of 12 mm and a small 

residual deflection of 3 mm. The second shot generated a reflected pressure of 45 kPa and an 

impulse of 420 kPa-ms, resulting in a maximum deflection of 60 mm and a residual deflection of 

45 mm. The reflected pressure impulse combination during the third shot was 75 kPa / 511 kPa-

ms, which generated a maximum deflection of 207 mm and a residual deflection of 160 mm (see 

Figure 4.11).  

There were no signs of crushing and cracking observed at the end of the first shot, as seen in 

Figure 4.12 There was a negligible drop in the level of axial load. However, after the second shot, 

there were visible concrete crushing signs on the compression side, as well as cracks on the tension 

side, as shown in Figure 4.13. The axial load during the second shot was dropped by about 50 kN 

but adjusted back to the initial load level for the next shot. The third shot caused complete damage 

to the column, as illustrated in Figure 4.14. The axial load was completely lost at the end of this 

shot. It was observed that the location of the plastic hinge was not at or close to the mid-height. 

The shift in the location of the plastic hinge was due to the presence of the deviator for the 

prestressing strand. Since the reactive force in this case resulted in peak resisting moment at mid-

height, the column failed at a section with the highest resultant moment below the mid-height 

section, as illustrated in Figure 4.14c. The maximum support reactions were recorded as 53 kN, 88 

kN, and 78 kN for the first, second, and third shots. 

The strain gauge measurements (presented in Appendix A, Figure A.2) showed that during 

the first shot, the compression steel was less than the yield strain, and the residual strain was almost 

zero. While the tension reinforcement already yielded at the time of maximum pressure, its residual 

strain was nearly zero. However, during the second shot, the compression and tension 

reinforcements were strained beyond yielding. During the third shot, the compression steel was 

less strained than in the second shot and exhibited tensile strains. Similarly, the tension steel was 

less strained during the third shot at maximum, and the residual strain was zero. The strain 
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measurements on the 7-wire strands showed a strain of 0.08 % during the first shot, almost 0.2 % 

during the second shot, and stayed at 0.2 % during the third shot. The observed damage locations 

were consistent with the strain measurements. The column mid-height locations of the strain 

gauges were away from the plastic hinge location.  

4.2.2 DH1-207e-0.13fpu-N1 

The column hardened with two double-harped shape strands was subjected to three blast shots. 

The driver length for all three shots was kept at 2.7 m. The driver pressures were 165 kPa, 276 kPa, 

and 365 kPa for the first, second, and third shots, respectively. The maximum reflected pressure 

of 33 kPa and impulse of  310 kPa-ms during the first shot resulted in an elastic response. The 

maximum deflection from the first shot was 35 mm, with a rebound deflection of 15 mm, but there 

was no residual deflection. The second shot generated a reflected pressure of 43 kPa and an 

impulse of 418 kPa-ms, resulting in a maximum deflection of 59 mm and a residual deflection of 

32 mm. The reflected pressure impulse combination increased to 55 kPa and 540 ka-ms during the 

third shot, resulting in a maximum deflection of 123 mm and a residual deflection of 79 mm, as 

shown in Figure 4.15.  

Visual inspection of the column revealed no signs of crushing and cracking after the first 

shot (see Figure 4.16). The drop in axial load was minimal. However, after the second shot, there 

was visible concrete crushing and cracking in the critical mid-height region, as shown in Figure 

4.17. The axial load during the second shot dropped by 50 kN, but it was adjusted back to the initial 

load before the next shot. After the third shot, the column was fully damaged, with the loss of its 

total axial load-carrying capacity (see Figure 4.18). The maximum reaction forces at the supports 

were 51 kN, 83 kN, and 85 kN during the first, second, and third blast shots, respectively. 

The strain gauge measurements reported in Appendix A, FigureFigure A.3a and A.3b) showed 

that during the first shot, the compression steel was almost at yield when pressure was maximum, 

but the residual strain was nearly zero. Meanwhile, tension reinforcement yielded at the time of 

maximum pressure, and its residual strain showed negative readings. However, during the second 

shot, the compression and tension reinforcement were strained beyond the yielding strain, reaching 

1 % and 2.5 %, respectively. Their residual strains were measured to be 2.5 % for tension and 0.15% 

for compression reinforcement. During the third shot, tension and compression reinforcement 

stopped recording readings as they reached their maximum capacity. The strains in the 7-wire 

strands showed a gradual increase, from 0.16% during the first blast shot to 0.34% during the 



Page | 127 

 

second shot and almost 0.4 % during the third shot. Their residual strains varied between 0 % and 

0.05 % during the three consecutive blast shots. 

4.2.3 DH2-207e-0.16fpu-N1 

This column is similar to the previous double-harped column except that the prestressing force 

applied to the strands was higher, and it was also subjected to three blast shots. The driver length 

for the three shots was kept at 2.7 m. The diver pressures for the three shots were 159 kPa, 255 

kPa, and 393 kPa. The reflected pressure from the first shot was 36 kPa, and the corresponding 

impulse was 337 kPa-ms, which was resisted elastically by the column. The maximum deflection 

from the first shot was 41 mm, with a rebound of 8 mm and a small residual deflection of 4 mm. 

The second shot generated a reflected pressure of 42 kPa and an impulse of 435 kPa-ms, which 

resulted in a maximum deflection of 62 mm and a residual deflection of 23 mm. The reflected 

pressure due to the third shot was 80 kPa, and the impulse was 543 kPa-ms, resulting in a maximum 

deflection of 105 mm and residual deflection of 60 mm, as can be inferred from Figure 4.19.  

There were no signs of crushing or cracking after the first shot, as seen in Figure 4.20. There 

was also no drop in the applied axial load, as expected. However, the second shot produced visible 

signs of concrete crushing and cracking near the critical section in the mid-height region. This is 

depicted in Figure 4.21. The axial load during the second shot dropped by 25 kN, but it was 

subsequently adjusted back to the initial applied load level before the following shot. After the 

third shot, the column was fully damaged, with the loss of its total axial load capacity (see Figure 

4.22). Contrary to the single-harped column, the plastic hinge location of this column was not 

shifted from the expected mid-height location. Figure 4.20c illustrates that the resultant highest 

moment is still at the mid-height, as no deviator is placed there. The maximum support reactions 

were measured to be 61 kN, 85 kN, and 87 kN, respectively, during the first, second, and third 

shots. 

The strain gauge readings plotted in Appendix A, Figure A.3c and A.3d, showed that the 

tension steel started yielding during the first shot and remained in the post-yield range thereafter. 

The compression reinforcement data was not recorded due to technical problems. The strain 

measurements on the 7-wire strands showed maximum strains of 0.15 %, 0.35 %, and 0.4 % during 

the first, second, and third shots, respectively. The residual strand strains varied between -0.08 % 

and 0.08%. 
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4.2.4 TH1-247e-0.10fpu-N1 

This column was hardened with two external post-tensioned strands having a semi-parabolic 

longitudinal profile with three-point deviators. It was subjected to three incrementally increasing 

blast shots with driver pressures of 207 kPa, 310 kPa, and 379 kPa as shots 1, 2, and 3. The driver 

length for all three shots was kept constant at 2.7 m. The reflected pressure from the first shot was 

40 kPa, and the impulse was 361 kPa-ms, resulting in a maximum deflection of 57 mm and a 

residual deflection of 13 mm. The second shot generated a reflected pressure of 45 kPa and an 

impulse of 435 kPa-ms, resulting in a maximum deflection of 70 mm and a residual deflection of 

30 mm. The reflected pressure due to the third shot was 55 kPa with an impulse of 543 kPa-ms, 

resulting in a maximum deflection of 230 mm and a residual deflection of 200 mm below the mid-

height section (see Figure 4.23).  

There were no signs of crushing and cracking after the first shot (see Figure 4.24). The drop 

in axial load was negligible. However, after the second shot, there were visible signs of concrete 

crushing and cracking below the critical section, as shown in Figure 4.25. The axial load during the 

second shot dropped by 100 kN but adjusted back to the initial load level prior to the next blast 

shot. After the third shot, the column was fully damaged (see Figure 4.26) with a total loss of axial 

load. The maximum support reactions recorded from the load cells were 59 kN, 89 kN, and 76 kN 

during the first, second, and third shots, respectively. 

The strain gauge measurements reported in Appendix A, Figure A.4a and A.4b, showed that 

the compression steel yielded at maximum pressure during the first shot and exhibited a residual 

strain of around 0.05 %. The tension reinforcement also strained to yield strain. The compression 

reinforcement was strained less than the yielding strain during the second shot and less than the 

strain recorded during the first shot. The residual strain of compression steel during the second 

shot was almost 0 %, but the tension steel gauge reached its capacity at the residual load stage. 

During the third shot, the compression steel was strained less than the strain values at the second 

shot and exhibited tensile strains. The strain measurement on the 7-wire strands showed a strain of 

around 0.2% during the first shot and a strain of around 0.35 % during the second and third shots. 

The location of induced damage, which was not where the strain gauges were located, justifies the 

discrepancy in the level of measured strains from the second and third shots.  
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4.2.5 TH2-247e-0.15fpu-N2 

This column is similar to column TH-247e-0.10Fpu-N1 except for the level of initial prestressing 

force in post-tensioned cables and the concrete strength. The prestressing force was 15% of the 

ultimate strength of high-strength 7-wire strands, and the compressive strength of concrete was 50 

MPa at 28 days. The column was subjected to three blast shots with driver pressures of 207 kPa, 

345 kPa, and 517 kPa, respectively, for blast shots 1, 2, and 3. The driver length of all three shots 

was kept at 1.8 m. The reflected pressure from the first shot was 36 kPa, and the impulse was 278 

kPa-ms, generating a maximum deflection of 23 mm without a residual deflection. The second 

shot generated a reflected pressure of 58 kPa and an impulse of 413 kPa-ms, resulting in a 

maximum deflection of 37 mm and almost no residual deflection. The reflected pressure due to 

the third shot was 75 kPa, and the impulse was 562 kPa-ms, resulting in a maximum deflection of 

133 mm and a residual deflection of 120 mm. This can be seen in Figure 4.27.  

The first shot did not cause any concrete crushing or cracking, as can be seen in Figure 4.28. 

After the second shot, a localized concrete crushing was observed on the compression side at a 

section below the critical section (i.e., mid-height) between the two deviators (mid-height deviator 

and deviator at 1/3 of height). This is illustrated in Figure 4.29. There were no cracks observed on 

the tension side anywhere along the column height. In addition, there was no drop in axial load 

after the first and second shots. During the third shot, however, the column was fully damaged (see 

Figure 4.30), and there was a 70% loss in the applied axial load. Similar to the single-harped column, 

the presence of a deviator at the mid-height caused a shift in the location of the plastic hinge. This 

behavior is again related to the reactive moment from strands that changed the location of the 

highest resultant moment during blast loading. During the third shot, the post-tensioning system 

experienced a failure at one of the end connections (see Figure 4.31) due to the shear failure of the 

steel bolts connecting the top steel plate to the side steel angle. The maximum support reactions 

were recorded to be 33 kN, 68 kN, and 96 kN during the first, second, and third shots, respectively. 

The strain gauge measurements (presented in Appendix A, Figure A.4c and A.4d) showed 

that the compression steel was below the yield strain during the first shot and did not exhibit any 

residual strain. The tension reinforcement slightly exceeded the yield strain and rebounded 

afterwards, showing a strain of around 0 %. However, during the second shot, the compression 

reinforcement was strained slightly above the yield strain, and the tension reinforcement was 

reading a strain of 0.5 %. The residual strain of compression and tension steel during the second 
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shot was around 0.02%. During the third shot, the compression steel was less strained than in the 

second shot, and the tension reinforcement read 1.5 % strain at maximum pressure. The residual 

strain of compression steel during the third shot was around 0.05 %, and tension steel was around 

0.6 %. The drop in strain level during the third shot is attributed to the location of plastic 

deformation below the mid-height region where strain gauges were installed. The strain 

measurement of the 7-wire strands showed a strain value of 0.13 % during the first shot and a 

residual strain of 0.05 %, but with the opposite sign. Similarly, a strain of around 0.33 % was 

recorded during the second blast shot, and a residual strain of 0.06 %. During the third shot, the 

strain gauge on the right-side cable stopped reading while the left cable strain gauge measured a 

strain value of almost 0.2 % and a residual strain of 0.1 %. 

4.2.6 P1-227e-0.09fpu-N1 

This column was hardened with two post-tensioned external strands in a draped longitudinal 

profile (parabolic profile with five-point deviators). It was subjected to five incremental blast shots 

with a driver length of 2.7 m for each shot. The driver pressures were 138 kPa, 165 kPa, 310 kPa, 

345 kPa, and 379 kPa, respectively, for the first through fifth shots. The reflected pressure–impulse 

combination of the first shot was 29 kPa and 270 kPa-ms. The maximum deflection generated by 

this shot was 31 mm, and no residual deflection was produced. The second shot generated a 

reflected pressure–reflected impulse combination of 32 kPa-301 kPa-ms, resulting in a maximum 

deflection of 40 mm and a residual deflection of 2 mm. The reflected pressure data from the third 

shot was not recorded due to technical problems. However, assessing the first two shots (observing 

the driver pressure in psi and corresponding reflected pressure in kPa) and comparing the reflected 

pressure of a triple-harped column fired with similar driver pressure, an estimated reflected 

pressure of 50 kPa and an impulse of 450 kPa-ms were assumed. The maximum deflection during 

shot#3 was 60 mm, and the residual deflection was 18 mm. The reflected pressure from shot#4 

was 60 kPa, and the impulse was 612, resulting in a maximum deflection of 73 mm and residual 

deflection of 45 mm. The fifth blast shot resulted in a reflected pressure of 55 kPa and an impulse 

of 569 kPa-ms, causing a maximum deflection of 120 mm and a residual deflection of 70 mm (see 

Figure 4.32). 

Visual inspection of the column revealed that after the first and second shots, the column 

exhibited elastic behavior and did not lead to a drop in axial load. During the first and second blast 

shots, there were no signs of concrete crushing and cracking (see Figure 4.33 and Figure 4.34). 
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However, the third shot led to visible concrete crushing and cracking at the critical section (i.e., 

mid-height). This can be seen in Figure 4.35. The fourth shot resulted in significant damage to the 

column (see Figure 4.36), accompanied by a drop in axial load to 150 kN. The axial load was 

adjusted, but could not be increased above 200 kN for the fifth shot because of the damage caused 

from the fourth shot. The axial load dropped to zero after the fifth shot, and the column failed as 

shown in Figure 4.37. The support reactions measured during the first four blast shots were 50 kN, 

67 kN, 107 kN, and 75 kN, respectively. 

The strain gauge measurements reported in Appendix A, Figure A.5a and A.5b showed that 

during the first shot, the tension steel yielded with zero residual strain. The strain measurement 

recorded during shot #2 was not recorded due to technical problems. During shot #3, tension steel 

developed 0.75 % strain at maximum pressure, which dropped to yield strain afterwards. Similar 

strain values recorded during shot #3 were also recorded during shot #4. It is worth mentioning 

that the compression steel strain data were not measured in this column. The strain measurements 

on 7-wire strands during the first shot showed values of up to 0.13 %. Similar strain values were 

recorded during shot #2. During shot#3, higher strains were recorded with a strain value of around 

0.4 %. The residual strain in the 7-wire strands after shot #4 was almost zero, indicating unloading 

of prestressing strands that remained in the elastic region even after multiple shots.  

4.2.7 P2-227e-0.16fpu-N2 

This column was similar to column P-227e-0.09fpu-N1 except for having a higher level of 

prestressing and higher concrete strength. The initial prestressing force in the strands was 16% of 

the ultimate tensile strength, and the compressive strength of concrete was 50 MPa. It was 

subjected to three progressively increasing blast shots with a driver length of 1.8 m for each shot. 

The driver pressures during these three shots were 221 kPa, 365 kPa, and 510 kPa for the first, 

second, and third shots, respectively. The reflected pressure-impulse combination for the first shot 

was 37 kPa-292 kPa-ms and resulted in 23 mm, without developing any residual deflection. The 

second shot resulted in a reflected pressure-impulse combination of 60 kPa-473 kPa-ms and a 

maximum deflection of 43 mm and a residual deflection of 6 mm. The third shot had an increased 

reflected pressure combination of 75 kPa - 576 kPa-ms with a higher maximum deflection of 80 

mm and an increased residual deflection of 65 mm (see Figure 4.38).  

Visual inspection of the column after the first shot revealed an elastic response without any 

drop in applied axial load. At this stage of loading, there were no signs of concrete crushing and 
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cracking (see Figure 4.39). However, after the second shot, there were visible localized concrete 

crushing on the compression side and hairline cracks on the tension side at a location slightly above 

the critical section, as illustrated in Figure 4.40. The third shot resulted in significant damage to the 

column (see Figure 4.41), and the axial load dropped to below 150 kN. During the third shot, the 

post-tensioning system experienced failure at one of the end connections (see Figure 4.42) due to 

the shear failure of the steel bolts connecting the top steel plate to the side steel angle. The 

maximum support reactions measured during blast shots #1, #2, and #3 were 48 kN, 79 kN, and 

92 kN, respectively. 

The strain gauge measurements reported in Appendix A, Figure A.5c and A.5d indicated 

tension steel yielding at maximum deflection without any residual strain. The compression 

reinforcement remained below yield. During the second shot, both tension and compression 

reinforcement strained beyond yield, showing strains that varied around 0.75%. The compression 

reinforcement showed 0.3 % residual strain. No residual strain was recorded in the tension 

reinforcement. The strain gauges reached their limits during the third shot and stopped working. 

The strain measurement on the 7-wire strands showed a strain of around 0.14 % during the first 

shot but dropped back to 0.05 % with an opposite sign at the end of the shot. During the second 

shot, at the time of maximum deflection, the strain was measured to be 0.4 %, but the residual 

strain was as low as 0.05 %. Higher prestressing strains were recorded during the third shot, 

reaching 0.5 %, but dropped to zero strain at the end of the shot.  

4.3 Posttensioned Columns using Internally Prestressing Strands 

The seismic/blast resistant columns designed according to the respective CSA standards for newly 

built columns were strengthened by unbonded internal 7-wire post-tensioning strands. The 

columns were subjected to 300 kN of axial load prior to blast loading. The 300 kN axial load was 

applied after the prestressing strand was inserted through the duct and prestressed. Application of 

axial load develops shortening of the column, thus may result in loss of prestressing force. 

Therefore, the initial post-tensioning force was intentionally increased slightly higher than what 

was required to account for the loss due to axial loading. The following subsections present the 

test results of two internally post-tensioned columns: 
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4.3.1 PT-SS-0.35fpu-S 

This column was built with closely spaced ties along its entire height and post-tensioned with a 

single 7-wire unbonded prestressing strand. The column was subjected to three progressively 

increasing blast shots with a constant driver length of 2.7m for each shot. The driver pressures 

during the first, second, and third shots were 138 kPa, 276 kPa, and 414 kPa, respectively. The 

first shot resulted in a reflected pressure-impulse combination of 29 kPa-268 kPa-ms, generating 

a maximum deflection of 26 mm with a residual deflection of 2 mm. The reflected pressure due to 

the second shot was 44 kPa with an impulse of 415 kPa-ms, causing a maximum deflection of 85 

mm and a residual deflection of 52 mm. Reflected pressure from the third shot increased to 60 kPa 

with an impulse of 614 kPa-ms, resulting in a maximum deflection of 152 mm and a residual 

deflection of 89 mm. These results are shown in Figure 4.43. 

Visual inspection of the column revealed that after the first shot, the column exhibited elastic 

behavior with a negligible drop in axial load. No visible signs of concrete crushing and cracking 

observed (see Figure 4.44). However, there were signs of concrete crushing and cracking at the 

critical mid-height section after the second shot. This is illustrated in Figure 4.45. In addition, the 

axial load dropped to below 200 kN, but it was readjusted to 300 kN before applying the third shot. 

The third shot significantly damaged the column, as shown in Figure 4.46 and the axial load 

dropped to zero. The support reactions measured by the load cell indicated maximum reactions of 

55 kN, 78 kN, and 66 kN during the first, second, and third shots, respectively.  

The strain measurements (reported in Appendix A, Figure A.6a) indicated post-yield strains 

on compression and tension steels with strains of 0.5 % and 0.9 %, respectively. The reason for the 

much higher strain values compared to the externally post-tensioned hardened non-seismic 

columns is the effect of confinement in the current column with seismic/blast detailing, as 

explained earlier in Section 4.1.3. The residual strain in compression steel was at the yield strain 

level, while it was below the yield strain for tension steel. The strain recovery in tension 

reinforcement is attributed to the presence of the unbonded strand over the tension side and its role 

in the rebound of the column that relaxed the tension steel. During the second shot, the maximum 

tension and compression reinforcement developed approximately 2% strains, while the 

compression steel had a higher residual strain (1.75%) than the tension (0.8%) steel. During the 

third shot, the strain gauges reached their maximum reading capacity (i.e., 20000 to 25000 micro-
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strain) and stopped giving meaningful results. The strain measurement of the prestressing strand 

was not successful because of the loss of connection of the strain gauge wire during post-tensioning. 

