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Abstract 
 

The understanding of different failure modes of reinforced concrete members is essential in the 

blast analysis and design of civil and defence structures. Normal concrete (NC) is a widely 

used material in structures; high strength concrete members (HSC) is undergoing widespread 

use in civil engineering and construction processes and ultra-high performance concrete 

(UHPC) is deemed to be a promising material due to its high ductility, impact resistance and 

energy absorption capacity and it has drawn intense interests for the purpose of blast resistant 

design of structures. This thesis contains five journal papers, which aim to extend, or produce 

new analytical techniques for investigating both shear and flexural failure modes of structural 

members made of these three kinds of materials by considering both experimental and 

theoretical studies. The thesis has been divided into three chapters. Chapter 1 is the introduction 

and problem statement of this research work. Chapter 2 contains two journal papers and it 

provides the absence of method for assessing direct shear failure mode of reinforced concrete 

(RC) members against blasts. Chapter 3 includes three journal papers, which present 

experimental and theoretical study of failure modes of high strength reinforced concrete 

(HSRC) members and ultra-high performance fibre reinforced concrete (UHPFRC) members 

under explosion loads. Finally, Chapter 4 presents conclusions of this research program. 

 

The experimental investigations on behaviour of reinforced concrete structures subjected to 

blast loading have revealed that direct shear mechanisms play an important role in the overall 

response and failure mode of structures. However, most of previous studies are based on the 

assumption that only flexural response dominates failure mode without taking shear failure into 

consideration. Therefore, the first journal paper in Chapter 2 is to use single degree of freedom 

(SDOF) system as a tool for predicting direct shear response of blast loaded reinforced concrete 

members. In addition, as there are no design provisions that are available to predict shear stress 

to slip relationship for design of NRC members, the second journal paper assesses direct shear 

response of NRC members is numerically evaluated using finite element software LS-DYNA, 

which has not been investigated in the previous literature. The two papers in Chapter 2 provide 

new insights concerning the mechanics of dynamic shear failure of NRC members against blast 

loading.  
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Chapter 3 presents a blast testing program on ultra-high performance fibre reinforced concrete 

(UHPFRC) and high strength reinforced concrete (HSRC) columns and a one dimensional (1D) 

finite element model (FEM) is then adopted for further investigations, due to its inherent 

accuracy and stability despite its numerical efficiency. The third journal paper represented 

herein is devoted to investigating experimentally the mechanical properties and dynamic 

responses of ultra-high performance twisted steel fibre reinforced concrete and HSRC columns 

under both quasi-static and blast loads. Afterwards, the fourth journal paper gives a detailed 

investigation of the capabilities of ultra-high performance micro steel fibre reinforced concrete 

columns and high strength reinforced (HSRC) columns against close-in blasts. To achieve this 

objective, a series of blast tests were conducted to investigate the behaviour of UHPFRC 

columns HSRC columns subjected to blast loading. Lastly, the fifth journal paper uses 1D FEM 

to accurately analyse the response of UHPFRC and HSRC columns subjected to blasts.  

 

This thesis deals with a broad range of topics in analysing the static and dynamic response of 

structural members including RC members, HSRC and UHPFRC columns. The static loading 

regimes include the direct shear response. The dynamic loading regimes include impulse 

loading due to real blast experiments. The failure modes under blast loading conditions have 

been addressed in great details both in experimental study and numerical simulations. 
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Chapter 1 
Introduction and Problem Statement 
 

In the past few years, many nations have become victims of terrorism. Bombs have exploded 

in and around buildings in many countries, causing massive damages to civilian lives and the 

structure itself. In response to a potential threat of terrorist bombings against civilian structures, 

various defence agencies and research councils are examining design methodologies and 

construction techniques to protect buildings and their occupants from the threat of bombings. 

Generally, there are two major research aspects that cover this area in recent years: firstly, 

developing advanced materials for achieving superior properties such as ultra-high strength, 

durability, and energy absorption capacity; and the secondly, updating various techniques for 

analysing dynamic response of structural members subjected to blast loads.  

 

Development of advanced concrete materials including ultra-high performance fibre reinforced 

concrete (UHPFRC) is one of major approaches. Normal strength concrete (NSC) is one of the 

most widely used materials in the world. In recent years the use of high strength concrete (HSC) 

due to its improved deformation behaviour and faster construction pace has increased for 

different structures such as bridges and high rise buildings. However, although compressive 

strength of HSC has a dramatic increase by its mix components, its brittleness increases as 

well. Most recently advanced concrete materials such as ultra-high performance fibre 

reinforced concrete (UHPFRC) used for critical components of blast-resistant structures is 

increasingly recognized. 

 

Due to high technical requirements, high costs of manufacturing advanced concrete material 

and security restrictions required for full-scale blast tests, experimental research on UHPFRC 

is very limited.  Instead of using real blast testing, nonlinear dynamic analysis is usually used 

to predict structural response under blasts. Techniques used for nonlinear dynamic analysis are 

usually divided into two categories: the first being single degree of freedom (SDOF) method; 

and the second being Finite Element (FE) method. The employment of SDOF system utilizes 

the first mode of vibration or the first few modes to predict structural response to blast loading. 

This approach usually requires a limited number input data and easy to implement. Due to the 

complexity of theoretical study in this field, this simplified method is often used for practical 

design purposes. However, SDOF-based approaches oversimplify the complexity of blast-
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loaded RC structural members, application of this method is limited to flexural response of 

simple structural members such as beams and slabs, and lack of reliable predictions from 

SDOF-based approaches is repeatedly reported. In order to overcome limitations of the 

simplified methods, advanced numerical methods, such as finite element analysis can be 

helpful. This permits for detailed analyses of failure modes and stiffness degradation as well 

as time history of strains and stresses in different parts of an element. Although, such as 

approach allows analysis of structures with various geometries and provide accurate results 

under different load cases, numerical modelling of response of reinforced concrete, in 

particular shear mechanism is still a challenging topic for researchers. Furthermore, when 

considering the nonlinear dynamic analysis using FEM which typically requires the 

implementation of a three dimensional mesh is perceived time-consuming, requiring a large 

number of input parameters and, generally, demanding significant experience and knowledge 

to obtain reliable and realistic results, and it also produces major difficulties for practical design 

purposes. Therefore, a simplified 1D FEM [1] which satisfy both fast-running and provides an 

accurate dynamic member response can be implemented as an alternative of high cost 

experiments, to study the effects of different factors such as concrete strength, amount and 

placement of reinforcement, various geometry and boundary conditions on the response of blast 

loaded structure elements. The results can be used as a reference for developing the design 

guidelines and simplified methods for practical design purposes. In the current research, both 

of SDOF and 1D FEM will be applied to tackle different problems by utilizing their advantages 

and details will be explained in the following paragraphs.  

 

Chapter 2 of this thesis is focusing on simulation of shear responses of normal reinforced 

concrete members, and two journal papers are presented in this chapter. Considerable research 

has been conducted on flexural responses of normal reinforced concrete (NRC) members 

subjected to explosions; however, in the previous studies no analytical method is used to assess 

and explore dynamic direct shear failure. Under highly impulsive dynamic loads, it is 

commonly observed that direct shear failure is a sudden and catastrophic type of failure mode 

in reinforced concrete structural members before flexural response is initiated. A direct shear 

failure mode is a premature and brittle failure mechanism where the member has no time to 

deflect and it also can compromise the integrity of the member and possibly causes collapse 

failure. As it is not straightforward to derive closed form solutions for responses of a RC 

member subjected to blast loading, SDOF method which provides a simple mathematical 



 3 

approximation and offers relative good results is used to model direct shear failure mode at the 

support under blast loading. The previous SDOF method has not been thoroughly investigated 

to confirm whether it can account for the support slip response, causing vertical direct shear 

crack adjacent to the supports of RC beams and slabs subjected to blasts. Therefore, the first 

objective of the research is to successfully incorporate flexural responses of NRC members 

with the absent direct shear responses into SDOF system for improving the prediction of 

dynamic responses of NRC members against blast loading. For accurate simulating dynamic 

direct shear response of NRC members, shear transfer model is an essential element for the 

SDOF system. So far, the direct shear to slip model proposed by Krauthammer [2] is the only 

published model based on Mattock’s effort and gave a complete description of the whole 

interface shear transfer relationship curve of reinforced concrete members, taking the 

compression and rate effect of dynamic loading into considerations. Although this model still 

re-examines by many researches currently, there is no published advanced model for describing 

the direct shear–slip relationship. Thus the current study attempts to investigate an effective 

and quick method to predict shear failure under explosions, and the Krauthammer’s model is 

chosen to model the shear slip relationship for normal strength reinforced concrete slab under 

blast loading. 