4.3.2 PT-DS-0.40fpu-S 

Similar to column PT-SS-0.35fpu-S, this column was built with closely spaced ties along its entire 

height. However, this column was post-tensioned with two 7-wire unbonded strands. The column 

was subjected to three blast shots with a constant driver length of 2.7m for each shot. The driver 

pressure during the first, second, and third shots was 138 kPa, 276 kPa, and 365 kPa, respectively. 

The reflected pressure-impulse combination was 29 kPa-267 kPa-ms during the first shot. The 

maximum deflection at this stage of loading was 37 mm, and the residual deflection was 10 mm. 

The second shot produced a reflected pressure of 44 kPa with an impulse of 407 kPa-ms. The 

maximum deflection increased to 90 mm with a residual deflection of 60 mm. Reflected pressure 

from the third shot was recorded to be 55 kPa with an impulse of 539 kPa-ms, resulting in a 

maximum deflection of 140 mm and a residual deflection of 70 mm (see Figure 4.47). 

Visual inspection of the column revealed that after the first shot, the column exhibited elastic 

behavior with a negligible drop in axial load. There were no signs of concrete crushing and 

cracking (see Figure 4.48). However, there were visible signs of concrete crushing on the 

compression side and cracking on the tension side at the critical section (i.e., mid-height) after the 

second shot. This is depicted in Figure 4.49. In addition, the axial load dropped to about 150 kN. It 

was adjusted to 280 kN before the third shot was applied. The third shot resulted in significant 

damage to the column as can be seen in Figure 4.50, causing the axial load to drop to zero. The load 

cell at the location of supports measured maximum reactions as 56 kN, 79 kN, and 53 kN during 

the first, second, and third shots.  

The strain gauge data (reported in Appendix A, Figure A.6b and A.6c) showed that the 

compression and tension steels were well beyond their yield strain with 1% and 1.8% strains, 

respectively. Once again, the high strain values attained can be explained by the confinement of 

core concrete having seismic/blast detailing, as also explained in Section 4.1.3. The residual strain 

during the first shot in each longitudinal reinforcement was measured to be higher than 0.5%. 

During the second and third shots, the strain gauges reached their capacity, showing 20000 to 

25000 micro-strains (2% to 2.5%). The strain measurement of the prestressing strand on the 

compression side recorded strains of approximately 0.08%, 0.35%, and in excess of 0.8 % during 

the first, second, and third shots, respectively. 
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4.4 Columns Hardened using ECC Jacketing  

The second method of hardening investigated in this research study is applying Engineered 

Cementitious Composite (ECC) shell to jacket the columns as described in Section 4.2. Three 

columns were jacketed with an ECC shell for blast loading. The ECC shell was cast on all four 

sides of columns (i.e., jacketing or complete wrapping) and tested under blast loads while 

simultaneously subjected to axial loads. The following three subsections describe the performance 

of ECC jacketed columns.  

4.4.1 ECC-2.0%vf-t30-N1 

This ECC jacketed column was hardened with a 30 mm thick ECC layer containing 2% 

polyethylene high modulus fibers in the mix. The column was subjected to four progressively 

increasing blast shots with a constant driver length of 2.7 m for each shot. The first three shots 

were generated by driver pressures of 159 kPa; 276 kPa, and 414 kPa. The axial load was kept 

approximately constant at 350 kN during these shots. The fourth shot was applied with a slightly 

reduced driver pressure relative to the third shot (i.e., 345 kPa) and a lower axial load. This was 

done because of the extensive damage imposed on the column during the third shot. The reflected 

pressure-impulse combination generated during the first shot was 32 kPa-315 kP-ms. This level of 

blast load produced a maximum deflection of 13 mm without any residual deflection. The 2nd 

blast shot created a reflected pressure of 47 kPa and an impulse of 441 kPa-ms, causing a maximum 

deflection of 36 mm without any residual deflection. The reflected pressure from the third shot 

was 63 kPa with an impulse of 610 kPa-ms, resulting in a maximum deflection of 115 mm and a 

residual deflection of 104 mm (see Figure 4.51). The reflected pressure-impulse combination for 

the fourth and the last shot was 48 kPa-510 kPa-ms, causing full collapse of the column (blowout). 

Visual observations during the column tests indicated no visible concrete crushing or 

cracking (see Figure 4.52) at the end of the first shot. Similarly, there were no signs of any crushing 

or cracking after the second shot (see Figure 4.53) except for hardly visible small hairline cracks 

on the tension side. The applied axial load remained constant during these two shots, without any 

drop. After the third shot, there was a wide crack opening on the tension side and the beginning of 

concrete crushing on the compression side, as seen in Figure 4.54. The applied axial load dropped 

below 200 kN at the end of the shot. The fourth blast shot was applied to observe the inevitable 

collapse of the column. Indeed, this shot resulted in a catastrophic failure of the column, and the 

column bounced out of the supporting frames, freeing itself from the supports as illustrated in 
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Figure 4.55. The maximum support reactions were recorded to be 42 kN, 71 kN, and 95 kN during 

the first, second, and third shots, respectively. 

The strain gauges on internal reinforcement were mostly damaged during the surface 

roughening process for ECC jacking, except for one strain gauge reported in Appendix A, Figure 

A.7a. During the first shot, tension reinforcement exhibited yielding at the time of maximum 

deflection but remained at almost 0 % strain afterwards. In the second shot, the highest strain 

reading was 1.1%, which returned to 0 % at the end of the shot. During the third shot, the strain 

gauges stopped reading after reaching their capacity (i.e., 25000 micro-strain or 2.5%). 

4.4.1 ECC-2.0%vf-t20-N2 

This column was similar to the previous column tested except for having a jacket thickness of 20 

mm ECC but containing the same 2.0% polyethylene high-modulus fibers. The column was 

subjected to three blast shots with a constant driver length of 1.8 m for each shot. The driver 

pressures increased from 207 kPa for the first shot to 366 kPa, and 448 kPa for the second and 

third shots. The applied axial load was 300 kN for the first two shots. However, for the third shot, 

the column could not carry the 300 kN intended axial load because of the damage induced during 

the second shot. The axial load was adjusted to a maximum of 270 kN before the third shot was 

applied. The reflected pressure-impulse combinations generated from the first shot was 39 kPa-

272 kPa-ms, resulting in a maximum deflection of 32 mm and a residual deflection of 3 mm. The 

2nd blast shot created a reflected pressure of 54 kPa with an impulse of 394 kPa-ms, causing a 

maximum deflection of 78 mm and a residual deflection of 70 mm. The reflected pressure-impulse 

combination applied on the column during the third shot was 60 kPa-486 kPa-ms, causing the 

column to develop a maximum deflection of 265 mm and an estimated residual deflection of 230 

mm (see Figure 4.56). During the third shot, the column completely collapsed (blowout), so the 

LVDT could not measure the actual deflection. 

After the first shot, there were no visible crushing or cracking observed (see Figure 4.57). 

However, after the second shot, there was concrete crushing on the compression side and multiple 

distributed cracks over the middle third of the column on the tension side as shown in Figure 4.58. 

The third shot resulted in a catastrophic collapse of the column, as seen in Figure 4.59. After the 

first shot, there was no drop in the applied axial load; however, the axial load dropped to 250 kN 

after the second shot. The column lost its full axial load after the third shot and was dragged out 

of the test setup upon failure as depicted in Figure 4.59. The maximum support reactions during the 
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three shots were recorded as 53 kN during the first shot, 77 kN during the second shot, and 32 kN 

during the third shot. The strain gauges were damaged when the column was jacketed with ECC 

layer, hence, no strain data were collected for this column. 

4.4.1 ECC-1.5%vf-t25-N2 

The third ECC jacketed column had a 25 mm thickness. The ECC mix had 1.5% polyethylene 

high-modulus fibers. The column was subjected to three progressively increasing blast shots with 

a constant driver length of 1.8m for each shot. The driver pressure increased from 207 kPa for the 

first shot to 372 kPa for the second shot, and to 517 kPa for the third shot. Like all the previous 

columns tested, this column was also loaded with an axial load of 300 kN before blast loading. 

The reflected pressure-impulse combinations and the deflections generated were recorded as 38 

kPa-266 kP-ms, resulting in a maximum deflection of 30 mm without any residual deflection; 56 

kPa-410 kPa-ms, resulting in a maximum deflection of 57 mm and a residual deflection of 6 mm; 

and 71 kPa-536 kPa-ms, causing a maximum deflection of 143 mm and a residual deflection of 

129 mm for the first, second and third shots, respectively (see Figure 4.60).  

Observations made after the first and the second shots indicated no concrete crushing or 

cracking (see Figure 4.61 and Figure 4.62). The column did exhibit a drop in applied axial load. 

However, after the third shot, there was significant damage within the mid-height region (see Figure 

4. 63). As a result, the applied axial load dropped below 100 kN. The maximum support reactions 

were measured to be 43 kN, 75 kN, and 87 kN during the first, second, and third shots, respectively. 

The strain gauges developed strains of 0.18 % and 1.15 % for compression and tension 

reinforcement, respectively, during the first shot (reported in Appendix A, Figure A.7b and A.7c). 

The residual strain of compression steel was almost zero, while the tension reinforcement exhibited 

a residual strain of 0.5 %. The strain gauges attached to the surface of the ECC layer on the tension 

side recorded a strain of 0.7 % at the maximum deflection during the first shot. At the time of 

maximum deflection during the second shot, the compression steel was below yield, and the 

tension steel experienced a significant strain of 1.65 %. The residual strain of compression steel 

was around 0.02 %, and tension steel was around 0.35 %. The ECC strain gauge showed a strain 

of 1.5 % and a residual strain of 0.35 %. During the third shot, the compression steel significantly 

measured a strain value of 0.85 %. The residual strain of the compression steel was around 0.7 %. 

During the third shot, the strain gauges reached their maximum reading capacity and stopped 

working.  
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Table 4.1 – Blast load parameters and response quantities of reference columns. 

Column ID Short 

name 
Shot# 

DL 

(m) 

Pd 

(kPa) 

Pr 

(kPa) 

td 

(ms) 

Ir      

(kPa-ms) 

dmax 

(mm) 

dmax_acm 

(mm) 

drs 

(mm) 

drs_acm 

(mm) 

max_acm 

(º) 

rs_acm 

(º) 

Ref-N1 RN1 
1 2.7 186 35 17.3 303 66 66 55 55 3.2 2.6 

2 2.7 276 42 18.3 395 148 203 116 171 9.6 8.1 

Ref-N2 RN2 

1 1.8 138 29 13.5 198 21 21 2 2 1.0 0.1 

2 1.8 221 37 15.7 290 42 44 25 27 2.0 1.3 

3 1.8 372 55 13.8 384 144 171 97 124 8.1 5.9 

Ref-S RS 
1 2.7 138 26 21 272 37 37 13 13 1.8 0.6 

2 2.7 276 43 19.4 415 166 179 140 153 8.5 7.3 

 

Table 4.2 – Blast load parameters and response quantities of columns hardened with external prestressing strands. 

Column ID Short 

name 

Shot

# 

DL 

(m) 

Pd 

(kPa) 

Pr 

(kPa) 

td 

(ms) 
Ir      

(kPa-ms) 

dmax 

(mm) 

dmax,acm 

(mm) 

drs 

(mm) 

drs,acm 

(mm) 
max_acm 

(º) 

rs,acm 

(º) 

SH-207e-0.15fpu-N1 SH 

1 2.7 159 32 18.9 308 30 30 3 3 1.4 0.1 

2 2.7 276 45 18.8 420 60 63 45 48 3.0 2.3 

3 2.7 362 55 18.8 511 207 255 160 208 12.0 9.8 

DH1-207e-0.13fpu-N1 DH1 

1 2.7 165 33 18.8 310 35 35 0 0 1.7 0.0 

2 2.7 276 43 19.7 418 59 59 32 32 2.8 1.5 

3 2.7 365 55 19.6 540 123 155 79 111 7.36 5.3 
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Column ID Short 

name 

Shot

# 

DL 

(m) 

Pd 

(kPa) 

Pr 

(kPa) 

td 

(ms) 
Ir      

(kPa-ms) 

dmax 

(mm) 

dmax,acm 

(mm) 

drs 

(mm) 

drs,acm 

(mm) 
max_acm 

(º) 

rs,acm 

(º) 

DH2-235e-0.16fpu-N1 DH2 

1 2.7 159 33 20.7 335 41 41 4 4 2.0 0.2 

2 2.7 255 43 20.3 435 62 66 23 27 3.2 1.3 

3 2.7 393 60 21.1 633 105 132 60 87 6.3 4.2 

TH1-247e-0.10fpu-N1 TH1 

1 2.7 207 40 18.3 361 57 57 13 13 2.7 0.6 

2 2.7 310 45 19 434 70 83 30 43 4.0 2.0 

3 2.7 379 55 19.7 543 230 273 200 243 12.8 11.5 

TH2-247e-0.15fpu-N2 TH2 

1 1.8 207 36 15 278 23 23 0 0 1.1 0.0 

2 1.8 345 58 14.3 413 37 37 2 2 1.8 0.1 

3 1.8 517 75 15 562 133 135 120 122 6.4 5.8 

P1-227e-0.09fpu-N1 P1 

0 2.7 138 29 18.3 270 31 31 0 0 1.5 0.0 

1 2.7 165 32 19.4 301 40 40 2 2 1.9 0.1 

2 2.7 310 50 18 450 60 62 18 20 3.0 1.0 

3 2.7 345 60 20.4 612 73 93 45 65 4.4 3.1 

4 2.7 379 55 20.2 569 120 185 70 135 8.8 6.4 

P2-227e-0.16fpu-N2 P2 

1 1.8 221 37 15.8 292 23 23 2 2 1.1 0.1 

2 1.8 365 60 15 450 42 44 6 8 2.1 0.4 

3 1.8 510 75 15.3 576 80 88 65 73 4.2 3.5 
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Table 4.3 – Blast load parameters and response quantities of internally post-tensioned columns. 

Column ID 
Short 

name 

Shot 

# 

DL 

(m) 

Pd 

(kPa) 

Pr 

(kPa) 

td 

(ms) 

Ir      

(kPa-ms) 

dmax 

(mm) 

dmax_acm 

(mm) 

drs 

(mm) 

drs_acm 

(mm) 

max_acm 

(º) 

rs_acm 

(º) 

PT-SS-0.35fpu-S SS 

1 2.7 138 29 18.4 268 26 26 2 2 1.2 0.1 

2 2.7 276 44 18.6 415 85 87 52 54 4.2 2.6 

3 2.7 414 60 20.1 614 152 206 89 143 9.7 6.8 

PT-DS-0.40fpu-S DS 

1 2.7 138 29 18.5 267 37 37 0 0 1.8 0.5 

2 2.7 276 44 18.5 407 90 90 60 60 4.8 3.3 

3 2.7 365 55 19.5 539 140 210 70 140 9.9 6.7 
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Table 4. 4 – Blast load parameters and response of hardened columns by ECC-jacketing. 

Column ID 
Short 

name 

Shot 

# 

DL 

(m) 

Pd 

(kPa) 

Pr 

(kPa) 

td 

(ms) 

Ir      

(kPa-ms) 

dmax 

(mm) 

dmax_acm 

(mm) 

drs 

(mm) 

drs_acm 

(mm) 

max_acm 

(º) 

rs_acm 

(º) 

ECC-2.0%vf-t30-N1 E30 

1 2.7 159 32 19.8 315 13 13 0 0 0.6 0.0 

2 2.7 276 47 18.8 441 36 36 2 2 1.7 0.1 

3 2.7 414 63 19.6 610 117 119 108 110 5.7 5.2 

4 2.7 345 48 21.2 510 335 445 NA NA 20.4 NA 

ECC-2.0%vf-t20-N2 E20 

1 1.8 207 39 14.1 272 32 32 3 3 1.5 0.1 

2 1.8 365.5 54 14.6 394 78 81 70 73 3.9 3.5 

3 1.8 448 60 15.6 468 265 338 NA NA 15.7 NA 

ECC-1.5%vf-t25-N2 E25 

1 1.8 207 38 14 266 30 30 0 0 1.4 0.0 

2 1.8 372 56 14.6 410 57 57 6 6 2.7 0.3 

3 1.8 517 71 15.1 536 143 149 129 135 7.1 6.4 
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Table 4.5 – Strain measurements of flexural longitudinal reinforcement of reference columns. 

Column ID 
Shot 

# 

εC-i 

(%) 

εC-max/net 

(%) 

εC-rs/net 

(%) 

εT-i 

(%) 

εT-max/net 

(%) 

εT-rs/net 

(%) 
Damage Level 

Ref-N1 
1 -0.038 NR NR -0.038 2.5 2.5 Heavy 

2 -0.034 NR NR -0.034 SR SR Hazardous 

Ref-N2 

1 -0.038 -0.17 -0.053 -0.038 0.29 -0.0055 Superficial 

2 -0.038 -0.23 -0.1 -0.038 1.05 0.56 Heavy 

3 -0.038 Fl Fl -0.038 SR SR Hazardous 

Ref-S 
1 -0.038 -1.37 -1.038 -0.038 2.34 1.14 Moderate 

2 -0.038 -2.4 -1.9 -0.038 SR SR Heavy 

Note: NR = not recorded, SR = stopped recording, Fl = started fluctuating in tension and compression 
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Table 4.6 – Strain measurements of flexural longitudinal reinforcement and prestressing strands of columns hardened by external post-tensioning. 

Column ID 
Sh 

# 

εC-i 

(%) 

εC-max/net 

(%) 

εC-rs/net 

(%) 

εT-i 

(%) 

εT-max/net 

(%) 

εT-rs/net 

(%) 

εp-i 

(%) 

εp-max/net 

(%) 

εp-rs/net 

(%) 

Damage 

Level 

SH-207e-0.15fpu-N1 

1 -0.045 -0.21 -0.07 -0.045 0.33 -0.045 0.14 0.22 0.14 Superficial 

2 -0.045 -0.22 -0.07 -0.045 0.30 0.015 0.14 0.33 0.15 Moderate 

3 -0.045 Fl Fl -0.045 Fl Fl 0.14 Fl Fl Hazardous 

DH1-207e-0.13fpu-N1 

1 -0.043 -0.200 -0.043 -0.043 0.39 -0.14 0.12 0.29 0.12 Superficial 

2 -0.043 -0.914 -0.289 -0.043 2.42 1.73 0.12 0.48 0.18 Moderate 

3 -0.043 SR SR -0.043 SR SR 0.12 0.55 0.18 Heavy 

DH2-207e-0.16fpu-N1 

1 -0.045 NR NR -0.045 0.615 0.325 0.15 0.32 0.15 Superficial 

2 -0.045 NR NR -0.045 2.155 1.415 0.15 0.51 0.21 Moderate 

3 -0.045 NR NR -0.045 SR SR 0.15 0.57 0.15 Heavy 

TH1-247e-0.10fpu-N1 

1 -0.041 -0.29 -0.1 -0.041 1.75 0.13 0.093 0.27 0.10 Superficial 

2 -0.041 -0.20 -0.05 -0.041 2.63 2.63 0.093 0.46 0.15 Moderate 

3 -0.041 Fl Fl -0.041 SR SR 0.093 0.45 0.1 Hazardous 
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Column ID 
Sh 

# 

εC-i 

(%) 

εC-max/net 

(%) 

εC-rs/net 

(%) 

εT-i 

(%) 

εT-max/net 

(%) 

εT-rs/net 

(%) 

εp-i 

(%) 

εp-max/net 

(%) 

εp-rs/net 

(%) 

Damage 

Level 

TH2-247e-0.15fpu-N2 

1 -0.045 -0.212 -0.045 -0.045 0.228 -0.045 0.15 0.30 0.15 Superficial 

2 -0.045 -0.271 -0.087 -0.045 0.455 -0.045 0.15 0.49 0.23 Moderate 

3 -0.045 -0.235 -0.102 -0.045 1.376 0.700 0.15 Fl Fl Heavy 

P1-227e-0.09fpu-N1 

0 -0.041 NR NR -0.041 0.259 -0.041 0.084 0.19 0.08 Superficial 

1 -0.041 NR NR -0.041 0.308 -0.041 0.084 0.27 0.08 Superficial 

2 -0.041 NR NR -0.041 NR 0.090 0.084 NR 0.13 Moderate 

3 -0.041 NR NR -0.041 0.696 0.260 0.084 0.47 0.20 Heavy 

4 -0.034 NR NR -0.034 Fl Fl 0.084 Fl Fl Hazardous 

P2-227e-0.16fpu-N2 

1 -0.045 -0.225 -0.082 -0.045 0.240 -0.045 0.15 0.28 0.15 Superficial 

2 -0.045 -0.765 -0.379 -0.045 0.655 -0.045 0.15 0.51 0.17 Moderate 

3 -0.045 -2.045 -2.045 -0.045 1.273 1.273 0.15 0.65 0 Heavy 

Note: NR = not recorded, SR = stopped recording, Fl = started fluctuating in tension and compression 
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Table 4.7 – Strain measurements of flexural longitudinal reinforcement and prestressing strands of internally post-tensioned columns. 

Column ID 
Shot 

# 

εC-i 

(%) 

εC-max/net 

(%) 

εC-rs/net 

(%) 

εT-i 

(%) 

εT-max/net 

(%) 

εT-rs/net 

(%) 

εp-i 

(%) 

εp-max/net 

(%) 

εp-rs/net 

(%) 

Damage 

Level 

PT-SS-0.35fpu-S 

1 -0.049 -0.549 -0.337 -0.049 0.751 0.051 0.33 NR NR Superficial 

2 -0.049 -1.763 -1.599 -0.049 1.751 0.751 0.33 NR NR Heavy 

3 -0.049 SR SR -0.049 SR SR 0.33 NR NR Hazardous 

PT-DS-0.40fpu-S 

1 -0.063 -1.063 -0.683 -0.063 1.694 0.444 0.37 0.404 0.38 Superficial 

2 -0.063 -2.678 2.063 -0.063 2.457 2.450 0.37 0.67 0.65 Heavy 

3 -0.063 SR SR -0.063 SR SR 0.37 1.16 0.83 Hazardous 

Note: NR = not recorded, SR = stopped recording 
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Table 4.8 – Strain measurements of flexural longitudinal reinforcements of hardened columns by ECC jacketing. 

Column ID 
Shot 

# 

εC-i 

(%) 

εC-max/net 

(%) 

εC-rs/net 

(%) 

εT-i 

(%) 

εT-max/net 

(%) 

εT-rs/net 

(%) 

εT-max/net-ECC 

(%) 

εT-rs/net-ECC 

(%) 

Damage 

Level 

ECC-2.0%vf-t30-N1 

1 -0.045 NR NR -0.045 0.245 -0.045 NR NR Superficial 

2 -0.045 NR NR -0.045 1.06 -0.045 NR NR Superficial 

3 -0.045 NR NR -0.045 2.63 2.63 NR NR Hazardous 

4 NR NR NR NR NR NR NR NR Blowout 

ECC-2.0%vf-t20-N2 

1 -0.038 NR NR -0.038 NR NR NR NR Superficial 

2 -0.038 NR NR -0.038 NR NR NR NR Heavy 

3 -0.038 NR NR -0.038 NR NR NR NR Blowout 

ECC-1.5%vf-t25-N2 

1 -0.038 -0.189 -0.038 -0.038 1.09 0.96 0.66 0.002 Superficial 

2 -0.038 -0.23 -0.072 -0.038 1.6 0.32 1.39 0.31 Superficial 

3 -0.034 -0.87 -0.71 -0.034 1.6 1.6 1.39 1.39 Hazardous 

Note: NR = not recorded 
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(a)                        (b) 

 

(c) 

Figure 4.1 –  Reflected pressure, impulse, and displacement time histories of column Ref-N1                   

a) blast shot#1, b) blast shot#2, and c) deflection at the mid-height region. 
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(a)                        (b) 

Figure 4.2 –  Photos of column Ref-N1 after blast shot#1: a) side view, b) front view. 
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Figure 4.3 – Photo of column Ref-N1 after blast shot#2. 
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(a)                        (b) 

 
             (c) 

 
(d) 

Figure 4.4 – Reflected pressure, impulse, and displacement time histories of column Ref-N2:                     

a) blast shot#1, b) blast shot#2, c) blast shot#3,  and d) deflection at mid-height region. 
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(a)                        (b) 

Figure 4.5 – Photos of column Ref-N2 after blast shot#1: a) side view, b) front view. 
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(a)                        (b) 

Figure 4.6 – Photos of column Ref-N2 after blast shot#2: a) side view, b) front view. 

            
(a)                        (b) 

Figure 4.7 – Photos of column Ref-N2 after blast shot#3; a) side view, b) front view. 
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(a)                        (b) 

 

(c) 

Figure 4.8 – Reflected pressure, impulse, and displacement time histories of column Ref-S: a) blast 

shot#1, b) blast shot#2, and c) deflection at the mid-height region . 
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(a)                        (b) 

Figure 4.9 – Photos of column Ref-S after blast shot#1: a) side view, b) front view. 

            
(a)                        (b) 

Figure 4.10 – Photos of column Ref-S after blast shot#2: a) side view, b) front view. 
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(a)                        (b) 

 
          (c) 

 

(d) 
Figure 4.11 – Reflected pressure, impulse, and displacement time histories of column SH-207e-0.15fpu-

N1; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at the mid-height region. 
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Figure 4.12 – Photos of column SH-207e-0.15fpu-N1 after blast shot#1. 
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(a)                                      (b) 

Figure 4.13 – Photos of column SH-207e-0.15fpu-N1 with a sketch at the location of damage after blast 

shot#2: a) side view, b) front view. 
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                               (a)                                   (b)                                       (c) 

Figure 4.14 – Photos of column SH-207e-0.15fpu-N1 after blast shot#3; a) side view, b) front view,        

c) resultant moment diagram. 
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(a)                        (b) 

 
    (c) 

 
(d) 

Figure 4.15 – Reflected pressure, impulse, and displacement time histories of column DH1-207e-0.13fpu-

N1; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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(a)                       (b) 

Figure 4.16 – Photos of column DH1-207e-0.13fpu-N1 after blast shot#1: a) side view, b) front view. 



Page | 161 

 

                

(a)                       (b) 

Figure 4.17 – Photos of column DH1-207e-0.13fpu-N1 with a sketch at the location of damage after blast 

shot#2; a) side view, b) front view. 
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(a)                       (b) 

Figure 4.18 – Photos of column DH1-207e-0.13fpu-N1 after blast shot#3: a) side view, b) front view. 

 

 

 



Page | 163 

 

 
(a)                        (b) 

 
                                      (c) 

 
(d) 

Figure 4.19 – Reflected pressure, impulse, and displacement time histories of column DH2-207e-0.16fpu-

N1; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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         (a)                       (b) 

Figure 4.20 – Photos of column DH2-207e-0.16fpu-N1 after blast shot#1; a) side view, and                     

b) resultant moment diagram . 
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(a)                     (b) 

Figure 4.21 – Photos of column DH2-207e-0.16fpu-N1 after blast shot#2: a) side view, b) front view. 

            
(a)                      (b) 

Figure 4.22 – Photos of column DH2-207e-0.16fpu-N1 after blast shot#3: a) side view, b) front view. 
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(a)                        (b) 

 
         (c) 

 
(d) 

Figure 4.23 – Reflected pressure, impulse, and displacement time histories of column TH1-247e-0.10fpu-

N1; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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(a)                       (b) 

Figure 4.24 – Photo of column TH1-247e-0.10fpu-N1 after blast shot#1; a) side view, b) front view. 
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(a)                      (b) 

Figure 4.25 – Photos of column TH1-247e-0.10fpu-N1 with a sketch at the location of damage after blast 

shot#2; a) side view, b) front view. 
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Figure 4.26 – Photos of column TH1-247e-0.10fpu-N1 after blast shot#3. 
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(a)                        (b) 

 
                                         (c) 

 
(d) 

Figure 4.27 – Reflected pressure, impulse, and displacement time histories of column TH2-247e-0.15fpu-

N2; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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(a)                    (b) 

Figure 4.28 – Photos of column TH2-247e-0.15fpu-N2 after blast shot#1: a) side view, b) front view. 
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(a)                        (b) 

Figure 4.29 – Photos of column TH2-247e-0.15fpu-N2 after blast shot#2: a) side view, b) front view. 
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                                    (a)                 (b)                                               (c) 

Figure 4.30 – Photos of column TH2-247e-0.15fpu-N2 after blast shot#3: a) side view, b) front view, and 

c) resultant moment diagram. 

       

Figure 4.31 – A close-up photo of connection failure during the third blast shot of column                   

TH2-247e-0.15fpu-N2. 

The bolts connecting 

the top steel plate 

with side steel angle 

was sheared. 
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(a)                        (b) 

 
(c)                        (d) 

 
(e) 

Figure 4.32 – Reflected pressure, impulse, and displacement time histories of column P1-227e-0.09fpu-

N1; a) blast shot#1, b) blast shot#2, c) blast shot#3, d) blast shot #5, e) deflection at mid-height region. 
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(a)                                  (b) 

Figure 4.33 – Photos of column P1-227e-0.09fpu-N1 after blast shot#1: a) side view, b) front view. 



Page | 176 

 

              

(a)                        (b) 

Figure 4.34 –Photos of column P1-227e-0.09fpu-N1 after blast shot#2: a) side view, b) front view. 
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(a)                               (b) 

Figure 4.35 – Photo of column P1-227e-0.09fpu-N1 with a sketch at the location of damage after blast 

shot#3; a) side view, b) front view. 
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(a)                        (b) 

Figure 4.36 – Photos of column P1-227e-0.09fpu-N1 after blast shot#4: a) side view, b) front view. 
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(a)                       (b) 

Figure 4.37 – Photos of column P1-227e-0.09fpu-N1 after blast shot#5: a) side view, b) front view. 
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(a)                        (b) 

 
                                         (c) 

 
(d) 

Figure 4.38 – Reflected pressure, impulse, and displacement time histories of column P2-227e-0.16fpu-

N2; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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(a)                       (b) 

Figure 4.39 – Photos of column P2-227e-0.16fpu-N2 after blast shot#1: a) side view, b) front view. 
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                                       (a)                              (b) 

Figure 4.40 – Photos of column P2-227e-0.16fpu-N2 after blast shot#2: a) side view, b) front view. 
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                                      (a)                                     (b)                                  (c) 

Figure 4.41 – Photos of column P2-227e-0.16fpu-N2 after blast shot#3: a) side view, b) front view, and     

c) resultant moment diagram. 

        

Figure 4.42 – A close-up photo of connection failure during the third shot of column                              

P2-227e-0.16fpu-N2. 

The bolts connecting 

the top steel plate 

with side steel angle 

was sheared. 
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(a)                        (b) 

 
                                          (c) 

 
(d) 

Figure 4.43 – Reflected pressure, impulse, and displacement time histories of column PT-SS-0.35fpu-S; 

a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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                               (a)                                            (b) 

Figure 4.44 – Photos of column PT-SS-0.35fpu-S after blast shot#1; a) side view, b) front view. 
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(a)                       (b) 

Figure 4.45 – Photos of column PT-SS-0.35fpu-S after blast shot#2; a) side view, b) front view. 

               
(a)                        (b) 

Figure 4.46 – Photos of column PT-SS-0.35fpu-S after blast shot#3; a) side view, b) front view. 
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(a)                        (b) 

 
                                           (c) 

 
(d) 

Figure 4.47 – Reflected pressure, impulse, and displacement time histories of column PT-DS-0.40fpu-S; 

a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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(a)                       (b) 

Figure 4.48 – Photos of column PT-DS-0.40fpu-S after blast shot#1; a) side view, b) front view. 
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(a)                       (b) 

Figure 4.49 - Photos of column PT-DS-0.40fpu-S after blast shot#2; a) side view, b) front view. 

          
(a)                        (b) 

Figure 4.50 – Photos of column PT-DS-0.40fpu-S after blast shot#3; a) side view, b) front view. 
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(a)                        (b) 

 
(c)                        (d) 

 
(e) 

Figure 4.51 – Reflected pressure, impulse, and displacement time histories of column ECC-2.0%vf-t30-

N1; a) blast shot#1, b) blast shot#2, c) blast shot#3, d) blast shot#4, e) deflection at mid-height region. 
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(a)                       (b) 

Figure 4.52 – Photos of column ECC-2.0%vf-t30-N1 after blast shot#1: a) side view, b) front view. 
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(a)                        (b) 

Figure 4.53 – Photos of column ECC-2.0%vf-t30-N1 after blast shot#2; a) side view, b) front view. 
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(a)                       (b) 

Figure 4.54 – Photos of column ECC-2.0%vf-t30-N1 after blast shot#2; a) side view, b) front view. 

                 
(a)                       (b) 

Figure 4.55 – Photos of column ECC-2.0%vf-t30-N1 after blast shot#4; a) side view, b) front view. 
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(a)                        (b) 

 
                                          (c) 

 
(d) 

Figure 4.56 – Reflected pressure, impulse, and displacement time histories of column ECC-2.0%vf-t20-

N2; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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        (a)                                           (b) 

Figure 4.57 – Photos of column ECC-2.0%vf-t20-N2 after blast shot#1: a) side view, b) front view. 
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(a)                        (b) 

Figure 4.58 – Photos of column ECC-2.0%vf-t20-N2 after blast shot#2; a) side view, b) front view. 
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(a)                        (b) 

Figure 4.59 – Photos of column ECC-2.0%vf-t20-N2 after blast shot#3; a) side view, b) front view 
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(a)                        (b) 

 
                                          (c) 

 
(d) 

Figure 4.60 – Reflected pressure, impulse, and displacement time histories of column ECC-1.5%vf-t25-

N2; a) blast shot#1, b) blast shot#2, c) blast shot#3, and d) deflection at mid-height region. 
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                              (a)                        (b) 

Figure 4.61 – Photos of column ECC-1.5%vf-t25-N2 after blast shot#1: a) side view, b) front view. 
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        (a)                    (b) 

Figure 4.62 – Photos of column ECC-1.5%vf-t25-N2 after blast shot#2; a) side view, b) front view. 
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(a)                        (b) 

Figure 4. 63 – Photos of column ECC-1.5%vf-t25-N2 after blast shot#3; a) side view, b) front view 
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Chapter 5. Analysis and Discussion of Experimental Results 

This chapter presents the assessment and analysis of the experimental results of column tests 

reported in Chapter 4. This is done for each of the four categories of columns: reference columns, 

columns hardened with external post-tensioning, internally post-tensioned columns, and ECC 

jacketed columns. The assessment of experimental parameters and the analysis of test data are first 

conducted within each group of columns, followed by the comparisons of columns between the 

categories.  

The test results are compared based on the observed damage levels under similar loading 

conditions. The effects of each strengthening method, whether hardening of existing columns by 

providing external reactive forces through external prestressing strands or by providing ECC 

jackets, as well as the application of internal post-tensioning of new columns, are analyzed by 

comparing their performances relative to companion reference columns. The level of blast loads 

that could be sustained (pressure-impulse combinations) by the columns, along with maximum 

and residual column deflections as well as the maintained level of axial load, are used as 

quantitative data to assess column performance. For ease of comparison, a detailed data 

visualization technique is followed by plotting the data in various graphs and charts while also 

summarizing data in table formats. For better visualization of the combined effect of reflected 

pressure and impulse, three-dimensional (3D) graphs are generated for each group and each 

category and presented in figures. The impact of parameters such as the presence of closely spaced 

ties, compressive strength of concrete, and level of initial prestressing force in external post-

tensioning is also displayed in the figures.  

Applying the exact same load to each specimen during blast testing is not possible. However, 

an effort was made to apply blast loads of similar intensities (reflected pressure-impulse 

combinations) for fair comparisons of test results. A second approach is also adopted to get a better 

insight into the level of improvement achieved by normalizing blast loads and deflections to those 

of their companion reference column test results. In the loading protocol of this research, three 

shots are commonly used to assess elastic behavior, damaged state, and failure/residual capacity. 

Conducting multiple blast shots has pros and cons. More data can be collected during the 

experiments if multiple blast shots are applied.  However, loading the same samples with back-to-

back blast shots also causes some decay in the resistance of columns. This decay affects the 

stiffness and may have an impact on strength as well. A previous study conducted by a former 
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PhD student [82] at the University of Ottawa on the effect of multiple shots on columns indicated 

that the reduction in column resistance relative to a single shot was shown to be small, while 

following a similar loading protocol employed in current shock tube tests.  

5.1 Reference Columns 

Three columns were tested from this category: two gravity-designed (no seismic detailing, Ref-

N1, and Ref-N2) columns and one seismic/blast designed (closely spaced ties over the entire 

length, Ref-S) column. The Ref-S column had 45 MPa concrete and a longitudinal duct along its 

height, designed to account for reduced concrete area when compared with columns internally 

post-tensioned with double strands (one on the tension side and one on the compression side). The 

non-seismic columns were tested against different pressure-impulse combinations. They also had 

slightly different concrete strengths, which were 45 MPa for Ref-N1 and 50 MPa for Ref-N2. 

Although comparisons of deflection response are made between the reference columns in the 

following paragraphs, the objective of testing them was to show the effects of primary test 

parameters included in post-tensioned and ECC jacketed columns relative to these reference 

columns. 

The deflections recorded for Ref-N1 and Ref-S are compared in Figure 5.1 using a 3-

dimensional plot (column labels in the figure are shortened as RN-1 and RS for clarity of the 

figure). The comparison indicates that the column with seismic detailing developed lower 

deflections. However, the companion column without the seismic detailing was subjected to 12% 

higher reflected pressure, which would contribute to the 12% higher deflection recorded for this 

column. It should be noted that the effect of seismic detailing cannot be decisively concluded by 

this limited comparison.  The impact of seismic detailing on blast response was not included in the 

scope of the current research, and column Ref-S was included in the test matrix for comparison 

with internally post-tensioned columns, which also had seismic/blast detailing to simulate typical 

column designs for blast-resistant new construction. 

The deflection results of columns Ref-N1 and Ref-N2 are compared in Figure 5.2. Both 

columns were subjected to almost identical blast loads. The mid-height deflection of Ref-N1 was 

higher than that of Ref-N2. This difference may be attributed to the slightly higher level of impulse 

imposed on Ref-N1, but more importantly, the difference can be attributed to the difference in 

compressive strength. Column Ref-N2 had higher compressive strength than column Ref-N1. 
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However, once again, this limited data is not intended to draw generalized conclusions on the 

effect of concrete strength, which was not included in the test program.  

5.2 Columns Hardened by External Post-Tensioning 

Five columns were hardened by externally post-tensioned strands to provide external resistance to 

applied blast loads in the first phase of testing (Phase I). These columns consisted of a single-

harped, two double-harped, a triple-harped, and a parabolic profile (also referred to as draped in 

the prestressing industry). During the first shot applied to each column, the columns behaved 

elastically with no signs of concrete cracking on the tension side or crushing of concrete on the 

compression side. However, the columns exhibited yielding of the tension reinforcement as 

indicated by the strain gauges. At a similar blast shot, the reference column (Ref-N1) exhibited 

significant inelastic deflections while losing its axial load-carrying capacity due to excessive 

column deflection. Figure 5.3 shows the deflection time histories at the critical section of the 

reference column and those of the hardened columns resulting from the first shot reflected pressure 

plotted in the same figure. It can be seen that the hardened column significantly reduced the 

maximum deflection, resulting in almost zero residual deflection. The reference column could not 

survive a similar blast load and suffered a severe residual deflection of 55 mm. The result of the 

triple-harped column is not included in this figure because it was hit with a higher first blast shot 

that generated higher reflected pressure and impulse. Hence, it experienced higher maximum and 

residual deflections. However, this does not mean that the triple-harped column exhibited 

undesirable response because it outperformed the reference column even under a higher load.  

The results of hardened column deflection response are compared among them in  Figure 5.4 

and Figure 5.5, under increased blast loads (shot#2), also shown in the same figures, that caused 

failure. It is worth mentioning that the deflections plotted in the figures are not necessarily the 

deflection at mid-height, since in some of the hardened columns, the locations of critical sections 

shifted from exact mid-height but still occurred within the mid-height region. The shift in the 

location of the critical section is due to the change in the resultant moment diagram under 

combined blast loads and the external resistance provided by the externally provided prestressing 

strands. The effect of restoring force that changed the shape of the moment diagram is illustrated 

in Chapter 4. It can be revealed from Figure 5.4 that even though there was a noticeable residual 

deflection, the level of deflection remains at almost half the value recorded for the reference 

column generated under a lower blast shot intensity (shot#1) shown in Figure 5.3. This was also 
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reflected in the axial load behavior of the hardened columns, which maintained their level of 

initially applied axial load after the blast shot under discussion. Comparing the level of deflections, 

it can be inferred from Figure 5.5 that columns labeled P1-227e-0.09fpu-N1 and DH2-227e-

0.16fpu-N1 sustained the lowest residual deflection. In contrast, the column labeled SH-207e-

0.15fpu-N1 had the highest residual deflection. This indicates that the parabolic-profile, despite 

having the lowest post-tensioning force, along with the double-harped column but with higher 

post-tensioning force, was more effective in restoring the blast-induced deflections. 