 

As discussed above, among the previous publications, there is only one empirical model for 

describing the shear stress to slip relationship proposed by Krauthammer et al. [2]. They 

presented a tri-linear direct shear resistance-slip model for RC members relied upon analysing 

the shear transfer in the static domain without contributions of in-plane compression on shear 

strength. However, this model may underestimate the value of shear strength and slip for larger 

specimens. This is because larger diameter bars are usually associated with larger slip at 

yielding [3]. In addition, the simplified tri-linear model may underestimate the energy 

absorption capacity under shear failure. This absence of accurate assessing the relevant issues 

associated with direct shear failure provides the genesis for development of shear model and 

evaluation of their shear strength. Thus the second objective of the study attempts to rationally 

predict the shear stress to slip characteristics of a RC member using mathematical expressions 

and develops fully nonlinear resistance functions for describing the shear stress to slip 

behaviour. With this goal, the shear failure is studied using the direct shear push-off test 

configuration for normal reinforced concrete. A finite element model (FEM) is used to simulate 

the shear behaviour of push-off specimens under various loading conditions. The FEM is 
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developed using LS-DYNA program and the FEM is calibrated against the push-off testing 

data. The failure mode and the stress-slip relationship are analysed. Toughness parameters and 

equivalent shear strength based on the test results are defined for structural design. 

 

Chapter 3 contains three journal papers, which utilises experimental or simplified finite element 

method analysis technique for determining response of high strength reinforced concrete 

(HSRC) and ultra-high performance fibre reinforced concrete (UHPFRC) members subjected 

to blasts. Various investigations have been carried out using different blast tests to evaluate 

blast resistant capacity of HSRC and UHPFRC structural members. Some full scale and small 

blast tests have been carried out in this field and the results have demonstrated that UHPFRC 

structural members can be very effective for blast resistance than normal reinforced concrete 

members. However, most of the experiments focused on HSRC and UHPFRC slabs under blast 

loads. There are very limited studies focused on behaviour of columns under such extreme 

loads. Considering beams is always subjected to transverse loads while columns need to be 

exposed to both transverse and axial loads. The axial load may create an additional bending 

moment, and hence, lateral deflection of a column could be enhanced. In order to prevent partial 

or complete progressive collapse and enhancing the building’s resistant features, it is necessary 

to investigate use of UHPFRC for construction of new buildings. Two series of blast testings 

have been conducted for the UHPFRC columns with selecting of two different mixtures of steel 

fibres, i.e. twisted steel fibre and micro steel fibre. The first journal paper in this chapter is to 

investigate capabilities of UHPFRC columns adding the twisted steel fibre (1480 MPa tensile 

strength with diameter of 0.3 mm and length of 30 mm) and high strength reinforced concrete 

(HSRC) columns against close-in blasts. To achieve this objective, compression and three 

points bending tests were performed for providing some additional and quantitative 

information on evaluating the static mechanical characterization of UHPFRC material, 

afterwards, a total of eight UHPFRC and two HSRC columns were tested under blast loading. 

Columns were exposed to varying blast loading and axial loading conditions and the results of 

different failure modes, reflected blast pressure, as well as column deflection profile were 

compared. The second journal paper is presented for describing the second series of blast tests 

which were conducted to investigate the behaviour of UHPFRC columns mixed with micro 

steel fibre (MF) (0.12 mm diameter with 6 mm length). In total four 0.2m×0.2m×2.5m 

UHPFRC columns were tested under different designed explosion loads at a standoff distance 

1.5m. Blast tests were also performed on four high strength reinforced concrete (HSRC) 
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columns with the same size and reinforcement as UHPFRC columns to evaluate their behaviour 

under the same blast loading conditions. The data collected from each specimen included 

reflected overpressures, column deflections at centre and near the supports. Three major 

damage modes, including flexural, shear and concrete spalling failure modes, were observed. 

 

The final objective of this thesis is to use a simplified 1D FEM to achieve a high accuracy and 

computational efficiency for predicting the actual behaviour of UHPFRC columns under 

explosion. Due to the complexity of structural members under close-range blasts SDOF method 

cannot accurately predict structural response. In order to overcome the limitations of SDOF 

method, advanced numerical methods, such as simplified finite element analysis can be helpful. 

A one dimensional (1D) finite element model (FEM) consists of one dimensional element as 

opposed to use of the three dimensional elements in commercial FEM software. The use of 1D 

FEM as a numerical model is paramount to SDOF model, as it doesn't suffer from the 

limitations of SDOF method while still being numerically efficient, as opposed to the use of 

three-dimensional finite elements in commercial FEM software. The 1D FEM with 

incorporation of a new segmental analysis technique can be used for a dynamic analysis so as 

to accurately, but efficiently, determine the response of UHPFRC and HSRC columns against 

blasts. 
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Chapter 2 
Numerical Analysis of Reinforced Concrete Structural 
Members Subjected to blast loading 
 

Introduction  

In this chapter, direct shear response of reinforced concrete (RC) structural members subjected 

to blasts is studied. Two papers were adopted in this chapter, and the first paper is focusing on 

developing a SDOF model to analyse the flexural and direct shear responses of RC structural 

members against blasts. The second paper is to develop an accurate physics-based direct shear 

resistance function for describing the direct shear transfer of RC members by using finite 

element modelling for more accurate analysis of direct shear responses of RC members in the 

future. 

 

Within the first paper entitled “Analysis of direct shear failure mode for RC slabs under 

external explosive loading”, three different shear resistance-slip models – elastic, plastic and 

elastic-plastic – are considered for shear response analysis. Analytical solutions for the shear 

response equations are derived from SDOF approaches. There are two loosely coupled SDOF 

systems that consider both flexural failure mode and direct shear failure mode to predict the 

structural response under external blast loading. For each time step, the motions of the flexural 

response at the centre are computed, from which it is possible to derive a distribution of inertia 

force and then combine such force with the applied load for obtaining a shear force at the 

support. That shear force is used to derive the second SDOF system which provides the 

shearing motions at the supports. In addition, although a great deal of progress has been made 

on the development of P-I diagrams for different structures under blast loads, the shortcoming 

of the existing works on P-I diagrams is mainly regarding the flexural response, P-I diagrams 

for direct shear response haven't been derived before. Since many experiments prove that some 

structures can fail in a combined shear and flexural response under explosions, both the flexural 

and direct shear failure modes need to be considered. To achieve this purpose, pressure-impulse 

diagrams for both flexural and shear failure modes are developed based on the solutions which 

generated by using SDOF system, and the effects of various flexural and direct shear resistance-

deflection/slip models on the P-I curves are investigated. Afterwards, empirical formulae are 

derived to predict pressure-impulse curves in a simplified way. In order to examine the 

accuracy of the empirical formulae, various P-I curves generated by the SDOF systems are 
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compared with those generated by the derived empirical formulae. The final stage of this 

research is to confirm the efficacy of the empirical formulae by evaluating the formulae of the 

pressure asymptote and impulsive asymptote. 

 

Considering the previous developed simplified shear resistance function may not be accurate 

enough for modelling the shear transfer of RC structures, substantial improvements can be 

made to improve the simplified shear resistance model into a physical based non-linear model. 

Thus the second paper titled “Numerical Analysis of Shear Transfer across an Initially Uncrack 

Reinforced Concrete Member” developed a model for prediction of shear behaviour by using 

the direct shear push-off test configuration for normal reinforced concrete with various 

concrete strength and reinforcement. 

 

The shear failure of e reinforced concrete members under static and impact loads has been one 

of the major safety concerns of designers in recent years. Some experimental studies have been 

performed to evaluate the shear strength between two concrete layers, and it is widely accepted 

that the following parameters contribute to shear strength: the roughness of the substrate 

surface known as chemical connection between concrete, dowel action and friction which 

appears when relative slippage between concrete layers takes place in the presence of normal 

stresses to the interface. However, as experimental investigations result in extensive costs; up 

to now, no generally admitted conclusions or predictions of shear stress to slip relationships 

can be derived merely based on the existing experimental results. As a consequence, physics-

based numerical analyses have become important resources for both academics and structural 

engineers to reliably predict structural damage in a cost effective way. In addition, the available 

finite element investigation in the literature, on the scope of shear transfer of reinforced 

concrete member is very limited, and most of the existing literatures are to validate the 

capabilities of numerical modelling of various types of push-off specimens or discuss the effect 

of vary parameters on shear strength, but the expressions of shear-slip behaviour haven’t been 

further discussed. Therefore, in the current study, authors are first looking for verified and 

validated numerical models with experimental results, so that consistent sets of simulated 

response data can be generated confidently for studying shear behaviour in design and 

assessments shear failure. LS-DYNA program is used as a numerical tool to investigate 

individual parameters affecting the concrete to concrete interface of push-off test specimens 
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and capture the effect of important issues. After the validation, the ultimate shear stress and 

slip are derived based on the shear theory. Finally, the shear stress to slip relationship is derived.  

 

This chapter adopts the following journal publications: 

 Xu J., Wu C., and Li Z.X. (2014). "Analysis of Direct Shear Failure Mode for RC Slabs under 

External Explosive Loading". International Journal of Impact Engineering, 69:136-148. 