In the second phase (Phase 2), two hardened columns, a triple-harped and a parabolic profile 

column, were tested using a different combination of reflected pressure and impulse than the first 

phase of testing. These columns test represented an explosion at a closer stand-off distance than 

the first phase testing of columns. Similar to their companion reference column (Ref-N2), both 

columns were subjected to three incrementally increasing blast shots, experiencing different 

reflected pressures and impulses at each shot. Figure 5.6 shows the test result of the hardened 

columns along with their companion reference column under similar blast loads. As can be noticed 

from the figure, the Ref-N2 was completely damaged, with a maximum deflection of 171 mm and 

a significant residual deflection of 124 mm. In contrast, the hardened columns could restore and 

minimize the maximum deflection, resulting in almost zero residual deflection. However, both 

hardened columns exhibited some localized concrete crushing on the compression side, but no 

drop was noticed in their axial loads. There were also two small cracks on the tension side of the 

column P2-227e-0.16fpu-N2, right above the column mid-height. For the TH2-247e-0.15fpu-N2 

column, the localized concrete crushing location was between 1/3 and 1/2 of the loading span, and 

there was no cracking on the tension side.  

To get an insight into the behavior of hardened columns (i.e., effectiveness of strand profile)  

under higher blast loads, the results of the last shot (shot#3 - also called the residual shot) are 

plotted in Figure 5.7. It can be observed from the figure that both columns experienced significant 

permanent deformations, resulting in residual deflections of 70 to 120 mm. The column with 

parabolic profile resulted in a lower residual deflection than the triple-harped column, once again 

indicating the effectiveness of the parabolic profile, as also observed from the first phase testing 

(Phase I) of hardened columns. On the other hand, the parabolic profile may be viewed as the less 

favorite option from an aesthetic perspective, as well as the possibility of an increase in cost due 

to more material and labor. It is worth mentioning that both hardened columns of this phase 
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experienced connection failure at end anchorage during the third shot (see Figure 4.31 and Figure 

4.42). This indicates that even though the columns were subjected to almost similar impulses 

compared to the first phase of hardened columns, the higher reflected pressures imposed resulted 

in higher shear forces in the connecting bolts, the shear strength of which was exceeded. As 

emphasized in the strengthening procedure described in Chapter 3, proper considerations should 

be given to the design of end connections.  

An essential factor in the design of the test matrix was the level of post-tensioning force in 

the prestressing strand. It was fixed at a level to meet the tensile and compressive stress limits 

specified in CSA  A23.3 [79]. The two double-harped columns from the first phase were different 

only in the level of initial prestressing force. Figure 5.8 shows the behavior of both double-harped 

columns when subjected to a similar blast load. As can be deduced from the plot, the column 

labeled DH2-207e-0.16fpu-N1 developed less residual deflection compared to DH1-207e-

0.13fpu-N1. This indicates that the slight increase in the level of prestressing force from 13% of 

ultimate capacity to 16% resulted in some improvement in restoring the blast-induced deflection. 

The effect can be further demonstrated by comparing the change in residual deflections with the 

applied impulse in Figure 5.9. It also indicates that the column with higher post-tensioning suffered 

less residual deflection while subjected to a higher impulse. However, this does not mean that the 

level of initial prestressing can be further increased for improved performance, as it may violate 

the code limits for extreme compression and tensile stresses. A similar comparison is made 

between columns of the triple-harped profile in Figure 5.10. As can be seen, the column with a 

higher level of post-tensioning (TH2-247e-0.15fpu-N2) exhibited less residual deflection even 

though it was subjected to a higher reflected pressure and impulse. It is worth mentioning that 

some of the improvement in behavior can also be attributed to the compressive strength of concrete 

in this column, which was 5 MPa greater than that of column TH1-247e-0.10fpu-N1. 

5.3 Posttensioned Columns using Internal Prestressing Strands 

Two columns strengthened by conventional post-tensioning using unbonded internal prestressing 

strands were tested along with their companion reference column. The first column had only one 

strand with constant eccentricity over the tension side, while the second had two constant 

eccentricity strands, one on the threat side (compression) and the other on the protected side 

(tension) of the column with equal eccentricity. Figure 5.11 shows the comparison of deflection 
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time histories of the post-tensioned columns (PT-SS-035fpu-S and PT-DS-0.40fpu-S) with their 

companion reference column (Ref-S) during the first blast shot (shot#1). As can be seen in the 

figure, both the reference column and double-strand column exhibited the same maximum 

deflection, while the single-strand column had a lower maximum deflection. In addition, the Ref-

S column experienced a residual deflection of 13 mm, slightly more than the yield displacement, 

as evidenced by the tensile cracks and the crushing of concrete observed. However, neither of the 

post-tensioned columns showed tensile cracking or concrete crushing. The figure shows that the 

PT-DS-0.40fpu-S with double strands suffered some residual deflection of about 10 mm while the 

PT-SS-0.35fpu-S with a single strand had no residual deflection.  

Figure 5.12 shows the test result of the reference and post-tensioned columns during the 

second blast shot (shot#2). It can be realized that both post-tensioned columns outperformed the 

reference column by reducing deflections significantly. The improved behavior of post-tensioned 

columns is attributed to the reactive moment created by prestressing. To get further understanding 

of the column behavior, 3-D diagrams of the test results are plotted in Figure 5.13 and Figure 5.14 

where they present deflections versus blast loads expressed as the combination of reflected 

pressures and impulses. In addition, Figure 5.15 shows a bar chart of residual deflection at each 

shot of the post-tensioned columns and their companion reference column. It can be stated that the 

post-tensioning significantly enhanced the blast response of columns. It is worth noting that this 

series of columns represented members of new blast-resistant structures, which were detailed 

following seismic/blast resistant column requirements, having closely spaced ties for improved 

confinement and hence deformability. The posttensioning also improved the stiffness and stability 

of columns during high-displacement demands under blast loads. Improving stability is an 

important aspect of column survival under combined blast and axial compression, as stability 

failure may be the governing mode of failure, especially for slender columns. 

5.4 Hardened Columns using ECC Jacketing 

The displacement time history of an ECC jacketed column (ECC-2.0%vf-t30-N1) is compared 

with those of its companion reference column (Ref-N1) and a column hardened by external 

prestressing strands having a parabolic profile (P1-227e-0.09fpu-N1)  in Figure 5.16. The parabolic 

profile was the column that performed the best in the category of first-phase hardened columns by 

external post-tensioning. It can be seen from the plot that the jacketed column had the lowest 
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maximum deflection without any residual deflection. This indicates that the ECC shell 

significantly enhanced the column behavior under blast loading. In addition, it completely 

prevented the fragmentation of concrete debris at the location of failure after the third shot. 

However, it is worth mentioning that the thickness of the ECC shell was such that it resulted in a 

slightly larger column section with increased strength and stiffness. Because of the favorable 

response of the ECC jacketed column that was observed, it was decided to test more columns with 

ECC jackets having less thickness to assess the significance of jacket thickness, while investigating 

the bond characteristics of thin ECC jackets with the existing concrete core.   

Two columns jacketed with either 20 mm or 25 mm ECC thickness, ECC-2.0%vf-t20-N2 

and ECC-1.5%vf-t25-N2, respectively, were tested in the second phase of ECC tests. Both columns 

were subjected to three incrementally increasing blast shots. However, during the second shot, the 

ECC-2.0%vf-t20-N2 column lost 10% of its initial axial load capacity. Figure 5.17 shows the 

reference column (Ref-N2) test results and those of ECC jacketed columns (ECC-2.0%vf-t20-N2 

and ECC-1.5%vf-t25-N2) after the blast shot with a reflected pressure of almost 40 kPa. As can be 

seen in the figure, both jacketed columns behaved elastically under the blast load, which failed the 

reference column. This indicates that even a 20 mm ECC shell can improve column resistance 

during blast loading. However, when the blast load was increased, the column with 20 mm ECC 

thickness (the least thickness considered) could not survive the higher blast load, as shown in 

Figure 5.18. The same figure also shows that the second ECC column, which had a 25 mm ECC 

shell thickness, performed elastically as opposed to the reference column, which collapsed 

completely.  

For further investigation of the ECC jacket effectiveness, column ECC-1.5%vf-t25-N2 is 

compared with the triple-harped column (TH2-247e-0.15fpu-N2) from Phase II. Figure 5.19 

illustrates displacement time histories of the columns. The figure shows that both columns 

performed almost equally the same. It can be deduced that ECC-1.5%vf-t25-N2 could provide a 

similar improvement as those hardened with external strands, in this case, triple-harped. 

Further comparisons of ECC jacketed columns are made in Figure 5.20 to assess the 

effectiveness of fiber dosage in the mix and the ECC layer thickness. The results show that the 

effect of increasing ECC thickness is better reflected in reducing residual deflection than in the 

maximum deflection. ECC-2.0%vf-t20-N2, with the lowest ECC thickness, showed the least 

improvement in behavior. ECC-1.5%vf-t25-N2 had 0.5% less fiber dosage than ECC-2.0%vf-t20-
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N2, but a 5 mm thicker ECC shell, performed better. Although subjected to higher impulse, the 

column with the lowest maximum and residual deflection was ECC-2.0%vf-t30-N1 because it had 

the thickest ECC shell. 

5.5 Summary of the Column Experimental Data Analysis  

The experimental results obtained from column tests are summarized in this section in a 

tabular form for comparison. The data were normalized relative to those of the companion 

reference columns and presented in Table 5.1 to 5.6. The tables also include support rotations 

computed from experimentally recorded deflections with corresponding damage levels prescribed 

in CSA S850-2023. 

Table 5.1 indicates that the columns hardened either by external strands or ECC jacketing 

showed reduced deflections and improved performance relative to the reference column. The 

statistics show that the decrease in maximum deflection ranged between 40% and 80%, and for 

residual deflection, it was more than 90%. The maximum support rotation of column RN1 was 

more than three degrees, whereas the residual rotation was more than two degrees. However, the 

hardened columns experienced less than two degrees of maximum support rotation and almost 

zero residual rotation, except for the triple-harped column, which developed higher rotations 

because of the higher pressure applied at the same stage of loading. The qualitative level of damage 

observed during testing is consistent with the support rotations. According to Cormie et al. [25], 

concrete is effective in resisting moment until support rotation reaches two degrees. This is 

consistent with the test observations, which showed that the concrete cover behaved without 

spalling or crushing at this level of deformation. Hardening the columns reduced support rotations, 

resulting in elastic behavior within the deformation range of less than two degrees of support 

rotation.   

Table 5.2 shows the test data for the same columns as the previous table but subjected to 

higher blast loads, except for the reference column, which failed during the first shot (shot#1). It 

can be seen in the table that some damage was induced on hardened columns when the load was 

increased, but the level of damage was less than that of the reference column. The loads used in 

Table 5.2 were higher than the load that resulted in the failure of the reference column by at least 

20% in reflected pressure and 40% in reflected impulse. However, the corresponding maximum 

deflections were about 10% less than that of the reference column. The residual deflections were 
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approximately 20% to 70% less than that of the reference column. The exception was the ECC 

jacketed column (E30), which exhibited 46% less maximum deflection and 96% less residual 

deflection than those of the reference column. The support rotation reported in the same table 

shows that the hardened columns, except the ECC jacketed column, exhibited a maximum support 

rotation in excess of two degrees. Assessment of qualitative damage observed during the tests, 

indicating concrete cracking and crushing in the critical mid-height region, also suggests that the 

columns developed higher deflections and higher support rotations. The ECC jacketed column 

with the lowest support rotation at maximum deflections did not exhibit any concrete cracking or 

crushing. 

The test results summarized in the above tables are also plotted in Figure 5.21 and Figure 5.22 

as  3-D graphs and bar charts for further insight into the hardened column performance. The figures 

show that all the hardened columns outperformed their companion reference column, suggesting 

that the proposed hardening techniques can significantly reduce the level of damage and increase 

the blast resistance of columns. As mentioned in Section 5.2, the triple-harped column deflection 

results from its first shot (shot#1) were not included in Figure 5.3. However, it is included in Figure 

5.21 (TH1), and if the higher blast load is considered, then it can be assumed that the triple-harped 

column will fall at the level of a parabolic (P1) or double-harped (DH2) column in terms of its 

resistance to blast loading. This assumption is further consolidated in the next paragraph, where 

another triple-harped column behavior subject to a different combination of reflected pressure and 

impulse is discussed.  

The results of the second phase (phase II) of hardened columns are summarized in  

Table 5.3. The hardened columns were subjected to blast loading similar to their companion 

reference column. The table shows that the maximum deflection decreased by 24% to 45%, and 

the residual deflection decreased by 88% to 100% due to hardening. The data for support rotations 

in  

Table 5.3 show that the reference column had a maximum rotation of 2 degrees while the hardened 

columns developed less than 2 degrees.  

Table 5.4 includes test data for higher blast loads for the columns listed in the previous table. 

It can be concluded that the improvement attributed to the proposed hardening methods becomes 

more pronounced under higher loads. In this case, the decrease in maximum deflection associated 

with hardening was more than 50%. In residual deflections, the reduction was more than 90%, 
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except for column E20, which had the least thickness of the ECC shell and experienced less 

improvement. The table also shows that column RN2 had a significant support rotation of more 

than eight degrees, and column E20 exhibited a support rotation of more than three degrees. Both 

of these columns failed during this level of blast loading, resulting in the loss of their axial load-

carrying capacity. For further visualization of column behavior, the test results are plotted in a 3-

D graph in Figure 5.23 and Figure 5.24 and in the form of bar charts in Figure 5.25. It can be inferred 

from these figures that the hardened columns once again outperformed the reference column when 

subjected to a different combination of reflected pressure and impulse.   

The data obtained from testing internally post-tensioned columns are tabulated in Table 5.5 

and Table 5.6. The tables show the improvements achieved from internal post-tensioning of 

columns. It can be inferred from Table 5.5 that both post-tensioned columns had less residual 

deflection than their companion reference column, even though they were subjected to 12% higher 

reflected pressure. However, the decrease in maximum deflection was significant in column SS 

because of the initially introduced negative curvature to the column due to the post-tensioning 

applied on the protected side only. When double post-tensioning strands were used, the initially 

counteracting effects of the two strands did not result in a noticeable reduction in maximum 

deflection at this level of blast load, relative to the reference column. When the qualitative 

assessment was coupled with the statistics of residual deflections (23% decrease), an enhancement 

in column response can be noticed. Column SS developed a 30% reduction in maximum deflection 

(43% less support rotation) and an 85% reduction in residual deflection.  

Table 5.6 shows the effect of the more intense second shot (shot#2). It can be seen that, 

despite being subjected to a similar load during the second shot, the decrease in maximum 

deflection of post-tensioned columns was 44% for column SS and 51% for column DS, with more 

than 50% reduction in the residual deflections. The support rotation data shows that post-

tensioning reduced the maximum support rotation by almost one-half. 

 

 

  



Page | 212 

 

Table 5.1 – Comparisons of hardened and reference columns of Phase I tests using normalized blast loads under Shot#1. 

Short 

name 

Pr 

(kPa) 

Ir 

(kPa-ms) 

dmax 

(mm) 

drs 

(mm) 

Normalized 

Pr 

Normalized 

Ir 

% of 

decrease 

in dmax 

% of the 

decline 

in drs 

θmax θrs 
Damage  

level 
LOP* 

RN1 35 303 66 55 1.00 1.00 0.0 0.0 3.15 2.62 Heavy VL 

SH 32 308 30 3 0.91 1.02 54.5 94.5 1.43 0.14 Superficial M/H 

DH1 33 310 35 0 0.94 1.02 47.0 100.0 1.67 0.00 Superficial M/H 

DH2 33 335 41 4 0.94 1.11 37.9 92.7 1.96 0.19 Superficial M/H 

TH1 40 361 57 13 1.14 1.19 13.6 76.4 2.72 0.62 Superficial M/H 

P1 32 301 40 0 0.91 0.99 39.4 100.0 1.91 0.00 Superficial M/H 

E30 32 315 13 0 0.91 1.04 80.3 100.0 0.62 0.00 Superficial M/H 

*Lop = Level of Protection, VL = very low, M = Medium, H = High, as per Table 4.1 of CSA S850-17 [83] 

Table 5.2 – Comparisons of hardened and reference columns of Phase I tests using normalized loads under blast shot that caused damage. 

Short 

name 

Pr 

(kPa) 

Ir 

(kPa-ms) 

dmax 

(mm) 

drs 

(mm) 

Normalized 

Pr 

Normalized 

Ir 

 % of dmax 

decrease  

% of drs 

decrease   
θmax θrs 

Damage  

level 
LOP* 

RN1 35 303 66 55 1.00 1.00 0.0 0.0 3.15 2.62 Heavy VL 

SH 45 420 60 45 1.29 1.39 9.1 18.2 2.86 2.15 Moderate L 

DH1 43 418 59 32 1.23 1.38 10.6 41.8 2.81 1.53 Moderate L 

DH2 42 435 62 23 1.20 1.44 6.1 58.2 2.96 1.10 Moderate L 

TH1 40 435 57 13 1.14 1.44 13.6 76.4 2.72 0.62 Superficial M/H 

P1 46 440 60 18 1.31 1.45 9.1 67.3 2.86 0.86 Moderate L 

E30 47 441 36 2 1.34 1.46 45.5 96.4 1.72 0.10 Superficial M/H 

*Lop = Level of Protection, VL = very low, L = Low, M = Medium, H = High, and NA = Not available as per Table 4.1 of CSA S850-17 [83] 
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Table 5.3 – Comparison of hardened and reference columns of Phase II tests using normalized loads under blast shot that didn’t cause any damage 

Short 

name 

Pr 

(kPa) 

Ir 

(kPa-ms) 

dmax 

(mm) 

drs 

(mm) 

Normalized 

Pr 

Normalized 

Ir 

% of 

decrease 

in dmax 

% of the 

decline 

in drs 

θmax θrs 
Damage  

level 
LOP* 

RN2 37 290 42 25 1.00 1.00 0.0 0.0 2.00 1.19 Moderate L 

TH2 36 278 23 0 0.97 0.96 45.2 100.0 1.10 0.00 Superficial M/H 

P2 37 292 23 2 1.00 1.01 45.2 92.0 1.10 0.10 Superficial M/H 

E20 39 272 32 3 1.05 0.94 23.8 88.0 1.53 0.14 Superficial M/H 

E25 38 266 30 0 1.03 0.92 28.6 100.0 1.43 0.00 Superficial M/H 

*Lop = Level of Protection, L = Low, M = Medium, H = High, as per Table 4.1 of CSA S850-17 [83] 

  

Table 5.4 – Comparison of hardened and reference columns of Phase II tests using normalized loads under blast shot that caused damage. 

Short 

name 

Pr 

(kPa) 

Ir 

(kPa-ms) 

dmax_acm 

(mm) 

drs_acm 

(mm) 

Normalized 

Pr 

Normalized 

Ir 

% of 

decrease 

in dmax 

% of the 

decrease 

in drs 

θmax_acm θrs_acm 
Damage  

level 
LOP* 

RN2 55 384 171 124 1.00 1.00 0.0 0.0 8.11 5.90 Hazardous NA 

TH2 58 413 37 2 1.05 1.08 78.4 98.4 1.77 0.10 Moderate L 

P2 60 450 44 8 1.09 1.17 74.3 93.5 2.10 0.38 Moderate L 

E20 54 394 81 73 0.98 1.03 52.6 41.1 3.86 3.48 Heavy VL 

E25 56 410 57 6 1.02 1.07 66.7 95.2 2.72 0.29 Superficial M/H 

*Lop = Level of Protection, VL = very low, L = Low, M = Medium, H = High, and NA = Not available as per Table 4.1 of CSA S850-17 [83] 
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Table 5.5 – Comparison of post-tensioned and reference columns using normalized blast loads under Shot#1. 

Short 

name 

Pr 

(kPa) 

Ir 

(kPa-ms) 

dmax 

(mm) 

drs 

(mm) 

Normalized 

Pr 

Normalized 

Ir 

% of 

decrease 

in dmax 

% of the 

decline 

in drs 

θmax θrs 
Damage  

level 
LOP* 

RS 26 272 37 13 1.00 1.00 0.0 0.0 1.77 0.62 Moderate L 

SS 29 268 26 2 1.12 0.99 29.7 84.6 1.24 0.10 Superficial M/H 

DS 29 267 37 10 1.12 0.98 0.0 23.1 1.77 0.48 Superficial M/H 

*Lop = Level of Protection, L = Low, M = Medium, H = High, as per Table 4.1 of CSA S850-17 [83] 

 

Table 5.6 – Comparison of post-tensioned and reference columns using normalized loads under blast shot that caused damage. 

Short 

name 

Pr 

(kPa) 

Ir 

(kPa-ms) 

dmax_acm 

(mm) 

drs_acm 

(mm) 

Normalized 

Pr 

Normalized 

Ir 

% of 

decrease 

in dmax 

% of the 

decrease 

in drs 

θmax_acm θrs_acm 
Damage  

level 
LOP* 

RS 43 415 179 153 1.00 1.00 0.0 0.0 8.48 7.27 Hazardous NA 

SS 44 415 87 54 1.02 1.00 51.4 64.7 4.15 2.58 Heavy VL 

DS 44 407 100 70 1.02 0.98 44.1 54.2 4.76 3.34 Heavy VL 

*Lop = Level of Protection, L = Low, M = Medium, H = High, as per Table 4.1 of CSA S850-17 [83]
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(a)                                                                         (b) 

 
Figure 5.1 – Column deflections for Ref-N1 (RN1) and Ref-S (RS), a) maximum deflection, and 

 b) residual deflection. 

 

 
(a)                                                                        (b) 

 
Figure 5.2 – Column deflections of Ref-N1(RN1) and Ref-N2 (RN2). a) maximum deflection, and 

 b) residual deflection. 
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Figure 5.3 – Blast-load response of hardened columns versus companion reference column. 

 

 

Figure 5.4 – Response of hardened columns subjected to a similar blast load. 
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(a)                                                                              (b) 

 
Figure 5.5 – Column deflections of hardened columns from Phase I. a) maximum deflection, and  

 b) residual deflection. 

 

 

Figure 5.6 – Blast-load response of hardened columns from Phase II with companion reference column 

subjected to similar blast loads. 
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Figure 5.7 – Blast-load response of hardened columns from Phase II testing. 

 

 

Figure 5.8 – Blast-load response of double-harped columns considering the effect of the level of initial 

prestressing force. 
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Figure 5.9- Effect of the level of initial prestressing force on blast-load response of double-harped 

columns. 

 

 

Figure 5.10 - Effect of the level of initial prestressing force on blast-load response of triple-harped 

columns.. 
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Figure 5.11 – Blast-load response of post-tensioned columns with their companion reference column 

when subjected to a reflected pressure of 27 kPa. 

 

 

Figure 5.12 – Blast-load response of post-tensioned columns with their companion reference column 

when subjected to a reflected pressure of around 40 kPa. 
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(a)                                                                           (b) 
Figure 5.13 – Mid-height deflections of post-tensioned columns with their companion reference column 

during the first blast shot: a) maximum mid-height deflection, and b) residual mid-height deflection. 

 

 

(a)                                                                         (b) 
Figure 5.14 – Mid-height deflections of post-tensioned columns with their companion reference column 

during the second blast shot: a) maximum mid-height deflection, and b) residual mid-height deflection. 
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(a) 

 

(b) 

Figure 5.15 – Test results of post-tensioned columns: a) maximum deflection at mid-height region, and b) 

residual deflection at mid-height region.
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Figure 5.16 – Blast-load response of hardened columns together with their companion reference column 

when subjected to a reflected pressure of 45 kPa. 

 

 

Figure 5.17 – Blast-load response of hardened columns by ECC jacketing from Phase II together with 

their companion reference column when subjected to a  a reflected pressure of 37 kPa. 
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Figure 5.18 – Blast-load response of hardened columns by ECC jacketing from Phase II together with 

their companion reference column when subjected to a reflected pressure of 57 kPa. 

 

 

Figure 5.19 – Blast-load response of hardened columns when subjected to  a reflected pressure of 75 kPa. 
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    (a)                                                                   (b) 

Figure 5.20 – Column deflections during 2nd blast shot of hardened columns by ECC jacketing:  

 a) maximum deflection at mid-height, and b) residual deflection at mid-height. 

 

 

(a)                                                               (b) 

Figure 5.21 – Column deflections from Phase I of testing: a) maximum deflection at mid-height region, 

and b) residual deflection at mid-height region. 
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(a) 

 

 

(b) 

Figure 5.22– Test results of hardened columns from Phase I of testing: a) maximum deflection at mid-

height region, and b) residual deflection at mid-height region. 
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(a)                                                                          (b) 

Figure 5.23 – Column deflections from Phase II of testing: a) maximum deflection at mid-height region, 

and b) residual deflection at mid-height region. 

 

 

(a)                                                                      (b) 

Figure 5.24 – Column deflections from Phase II of testing when subjected to higher blast loads:  

 a) maximum deflection at mid-height region, and b) residual deflection at mid-height region. 
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(a) 

 

(b) 

Figure 5.25 – Test results of hardened columns from Phase II of testing: a) maximum deflection at mid-

height region, and b) residual deflection at mid-height. 
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Chapter 6. Analytical Research 

Dynamic response of structures subjected to blast loading can be obtained using dynamic inelastic 

analysis of structural elements. Dynamic analysis is often conducted numerically because of the 

continuous change in loading, as well as the nonlinearity of materials and continuous change in 

structural and geometric characteristics during response. Dynamic response consists of 

contributions coming from different modes of response associated with different vibration 

frequencies and corresponding modes of structural response. This can be introduced through 

multiple-degree-of-freedom (MDOF) analysis and the use of finite element methods that require 

sophisticated modelling techniques. In blast analysis of structural elements, the response is often 

dominated by the first mode of response, making it possible to conduct single-degree-of-freedom 

(SDOF) analysis, especially for design purposes when maximum response is of concern. SDOF is 

commonly used in blast analysis of structural elements and has been adopted in current analytical 

research for the analysis of columns.  

The columns tested in the experimental program, presented in Chapters 3 through 5, were 

modeled as SDOF elements to compute their response and compare it with experimentally 

recorded values. This chapter presents the steps followed and the analysis procedures implemented 

to conduct SDOF analysis by incorporating nonlinearity in materials and geometry. Material 

nonlinearity is introduced through constitutive material models in establishing force-deformation 

relations (resistance functions) used in the analysis. Geometric nonlinearity, as affected by P-delta 

effects generating secondary moments, is included in the analysis.  

The first step in performing SDOF analysis involves generating a resistance function for the 

column considered. The resistance function provides strength and stiffness of the column and 

hence plays an important role in the accuracy of results. Having established the resistance function, 

the second step is to establish a mathematical model for SDOF analysis. This requires finding an 

equivalent lumped mass-spring system subjected to a time-varying concentrated force for the 

column, which has a uniformly distributed mass and a blast load that can be idealized as a 

uniformly distributed load. The equivalent SDOF system can be established by using 

transformation factors derived based on energy principles. The SDOF analysis can then be 

conducted using a numerical technique to solve the equation of motion. The specifics of the above 

steps are further discussed in the following subsections. 
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6.1 Resistance Functions 

The resistance function relates the load-carrying capacity or load resistance to the deflection of the 

SDOF system, which is often taken as the maximum column mid-height deflection. In a statically 

applied load, the resisting (reactive) force is equal and opposite to the applied load. In blast loading, 

inertia forces develop, which interfere with the overall resistance of the dynamic system while 

member resistance continues to develop in proportion to its stiffness. Therefore, conventional 

procedures used for developing resistance function against static loading can also be used for blast 

loading and form part of the equation of motion governed by dynamic response. However, the 

change in material properties as affected by high strain rates, referred to as dynamic increase factor 

(DIF), may need to be considered.  

 The columns considered in current research have resistance provided either by reinforced 

concrete columns or internally post-tensioned columns with or without the effects of the hardening 

techniques developed. The columns were hardened either by introducing additional resistance 

generated through externally placed prestressing strands or by providing ECC jacketing. In the 

former case, the reactive forces generated by the strands develop a second component of resistance, 

which has to be incorporated in the resistance function. In the latter case, ECC is included in the 

column section as a material with different properties in the section while performing sectional 

analysis.  

 Sectional analysis forms the first step towards developing a resistance function. The 

moment-curvature relationship obtained from the sectional analysis helps establish member 

response, which leads to a resistance function in the form of a force-displacement relationship. 

This is done by selecting appropriate material constitutive models, as described in the following 

sections.  

6.1.1 Concrete Models 

The Hognestad model for unconfined concrete was used in the analysis of columns in this study 

unless the column core was confined. The confined concrete was modeled based on the model 

developed by Saatcioglu and Razvi [84]. Most of the columns tested in this study are considered 

unconfined because the core concrete is not confined by closely spaced ties (as required for 

seismic/blast detailing). The Hognestad model consists of parabolic ascending and linear 

descending branches. The parabolic branch for 0 ≤ εc ≤ ε0 is modeled using Equation 6.1a. The 

descending linear branch for εc > ε0 is obtained by connecting the peak stress f’c at ε0 = 0.002 to 
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0.85 f’c at a strain of εc = 0.0038 (Equation 6.1b). The linear segment extends to 0.2 f’c beyond 

which it maintains a constant strength of 0.2 f’c . 

𝑓𝑐 = 𝑓𝑐
′ [

2𝜀𝑐

𝜀0
− (

𝜀𝑐

𝜀0
)

2

]       𝑓𝑜𝑟     𝜀𝑐 ≤ 𝜀0      (6.1a) 

𝑓
𝑐

= 𝑓
𝑐
′

− (𝜀𝑐 − 𝜀0) (
0.15𝑓𝑐

′

𝜀𝑐𝑢−𝜀0
)      𝑓𝑜𝑟     𝜀0 < 𝜀𝑐 ≤ 𝜀𝑐𝑢     (6.1b) 

The strength of confined concrete is higher than that of unconfined concrete because of the 

lateral pressure provided by transverse reinforcement, which generates a biaxial state of stress. In 

addition, a significant effect of confinement is on the post-peak ductility of concrete, which is 

shown in the form of high strains beyond the peak. This results in a larger area under the stress-

strain curve shown in Figure 6.1a, indicating increased toughness and energy absorption capacity.  

The lateral pressure provided by transverse reinforcement is adequate only when the ties are 

closely spaced, shortening the unsupported length of the longitudinal bar, which further improves 

the effects of confinement. The confined concrete model of Saatcioglu and Razvi presented below 

is based on equivalent uniform confinement pressure. 

𝑓𝑐𝑐
′ = 𝑓

𝑐
′

+ 𝑘1𝑓𝑙𝑒         (6.2) 

Contribution of lateral pressure; 

𝑘1 = 6.7(𝑓
𝑙𝑒)

0.17
         (6.3) 

Equivalent uniform lateral pressure; 

𝑓𝑙𝑒 = 𝑘2𝑓
𝑙
          (6.4) 

The reinforcement arrangement factor k2, which is a function of transverse reinforcement 

spacing (s), core dimensions (bc) (it is the core width, center to center of perimeter hoop), and the 

distance between longitudinal bars (sl), is given as follows:  

𝑘2 = 0.26√
𝑏𝑐

𝑠

𝑏𝑐

𝑠𝑙

1

𝑓𝑙
         (6.5) 
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Confining Lateral pressure, which is a function of transverse reinforcement spacing (s), area 

(As), yield strength (fyt), and the hoop dimensions, is calculated as follows:  

𝑓𝑙 =
∑ 𝐴𝑠𝑓𝑦𝑡

𝑠𝑏𝑐
          (6.6) 

Nominal strength of confined core; 

𝑓′
𝑐𝑐

= 𝑓
𝑐𝑐
′

[
2𝜀𝑐𝑐

𝜀1
− (

𝜀𝑐𝑐

𝜀1
)

2
]

1
(1+2𝐾)⁄

      𝑓𝑜𝑟     𝜀𝑐𝑐 ≤ 𝜀1     (6.7) 

K is the ratio of equivalent uniform confinement pressure and unconfined concrete strength; 

𝐾 =
𝑘1𝑓𝑙𝑒

𝑓𝑐
′           (6.8) 

Strain at peak confined concrete stress; 

𝜀1 = 𝜀0(1 + 5𝐾)         (6.9) 

Strain value corresponding to 85% of f’cc where  is the area ratio of transverse 

reinforcement; 

𝜀85 = 260𝜌𝜀1 + 𝜀085         (6.10) 

𝜌 =
∑ 𝐴𝑠

𝑠(𝑏𝑐𝑥+𝑏𝑐𝑦)
         (6.11) 

To find the strain value ε20 corresponding to 20% of f’cc, a linear extrapolation can be 

conducted; 

𝑚 =
𝜕𝑓

𝜕𝜀
=

𝑓85 − 𝑓′𝑐𝑐

𝜀85 − 𝜀1
         𝑚 =

𝜕𝑓

𝜕𝜀
=

𝑓20 − 𝑓′𝑐𝑐

𝜀20 − 𝜀1
       →      𝜀20 =

0.20 ∗ 𝑓′𝑐𝑐 − 𝑓′𝑐𝑐

𝑚
+ 𝜀1 

It is assumed that the concrete will maintain a constant strength of 0.2 f’cc for the strain values 

higher than ε20. 

6.1.2 Steel Reinforcement 

Columns subjected to extreme loads, such as blasts, experience non-linear behavior. Therefore, 

contrary to traditional gravity load designs that do not consider the strain hardening of steel 
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reinforcement, the model used for steel reinforcement was the tension strain hardening model and 

bar buckling model by Yalcin and Saatcioglu [85]. The strain hardening model comprises three 

stages: elastic behavior until the onset of yield, yield plateau until the onset of strain hardening, 

and strain hardening until the rupturing of steel. Equation 6.12 describes all the stages of the stress-

strain relationship with a parabolic strain hardening region. 

𝑓𝑠  = 𝐸𝑠𝜀𝑠     𝑓𝑜𝑟     𝜀𝑠 ≤ 𝜀𝑦        (6.12a) 

𝑓𝑠  = 𝑓𝑦     𝑓𝑜𝑟     𝜀𝑠 = 𝜀𝑦        (6.12b) 

𝑓𝑠  = 𝑓𝑦 + ( 𝜀𝑠 −  𝜀𝑦) (
𝑓𝑠ℎ−𝑓𝑦

 𝜀𝑠ℎ− 𝜀𝑦
)     𝑓𝑜𝑟   𝜀𝑦 < 𝜀𝑠 ≤ 𝜀𝑠ℎ    (6.12c) 

𝑓𝑠  = 𝑓𝑦 + ( 𝑓𝑢 −  𝑓𝑦) [
2(𝜀𝑠− 𝜀𝑠ℎ)

𝜀𝑢− 𝜀𝑠ℎ
− (

𝜀𝑠−𝜀𝑠ℎ

 𝜀𝑢− 𝜀𝑠ℎ
)

2

]     𝑓𝑜𝑟   𝜀𝑠ℎ < 𝜀𝑠 ≤ 𝜀𝑢  (6.12d) 

Steel in compression can exhibit a similar stress-strain relationship to that of tension, 

provided that the bar is restrained from buckling and maintains its stability. The restraining 

criterion for bar buckling can be expressed in terms of aspect ratio, which is the ratio of tie spacing 

over the diameter of the longitudinal bar (s/db). Generally, the compression bar is assumed to 

behave in a bilinear stress-strain relationship with a linear stage up to the yield and a constant post-

yield stage by connecting a straight line from yield to ultimate. However, there are three expected 

behaviors of the compression bar for non-linear behavior depending on the aspect ratio based on 

the model by Yalcin and Saatcioglu [85] shown in Figure 6.1b. When the aspect ratio exceeds 8, 

the bar develops instability starting at the yield strain, with gradually diminishing force resistance. 

When the aspect ratio is less than 8 but greater than 4.5, the model considers the compression bar 

to exhibit strain hardening behavior. The compression bar exhibits identical behavior as tension 

reinforcement only when the unsupported bar length is reduced further to have an aspect ratio of 

less than 4.5. The stress-strain relationships for compression bars in these different stages are 

expressed with the following equations: 

𝑓𝑜𝑟 
𝑠

 𝑑𝑏
≥ 8,       𝑓𝑠  = 𝑓𝑦 − ( 𝜀𝑠 − 𝜀𝑦) [−23000 + 11000 ln (

𝑠

 𝑑𝑏
)]     𝑓𝑜𝑟   𝜀𝑦 < 𝜀𝑠 ≤ 𝜀𝑠/𝐷𝑢  (6.13a) 

𝑓𝑜𝑟 8 >
𝑠

 𝑑𝑏
≥ 4.5,       𝑓𝑠  = 𝑓𝑦 + ( 𝑓𝑠/𝐷𝑢 −  𝑓𝑠ℎ) [

2(𝜀𝑠− 𝜀𝑠ℎ)

𝜀𝑠/𝐷𝑢− 𝜀𝑠ℎ
− (

𝜀𝑠−𝜀𝑠ℎ

 𝜀𝑠/𝐷𝑢− 𝜀𝑠ℎ
)

2

]     𝑓𝑜𝑟   𝜀𝑠 > 𝜀𝑠ℎ   (6.13b) 

The limiting stress (fs/Du) and strain (εs/Du) are given by the following equations: 
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𝑓𝑜𝑟  
𝑠

 𝑑𝑏
≥ 8,        𝑓𝑠/𝐷𝑢 = 28 (

𝑠

𝑑𝑏
)

−1.7
𝑓

𝑦
,       𝜀𝑠/𝐷𝑢  =  [40 − 6 ln (

𝑠

 𝑑𝑏
)] 𝜀𝑦      (6.14a) 

 

𝑓𝑜𝑟  8 >
𝑠

 𝑑𝑏
≥ 4.5,   𝑓𝑠/𝐷𝑢  = 𝑓𝑠ℎ + ( 𝑓𝑢 − 𝑓𝑠ℎ) [48𝑒

−0.9(
𝑠

𝑑𝑏
)
] , 𝜀𝑠/𝐷𝑢 = 𝜀𝑠ℎ + (𝜀𝑢 − 𝜀𝑠ℎ) [6𝑒

−0.9(
𝑠

𝑑𝑏
)
] (6.14b) 

6.1.3 Prestressing Strands 

7-wire strands do not exhibit a well-defined yield plateau, unlike mild steel used in reinforcing 

bars. According to Collins and Mitchel [86], Yield strength for these strands is defined as stress 

on the ascending curved region corresponding to a strain of 0.01, and it is usually taken as 1650 

MPa. The typical value for the low-relaxation strand yield strength ratio to its ultimate strength is 

0.90. For a more accurate stress-strain relationship of strands (see Figure 6.1c), Mattock 

recommended using a modified Ramberg-Osgood equation [87]. Equation 6.15 provides an 

approximate formulation of the Ramberg-Osgood equation for a low relaxation strand with fpu = 

1860 MPa. The constants used in the equation are consistent with the minimum specified yield 

strength corresponding to 0.01 strain. 

𝑓𝑝  = 200𝑥103𝜀𝑝𝑓  {0.025 +
0.975

[1+(118𝜀𝑝𝑓)
10

]
0.10} ≤ 1860 𝑀𝑃𝑎    (6.15) 

 

6.1.4 Engineered Cementitious Composite (ECC)  

Currently, there is no standard for characterizing the properties of ECC. However, many published 

articles about ECC properties and constitutive models for ECC exist. In this study, the stress-strain 

relationship of the ECC used was obtained experimentally. The experiments included a direct 

tensile strength test using dog-bone specimens, cylinder tests for stress-strain relationship in 

compression, and modulus of elasticity tests. The experimental results were used along with a 

constitutive model for ECC proposed by Chang Wu et al [88] shown in Figure 6.2. The model 

assumes that the tensile strength of ECC beyond cracking should not be ignored. This is because 

of the high tensile strain capacity of ECC, which is even higher than the yield strain of steel 

reinforcement. This strain capacity can reach 3% or higher. Therefore, the contribution of ECC in 

the tension region should be accounted for until the member fails in compression. The actual tensile 

stress-strain relationship of ECC can be described as a trilinear model consisting of three segments: 

linear up to cracking at the stress of ft0, strain-hardening beyond cracking up to the maximum 
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strength of ft1, and strain-softening until the ultimate strain at a strain of εtu. However, for 

simplicity, ECC in tension can be modeled as a bilinear relationship that ignores increasing stress 

after cracking, thus changing the strain hardening to a flat line that extends from the cracking strain 

to the ultimate strain. Equation 6.16, proposed by Chang Wu et al [88], presents the bilinear 

relationship of ECC in tension. Since the cracking strain εt0 of ECC is minimal, the distribution of 

tensile stress on the tension side of the neutral axis can be further simplified to a uniform 

rectangular stress block.  