 Xu J., Wu C., Li Z.X. and Ng C.T. (2015). “Numerical Analysis of Shear Transfer across an 

Initially Uncrack Reinforced Concrete Member”. Engineering Structures, 102:296-309. 
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Chapter 3 
Experimental and Numerical Analysis of High Strength 
and Ultra High Performance Reinforced Concrete 
Structure subject to Blast Loading 
 

Introduction 

In comparison with conventional concrete and high strength, ultra-high performance fibre 

reinforced concrete is of high strength, high deformation and high toughness making it as a 

more ideal material to resist blast loading. Much attention has been paid to explore blast 

resistance of these newly developed materials in recent years, especially for columns

UHPFRC because columns are usually the key structural members to prevent the progressive 

collapse of the whole building from explosions. In this chapter, three papers are adopted for 

investigating blast resistance of high strength reinforced concrete (HSRC) and ultra-high 

performance fibre reinforced concrete (UHPFRC) columns by using static testing, real blast 

testing and finite element simulation approaches. The first and second paper present 

experimental studies on failure modes of columns made of different types of HSRC and 

UHPFRC under blast loading. The third paper is to incorporate flexural behaviour of columns 

from the quasi-static tests into a computation efficient one-dimensional finite element model 

utilizing Timoshenko Beam Theory to determine the flexural response of steel fibre reinforced 

concrete columns with and without axial loading subjected to blasts.  

 

There is very limited literature of real blast testing on UHPFRC columns. Two well-

instrumented experimental programs were undertaken to contribute to our understanding of the 

effects of combined blast and axial loading on the behaviours of HSRC and UHPFRC columns 

under blasts and the data are used for further verification of one dimensional (1D) finite element 

model developed for the blast analysis of such columns.  

 

The first paper is entitled “Experimental Study on Blast Resistance of Ultra High Performance 

Twisted Steel Fiber Reinforced Concrete Columns”. The newly developed novel material, that 

is, ultra-high performance concrete reinforced twisted steel fibres, is used to construct the 

columns. A total of two HSRC and eight UHPFRC column specimens, were tested under free 

air blast loadings. All specimens had identical longitudinal reinforcement, but under varying 
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charge weight and axial loading. The blast test program was successful in providing a 

substantial amount of high-quality data. The test results showed that comparing with HSRC 

columns, UHPFRC specimens can effectively resist the overpressures and shock waves from 

high explosives by reducing the maximum, residual displacements and the spalling and 

cracking of concrete substantially.  

 

The second paper is entitled “Behaviour of Ultra High Performance Fibre Reinforced Concrete 

Columns Subjected to Blast Loading”. Another newly developed novel material, that is, ultra-

high performance concrete reinforced with micro steel fibres is used to manufacture columns. 

This experimental study is aimed at understanding the dynamic behaviour of HSRC and 

UHPFRC columns under blast loading to improve the state of the art of protective design.  

 

The third paper is entitled as “Simplified FEM Analysis of Ultra-High Performance Fibre 

Reinforced Concrete Columns under Blast Loads”. This article presents the results of static 

experimental and numerical work on the response of UHPFRC columns against blast loading. 

It firstly reports on columns using three-point bending tests to obtain static moment curvature 

of UHPFRC columns, which are incorporated into a numerically efficient one dimensional 

finite element model. The one-dimensional finite element model is then validated by field blast 

testing data and parametric studies are carried out to determine the failure mechanisms of steel 

fibre reinforced concrete columns under different blast and axial loads. 

 

This chapter adopted the following journal publications: 

 Xu J., Wu C., Xiang H., Su Y., Li Z.X., Fang Q., Hao H., Liu Z., Zhang Y. and Li J. (2015). 

“Behaviour of Ultra High Performance Fibre Reinforced Concrete Columns Subjected to Blast 

Loading”. Submitted to Engineering Structures. (tentatively accepted subject to revision) 

 Xu J., Wu C., Su Y., Li Z.X. and Li J. (2015). “Experimental Study on Blast Resistance of 

Ultra High Performance Twisted Steel Fibre Reinforced Concrete Columns”. Submitted to 

Cement and Concrete Composites. 

 Xu J., Wu C., Li J. and Cui J. (2015). “Simplified FEM Analysis of Ultra-High Performance 

Fibre Reinforced Concrete Columns under Blast Loads”. Submitted to Advances in Structural 

Engineering (invited Special Issue paper). 
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Abstract 

Ultra high performance fibre reinforced concrete (UHPFRC) is a cement-based composite 

material mixing with reactive powder and steel fibres. It is characterized by its high strength, 

high ductility and high toughness and such characteristics enable its great potential in protective 

engineering against extreme loads such as impact or explosion. In the present study, a series of 

field tests were conducted to investigate the behaviour of UHPFRC columns subjected to blast 

loading. In total four 0.2 m × 0.2 m × 2.5 m UHPFRC columns were tested under different 

designed explosions but all at a standoff distance of 1.5 m. Blast tests were also performed on 

four high strength reinforced concrete (HSRC) columns with the same size and reinforcement 

as UHPFRC columns to evaluate their behaviour under the same loading conditions. The data 

collected from each specimen included reflected overpressures, column deflections at centre 

and near the supports. Three major damage modes, including flexural, shear and concrete 

spalling failure modes, were observed. The post blast crack patterns, permanent deflections and 

different levels of damage observations showed that UHPFRC columns performed superior in 

blast loading resistance as compared with HSRC columns. 

Keywords: UHPFRC, Nano additives, columns, blasts, experimental analysis 

 

1. Introduction 

The analysis and design of civilian and military buildings and structures to withstand shock 

and blast loading has been a subject of extensive studies in the last decade due to the increase 
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of terrorist attacks around the world. There are two main approaches to protect structures 

against man-made explosive hazards. One approach is to reduce damage by protecting the 

structures with external claddings (e.g., aluminium foam); the other is to strengthen the 

structures to better withstand explosion-induced loads such as by applying ultra-high 

performance fibre reinforced concrete (UHPFRC) [1]. Based on standoff distance and charge 

weight of detonations, blast loads can be categorised into contact, close-in and far field 

detonation. Contact detonation is a case that explosive is in contact with a structure, therefore, 

contact blast load is a high-intensity and non-uniform. For close-in detonation, it is a spherical 

shock wave generated by the explosion striking a structure with a non-uniform and impulse-

dominated load. Far field detonation is the explosive located at a large distance from the 

structure, where a planar wave with a uniform load is applied to the structures. The main aim 

of the present research is to investigate the capabilities and dynamic response of ultra-high 

performance fibre reinforced concrete columns against close-in blasts. 

 

UHPFRC members are investigated in the current study because of their outstanding safety, 

serviceability, durability and ductility [2]. Ultra-high performance concrete is known as a 

reactive powder concrete that can provide compressive strength up to 200 MPa and flexural 

tensile strength up to 40 MPa while exhibiting strain-hardening behaviour under uni-axial 

tension [3] [4]. There are two important considerations in selecting UHPFRC columns to resist 

blast loading, i.e., their capability of preventing catastrophic failure like progressive collapse 

and reducing fragmentation due to projectiles [5]. Basically, the most significant characteristics 

of UHPFRC are its high compressive/tensile strength and outstanding ductility stemming from 

inclusion of steel fibre, which lead to a dramatic increase of the energy absorption capacity of 

UHPFRC members and prevent them from suffering catastrophic failure under blast loads. 

Also, the recent development in Nano-material science has been included to further improve 

the strength and energy absorption capacity of UHPFRC members so that their sizes can be 

reduced significantly in comparison with use of conventional concrete counterparts, leading to 

a remarkable reduction of material used in structural members with a much lower carbon 

footprint and sustained more active load on members before and after blast events [5]. 

Furthermore, as mentioned by Brandt [6], steel fibres create a homogeneous matrix in the mix 

and bridge the gaps of the micro-crack so as to control local crack opening and propagation as 

well. Thus in addition to increasing integrity of a structure, it is envisaged that application of 

UHPFRC will contribute to reducing spalling and scabbing.  
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In recent years there have been considerable numerical and experimental work conducted to 

understand UHPFRC material under both static and dynamic loading condition [7] [8] [9] [10] 

[11][12][13]. However, because of the high technical requirements, high costs of 

manufacturing UHPFRC and the security restrictions required for full scale blast tests, 

experimental studies on UHPRC members against blasts are very limited. The results of 72 

fibrous-reinforced concrete slabs against explosive loading tests were presented by Williamson 

[16] and it was reported that there is only slight difference in response of high-strength and 

medium-strength concrete, when used in conjunction with fibres under explosive loading. The 

experimental data revealed that the failure mode was primarily flexure for a slab in a vertical 

position with bearing only on two sides, also, the concrete mixed with steel or nylon fibres 

could be significantly reinforced to withstand the stresses, and effectively reduce the amount 

and velocity of fragments. Some experimental investigations have been conducted to examine 

the blast resistant capability of concrete panels/beams/slabs made of UHPFRC materials [4] 

[17] [18] [19]. Compared with structures made of normal concrete, these tests not only verified 

that UHPFRC members could perform extremely well, surviving with minor cracks under the 

applied blast loads, but also proved that UHPFRC structure could minimize the risk of injury 

or damage caused by concrete debris as they did not break into fragments.  

 

The study [20] on UHPFRC structures subjected to high strain rates has revealed some 

important differences on behaviours of UHPFRC subjected to relatively low strain rate 

dynamic loads. In the latter study, for determining the plates subjected to quasi-static loading, 

three- and four-point bending tests were applied and drop weight tests were performed in order 

to apply dynamic three-point-bending loading to UHPFRC plates [20]. Wu et al. [21] 

conducted a series of blast tests on evaluating the effectiveness of slabs using different 

materials as blast enhancement reinforcement, and some slabs retrofitted with fibre reinforced 

polymer plates, others constructed with ultra-high performance concrete. It was reported that 

the reinforced ultra-high performance fibre concrete slabs which suffered least damage was 

superior to all slabs made of other concrete materials, confirming that ultra-high performance 

fibre concrete (UHPC) is a more effective material for use in structures susceptible to terrorist 

attack or accidental impacts. These studies have generally indicated the benefits of UHPC in 

improving damage tolerance, enhancing control of cracking and spalling, and the ability to 

minimize the flying debris from damaged slabs and beams. However, most of the information 

and results provided by the studies have been used for evaluating the application of UHPC on 
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slabs/beams and there is little published literature pertaining to resistance and behaviour of 

UHPC columns under blast loading. 

 

Several researchers have studied the blast vulnerability of RC columns with/without FRP-

retrofitted composites using blast experiments, numerical prediction and drop-weight tests; and 

different failure modes have been observed [22] [23] [24] [25]. For analysing columns under 

blasts, a general classification of different failure modes needs to be established according to 

orientations of major cracks. Three failure modes are generally characterized. In general, 

flexural response governs failure mechanism when plastic hinges form in centre and supports 

of columns. If the static shear-bending capacity ratio is less than unity or under high-velocity 

impact or blast loading, some columns may collapse in a shear failure mode due to development 

and widening of severe diagonal cracks and rupture of longitudinal rebars [26] [27] [28]. 

Furthermore, as the current research is dealing with a close-in blast loading condition, the 

extremely high intensity and short duration of blasts give rise to localized failure modes such 

as direct shear failure mode, spalling and scabbing which are under less consideration in the 

previous literatures.  

 

The objective of this study is to experimentally investigate whether UHPFRC columns can 

effectively improve their resistance to blast loads at relatively close standoff distance. In total, 

8 column specimens, including 4 specimens built with UHPFRC, and 4 specimens built with 

HSRC were tested under blast loads ranging from 1 kg to 35 kg equivalent TNT at a distance 

of 1.5 meter. The experiment program including constructing specimens, test set-up and 

procedure is described. Particular interests of assessing the nature of damage and dynamic 

response, overpressure, duration time, displacement and failure modes are well-documented 

and analysed. The concluding remarks are presented in the final section. 

 

2. Outline of Experiment  

2.1 Material characteristics  

 In the current UHPFRC material composition, constant water to binder ratio 0.16 is adopted.  

Aggregates (river sand) at the same weight dosages (40% by weight) was used, A constant 

content of silica fume, silica flour was used to provide high pozzolanic effect that accelerated 

the hydration process and enhanced the material compressive strength. To further improve the 

performance of matrix, nanoscale CaCO3 particles which acted as an effective filling material 

and also provided high pozzolanic reactivity had been used. The nanoparticle Nano–CaCO3 
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has mean particle sizes about 40 nm and the specific surface area (in BET methods) more than 

30 m2/g. 

 

Micro steel fibre (MF) was added into the mixtures and MF has 0.1 mm diameter and 6 mm 

length which can sustain tensile strength more than 4000 MPa. The steel fibres at a dosage 2.5% 

by volume were used. This dosage was decided on the basis of a series of preliminary tests. 

Table 1 shows mix proportions of UHPFRC/HSRC. Please note that HSRC has the same 

proportions of mix design as UHPFRC except fibre material addition. 

 

Table 1 Composition of UHPFRC/HSRC 

Constituent Cement Silica River Glenium Water Water Steel Nano  

(kg) fume 
(kg) 

Sand 
(kg) 

(L) (kg) /Binder 
(%) 

fibre 
(%) 

CaCO3 

(%) 

1m3 mixture 995 229 1051 60 197 16 2.5 3 

 

Static test results based on uniaxial compression and four-points bending tests indicated that 

the specified UHPFRC compressive strength and flexural tensile strength at 28 days was 148 

MPa and 32 MPa, respectively.  

 

2.2 Specimen geometry 

The test specimens consist of four UHPFRC columns (that is, U1A, U1B, U2A and U2B) with 

span length 2.5 m, having square cross section of 0.2 m. The geometry of UHPFRC column, 

layout of longitudinal reinforcements and spacing of transverse reinforcement are shown in 

Figure 1. The reinforcing bar has diameter of 16 mm with cross-section area of 201.1 mm2 and 

the centre-to-centre spacing of 57 mm. The thickness of the concrete cover is 35 mm; the yield 

stress and ultimate strength of high strength reinforcing bars are 1450 MPa and 1600 MPa, 

respectively.  
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Figure 1 Geometry of the UHPFRC and HSRC specimen 

The columns were divided into two groups, with specimens in each group being nominally 

identical. The columns in Group U were produced by using UHPFRC and Group H by HSRC. 

The charge weights, scaled distance, specimen geometry for the experimental program are 

provided in Table 2. It should be noted that U1A was subjected to two shots, that is, 1 kg TNT 

blast loading followed by 35 kg TNT charge loading (so was U2A), while U1B was subjected 

to 17.5 kg TNT blast loading. Such arrangement was designed to observe different response 

modes and possible damages of column. 1 kg blast loading was designed for elastic response; 

17.5 kg blast loading was designed for plastic response while 35 kg blast loading was designed 

for possible failure. 
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Table 2 Experimental program 

Column 
Name 

Description 
Fibre 

Content % 
Normal 

Force (kN) 

Charge 
distance D 

(m) 

Scaled 
distance 

(m/kg1/3) 

TNT 
equivalent 

charge weight 

 (kg) 

U1A UHPFRC 2.5 0 1.5 1.5 1 

U1A UHPFRC 2.5 0 1.5 0.5 35 

U1B UHPFRC 2.5 0 1.5 1.5 1 

U1B UHPFRC 2.5 0 1.5 0.6 17.5 

U2A UHPFRC 2.5 1000 1.5 1.5 1 

U2A UHPFRC 2.5 1000 1.5 0.5 35 

U2B UHPFRC 2.5 1000 1.5 1.5 1 

U2B UHPFRC 2.5 1000 1.5 0.6 17.5 

H1A HSRC 0 0 1.5 1.5 1 

H1A HSRC 0 0 1.5 0.6 17.5 

H1B HSRC 0 0 1.5 1.5 1 

H1B HSRC 0 0 1.5 0.8 8 

H2A HSRC 0 1000 1.5 0.6 17.5 

H2B HSRC 0 1000 1.5 0.8 8 

 

2.3 Experimental set-up  

A schematic diagram of the test instrumentation is shown in Figure 2. The test set up was 

commenced by placing the specimen in an excavated test pit with its top surface at the same 

level as ground. This design is selected to eliminate the clearing effect. When preparing the 

test field, an excavated test pit with dimensions 5 m x 1.7 m x 2 m was dug for containing the 

specimen and housing the electrical cables and instrumentation equipment. The installation 

arrangement of UHPFRC columns is shown in Figure 3.  
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2D View                          3D View 

Figure 2 Schematic diagram of the support condition 

 
Figure 3 Experimental set up 

 

Steel frame of dimension 2600 mm x 400 mm x 1000 mm as shown in Figure 4(a) was built 

with a clamping system to ensure that the test specimens were firmly placed inside the frame 

and prevented the column from uplifting. There were five box-type structures mounted under 

the frame for placing the displacement measurement devices. With this design, the wiring 

connection and LVDT devices were fully protected during the blast tests. After placing the 

column between the supported frames, the whole frame was lowered into the ground, thus there 

were only top surface of the column with area 200 mm x 2500 mm exposed to the blast wave. 

In order to prevent the unreliable experimental results due to the vertical movement at the 

supports, steel yokes were used, which prevent vertical movement against column rebound, 

thus making the effective span of the specimen 2300 mm. On the other side, the axial loading 

was applied using a pneumatic jack as shown in Figure 4(b). In the test, axial loading was 
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applied to some of UHPFRC columns. For typical ground floor column in a low-to-medium 

rise building, its axial load ratio (service load versus loading capacity) is from 0.2 to 0.4. 

Considering high mechanical performance of UHPFRC and its comparable density to normal 

strength concrete, in the current study, an axial load of 1000 kN which equals to approximately 

20% their loading capacity was used during the tests and was kept as a constant for all UHPFRC 

samples. For comparison purpose, HSC columns C8A and C8B were loaded with the same 

axial load, i.e. 1000 kN which equals to their 50% loading capacity. 

 

Cylinder emulsion explosive charge weights of 1.4 kg to 48 kg were placed at 1.5 m height 

above the specimen. The nominal TNT equivalence factor for emulsion explosive charge is 1.4.  

 
(a) specified steel frame design                        (b) Pneumatic jack buried underground 

Figure 4 Steel frame and axial loading supply system  

 

2.4 Instrumentation  

In order to record the column displacement, linear variable differential transducers (LVDT) 

were placed underneath the column specimens. Figure 5 shows the locations of LVDTs for 

each test specimen. With a span length of 2500 mm, there is a LVDT placed at 1/2 (mid-span); 

others were placed at 1/3rd, and 1/6th distance along the span of the column. The LVDTs have 

sampling rate of 0.2 MHz and a stroke range of 300 mm. As mentioned above, these LVDTs 

were installed into a box-like steel frame below the specimens and placed in an excavated test 

pit to avoid blast induced damage. However, prior to the preliminary close-in blast testing, an 

unsuccessful attempt was observed in which all the LVDTs were destroyed by the extremely 

high shock pressure passing through the gap between the specimen and the supporting rig. To 
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better protect the instruments in the following tests, two layers of rubber pad and a thin steel 

panel were used to cover the gaps between the column and the supporting system. Please note 

that the additional rubber pads and steel panels did not hinder the free movement of columns. 