𝜎𝑡𝑒𝑛𝑠 = 𝐸𝜀    𝑓𝑜𝑟   𝜀 ≤ 𝜀𝑡𝑜        (6.16a) 

𝜎𝑡𝑒𝑛𝑠 = 𝑓𝑡𝑜    𝑓𝑜𝑟  𝜀𝑡𝑜 < 𝜀 ≤ 𝜀𝑡𝑢       (6.16b) 

where E is the modulus of elasticity of ECC, εt0 is the cracking strain of ECC, and εtu is the ultimate 

strain. The simplified stress-strain relationship of ECC under compression can be described with 

a parabola up to a strain of 𝜀𝑐, followed by a linear segment with a constant stress up to the ultimate 

strain of 𝜀𝑐𝑢. Generally, the strains at peak stress, corresponding to the beginning and end of the 

straight portion, are approximately 𝜀𝑐 = 5%  and 𝜀𝑐𝑜 = 6%.  Equation 6.17 presents the stress-

strain relationship of ECC in compression proposed by Chang Wu et al [88]. 

𝜎𝑐𝑜𝑚𝑝 = 𝑓𝑐 [𝜁 (
𝜀

𝜀𝑐
) + (1 − 𝜁) (

𝜀

𝜀𝑐
)

2

]     𝑓𝑜𝑟  𝜀 ≤ 𝜀𝑐     (6.17a) 

𝜎𝑐𝑜𝑚𝑝 = 𝑓𝑐     𝑓𝑜𝑟 𝜀𝑐 < 𝜀 ≤ 𝜀𝑐𝑢       (6.17b) 

where fc is the peak stress, εc is the strain at peak stress, εcu is the ultimate compressive strain, and 

ζ is the initial stiffness parameter approximated to be 1.5. 

To consider the confinement effect of the ECC shell on the column core, the compressive 

strength model for confined concrete by Richart et al [89] was used. The model is presented in the 

following equations: 

𝑓𝑐𝑐
′

𝑓𝑐
′ = 1 + 4.1 ∙

𝑓𝑙
′

𝑓𝑐
′         (6.18) 

𝑓𝑙
′ = 𝑘𝑒𝜌ℎ𝑓𝑐𝑦          (6.19) 

𝜌ℎ = 2 ∙
𝑡

𝑏
          (6.20) 
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𝑘𝑒 = 1 − [
(𝑏2+ℎ2)

6(1−𝜌𝑠𝑐)𝑏ℎ
]         (6.21) 

where f’cc is the confined compressive strength of concrete, fl’ is the effective passive confining 

pressure by the material (ECC jacket in this investigation), f’c is the unconfined compressive 

strength of concrete, ke is the shape factor for square and rectangular columns, h is the ratio of 

jacket confinement (ECC) having a thickness of t, fcy is the tensile strength of confining material 

(ECC), sc is the longitudinal reinforcement ratio, b and h are the cross-sectional dimensions of 

the column core concrete. 

6.1.5 Effects of High Strain Rate on Material Properties 

It is widely accepted that strain rates, particularly in the high-strain range, significantly impact 

material characteristics. The strength of materials may increase under high strain rates associated 

with blast loads, which can be introduced by the dynamic increase factor (DIF). In other words, 

the DIF is the ratio of dynamic to static strength of the material. DIFs for blast loading are given 

in design guidelines and tables such as the “United Facilities Criteria” (UFC 3-340-02) [19] and 

CSA S850 “Design and Assessment of Buildings Subjected to Blast Loads.” [83]. DIFs for 

materials subjected to close-range detonations are higher than those for far-range detonations. In 

addition, DIFs differ with the state of stress in the material (flexure dominant, diagonal tension, 

compression, etc.). For instance, in RC members under bending, DIFs are obtained assuming the 

strain rate in the material is 0.0001 mm/mm/msec and 0.0003 mm/mm/msec for far-range and 

close-range detonations, respectively. The blast loads generated by the shock tube used in current 

research are considered to be a far-range detonation [90] Hence, the DIFs from Table 4.1 of UFC 

3-340-02 extracted from the PCI Design Handbook [91], for concrete, steel reinforcement, and 

prestressing strands under flexure are reported in Table 6.1.  

6.1.6 Development of Analytical Resistance Functions 

The columns included in the scope of this research fall into four categories in terms of developing 

their resistance functions for use in dynamic analysis. They consist of: i) reference reinforced 

concrete columns, ii) reinforced concrete columns jacketed with ECC, iii) reinforced concrete 

columns hardened with external prestressed strands, and iv) post-tensioned columns. For columns 

in the first and second categories, resistance functions were established by constructing force-

displacement relationships starting with sectional analysis, followed by member analysis using 
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computer software RC-Blast, which is software developed at the University of Ottawa [26]. For 

columns in the third category, the resistance function consisted of two components, provided by 

the reinforced concrete column and the externally placed prestressed strands. The last category of 

columns were post-tensioned columns for which computer software RESPONSE-2000 [92] with 

capabilities of analyzing prestressed members was used to establish the resistance function. The 

details are provided in the following paragraphs. All the resistance functions were developed for 

columns under constant axial compression. 

 The software RC-Blast used for generating the force-displacement relationship of 

reinforced concrete columns includes a built-in module that can generate the resistance functions.  

The software needs input from the user, such as material properties, cross-section dimensions, 

equivalent plastic hinge length (assumed equal to column depth in this study), and the level of 

applied axial load, including any variation in axial load if applicable. The resistance functions for 

reference columns (Ref-N1 and Ref-N2) are presented in Figure 6.3. 

 ECC jacketed columns had a column core, the same as the reference columns, and an ECC 

jacket in place of the cover. The software RC-Blast was used to develop the resistance function 

with data consisting of ordinary concrete specified for the column core and ECC material 

properties specified for the column cover. The software has an option for unconfined and confined 

concrete material models. The unconfined material model was customized for the ECC layer, 

which was introduced as a cover for the column. The confined model was customized for the 

column core by considering the confinement effect provided by the ECC jacket (shell). Figure 6.4 

shows the resistance function for the jacketed columns. 

 The resistance of columns hardened with external prestressing strands had two 

components, one provided by the column and the other provided by the external strands, applying 

concentrated forces along the column height in the opposite direction to the applied blast loads. 

The force-displacement relationship of the column is the same as the one developed for the 

reference columns using software RC-Blast. The contribution of external prestressing strands to 

blast resistance was computed as perpendicular components of the prestressing force at locations 

of change in the slope of the strand profile. The two components of resistance (provided by the 

column and the prestressing strands) are merged based on the compatibility of column mid-height 

deflection. The force in the strands is initially equal to the prestressing force applied, which causes 

a camber in the column (negative deflection of the column). As the column deflects under blast 
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loads, the column camber is first offset and starts developing positive deflections. The strands are 

stretched as the column develops progressively increasing positive deflections and increasing 

prestressing force further. The resulting elongation of the strands can be calculated by considering 

the change in geometry. This translates into an incremental increase in the strand force. Figure 6.5 

and 6.6 show lateral force-displacement relationships for the column as well as the strands. 

Superposition of these two components is done based on displacement response to establish the 

composite resistance function.  

 The resistance functions for internally post-tensioned columns were developed using 

software Response-2000 because the RC-Blast software was developed for reinforced concrete 

elements and could not analyze prestressed concrete columns. Response-2000 is a non-linear 

analysis software designed for reinforced concrete members with and without prestressing based 

on the Modified Compression Field Theory [93]. The resistance function for the companion 

reference column to post-tensioned columns (Ref-S) was also generated using software Response-

2000 for consistency. Unlike RC-Blast, Response 2000 does not have a built-in confinement model 

for RC material; however, it allows the user to enter material stress-strain relationships manually. 

The effect of confinement is especially important for this series of columns, as they represent 

columns designed following the requirements of seismic/blast resistant buildings with closely 

spaced column ties. The resulting resistance curves are presented in Figure 6.7. 

6.1.7 Derivation of Experimental Resistance Function 

In addition to the resistance functions constructed analytically, as explained in the preceding 

sections, the resistance functions were also computed from experimental data. Experimental 

resistance functions can be calculated if the applied load and inertia force time histories are 

available. Applied force-time history was recorded as reflected pressure-time histories in the 

experimental program. Inertia force-time histories were calculated from mass and accelerations. 

Accelerations were not recorded directly using an accelerometer. They were obtained from the 

second derivatives of experimentally recorded displacement-time histories based on Equation 

6.22. First, the velocity-time profile of each column was obtained using MATLAB. Velocity at 

mid-height of a column is the rate of change in displacement at that location. The acceleration (the 

rate of change in velocity at column mid-height) was also obtained using MATLAB. An attempt 

was initially made to get the velocity and acceleration time histories using Microsoft Excel; 
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however, due to the high frequency of data, the profiles were noisy. A filtering code was used in 

MATLAB to eliminate the noise, and a smooth profile was obtained. 

𝑎(𝑡) = 𝑦′′(𝑡) =
𝜕2𝑦(𝑡)

𝜕𝑡2
=

𝜕𝑣(𝑡)

𝜕𝑡
       (6.22) 

where a(t), v(t) and y(t) are acceleration, velocity and displacement functions, and y’’(t) is the 

second derivative of displacement over time. 

The pressure-time history recorded during each experiment was converted to a force-time 

history by multiplying the reflected pressure and the tributary area (i.e., the area of the LTD). 

Inertia force-time history was calculated from the total mass (i.e., the mass of the LTD and column) 

multiplied by acceleration and Load-Mass Factor (KLM). The experimental resistance R(t) was then 

calculated using the equation of motion given in Equation 6.23 as the difference between the 

applied and inertia forces: 

𝐾𝐿𝑀𝑀[𝑦′′(𝑡)] + 𝑅(𝑦(𝑡)) = 𝐹(𝑡)       (6.23) 

The experimental resistance functions for selected columns are plotted in Figure 6.8 to 6.10. 

For the remaining columns, the method of obtaining accelerations through double differentiation 

of displacement data was not reliable.  

An alternative to obtaining the experimental resistance function is to use the dynamic 

reaction equation (i.e., rearrange the terms of equation 6.24) presented in Introduction to Structural 

Dynamics by Biggs [12], expressed as:  

𝑉(𝑡) = 𝑐1𝑅(𝑡) + 𝑐2𝐹(𝑡)        (6.24) 

Where V(t) is the reaction as a function of time (can be recorded using load cells during the 

experiment), R(t) is the column resistance-time history, F(t) is the applied force-time history, and 

c1 and c2 are the constant that varies for elastic and plastic behavior. 

6.2 Single Degree-of-Freedom (SDOF) Analysis 

6.2.1 Equation of Motion and Transformation Factors 

SDOF analyses of the columns tested in the experimental program were conducted using software 

RC-Blast, which incorporates the step-by-step constant acceleration method of analysis in solving 

the dynamic equation of motion. The software conducts non-linear analysis following the 
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resistance function, either input into the software or computed internally through the built-in 

module for reinforced concrete elements. The solution is based on a spring-lumped mass 

mathematical model obtained from the actual member properties using transformation factors.  The 

equation of motion given in Equation 6.25 is solved for an equivalent spring-mass system. This 

equation also has a term for damping, but damping has not been considered in the current analysis, 

as it is generally neglected in blast analysis due to the very short duration of loading.   

𝐾𝐿𝑀𝑀𝑢̈ + 𝑘𝑢 = 𝐹         (6.25) 

One of the terms in Equation 6.24 represents the load-mass transformation factor (KLM), a 

function of the deflected shape (mode shape) and the distribution of mass and applied load, which 

converts a continuous system into an equivalent single-degree-of-freedom (SDOF) model. KLM is 

the ratio of mass factor (KM) over the load factor (KL) that can be calculated using equations 6.26 

to 6.28 [12]. For the columns tested in this study, the KLM factors are reported in Table 6.2.  

𝐾𝑀 =
∫ 𝑚𝜑2(𝑥)𝑑𝑥

𝐿
0

𝑚𝐿
         (6.26) 

𝐾𝐿 =
∫ 𝑝𝜑(𝑥)𝑑𝑥

𝐿
0

𝑝𝐿
         (6.27) 

𝐾𝐿𝑀 =
𝐾𝑀

𝐾𝐿
          (6.28) 

The other terms in Equation 6.24 are lumped mass (M), acceleration, or the second derivative 

of the displacement (𝑢̈) as a function of time, resistance of the member expressed as ku, u is the 

displacement, k is the stiffness, and the forcing function (F) as a function of time. The forcing 

function can be calculated from the tributary area (A) times the reflected pressure (Pr(t)).  

6.2.2 Displacement-Time History Predictions 

Mid-height displacement response of the test columns was established through non-linear SDOF 

analysis. The tributary area and the mass during testing had to be considered carefully. 

Furthermore, the P- effects due to the applied axial load and the effects of end eccentricities due 

to external prestressing had to be incorporated into the analysis. These aspects of the analysis are 

discussed in the following subsections prior to presenting the analysis results. 
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6.2.2.1 Tributary Area and Total Mass 

During the shock tube testing, the columns were loaded through a load transfer device (LTD), as 

discussed in Chapter 3. Since the columns were not directly loaded with applied pressure, the 

loaded area was different than the surface area of the loaded side of the column. The actual loaded 

area was the area of the LTD, which was 4.3 m2. This tributary area was specified as input in RC-

Blast. Similarly, the loaded mass was different than the column mass. The loaded mass included 

the mass of the LTD because it moved together with the column when the pressure was applied. 

The total mass used as input in RC-Blast for reference and post-tensioned columns was 383 kg 

(i.e., 133 kg of column plus 250 kg of LTD). The total mass for the columns hardened by external 

strands included the mass added due to the presence of external prestressing strands, deviators, 

and end anchorage fixtures. Therefore, their total mass was 407 kg, 412 kg, 418 kg, and 428 kg 

for the column with single-harped, double-harped, triple-harped, and parabolic profiles, 

respectively. The jacketed column also had a different total mass because the cross-section 

dimension changed with the addition of the ECC jacket. The total mass for columns having 30 

mm, 25 mm, and 20 mm ECC thickness was 480 kg, 430 kg, and 411 kg, respectively.  

6.2.2.2 Secondary Moments due to P- Effects 

Columns tested in this study were subjected to a combined loading scenario where a constant axial 

load was first applied using a hydraulic jack, followed by blast shockwaves using a shock tube.  

The applied axial load was approximately 35% of the column concentric capacity. However, the 

displacements caused by applied pressure create secondary moments in the form of the product of 

axial load and mid-height displacement (P-delta effect). For an accurate and realistic SDOF 

analysis, the P-delta effect should be considered because of the relatively high displacements 

expected during blast loading, where P-delta moments can be quite substantial.  

The current version of RC-Blast does not have an option to include the effects of P-delta 

moments in the analysis. However, an alternative approach suggested by Oswald [32] can be 

adopted to add the P-delta effects conveniently as an additional equivalent dynamic lateral load to 

be superimposed on the reflected pressure from blast loading. Oswald's method uses an equivalent 

lateral dynamic load that can approximately simulate an additional moment of similar magnitude 

to secondary moments generated by P-delta effects at each time step of the analysis. This method 

is called the Equivalent Lateral Load (ELL) method and uses the following equation. : 
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𝑝′(𝑡) = 𝑃(𝑡)[∆(𝑡) + 𝑒] (
𝐶

𝐿2)        (6.29) 

where p’(t) is the equivalent dynamic lateral load in (kPa), P(t) is the total axial load divided by 

the supported width of the element over which the blast pressure is applied (kN/mm) (2m in this 

study because it is the curtain width that is supported), (t) is the flexural deflection in (mm), e is 

the eccentricity of the axial load relative to the centroid of column cross-section in the direction of 

bending caused by the lateral load in (mm), L is the span of the column in the direction of axial 

load in (m), C is the constant corresponding to the distribution of blast load and supports location 

and can be found by the following equation: 

𝐶 = 𝐾1𝐾2          (6.30) 

where K1 is a factor for the location of supports in the direction of axial load and can be found 

from Table 6.3 for one-way spanning members. K2 is taken as 1 for one-way spanning members 

and 0.64 for two-way spanning members. 

To apply Equation 6.29, the user needs the input values of P(t) and (t) as well as the other 

known parameters. Because the deflection quantity (t) is not known prior to the analysis, a SDOF 

analysis (without the P-delta effect) is performed under a known P(t) using the RC-Blast software 

to obtain an initial value of (t) for use in the equation. Next, the value of ELL is obtained using 

Equation 6.29, and the computed time-varying pressure is added to the blast pressure for the 

subsequent analysis to obtain results under the P- effect. This is shown in Table 6.4. The second 

SDOF analysis with a modified applied pressure incorporates the effect of P-delta in ELL. 

6.2.2.3 Applied Loads and Displacement Time Histories 

After specifying the correct mass, the total loaded area, and additional reflected pressure to account 

for the secondary moment, displacement time histories of all the tested columns were obtained 

under all the shots. The blast loads were applied as reflected pressure-duration relationships, 

idealized to have triangular forcing functions. The reflected pressure used for each load was the 

same as that recorded during the test, and the equivalent duration was computed from the 

maximum impulse recorded, such that the distribution was triangular. The software RC-Blast was 

used to conduct SDOF dynamic inelastic analysis to generate displacement time histories. RC-

Blast allows the user to consider the accumulated damage of a column when multiple shots are 

applied. Appendix C presents the results of the analysis in the form of mid-height deflection time 

histories up to the peak displacements. During the tests, the load transfer device (LTD), which 
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accumulated the blast pressure applied over the shock tube test area and transferred it onto the 

columns, moved together with the columns until the maximum positive displacements were 

attained. It was observed during the tests that the LTD separated from the column beyond the peak 

positive displacement and was detached from the column entirely. Therefore, the column-LTD 

system no longer responded together at this response stage. In the analysis, the mass used for the 

SDOF model was the combined mass of the column and the LTD. Hence, the analysis results 

beyond the peak were considered to be inaccurate and not included in the plots of Appendix C.  

The numerical results are compared with experimentally recorded displacement histories 

in Appendix C. The software was able to generate displacement time histories up to the peak 

displacement reasonably well for all the columns, especially for the first two shots. The third shots, 

and the second shots of columns RN1, RS, and DS, developed higher displacements than the 

maximum displacement considered in generating resistance functions used in the analysis. 

Therefore, the analysis stopped when the displacement exceeded the maximum displacement 

capacity of the column based on the computed resistance function in the software.  

6.3 Computed Support Reaction of Columns 

During the experiments, applied forces (i.e., blast and axial loads) on the column and the resulting 

reactions of the columns were recorded using pressure sensors and load cells. The recorded 

reaction forces, along with applied forces, are presented in Appendix B figures, which present the 

time history of applied forces (blast and axial load), reaction, and deflections at the mid-height 

region. As can be seen in these figures, the support reactions increase, reaching their peak values 

when the blast load drops to near-zero values. The axial loads also show variations. Initial axial 

loads develop a slight increase due to arching action as the deflecting column exerts axial force on 

the hydraulic jack, which then decreases gradually as the column deflection increases. The drop in 

axial load is usually very small during the first two shots when the column essentially remains 

elastic with little damage. However, at later stages of loading, a substantial drop in axial load is 

observed. The support reactions were also computed analytically (presented by bar charts in Figure 

6.11) using the equations proposed by Biggs [12], which are given below. Equation 6.31a is for a 

simply supported column subjected to a distributed blast load in the elastic range, while Equation 

6.31b is for a similar condition in the plastic range. 

𝑉(𝑡) = 0.38 ∙ 𝑅(𝑡) + 0.10 ∙ 𝐹(𝑡)       (6.31a) 
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𝑉(𝑡) = 0.39 ∙ 𝑅(𝑡) + 0.11 ∙ 𝐹(𝑡)       (6.31b) 

where V(t) is the reaction as a function of time, R(t) is the column resistance, and F(t) is the applied 

force. 

Generally, the resistance of the column, R(t), under dynamic loading is obtained by applying 

the maximum dynamic load factor (DLFmax) to the resistance under static loading.  DLFmax is found 

from Figure 2.16, which is reproduced in this Chapter as Figure 6.12. The applied force F(t) at the 

time of maximum response should be found and substituted into the same equations. The time to 

maximum response (tm) can also be obtained from Figure 6.12.  

6.4 Experimental vs Analytical Results 

Comparisons of experimental and analytical resistance functions are conducted with reference to 

the resistance curves presented earlier in Figure 6.8 to 6.10. As can be seen in Figure 6.8, the 

experimental and analytical relationships for columns RN1 and RS follow a similar stiffness 

pattern, with some discrepancies in maximum resistance. Figure 6.9 shows the force-displacement 

relationships of columns hardened by external strands as well as those internally post-tensioned. 

The agreement between the analytical and experimental results is fairly good. However, the 

experimental force-displacement relationship of column E30 is higher than that computed 

analytically, as shown in Figure 6.10a. Figure 6.10b shows the comparison for column E25, with a 

good agreement in maximum resistance. It should be mentioned that the accelerations obtained 

through double differentiation of experimental displacements for columns E30 and E25 resulted 

in excessive noise in the high deformation range and, hence, were discontinued in the plots.   