 

For measuring the reflected pressures, pressure transducers were installed at the distance of 0 

mm, 380 mm and 760 mm away from the centre of the specimen, respectively, as shown in 

Figure 6. It should be noted that the pressure measurements depend on the sensitivity of the 

pressure transducers. The measuring range of the pressure sensors was up to 70 MPa. The 

signals from the LVDTs and pressure sensors were transferred and stored by the data 

acquisition system (DAC) as digital data. The unit had a maximum recording frequency of 0.2 

MHz per channel, and five channels for pressure recording and five channels for displacements 

recording simultaneously during the tests. 

 

Figure 5 LVDT locations 
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Figure 6 Pressure Sensor locations 

 

2.5 Test procedure  

All specimens were tested under combined with/without static axial loading and blast loads; a 

clear distance between charge centre and centre of specimen is 1.5 m. Each column was tested 

by the following procedures:  

(1) The first step of the experiment was to place the specimen on top of the steel frame, connect 

all the LVDTs and check connections and functionality.  

(2) The whole frame with specimens needed to be placed in a horizontal position and lowered 

into the testing frame, making sure that the top surface of the column at the same level as the 

ground surface.  

(3) Then make sure the designed steel yokes performed well to let specimen free-standing at 

two lateral sides of the test position. The other support was connected with the pneumatic jack 

which located at the same level with the column to make sure that the axial load could be 

transferred from the pneumatic jack to the column.  

(4) Afterwards, the pressure transducers needed to be properly installed and checked.  

(5) Explosive was placed using the guided line 1.5 m above the centre of the column.  

(6) Finally the detonation was triggered and the test data was recorded. 

 

3. Results and Discussion  

The data for UHPFRC columns against blast loading were recorded, including: (1) typical 

pressure-time histories for different charge weights; (2) displacement versus time histories 

measured by the LVDTs at mid-span and near supports. All data recorded was used to compare 

the performance of high strength reinforced concrete (HSRC) specimens with UHPFRC 

columns, so as to better understand the effect of UHPFRC in improving the blast resistant 

capability. The summaries of the test results for UHPFRC and HSRC columns are listed in 
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Table 3. The table reports the maximum mid-span displacement, and residual deflection for 

each specimen.  

 

Table 3 Summary of UHPFRC and HSRC series test results 

Specimen 

 

 

Charge 
weight 

(kg) 

Axial 
load 

(kN) 

Maximum 

deflection 
(mm) 

Permanent 
deflection 

(mm) 

U1A 1 0 2.0 0 

U1A 35 0 - 21 

U1B 1 0 2.0 0 

U1B 17.5 0 63 18.5 

U2A 1 1000 - 0 

U2A 35 1000 68 23 

U2B 1 1000 1.2 0 

U2B 17.5 1000 29.3 4 

H1A 1 0 2.4 0 

H1A 17.5 0 82.6 2 

H1B 1 0 2.6 0 

H1B 8 0 46.9 1 

H2A 17.5 1000 56.0 12 

H2B 8 1000 38.0 7.5 

 

 

3.1 Blast pressure measurements 

The applied blast loads resulted from four charge weights which are 1 kg, 8 kg, 17.5 kg and 35 

kg TNT equivalence at different scale distances were captured by the three pressure sensors 

located in different places as indicated in Figure 7. Empirical perdition on the peak blast 

overpressure and duration is based on UFC 3-340-2. According to the comparison between 

experimental and empirical blast pressure time histories as shown Figure 7, it is generally 

concluded that empirical method can give reasonable overpressure decay prediction although 

it underestimates the peak blast overpressure for all the blast scenarios. However, the deviation 

between the experimental and empirical predictions is relatively small. 
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As expected, the greater charge weight tends to cause larger reflected pressure. In general, it 

can be observed that the average peak overpressure recorded has a dramatic increase from 1 kg 

to 8 kg, to 17.5 kg, and finally 35 kg explosive loading. Furthermore, it is worth noting there is 

always a second peak over-pressure followed the first peak pressure for most of the data 

collected from different pressure sensors. This could be ascribed to the complicated process of 

the detonation of the emulsion explosives. Unlike the incidental explosion engendered by 

integrated TNT charge, several emulsion explosive charges wrapped for achieving the 

equivalent TNT blast pressure magnitude were accumulated together, resulting in continuous 

explosion characteristics. The foregoing reflected blast waves were combined with the 

subsequent ones, creating different applied loading with several peak pressures. Another 

possible reason is that a lot of sand and soil particles travel along with it, which inevitably hit 

on the pressure transducer when the blast wave travels toward a test specimen. As the pressure 

transducer is highly sensitive, the pressure resulted from the particle collision is therefore also 

regarded as part of the blast load. 

 

 

 

 

1 kg TNT equivalence               10 kg TNT equivalence 

 

17.5 kg TNT equivalence           35 kg TNT equivalence 
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Figure 7: Blast pressure time-histories 

 

3.2 Displacement versus time period of vibration 

To assess the effectiveness of UHPFRC columns in enhancing blast resistance, the maximum 

displacements and permanent deflections measured at the centre of specimens are given in 

Table 3 and typical displacements for cases U1B and U2B of UHPFRC specimens and H1A, 

H1B, H2A and H2B of HSRC specimens are used to compare UHPFRC columns with/without 

axial load and HSRC specimens with/without axial load under similar blast loads plotted in 

Figures 8-10. These figures have been classified into three groups based on the charge weights 

varying from 1 kg to 8 kg, and 17.5 kg.   

 

As mentioned before, LVDTs were placed at three different positions for recording the 

displacements with the legend of DA1, DA2 and DA3 in Figures 8 to 10, DA1-DA3 

represented the LVDTs placed at 1/6th 1/3rd and 1/2 (mid-span) of the distance along the column, 

respectively. Figures 8(a) and 8(b) indicate the displacements of UHPFRC specimens U1B and 

U2B under the 1 kg charge weight load recorded by the LVDTs at three different locations. 

Generally speaking, the responses from each specimen were very similar; the largest 

displacement was recorded by DA3 at the centre of the specimen, and the value recorded by 

DA2 was typically less than the mid-span deflection and finally DA1 located near the support 

followed a very similar trend but the least deflection to that recorded by DA2 and DA3. The 

results of specimens U1B and U2B under the 17.5 kg charge weight loads as shown in Figures 

8 (c) and (d) demonstrate similar phenomena. As expected, larger charge weight (17.5 kg 

charge weight) yields larger deflection. Figure 9 shows the displacements of HSRC specimens 

H1B and H2B under the 8 kg charge weight load recorded by the LVDTs at two different 

locations (DA2 and DA3). Similar phenomenon is observed again. 
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Figure 8 Displacement time profiles of UHPFRC specimens under different charge weight loads 

 

 

 
Figure 9 Displacement time profiles of HSRC specimens under the 8kg charge weight loads 

 

The effect of axial load was investigated by applying two different axial loads, namely 0 kN 

and 1000 kN, on both UHPFRC and HSRC specimens by comparing their displacement-time 

histories under the same blast loads. As can be shown in Figure 10(a), for comparing the 

displacements under the same 1 kg TNT equivalent charge loading, the maximum displacement 

measured at mid-span of UHPFRC column U1B without axial loading was 2.0 mm, while 

UHPFRC specimen U2B with 1000 kN axial loading was 1.2 mm. This phenomenon shows 

that the addition of axial load leads to a reduction of 40 % deflection of the UHPFRC specimens. 

Comparing with the deflection of U1B (64 mm), U2B (29 mm) has approximately 55% 

reduction of displacement, demonstrating that the axial loading plays significant role on 

increase of the blast resistance capacity. The similar phenomenon was observed when 
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comparing HSRC specimens H1A without axial loading (mid-span displacement is 82.6 mm) 

with H2A with 1000 kN axial load (mid-span displacement is 56.0 mm) as shown in Figure 10 

(b). Furthermore, a comparison between HSRC specimens H1B (mid-span displacement is 46.9 

mm) and H2B (mid-span displacement is 38.0 mm), in which both specimens were subjected 

to 8 kg charge weight loading as shown in Figure 9, indicated the significant reduction of 

displacements that can be attributed to addition of the axial loading. This is because the axial 

load applied on the column increases the moment capacity and its nominal shear strength of 

the column. The axial loading also changes the column boundary condition by limiting the end 

rotation and introducing possible compressive membrane effect, the influence from boundary 

change outweighs the P-delta effect which results in a reduced mid span deflection. However, 

it should be notated that as columns experience large deflection and plastic hinges formation 

occurs at mid-span and fixed ends, axial loads will amplify the displacement and internal 

moment due to the P–Δ effect.  

 

 
 

 

Figure 10 Effects of axial loads on displacement time profiles of specimens  
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The results in Figure 10 also indicated that the addition of steel fibre in columns (U1B and 

U2B) substantially reduced the mid-span displacements when compared to a high strength 

reinforced concrete columns without inclusion of steel fibre (H1A and H2A). With addition of 

steel fibre, there is a 23% reduction of deflection for U1B (63 mm) when comparing to H1A 

(82.6 mm) under the same 17.5 kg blast load. Also when comparing U2B with H2A under the 

same 17.5 kg blast load with 1000 kN axial loading, column U2B has a maximum mid-span 

deflection which is approximately 47% smaller than HSRC column H2A. Similar reduction of 

deflection is also observed for U1B (2.0 mm) in comparison with H1A (2.4 mm) under the 

same 1 kg blast load with 1000 kN axial loading. The above results are expected since 

UHPFRC has drastically greater compressive and tensile strengths, as well as ductility due to 

high steel fibre contents [4].  

 

3.3 Crack profiles and failure modes 

The effectiveness of steel fibres is also determined by comparing the post-blast crack patterns 

of UHPFRC specimens to those of HSRC columns. Detailed descriptions of typical crack 

profile together with classification of the failure modes are presented in this study. Generally 

speaking, four levels of damage have been characterised to describe the post-blast specimens, 

which are light, moderate, heavy and severe.  

 

For light damage, column is in good service condition with almost no lateral deflection, only 

hairline cracks can be observed. When moderate damage occurs, formation of cracks can be 

found at the distal face and the crack width cannot exceed 5 mm. Following that, heavy damage 

is defined when concrete crushing at proximal surface is observed together with massive 

cracking of concrete at distal surface; the crack width is more than 5 mm. The summary of the 

maximum deflection, level of damage and failure modes is given in Table 4. The post damage 

photographs of UHPFRC and HSRC specimens under different blast loadings can be observed 

in Figures 11 and 12, respectively. 
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Table 4 Post-blast damage analysis 

Specimen 

 

 

Charge 
weight 

(kg) 

Axial 
load 

(kN) 

Post-blast failure mode 
description 

Post-blast 
observed 
damage 

level 

U1A 35 0 Flexural moderate 

U1B 17.5 0 Flexural moderate 

U2A 35 1000 Flexural moderate 

U2B 17.5 1000 Flexural moderate 

H1A 17.5 0 
Brittle shear failure near supports 
combined with flexural failure and 

massive concrete spalling 
severe 

H1B 8 0 
Brittle shear failure near supports 
combined with flexural failure and 

massive concrete spalling 
heavy 

H2A 17.5 1000 
Brittle shear failure near supports 
combined with flexural failure and 

massive concrete spalling 
severe 

H2B 8 1000 
Brittle shear failure near supports 
combined with flexural failure and 

massive concrete spalling 
severe 

 

 

Generally, it is seen in Table 4 that UHPFRC columns in an average sense suffered much less 

damage than HSRC columns. Based on the post blast observed damage scenario, most of 

UHPFRC specimens are in light or moderate damage level, however, HSRC specimens 

suffered heavy to severe damage under similar or smaller blast loading.  As shown in Figures 

11 and 12, the response mode of UHPFRC columns is shown to be primarily flexural while 

HSRC columns tend to fail under shear with fragments scattered extensively.,  

 

The influence of axial loading on the damage of the specimens was also under investigation. 

The results on columns tested with axial loading ranging from 0 to 1000 kN showed that axial 

loading can affect the post damage scenario. When observing the post damage scenario of 

HSRC columns in Figure 12, columns with axial loading exhibit more severe damage in 

comparison to the specimens without axial loading. For example, for specimen H1B without 

axial loading, typical thin cracks with limited spalling of concrete from the surfaces of the 

column was observed, although the diagonal splitting width of H1B was 2 mm and the crushing 
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width was 300 mm, the column remains intact. In contrast, there are several diagonal slitting 

developed from the bottom of the specimen H2B (with 1000 kN axial load) and extend to the 

top of the column, and also massive crushing of compression concrete was observed; the large 

diagonal crack with 15 mm width tends to disengage the column into different pieces. This 

situation may be due to the fact that axial compression strain and flexural compression strain 

from the blast load exceed the ultimate strains of the columns at the supports. Under the 

combination force of blast and axial loading, the concrete material is under a complex three 

dimensional stress state, and increasing of axial loading increases the load applied on the 

concrete element and thus leading to more severe damage. The addition of axial loading may 

reduce the capacity of the column to withstand blasts as a result of the pre-compressed concrete 

being close to material failure. 

 

 

U1A Specimen with 0 axial load under 35 kg charge weight loading   

 
U1B Specimen with 0 axial load under 17.5 kg charge weight loading   

 
U2A Specimen with 1000 kN axial load under 35 kg charge weight loading 
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U2B Specimen with 1000 kN axial load under 17.5 kg charge weight loading 

Figure 11 Post blast damage situations of UHPFRC columns 

 

 

 

H1A Specimen with 0 axial load under 17.5 kg charge weight loading  

 

 
H1B Specimen with 0 axial load under 8 kg charge weight loading 

 
H2A Specimen with 1000 kN axial load under 17.5 kg charge weight loading 

 
H2B Specimen with 1000 kN axial load under 8 kg charge weight loading 

Figure 12 Post blast damage situations of HSRC columns 
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4. Conclusions  

The experimental results of 8 columns under explosions at different scaled distances are 

presented in the current study. Evaluation was based upon the capability of UHPFRC columns 

to resist blast loading; the values obtained from the tests on HSRC specimens were used as the 

basis of comparison. Based on the data presented herein, the following conclusions are 

delivered:  

1. Comparing the results of HSRC and UHPFRC specimens shows that UHPFRC 

specimens can effectively resist the overpressures and shock waves resulted from high 

explosives, reducing the maximum and residual displacements of columns when 

subjected to similar blast loads, and enhancing the blast resistant capacity substantially. 

2. Investigation into the effect of axial loading on columns subjected to blasts has been 

performed and the results show that the axially loaded specimens have smaller 

deflections for UHPRC members. The axial loading changes the column boundary 

condition and limits the end rotation, and the influence from boundary change 

outweighs the P delta effect which results in a reduced mid span deflection.  
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Abstract 

Protection of structures against malicious attacks and accidental explosions has become a 

serious public concern in recent decades. Ultra-high performance fibre reinforced concrete 

materials, which have outstanding ductility, impact resistance and energy absorption capacity, 

can be used as an ideal material in blast resistant design of structures. This study is to

experimentally investigate both quasi-static and blast resistances of a newly developed ultra-

high performance twisted steel fibre reinforced concrete. Static tests were conducted to 

examine the mechanical behaviour of the newly developed ultra-high performance concrete 

(UHPC) and concrete columns built with this material were then field tested to investigate their 

blast resistant capabilities and the results were compared with high strength reinforced concrete 

(HSRC) columns. The results of different failure modes, reflected blast pressures, and 

deflection profiles for UHPC and HSRC columns are compared, analysed and discussed. It is 

found that UHPC columns effectively resisted higher blast loads with minor flexural damage 

while HSRC columns were severely damaged under lower blast loads. The maximum and 

residual mid-span deflections of UHPC columns were significantly smaller than HSRC 

columns under the same blast loading scenarios.  

  

Keywords: Ultra high performance fibre reinforced concrete, columns, twisted steel fibre, blast 

experimental analysis 
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1. Introduction:  

In the last few decades, with the increase in the number of terrorist attacks, terrorism has 

generated considerable concern over government agencies and researchers have made 

significant effort on developing new and affordable ultra-high performance concrete (UHPC) 

materials resisting blast and impact loads. Compared with conventional concrete, ultra-high 

performance concrete (UHPC) is known for its high strength, high ductility and high durability, 

and its fracture energy can be achieved about 20,000-40,000 J/m2, which is several orders of 

magnitude higher than that of normal concrete materials [1-2]. Therefore, UHPC is commonly 

characterized by superior resistance to severe loading conditions such as terrorist bombing 

attacks and offers high potential for concrete structures with significantly improved structural 

resistance and durability.   

 

In recent years, to better understand the behaviour of UHPC, a number of studies have been 

conducted to investigate the mechanical properties of UHPC [3-5] under both static and 

dynamic loading environments. These studies indicated that UHPC had improved compressive 

and tensile strength as well as substantially enhanced energy absorption capacity comparing 

with normal concrete. Habel and Gauvreau [1] presented an experimental and analytical study 

on rate-dependency of UHPC. They observed a significantly increased strength and fracture 

energy of the dynamically loaded structural element compared to quasi-static loading. Habel 

et al. [6] carried out tests on 12 full-size flexural beams made by UHPC composites. They 

observed that utilizing UHPC material significantly improved the ultimate resistance, stiffness 

and cracking behaviour of structural member. An analytical model was also developed for 

predicting the response of members made of UHPC and conventional reinforced concrete. 