 Deflection-time histories were recorded during the experimental program, as reported in 

Chapter 4. Analytical SDOF deflection-time histories were computed using the RC-blast software 

as discussed earlier in this Chapter and plotted in Figure C.1 to C.5 of Appendix C. They are also 

compared in Appendix C. The numerical values for the comparisons are summarized in Table 6.5 

to 6.8. The tables present the analytical results with and without the P-delta effects, indicating good 

agreement when the P-delta effects are considered. Similar observations can be made in Appendix 

C, where the time history plots are presented. 

 The bar charts in Figure 6.11  show comparisons of experimental versus analytical support 

reactions in the elastic and inelastic stages of response. In addition, Table 6.9 to 6.12 present the 

applied forces and the associated support reactions (experimental and analytical) corresponding to 
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each blast shot for all the columns, along with the ratio of predicted over experimental support 

reactions. It can be inferred from the bar charts and tables that the prediction of support reactions 

in the elastic range was overall conservative, except for one ECC jacketed column. The analytical 

results provided better agreement during the inelastic response. Any inaccuracy in the agreement 

of experimental and analytical values can be attributed to the way the support reactions were 

measured. The support reactions were measured with two load cells, one at each end, and the value 

reported here is the average of the two measurements. Since the column deflected shape was not 

always symmetric and the failure did not always occur right at mid-height, the recorded support 

reactions were not identical and showed some variations.  
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Table 6.1 – Dynamic increase factor for steel and concrete. 

Stress Type 

Dynamic Increase Factor, DIF 

Reinforcing bars* Concrete 

fdy/fy fdu/fu f’dc/f’c 

Flexure 1.17 1.05 1.19 

Compression 1.10 1.00 1.12 

Diagonal Tension 1.00 1.00 1.00 

Direct Shear 1.10 1.00 1.10 

Bond 1.17 1.05 1.00 

*Applicable for Grade 40 and Grade 60 reinforcing steel only. 

Note: DIF for all prestressing steel is equal to 1. fdy is the dynamic yield strength of steel 

reinforcement, fy is the specified yield strength of steel reinforcement, fdu is the dynamic tensile 

strength of steel reinforcement, fu is the specified tensile strength of steel reinforcement, f’dc is 

dynamic concrete compressive strength, and f’c is specified concrete compressive strength 

 

 
Table 6.2 – Load-mass factors for one-way simply supported members. 

Load Distribution Response Range 
Load Factor 

KL 

Mass Factor 

KM 

Load-Mass 

Factor KLM* 

Single point load at 

midspan 

Elastic 1.0 0.49 0.49 

Plastic 1.0 0.33 0.33 

Two point-loads at 

third points 

Elastic 0.87 0.52 0.60 

Plastic 1.0 0.56 0.56 

Uniformly 

distributed load 

Elastic 0.64 0.50 0.78 

Plastic 0.50 0.33 0.66 

*For members with uniformly distributed mass 

 

 

 

 



Page | 247 

 

Table 6.3 – K1 values from  Oswald [35]. 

Case Boundary or 

support locations 

Blast load 

Distribution 

K1 Example 

1 At both ends of the 

member in the 

direction of the axial 

load 

uniform 8 Uniformly loaded column or one-way 

spanning wall with top and bottom 

supports. Supports may be fixed and/or 

simple. 

2 At both ends of the 

member in the 

direction of the axial 

load 

Concentrated 

at midspan 

4 Column with beam applying blast load as 

concentrated load at midspan. Supports 

may be fixed and/or simple. 

3 At one end of the 

member in the 

direction of the axial 

load 

Uniform 2 Cantilevered column or wall that is not 

supported at the top where the axial load 

is applied (i.e., supported on two or three 

sides, not including the top of the wall). 

Uniform blast load in both cases. 

4 At one end of the 

member in the 

direction of axial 

load (unloaded end) 

Concentrated 

at the free 

end 

1 A cantilevered column with a blast load 

applied by a supported beam as 

concentrated load at a free end. 
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Table 6.4 – Sample of Additional pressure from the ELL method to account for the P-delta effect.  

Column 

ID 

SDOF analysis 

without P-  

 Modified Reflected Pressure  

with P- 

Shot 

# 

t 

(ms) 

(t) 

(mm) 

Paxial(t) 

(kN) 

Pstrand(t)  

(kN) 

ELL p’(t) 

(kPa) 

Pr 

(recorded)  

(kPa) 

Pr 

(total) 

(kPa) 

RN1 1 18 28 300 0 6.9 2.0 8.9 

2 4 53 250 0 11.0 31.0 42.0 

RN2 1 15 17 300 0 4.2 2.0 6.2 

2 15 29 300 0 7.2 2.3 9.5 

RS 1 20 19 300 0 4.7 1.2 5.9 

2 5 20 270 0 4.5 32.3 36.8 

SH 1 15 15 300 102 10.1 6.7 16.8 

2 15 37 300 190 18.5 9.5 28.0 

DH1 1 15 16 300 120 11.4 6.9 18.3 

2 15 34 300 220 22.1 10.8 32.9 

DH2 1 15 16 300 130 12.0 9.4 21.4 

2 10 25 300 178 17.2 21.5 38.7 

TH1 1 15 20 300 114 12.0 8.4 20.4 

2 10 33 300 170 18.7 21.3 40.0 

TH2 1 10 11 300 95 8.6 12.0 20.6 

2 10 23 300 140 14.4 16.6 31.0 

P1 1 10 15 300 82 8.8 16.0 24.8 

2 10 25 300 118 13.5 22.2 35.7 

P2 1 10 12 300 98 9.0 13.9 22.9 

2 10 26 300 143 15.3 20 35.3 

SS 1 15 15 300 91 3.7 6.1 9.8 

2 15 37 250 91 7.3 9.3 16.6 

DS 1 15 16 300 204 5.3 6.1 11.4 

2 10 32 300 204 10.7 20.8 31.5 

E30 1 15 16 365 0 4.8 8.0 12.8 
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Column 

ID 

SDOF analysis 

without P-  

 Modified Reflected Pressure  

with P- 

Shot 

# 

t 

(ms) 

(t) 

(mm) 

Paxial(t) 

(kN) 

Pstrand(t)  

(kN) 

ELL p’(t) 

(kPa) 

Pr 

(recorded)  

(kPa) 

Pr 

(total) 

(kPa) 

2 15 25 365 0 7.5 9.9 17.4 

E20 1 10 16 300 0 4.0 11.1 15.1 

2 10 27 300 0 6.7 18.0 24.7 

E25 1 10 14 300 0 3.5 10.9 14.3 

2 10 24 300 0 6.0 18.7 24.7 

 

 

Table 6.5 – Comparison of experimental and analytical maximum displacement of reference columns. 

Column 

ID 

Shot 

# 

Experimental 

Results 

SDOF  

Results 

w/o P- 

Disp_SDOF 

/ Disp_Exp 

w/ P- 

Disp_SDOF 

/ Disp_Exp Max 

Displacement 

Disp_Exp (mm) 

Max 

Displacement 

without P- 

Disp_SDOF (mm) 

Max 

Displacement 

with P- 

Disp_SDOF (mm) 

RN1 1 66 28 39 0.42 0.59 

2 203 Failed Failed NA NA 

RN2 1 21 17 20 0.81 0.95 

2 44 31 41 0.70 0.93 

3 171 Failed Failed NA NA 

RS 1 37 19 24 0.51 0.65 

2 179 72 Failed 0.40 NA 

Average 0.57 0.78 
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Table 6.6 – Comparison of experimental and analytical maximum displacement of hardened columns. 

Column 

ID 

Shot 

# 

Experimental 

Results 

SDOF Results w/o P- 

Disp_SDOF 

Max / 

Disp_Exp 

w/ P- 

Disp_SDOF 

/ Disp_Exp Displacement 

Disp_Exp (mm) 

Max 

Displacement 

without P- 

Disp_ SDOF (mm) 

Max 

Displacement 

with P- 

Disp_SDOF (mm) 

SH 1 30 15 23 0.50 0.77 

2 63 40 69 0.63 1.10 

3 255 Failed Failed NA NA 

DH1 1 35 16 23 0.46 0.66 

2 59 37 62 0.63 1.05 

3 155 Failed Failed NA NA 

DH2 1 41 16 24 0.39 0.59 

2 66 43 73 0.65 1.10 

3 132 Failed Failed NA NA 

TH1 1 57 20 30 0.35 0.53 

2 83 50 75 0.60 0.90 

3 273 Failed Failed NA NA 

TH2 1 23 14 19 0.61 0.83 

2 37 30 42 0.81 1.13 

3 135 54 Failed 0.40 NA 

P1 0 31 15 21 0.48 0.68 

1 40 25 37 0.63 0.93 

2 62 51 74 0.82 1.19 

3 93 Failed Failed NA NA 

P2 1 23 15 22 0.65 0.96 

2 44 36 54 0.82 1.23 

3 88 68 Failed 0.77 NA 

Average 0.60 0.91 
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Table 6.7 – Comparison of experimental and analytical maximum displacement of post-tensioned columns. 

Column 

ID 

Shot 

# 

Experimental 

Results 

SDOF  

Results 

w/o P- 

Disp_SDOF 

/ Disp_Exp 

w/ P- 

Disp_SDOF 

/ Disp_Exp Max 

Displacement 

Disp_Exp  

(mm) 

Max 

Displacement 

without P- 

Disp_ SDOF (mm) 

Max 

Displacement 

with P- 

Disp_SDOF (mm) 

SS 1 26 15 19 0.58 0.73 

2 87 40 51 0.46 0.59 

3 206 Failed Failed NA NA 

DS 1 37 16 20 0.43 0.54 

2 100 51 75 0.51 0.75 

3 210 Failed Failed NA NA 

Average 0.50 0.65 

 

Table 6.8 – Comparison of experimental and analytical maximum displacement of jacketed columns. 

Column 

ID 

Shot 

# 

Experimental 

Results 

SDOF Results w/o P- 

Disp_SDOF 

/ Disp_Exp 

w/ P- 

Disp_SDOF 

/ Disp_Exp Max 

Displacement 

Disp_Exp (mm) 

Max 

Displacement 

without P- 

Disp_ SDOF (mm) 

Max 

Displacement 

with P- 

Disp_SDOF (mm) 

E30 1 13 16 18 1.23 1.38 

2 36 27 32 0.75 0.89 

3 119 62 Failed 0.52 NA 

E20 1 32 23 26 0.72 0.81 

2 81 49 61 0.60 0.75 

3 338 Failed Failed NA NA 

E25 1 30 20 23 0.67 0.77 

2 57 46 54 0.81 0.95 

3 149 Failed Failed NA NA 

Average 0.76 0.93 
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Table 6.9 – Applied loads and support reactions of reference columns. 

ID 
Shot 

# 

FB 

(kN) 

FA-i 

(kN) 

FA-rs 

(kN) 

VR-max/exp 

(kN) 

VR-max/pre 

(kN) 

VR, pre 

/VR,exp 

Ref-N1 
1 150 300 250 53 50 0.94 

2 181 250 0 24 21 0.89 

Ref-N2 

1 125 300 300 29 42 1.46 

2 159 300 300 47 41 0.87 

3 236 300 20 53 39 0.74 

Ref-S 
1 108 300 280 43 52 1.20 

2 184 300 0 72 44 0.61 

      Average 0.96 

 

 

Table 6.10 – Applied load and support reaction forces of post-tensioned columns. 

ID Shot# 
FB 

(kN) 

FA-i 

(kN) 

FA-rs 

(kN) 

VR-max/exp 

(kN) 

VR-max/pre 

(kN) 

VR, pre 

/VR,exp 

PT-SS-0.35fpu-S 

1 125 300 285 55 60 1.09 

2 189 300 160 78 66 0.85 

3 258 300 0 66 54 0.81 

PT-DS-0.40fpu-S 

1 125 300 270 56 60 1.07 

2 189 300 140 79 60 0.76 

3 236 280 0 53 48 0.90 

      Average 0.92 

 

 

 

 

 

 

 

 



Page | 253 

 

Table 6.11 – Applied load and support reaction forces of hardened columns. 

ID 
Shot 

# 

FB 

(kN) 

FA-i 

(kN) 

FA-rs 

(kN) 

VR-max/exp 

(kN) 

VR-max/pre 

(kN) 

VR, pre 

/VR,exp 

SH-207e-0.15fpu-N1 

1 138 300 300 53 80 1.52 

2 194 300 250 88 84 0.95 

3 237 300 0 78 86 1.10 

DH1-207e-0.13fpu-N1 

1 142 300 300 51 88 1.73 

2 185 300 300 83 88 1.06 

3 237 300 0 85 90 1.06 

DH2-207e-0.16fpu-N1 

1 141 300 300 61 96 1.57 

2 185 300 290 85 93 1.09 

3 258 300 25 87 101 1.16 

TH1-247e-0.10fpu-N1 

1 172 300 300 59 90 1.52 

2 193 300 200 89 85 0.95 

3 237 300 0 76 93 1.23 

TH2-247e-0.15fpu-N2 

1 155 300 300 33 76 2.31 

2 250 300 300 68 83 1.23 

3 322 300 90 96 87 0.90 

P1-227e-0.09fpu-N1 

0 125 300 300 50 70 1.39 

1 138 300 300 67 80 1.20 

2 194 300 300 NR 73 NA 

3 260 300 130 107 81 0.76 

4 237 200 0 75 74 0.99 

P2-227e-0.16fpu-N2 

1 159 300 300 48 71 1.49 

2 258 300 300 79 73 0.93 

3 322 300 140 92 74 0.81 

      Average 1.18 
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Table 6.12 – Applied load and support reaction forces of ECC jacketed columns. 

ID 
Shot 

# 

FB 

(kN) 

FA-i 

(kN) 

FA-rs 

(kN) 

VR-max/exp 

(kN) 

VR-max/pre 

(kN) 

VR, pre 

/VR,exp 

ECC-2.0%vf-t30-N1 

1 138 365 365 42 76 1.82 

2 201 365 365 71 95 1.34 

3 268 365 150 95 100 1.06 

4 206 200 0 NR NA NA 

ECC-2.0%vf-t20-N2 

1 166 300 300 53 48 0.90 

2 235 300 270 77 52 0.68 

3 240 270 0 32 25 0.79 

ECC-1.5%vf-t25-N2 

1 163 300 300 43 54 1.26 

2 243 300 300 75 55 0.73 

3 305 300 50 87 60 0.69 

      Average 1.03 
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        (a)                                       (b) 

 
(c) 

Figure 6.1 – Stress-strain relationship of materials used in this study, a) concrete model, b) steel compression model, and  

c) low-relaxation strand model [94]. 
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(a) 

                                                 

                                                                           (b)                                       (c) 

Figure 6.2 – The simplified stress-strain relationship of ECC used in sectional analysis of jacketed columns, a) the tensile model,                          b) 

the compressive model, and c) the stress distribution in sectional analysis. 
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(a)                     (b) 

 

Figure 6.3 – Resistance function of reference columns, a) Ref-N1 and b) Ref-N2.  
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                                                          (a)                                         (b) 

 

(c) 

Figure 6.4 – Resistance function of jacketed columns, a) ECC-2.0%vf-t30-N1, b) ECC-2.0%vf-t20-N2, and c) ECC-1.5%vf-t25-N2. 
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(a) 

       
                                                              (b)                                           (c) 

Figure 6.5 – Resistance function of hardened columns, a) SH-207e-0.15fpu-N1, b) DH1-207e-0.13fpu-N1, and c) DH2-207e-0.15fpu-N1. 
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                                                          (a)                                         (b) 

           
                                                          (c)                                         (d) 

Figure 6.6 – Resistance function of hardened columns, a) TH1-247e-0.10fpu-N1, b) TH2-247e-0.15fpu-N2, c) P1-227e-0.09fpu-N1 and              c) 

P2-227e-0.16fpu-N2. 
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(a) 

       

                                                          (b)                                         (c) 

Figure 6.7 – Resistance functions of post-tensioned columns, a) Ref-S, b) PT-SS-0.35fpu-S, and c)  PT-DS-0.40fpu-S. 
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                (a)                                                 (b) 

Figure 6.8 – Comparison of experimental and analytical force-displacement relationships for reference columns, a) Ref-N1, and b) Ref-S. 
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      (a)                                                 (b) 

  
      (c)                                                 (d) 

Figure 6.9 – Comparison of the experimental and analytical force-displacement relationship of hardened and post-tensioned columns,                  a) 

SH-207e-0.15fpu-N1, b) DH1-207e-0.13fpu-N1, c) PT-SS-0.35fpu-S, and d) PT-DS-0.40fpu-S. 
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           (a)                                                         (b) 

Figure 6.10 – Comparison of the experimental and analytical force-displacement relationship of jacketed columns, a) ECC-2.0%vf-t30-N1, and   b) 

ECC-1.5%vf-t25-N2. 
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(a) 

 
(b) 

Figure 6.11 – Comparison of predicted versus experimentally measured support reactions: a) elastic behavior, b) inelastic behavior. 
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Figure 6.12 – Relationship of DLF maximum and time to maximum response with the ratio of blast duration over the natural period of a structure 

(source: [12]). 
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Chapter 7. Summary, Design Recommendations, and Conclusions 

7.1 Summary 

Columns of existing or new buildings designed and built without the implementation of blast 

standards and guidelines lack adequate resistance to blast shock waves, suffering from deficiencies 

in strength and deformability. Critical infrastructures with vulnerabilities against blast risk require 

strengthening/hardening for improved performance. The current research study comprises 

experimental and analytical investigations to develop innovative hardening technologies for RC 

columns to resist blast loads. A total of 15 columns were designed, constructed, and tested to 

develop the techniques. The test columns had a square cross-section with dimensions of 152 x 152 

mm, a height of 2400 mm, and a clear span of 2200 mm. The columns were reinforced with four 

10M longitudinal reinforcements, one in each corner. Transverse reinforcement (column ties) was 

in the form of closed hoops having a diameter of 6.3 mm, spaced either at half or one-quarter of 

the cross-sectional dimension (h/2 and h/4). Twelve columns having h/2 tie spacing were 

categorized as gravity/non-seismic columns. Three columns with ties of h/4 spacing along the 

entire column height were classified as blast-resistant columns.  

The methods investigated in the current research project involve hardening of existing 

columns either by providing externally placed prestressing strands to generate reactive forces 

during blast response of a column or a jacket using an emerging cementitious high-performance 

material, i.e., engineered cementitious composite (ECC). The first method is based on the 

principles of prestressing by externally placed longitudinal 7-wire strands. Seven RC columns 

designed as gravity/non-blast columns were externally post-tensioned and then tested using a 

shock tube at the Blast Research Laboratory of the University of Ottawa. The second method 

involved the use of an ECC jacket with strain-hardening and high-toughness characteristics. Three 

gravity/non-blast columns were jacketed with a thin layer of ECC with different jacket thicknesses 

and fiber dosages in the ECC mix. The third technique developed is intended for newly designed 

blast-resistant columns. The technique involves post-tensioning of columns having blast-resistant 

transverse reinforcement detailing for improved strength and stability. Two columns were post-

tensioned by inserting 7-wire strands through ducts provided during concrete casting. One of the 

columns had a single strand with a constant eccentricity on the protected side, and the other column 

had two strands with a constant eccentricity, one on either side. The second strand profile was 
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introduced to assess the significance of this type of posttensioning during rebound, as well as 

addressing the possibility of having a threat on either side of the column. 

The columns were tested under combined axial and blast loading with simple supports at 

both ends. The columns were subjected to multiple blast shots generated by a shock tube capable 

of reproducing shock waves that are representative of high-explosive blast loads. Proper 

instrumentations, such as pressure sensors, strain gauges, linear variable differential transducers 

(LVDTs), and load cells, were used for data acquisition.  In addition, high-speed cameras (one at 

the front and one on the side) were used to complement the recorded data. A detailed presentation 

and discussion of experimental research was provided, along with companion analytical research 

and comparisons between the two. 

The analytical research consisted of an equivalent single degree of freedom (SDOF) 

modeling and analysis under dynamic blast loading. An essential component of analytical research 

was the development of resistance functions. Because of the uniqueness of the techniques 

developed, new procedures had to be developed and implemented for establishing the resistance 

functions prior to undertaking the SDOF analyses. Software RC-Blast was employed to conduct a 

nonlinear dynamic analysis.  

7.2 Design Recommendations 

7.2.1 Hardening by External Prestressing Strands  

The primary purpose of providing external strands with eccentricity is to activate reactive forces 

against blast loads along the height of the column. The reactive forces are distributed along the 

height based on the strand profile. While a single-harped strand results in a single concentrated 

force at the location of change in the slope (typically at mid-height), strands with multiple harped 

profiles, especially when they approach a parabolic profile, result in well-distributed reactive 

forces, improving the effectiveness of the hardening techniques. Well-distributed reactive forces 

balance the uniformly applied blast pressure, thereby generating an effective restoring mechanism. 