Farnam et al. [7] presented an experimental and numerical study of the low velocity impact test 

of UHPC members. The results showed that UHPC has higher impact resistance than plain 

concrete and adding fibre to the concrete can improve the impact resistance. Habel et al. [8] 

investigated the hydration and their correlation to development of the mechanical properties of 

UHPC. Astarlioglu and Krauthammer [9] presented a numerical study to compare behaviour 

of normal strength concrete columns and UHPC columns under blast loads. Yi et al. [10] 

experimentally evaluated blast resistant capacities of ultra-high strength concrete and reactive 

powder concrete. Yang et al. [11] investigated the basic behavioural properties of UHPC beams 

with steel rebar, which provided more information in establishing a model predicting flexural 

capacity and deflection of UHPC beams under bending conditions. 
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As discussed by Kim et al.[12] flexural behaviour of UHPC is affected by mechanical 

properties of fibres, and bonding behaviours between fibre and matrix, and the type and volume 

contents of fibre are the most important governing factors. To enhance the bonding behaviour, 

Xu et al. [13] developed spiral steel fibre reinforced concrete, and the impact tests demonstrated 

such material had better ultimate compressive strength, post-failure strength and energy-

absorption capacity among all steel fibre reinforced test specimens. Typical compressive and 

tensile stress-strain curves obtained from static tests containing three different fibres 

(Polymeric, hooked and twisted steel fibres in volume fractions ranging between 1.5 and 2.0%) 

were analysed by Parra-Montesinos [14], and the results indicated that the composite with 

twisted steel fibres (30 mm long and 0.5 mm diameter) exhibited superior compressive and 

tensile performance with larger strength, strain, and toughness capacity compared with other 

fibre materials. This is mainly due to the unique pullout behaviour of the twisted steel fibres 

which utilized most of the embedded fibre length to generate mechanical resistance, thus higher 

pullout energy can be produced [15-16]. Therefore, twist or spiral shaped steel fibres in cement 

paste are promising to produce new composites with high flexural strength and energy 

absorption capacity.  

  

When considering extreme loading condition such as blast loads, protective structure design 

normally utilizes retrofitting cladding material like FRP and aluminium foam [17-18]. 

Although UHPC demonstrated excellent material performance, limited experimental results 

are available on blast resistant capacities of UHPC structural members. Nevertheless, a few 

available blast tests demonstrated that UHPC could be a very effective material for blast 

resistance than normal reinforced concrete (RC) [19-24]. It has become clear from the test 

results that UHPC members not only have good potential for absorbing energy but also offering 

increased shatter resistance with reduced scabbing, spall and fragmentation. But the previous 

experiments focused on UHPC panels under blast loads and only very limited studies were on 

the blast behaviour of UHPC columns. Since columns are essential load carrying structural 

components and it may trigger complete progressive collapse of the entire building due to 

failure of columns, investigation of columns made of UHPC material becomes significant.  

 

Blast loading on structures can produce both local and global structural responses, and local 

responses cause localized failure such as scabbing and spall; while global responses are 

associated with flexural failure mode. According to the previous research [25-28], several types 
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of failure modes have been classified for columns subjected to blast loading. Depending on 

intensities of blasts, three major failure modes are generally characterized. Basically, as the 

governing blast loads at large scaled distances impinge the columns laterally, flexural failure 

will occur after formation of sufficient number of plastic hinges. Secondly, associated with 

severe short duration and extreme high impulsive load, brittle direct shear failure may occur at 

supports or diagonal shear failure may occur associated with flexural behaviour of structural 

elements. Thirdly, for close-in or contact blasts, scabbing may occur in the impact zone and 

spall may occur on the rear side of columns.  

 

In view of the above discussion, the objectives of this study are to investigate experimentally 

the mechanical properties of a newly developed UHPC with nano particle addition and blast 

resistance of columns made of this novel material. Static tests were performed in the laboratory 

to confirm its outstanding mechanical performance of this novel material compared to normal 

strength concrete. Full scale explosion tests were also carried out for evaluating the 

effectiveness of blast resistance of columns made of this novel material.  

 

2. The mechanical properties of the newly developed ultra-high performance concrete  

To obtain the material properties of the novel material, static tests were conducted on the 

ultra-high performance fibre reinforced concrete specimens and the results are discussed in 

this section.  

 

2.1 Materials Properties 

Table 1 shows mix proportions of the novel material investigated in this study. The silica 

fume was used as reactive material involved in the hydration of cement as commonly used 

in reactive powder concrete (RPC), and silica flour was used to fill in the voids existing 

between the cement past and aggregate matrices. To ensure consistency of concrete for all 

specimens twisted steel fibre (as shown in Figure 1) which has 1480 MPa tensile strength 

with diameter of 0.3 mm and length of 30 mm was incorporated in mix design of self-

compacting concrete. Fibre materials were employed at a dosage of 2.5% by volume. Nano 

particles CaCO3 were mixed in the concrete matrix to facilitate hydration effects. 
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Figure 1 Twisted steel fibres 

Table 3 Composition of UHPFRC (unit: kg) 

Cement 750 

Silica Fume 225 

Silica Flour 190 

River Sand 1030 

Superplasticizer 16 

Water 190 

Water/Binder 25.30% 

Nano Particles 

Nano-CaCO3 
21.7 

TF Fibre 191 

 

2.2 Manufacturing Procedure 

The aggregate and natural sand used in the concrete were from local source with size between 

0.16 mm and 2.5 mm with specific density of 2.58 g/cm3, respectively. The manufacturing 

procedure included mixing cement, nano-particles CaCO3, silica fume, and fine sand first in 

dry condition for about five minutes, and for another three minutes after adding approximate 

70% water. Then 30% water pre-mixed with superplasticizer was then added gradually into the 

mixture. When the state of mortar matrix showed appropriate flowability for good workability 

and adequate viscosity for uniform fibre distribution, then twisted steel fibres were manually 

dispersed and added into the mixer in order to avoid fibre clump. The mortar mixture mixed 

with twisted steel fibres was then placed in a mould. After being cured in humid room at a 

temperature of 20 ± 5°C for 24 hours, the specimens were demolded and then cured in hot 
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water at a temperature of 90°C for 48 hours. Specimens were removed from the water tank 

after 2 days hot water curing and stored in a laboratory at room temperature. When specimens 

were dried, both surfaces were properly levelled, sanded, polished, cleaned and dried to attain 

smooth surfaces before testing. All the specimens were tested in a dry condition at age of 28 

days. 

 

2.3 Compressive testing 

100 mm × 100 mm ×100 mm cubic specimens were used in compressive testing. Figure 2 

shows the average compressive strength of three cubic samples at age of 28 days. The testing 

results were obtained by testing cubes at the Structures Laboratory at TCU-UA (Tianjin 

Chengjian University-University of Adelaide) Joint Research Centre on Disaster Prevention 

and Mitigation. 28-day compression tests were conducted on two types of specimens, high 

strength concrete specimens and specimens with 2.5% by volume content of twisted steel fibres 

with nano particle addition. All specimens were loaded via the hydraulically controlled 

constant load rate until failure and the data was recorded using two axial and lateral strain 

gauges on each specimen, and four axial LVDTs were placed at each corner of the loading 

plate.  

 

Figure 2(a) shows the average stress strain curves for both types of specimens. High strength 

concrete (HSC) specimens displayed a very brittle failure after the peak load was reached, on 

the contrary, UHPC samples had very ductile behaviour as identified in Figure 2(a) by the long 

descending branch where the specimen continued to carry load up to strains far greater than 

the peak strain. The steel fibre reinforced concrete specimens were able to sustain significant 

deformations after the peak stress due to confining effect of steel fibres across cracks. Typical 

crack patterns for UHPC and high strength concrete specimens after testing are shown in 

Figures 2(b) & 2(c), respectively. Figure 2(c) shows a very brittle failure of high-strength 

concrete. In a contrast, due to the bridging mechanism of fibres, UHPC specimens in Figure 

2(b) remained in one complete piece and the fibres limited the propagation of the cracks. The 

average compressive strengths of UHPC and HSC specimens are 130 MPa and 74 MPa, 

respectively. 
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(a) Stress-Strain relationship of UHPC and HSC specimens   

          
(b) UHPC specimen                     (c) HSC specimen 

Figure 2 Failure modes and data record from compression testing 

2.4 Flexural Tensile Tests 

Figure 3 provides typical force-displacement curves at mid-span from four-point bending tests 

on small unreinforced and un-notched beams. The UHPC beam had dimensions of 100 mm × 

100 mm × 400 mm. As shown in Figure 3(c) the UHPC specimen reached peak load at 82 kN  

and a very ductile behaviour after formation of a major crack. In a contrast, the high strength 

concrete specimens displayed a very brittle failure after the peak load of 51 kN was reached. 

 

Failure modes of high strength concrete and UHPC specimens are also shown in Figure 3. The 

failure mode of UHPC specimen is significantly different from that of high strength concrete 

specimen, as shown in Figures 3(a) and 3(b). High strength concrete specimen exhibited typical 

brittle flexural behaviour, in which the initial crack was formed from the bottom under tensile 
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loading, and the specimen was then split into two parts when the crack propagated towards top 

face. However, there was an obvious enhancement of flexural performance in UHPC 

specimens. The crack width and spacing between the major cracks were reduced for UHPC 

beams and both parts of specimen remained attached. This is due to the fact that steel fibres 

have significant influence on bridging two crack faces, and concrete deformability has been 

increased substantially. After conducting all four-point bending tests, the flexural tensile 

strength of UHPC samples is averaged as 25 MPa. 