The selection of the strand profile is also affected by the end eccentricity of the strands, which 

must be anchored at or near the column ends. The anchorage location and design vary depending 

on the geometry of the beam-column or slab-column connections and should be done carefully so 

as to maximize the effectiveness of the system.   

Step-by-step design guidelines are provided below: 
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• For a given column geometry, estimate the required prestressing force and strand profile 

with associated eccentricities such that the stress limits in the concrete standard for the 

initial posttensioning load stage are not exceeded. An upper limit of the prestressing force 

can be selected based on the state of stress on the extreme compression and tension fibers, 

following the recommendation of CSA A23.3-19 (Clause 18.3.2). Equations 7.1 and 7.2 

can be used to find the governing upper limit force for the case of the triple-harped and 

parabolic profiles, respectively, noting that the total eccentricity (e) and the end eccentricity 

(e’) are established based on the prevailing conditions (i.e., space limitation, aesthetic 

concerns, accessibility, etc.). The total strand eccentricity at column mid-height is 

measured relative to the anchorage point, whereas the end eccentricity is measured from 

the anchorage point to the section centroid. Similarly, Equations 7.3 and 7.4 can be used 

for single and double-harped strand profiles. 
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where P is the axial load from the service loads, M is the bending moment due to service 

loads, y is the distance from the column centroid to the extreme tension or compression 

fibers, A is the column cross-sectional area, I is the column moment of inertia, and Fp1 and 



Page | 270 

 

Fp2 are the upper limits of the post-tensioning force as governed by compressive and tensile 

stress limits, respectively. The angle 𝛼 and ℓ′ in Equations 7.3 and 7.4 are the angle that 

the strands make with the horizontal and the location of the deviator(s) from the support, 

respectively. The smaller of the two post-tensioning forces, Fp1 and Fp2, governs the design. 

The level of initial prestressing force may be reduced if the initial camber is of concern. 

• The governing post-tensioning force can then be used to determine the size, the number of 

strands, and the strand profile. Strand profiles that result in uniform or near-uniform 

external resisting forces provide effective levels of hardening, balancing the uniformly 

applied blast loads. While these profiles provide optimum load resistance, other profiles 

may also have sufficient effectiveness for the column geometry under consideration. 

• The initial prestressing force and the strand profile established above facilitate the 

development of the composite resistance function (combined effects of column resistance 

and the additional resistance provided by external strands).  

• Once the resistance function is obtained, non-linear SDOF analysis of the column is 

performed under the Design Basis Threat (DBT) for which the hardening system is 

designed. The analysis can be conducted using any applicable software. The applicability 

of Software RC-Blast has been validated in the current research project. If the analysis 

results meet the desired performance level, the analysis can be terminated. Otherwise, a 

second iteration can be conducted by considering different combinations of prestressing 

forces and eccentricities.  

• The strand eccentricity determined as described in the preceding steps can be implemented 

during construction with the use of properly designed deviators. Deviators should be made 

of high-strength material to remain rigid and maintain their integrity during blast loading. 

If deviators deform and bend, they will result in prestress losses. In addition, they should 

be secured on the column to prevent their movement. The available space and aesthetic 

limitations may play additional roles during the selection of the deviators. 

• Anchorage of the prestressing strands should be designed to have sufficient strength and 

rigidity to prevent any prestress loss both during the initial prestressing phase and under 

blast loading. Any connection or shear pins used for the end fixture should be made of 

high-strength material to avoid shear failure and dismantling of the anchorage assembly.  
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• Post tensioning of strands can be done using traditional jacking techniques or manually by 

means of splice tensioner chucks, which are ideal for post-tensioning of the strands used in 

the proposed hardening procedure. They provide easy manual stressing by wrenches and 

allow for future re-stressing if necessary. 

• The strands, deviators, and end fixtures must be protected against environmental factors, 

such as corrosion, chemical attack, and vandalism. The use of sleeved strands, galvanized 

or stainless steel fixtures, or sacrificial corrosion elements can help reduce the risk of 

corrosion.  In addition, the use of false column covers adds to the protection of the hardware 

while improving aesthetic appearance. 

7.2.2 Posttensioning by Internal Prestressing 

Prestressing axially loaded members, such as columns, is not a common practice. However, 

prestressing enhances column stability and shear resistance. In the event of blast loading, columns 

can fail due to loss of stability. Therefore, prestressing can be a possible solution, particularly for 

internal post-tensioning of newly designed columns as opposed to the hardening of existing 

columns addressed in the previous section. Prestressing provides an additional reinforcement for 

columns while providing internal resistance to blast loads. The design procedure for internal 

posttensioning will follow the conventional prestressed concrete design procedures. The steps 

outlined in the previous section for hardening of columns by means of external strands will also 

apply to the design for internal posttensioning. The prestressing forces and eccentricities will have 

to be established such that the stress limits specified in CSA A23.3- 19 will not be exceeded. One 

significant difference is in establishing the eccentricity and the strand profile, as in this case, the 

maximum eccentricity is governed by the section size. Another difference may be the location of 

the threat; internal post-tensioning may be done on one side of the column if the threat is known 

to be on one side or on both sides if there is the possibility of threat location changing, and/or if 

the rebound effects need to be considered. Additional factors that need to be considered in the 

design include the relatively higher levels of prestressing forces (due to the limited eccentricity of 

strands), which may increase axial compression caused by external loads. Lastly, the difference in 

anchorage design should also be taken into account.  

 The analysis of columns for design follows the steps as those discussed for external post-

tensioned as hardening methodology, except for the manner in which the resistance function is 

developed. The computation of the resistance function for internally post-tensioned columns 
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requires conventional methods of developing the column force-displacement relationship, starting 

with sectional analysis with due considerations given to the effects of prestressing. In the current 

research project, this was done by employing Software Response-2000, which has the capability 

of analyzing prestressed concrete elements. Once the resistance function is established, conducting 

nonlinear dynamic analysis can be done in much the same manner as for hardened columns by 

external prestressing using appropriate software that employs a numerical technique. The software 

RC-Blast used in the current research project provides a convenient tool to compute dynamic 

displacements, which can be linked to response limits and damage levels, leading to levels of 

protection to be checked and verified.     

7.2.3 Hardening using ECC Jacketing 

Jacketing is a known technique for improving the strength and deformability of columns. Often, 

steel or reinforced concrete jackets are used with significant structural interference and 

construction efforts on existing columns. ECC jacketing was investigated in current research with 

proven improvements in blast resistance. ECC is an emerging construction material with strain-

hardening and toughness, unlike other conventional cementitious materials. It can be applied as a 

thin layer without requiring steel reinforcement.  

A primary consideration in design is the superior toughness and deformability of ECC, and 

hence, the mix design for the material is of paramount importance. While 2% polyethylene discrete 

macro fibers (approximately 12 mm or 6 mm lengths) mixed with cement paste can be considered 

a standard mix, there are variations in mix design that may be considered. Careful consideration 

should be given to the workability of the mix to ensure proper consolidation of ECC, especially 

when a very thin layer is designed. The jacket thickness can be established through an iterative 

procedure. For existing columns, either removing the cover concrete and replacing it with ECC or 

enlarging the section by adding an ECC layer with an equivalent thickness to the concrete cover 

may form the initial trial thickness. Depending on the additional demand-capacity ratio, the ECC 

layer can be customized in terms of the layer thickness and/or fiber dosage to obtain the desired 

result. The iterations of the thickness layer can begin with an initial guess, followed by a sectional 

analysis. The new section is then analyzed with stress-strain relationships for existing concrete and 

ECC to establish the moment-curvature relationship, which can then be used to construct force-

displacement relations as the resistance function. The resistance function is used to establish the 

column stiffness during numerical dynamic analysis. As before for the previous design procedures, 
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SDOF analysis of the ECC jacketed column can be conducted to assess its dynamic response and 

associated damage level, and the level of protection. The toughness of the material ensures 

enhanced deformability during response. Once the desired level of protection is obtained, the final 

design is achieved.  

The design should ensure a perfect bond between ECC and the existing substrate, which is 

not difficult to achieve if appropriate surface preparation is done. Bond should not be a concern in 

this application since ECC is a cement-based material that is compatible with existing concrete 

surfaces. Providing a rough surface as required by ICRI (International Concrete Repair Institute) 

is a feasible approach to improve the bond during blast loading. A minimum effort for surface 

preparation will be to perform dust removal and spray water on the surface. Sided or full jacketing 

options can be implemented depending on the intended increase in the blast resistance of the 

jacketed column, with due consideration given to physical constraints. Shotcreting is a viable 

option for the application of ECC. 

7.3 Conclusions 

A combined experimental and analytical research was conducted to develop new and innovative 

column hardening and strengthening methodologies to resist blast-induced shock waves. The 

results are summarized below: 

• The new techniques developed for hardening of existing concrete columns by providing 

external resisting forces via prestressing strands or jacketing with ECC prove to be 

effective in resisting blast loads. Post-tensioning of columns designed for new construction 

is equally effective in strengthening columns. The new technologies were validated 

through shock tube tests of the columns considered in the current investigation with blast 

loads of up to 75 kPa and 630 kPa-ms, developing superficial to moderate damage, in 

comparison with companion unhardened columns that showed heavy to hazardous damage 

at a lower pressure-impulse combination. In general, the hardened columns resisted 

between 20% and 40 % higher blast loads as compared to their companion reference 

columns. The hardened columns behaved elastically during a load stage at which the 

reference columns experienced moderate to heavy damage.  

• Reference columns without hardening or strengthening suffered premature failures and 

developed plastic deformations in their critical regions near mid-column height. The 
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observed column failures were in flexural mode, resulting in the crushing of concrete. The 

columns developed heavy damage at a pressure-impulse combination of 35 kPa – 303 kPa-

ms with support rotations in excess of 3-degrees and hazardous failure at 55 kPa – 384 kPa-

ms at a support rotation in excess of 8-degrees. The column with blast detailing in the form 

of closely spaced hoops showed improved behavior and well-distributed cracks prior to 

failure at a higher pressure-impulse combination of 43 kPa–415 kPa-ms with a support 

rotation in excess of 8 degrees.  

• The enhancement observed in columns hardened by external prestressing was due to the 

restoring force provided by the prestressing strands acting against the applied blast forces. 

All the strand profiles considered in the test program showed good performance under 

pressure impulse combinations ranging between 45 kPa – 430 kPa-ms and 58 kPa – 420 

kPa-ms (during second shots) developing less than 3 degrees of support rotation with 1-

degree of rotation at the residual deformation stage, showing moderate damage prior to the 

last shot (shot#3) that caused heavy damage. All the columns in this group failed near the 

critical mid-height region except for the column that had a double-harped strand profile, 

which failed exactly at the mid-height. In the former case, one of the restoring force 

components was located at exactly the mid-height location, thereby forcing the failure 

region to occur either slightly above or below the mid-height region.  

• The post-tensioned columns with internal prestressing strands outperformed their 

companion reference column without the post-tensioning, as expected. The improved 

performance was due to the additional flexural resistance and stability provided by the 

strands. These columns exhibited more damage than the columns hardened by external 

strands because of the smaller internal eccentricity, which was limited by the column 

dimension and the inefficiency of the constant eccentricity strand profile used. The 

columns developed superficial damage when subjected to a reflected pressure impulse 

combination of 29 kPa – 268 kPa-ms and heavy damage under an increased blast load of 

44 kPa- 415 kPa-ms, showing up to 3-degree support rotation. When the impulse reached 

around 600 kPa-ms at the final blast shot, the columns were fully damaged to a hazardous 

level. The column with a single prestressing strand (placed only over the protected side) 

performed slightly better than that with double strands. This can be explained by the initial 

camber introduced by the single strand toward the threat side.  
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• The ECC jacketed columns performed significantly better than their companion reference 

columns, developing superficial damage at 39 kPa-272 kPa-ms in comparison to 

unhardened columns, which showed moderate to heavy damage at the same load stage. The 

better performance of these columns was mainly due to strain hardening and toughness of 

the ECC shell with considerable effect of layer thickness changing the cross section 

dimensions. The column with a 30 mm thick ECC jacket showed the best performance 

when compared with columns having 20 mm or 25 mm jacket thickness, developing 0.6-

degree support rotation in comparison with jackets having reduced thickness, which 

developed 1.5-degree rotation at the same level of blast load. The column with 30 mm ECC 

jacket was able to resist more than 600 kPa-ms before it showed hazardous failure, which 

was one of the highest blast loads reported in this research project. With the reduction in 

ECC jacket thickness, the enhancement in blast resistance gradually diminished. The 

column with a 25 mm thick ECC shell exhibited heavy damage at an impulse of 536 kPa-

ms, while the column with a 20 mm thick ECC jacket experienced heavy damage at an 

impulse of 394 kPa-ms.  

• A careful comparison of the behavior of the two methods developed for hardening existing 

columns (external prestressing and ECC jacketing) suggests that both methods have their 

advantages. External prestressing may look more appropriate for occasions where the 

direction of a threat from an explosion can be determined. However, when protection is 

needed along any axis of the column, ECC jacketing should be considered. ECC jacketing 

is also an option when a proper anchorage platform is not available in the vicinity of the 

column under consideration. 

• The methodology employed in the current research project for generating resistance 

functions to conduct SDOF nonlinear dynamic analysis while considering secondary 

moments due to P-delta effects results in good correlations with test data. Hence, the 

approach followed can be used as a design tool for the analysis and design of columns in 

implementing the techniques developed.  

• The design procedure outlined in this Chapter can be followed in practice for 

hardening/strengthening of reinforced concrete columns for blast risk mitigation.  
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7.4 Future Work Recommendations 

The current research project included extensive experimental and analytical research for 

hardening/strengthening of reinforced concrete columns against blast threats utilizing new and 

innovative technologies. Further research to expand the scope of this project can enhance the 

knowledge gained and the techniques developed. In particular, the following are recommended for 

future research. 

• Behavior of the columns when subjected to a single blast shot compared to multiple shots 

performed in this study. 

• The effects of initial prestressing force level and the use of different size deviators on 

column performance. 

• Variations in end anchorage characteristics, including the location and configuration of end 

fixtures and consideration of anchoring the strands to adjacent members rather than the 

column itself.  

• Placing the external prestressing strands on both sides of the columns for protection against 

possible threats from either direction. 

• Tests of columns with different internal post-tensioning strand profiles for improved blast 

load resistance to be used in new construction. 

• Tests of columns with different configurations of ECC layers, involving one-sided or two-

sided applications to improve column resistance on the tension side or tension and 

compression sides, which reduces the use of ECC while providing a practical solution when 

accessibility becomes a challenge.  

• Research on the effects of ECC mix characteristics and jacket thickness on column 

performance. 
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Appendix A – Strain and Deflection Time Histories of Flexural Reinforcement and Strands   

       
                                                             (a)                                                                                                                         (b)                                                       

 
(c) 

Figure A.1 – Reference columns, a) Ref-N1, b) Ref-N2, and c) Ref-S. 
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(a) (b)   

Figure A.2 – Single-harped column, a)flexural reinforcement, and b) External strands. 
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                                                             (a)                                                                                                                         (b)                                                       

            
                                                             (c)                                                                                                                         (d)     

Figure A.3 – Double-harped columns, a) flexural reinforcement of DH1, b) External strands of DH1, c) flexural reinforcement of DH2, and          

d) External strands of DH2. 
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                                                             (a)                                                                                                                         (b)                                                       

            
                                                             (c)                                                                                                                         (d)   

Figure A.4 – Triple-harped columns, a) flexural reinforcement of TH1, b) External strands of TH1, c) flexural reinforcement of TH2, and            d) 

External strands of TH2. 
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                                                             (a)                                                                                                                         (b)                                                       

             
                                                             (c)                                                                                                                         (d)      

Figure A.5 – Parabolic profile columns, a) flexural reinforcement of P1, b) External strands of P1, c) flexural reinforcement of P2, and  

 d) External strands of P2. 
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                      (a)                                                                                                                          

             
                                                             (b)                                                                                                                         (c)                  

Figure A.6 – Post-tensioned columns, a) flexural reinforcement of SS, b) flexural reinforcement of DS, and c) Internal compression strand of DS. 
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 (a)                                                       

             
                                                             (b)                                                                                                                         (c)         

Figure A.7 – Jacketed columns, a) flexural reinforcement of E30, b) flexural reinforcement of E25, and c) ECC tensile strain of E25.
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Appendix B – Time Histories of Forces and Mid-height displacement 
 

        
(a)                                                                                                                               (b) 

Figure B.1 – Ref-N1, a) shot#1, and b) shot#2. 
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(a)                                                  (b) 

 
(c) 

Figure B.2 – Ref-N2, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                                                  (b) 

Figure B.3 – Ref-S, a) shot#1, and b) shot#2. 
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(a)                                                                     (b) 

 
(c) 

Figure B.4 – SH-207e-0.15fpu-N1, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                                (b) 

 
(c) 

Figure B.5 – DH1-207e-0.13fpu-N1, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                        (b) 

 
(c) 

Figure B.6 – DH2-207e-0.15fpu-N1, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                               (b) 

 
(c) 

Figure B.7 – TH1-247e-0.10fpu-N1, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                                         (b) 

 
(c) 

Figure B.8 – TH2-247e-0.15fpu-N2, a) shot#1, b) shot#2, and c) shot#3. 
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(a) 

 
(b) 

Figure B.9 – P1-227e-0.09fpu-N1, a) shot#1, and b) shot#3. 

-50

0

50

100

150

200

250

-50

0

50

100

150

200

250

-10 0 10 20 30 40 50 60 70 80 90 100 110 120

R
ea

ct
io

n
 F

or
ce

, V
R

(k
N

)

B
la

st
 F

or
ce

, F
B

(k
N

) Blast Reaction

-50

0

50

100

150

200

150

200

250

300

350

400

-10 0 10 20 30 40 50 60 70 80 90 100 110 120

D
ef

le
ct

io
n

, d
 (

m
m

)

A
xi

al
 L

oa
d

, F
A

(k
N

)

Time, t (ms)

Axial-load Deflection

-50

0

50

100

150

200

250

-50

0

50

100

150

200

250

-10 0 10 20 30 40 50 60 70 80 90 100 110 120

R
ea

ct
io

n
 F

or
ce

, V
R

(k
N

)

B
la

st
 F

or
ce

, F
B

(k
N

) Blast Reaction

0

50

100

150

200

250

0

80

160

240

320

400

-10 0 10 20 30 40 50 60 70 80 90 100 110 120

D
ef

le
ct

io
n

, d
 (

m
m

)

A
xi

al
 L

oa
d

, F
A

(k
N

)

Time, t (ms)

Axial-load Deflection



Page | 300 

 

       
(a)                             (b) 

 
(c) 

Figure B.10 – P2-227e-0.16fpu-N2, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                       (b) 

 
(c) 

Figure B.11 – PT-SS-0.35fpu-S, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                            (b) 

 
(c) 

Figure B.12 – PT-DS-0.40fpu-S, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                                 (b) 

 
(c) 

Figure B.13 – ECC-2.0%vf-t30-N1, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                                     (b) 

 
(c) 

Figure B.14 – ECC-2.0%vf-t20-N2, a) shot#1, b) shot#2, and c) shot#3. 
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(a)                                     (b) 

 
(c) 

Figure B.15 – ECC-1.5%vf-t25-N2, a) shot#1, b) shot#2, and c) shot#3.
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Appendix C – Experimental vs Analytical Displacement Time Histories  

        
          (a)                           (b) 

 
(c) 

Figure C.1 – Reference columns, a) Ref-N1, b) Ref-N2, and c) Ref-S. 
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(a) 

            
         (a)               (c) 

Figure C.2 – Hardened columns by external post-tensioning, a) SH-207e-0.15fpu-N1, b) DH1-207e-0.13fpu-N1, and c) DH2-207e-0.15fpu-N1. 
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           (a)                           (b) 

        
                                                    (c)                                                                  (d) 

Figure C.3 – Hardened columns by external post-tensioning, a) TH1-247e-0.10fpu-N1, b) TH2-247e-0.15fpu-N2, c) P1-227e-0.09fpu-N1, and   

 d) P2-227e-0.16fpu-N2. 
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      (a)          (b) 

Figure C.4 – Post-tensioned columns, a) PT-SS-0.35fpu-S, and b) PT-DS-0.40fpu-S. 
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        (a)                                                 (b) 

 

(c) 

Figure C.5 – Hardened columns by ECC jacketing, a) ECC-2.0%vf-t30-N1, b) ECC-2.0%vf-t20-N2, and c) ECC-1.5%vf-t25-N2. 
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