 

(a) Failure of high strength concrete specimens 

 
(b) Failure of UHPC specimens 

(c) Force-displacement relationship of UHPC and HSC specimens 

Figure 3 Failure modes and data record from four point bending testing 

3. Blast resistance of ultra-high performance fibre reinforced concrete columns: 

3.1 Experimental Program  
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Blast tests were conducted on columns constructed with the novel UHPC and high strength 

concrete. Test data including blast overpressure and duration, column deflection time histories 

well as failure modes are recorded and discussed. Emulsion explosive charge weights ranging 

from 1.4 kg to 70 kg were placed at 1.5 m height above the specimens. It is common practice 

to refer explosive weight to TNT equivalence. The nominal TNT equivalent factor for emulsion 

explosive charge is 0.71. A total of ten columns including eight UHPC columns and two high 

strength reinforced concrete (HSRC) columns were tested in this experimental program. 

 

3.2 Test Specimen Descriptions   

Table 2 summarizes the test program; the columns in Group U were constructed by using 

UHPC and Group H consists of HSRC columns. Each column had a square cross-section of 

200 mm × 200 mm and a total height of 2500 mm. The longitudinal reinforcement consisted 

of 8-Ф16mm bars (bar yield stress and ultimate strength are 1450 MPa and 1600 MPa) and had 

90° hooks extending 75 mm at each extremity to ensure full development of reinforcement into 

the support region. The transverse reinforcement consisted of roller steel 8 mm diameter ties 

(fy = 300 MPa) with 135° hook extensions and the clear concrete cover was kept as a constant 

of 35 mm. The reinforcement of UHPC columns and HSRC columns is shown in Figure 4.  

 

a)

b)  
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Figure 4 a) Reinforcement, and b) dimension and reinforcement arrangement of UHPC and 
HSRC columns 

 

3.3 Test setup and instrumentation 

A specified 2600 mm × 400 mm × 1000 mm steel frame was built with a clamping system to 

ensure that a column was firmly placed inside the frame and no uplifting happened. The whole 

system was then lowered into the ground. Two strips of rubber sheet were used to cover gaps 

between the column and ground support so as to prevent blast wave passing through the gaps, 

which might not only destroy the testing instruments beneath the column, but also result in 

shock waves engulfing the column specimen. Three LVDTs were installed under the column 

using Dynabolts for deflection measurement, DA3 was located at the centre, DA2 was located 

at 550 mm away from the centre and DA1 was located at 1100 mm away from the centre of 

the specimen.  Before testing columns, axial load was slowly increased to 1000 kN by using a 

pneumatic jack, which was installed at one side of the test column. When the designed axial 

load was reached, the pneumatic jack maintained a constant load to make sure the axial load 

applied to the column remained constant during the blast test period. The pressure-time history 

was recorded by blast pressure transducers installed on top surface of the specimens at distance 

of 0 mm, 380 mm and 760 mm away from centre of the specimen, which were labelled as P3, 

P2 and P1, respectively. It should be noted that the pressure measurement accuracy depends on 

the sensitivity of the blast pressure transducers. The voltage signals from LVDTs and pressure 

sensors were recorded by data acquisition system. The unit had a maximum recording 

frequency of 0.2 MHz per channel: there were three channels for pressure recording and three 

channels for displacements recording simultaneously during the blast tests. 
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(a)                                                                               (b)  

Figure 5: Blast test setup a) before, b) after the specimen being installed into the test pit  

3.4 Results and Discussion  

The measured blast testing data were processed in order to have a better understanding of the 

dynamic response of UHPC and HSRC columns to blast loads. The raw data included peak 

pressure and duration, column deflections. Column deflection results for UHPC and HSRC 

columns are listed in Table 2.  
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Table 2 Summary of UHPC and HSRC series test results 

Specimen 
 

 
 

Charge 
weight 

(kg) 

Axial 
load 
(kN) 

Maximum 
deflection 

(mm) 

Residual 
displacements  

(mm) 
U3A 1.4 0 1.9 - 
U3A 48 0 - 45 
U3B 1.4 0 2.4 - 
U3B 24 0 - 4 
U4B 48 1000 76 24 
U5A 1.4 1000 1.2 - 
U5A 14 1000 22 0 
U5B 24 1000 27.2 0 
U5C 35 1000 51.1 0 
U6A 70 1000 - 12 
U6B 24 1000 - 3 
H7A 24 0 82.6 2 
H8A 24 1000 56.0 12 

3.4.1 Blast pressure measurements 

Blast overpressure time history curves were recorded by centre pressure gauge. Empirical 

prediction on the peak blast overpressure is based on UFC 3-340-2 [27]. Based on the 

comparison between the experimental and empirical blast pressure time histories as shown in 

Figure 6, it is generally concluded that empirical method can give reasonable overpressure 

decay prediction. Although it underestimates the peak values of the blast overpressure for all 

the blast scenarios, the empirical prediction is still able to provide a good prediction of the trend 

of the blast overpressure experimental results, especially the trend of the blast overpressure. 
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1.4 kg charge                                 12 kg charge 

 

24 kg charge                              50 kg charge 

Figure 6: Blast pressure time-histories measured by centre pressure gauge 

 

3.4.2 Displacement versus time profile 

3.4.2.1 Effect of different magnitudes of blast loadings 
 

The displacement time profiles recorded by LVDTs at different locations were compared. 

Figure 7 shows typical Deflection vs Time curves for specimens U3B, U4B and U5C under 1.4 

kg, 48 and 35 kg blast loadings, respectively. It can be seen that all the displacements recorded 

from different locations exhibited very similar trend. As distance of LVDTs away from the 

centre of the specimen increases, the displacement profiles exhibited progressively decreasing. 

As shown in Figure 7(a), the maximum vertical displacement of U3B measured at mid-span by 

using LVDT -DA3 is 2.42 mm, while the record reduced to 2.01 mm from DA2 and the least 

value was recorded by DA1, which is 1.71 mm. For U4B specimen (Figure 7c), the mid-span 

displacements dropped from 76 mm for DA3 to 59.8 mm for DA2, and to merely 22 mm for 

DA1.  
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(a) Displacement-time history recorded from three LVDTs on U3B 

 
(b) Displacement-time history recorded from three LVDTs on U5C

 
(c) Displacement-time history recorded from three LVDTs on U4B 

Figure 7 Typical displacement time profiles recorded by three LVDTs located at mid-span 
(DA3), 550 mm from the mid-span (DA2) and 1100 mm from the mid-span (DA1) of the column 
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Figures 8 (a) to (c) present the measured deflections of specimens U5A and U5B under the 1.4 

kg to 14 kg and finally 24 kg blasts, respectively. U5A column has the maximum mid-span 

deflection of merely 1.18 mm under 1.4 kg blast loading, while 14 kg blast loading leads to the 

maximum mid-span deflection of 16.6 mm. Furthermore, the maximum mid-span displacement 

of U5B under 24 kg blast loading is 27.2 mm.  

 

(a) Displacement-time history of specimen U5A under 1.4 kg blast loading 

(b) Displacement-time history of specimen U5A under 14 kg blast loading  
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(c) Displacement-time history of specimen U5B under 24 kg blast loading 

Figure 8 Displacement time profiles recorded under various blast loadings, measured locations 
at mid-span (DA3), 550 mm from the mid-span (DA2) and 1100 mm from the mid-span (DA1) of 
the column  
 

3.4.2.2 Effect of axial loading 
 

Comparisons of mid-span displacement time histories for UHPC columns with and without 

axial loading are shown in Figure 9. Under the same blast loading, it resulted in a peak 

deflection of 1.2 mm for U5A specimen with 1000 kN axial loading, and a 1.72 mm deflection 

for U3A specimen when removing the axial loading. Thus there is 31% reduction in the 

deflection with adding 1000 kN axial loading. When the blast loading and corresponding 

column deformation are small, the mid-height displacement of the column with axial loading 

is slightly smaller. This is due to the fact that with axial load acting on column, it results in an 

increase in its moment capacity and its nominal shear strength. However, the reduction in mid-

height displacement would only occur before the impulse and its corresponding displacement 

reaches a critical value (i.e. balance condition). Once this critical value is exceeded, the mid-

height displacement would increase greatly with the increase of axial load. This is expected for 

columns with flexural behaviour. When columns experience large deflection and plastic hinges 

formation occurs at mid-span and fixed ends, axial loads will amplify the lateral deflection and 

internal moment due to the P–Δ effect. As the deflection increases, the column will transit from 

a gradual stiffness and strength degradation to a rapid loss of strength due to the buckling of 

the longitudinal reinforcement.  

Another possible reason for the strength enhancement is the membrane effect. In the present 

study, axial loads application provides lateral restrain to the column, and compressive 
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membrane action may occur. A small initial deflection may cause a migration of the neutral 

axis which is accompanied by in-plane expansion of the column at its boundaries. If this expand 

is restrained, in this case by the axial load application, the development of arching action 

enhances the strength of the column.  

 

3.4.2.3 Comparison of UHPC and HSRC under blast loadings 
 

Comparing the results of UHPC and HSRC columns under the same 24 kg blast loading as 

shown in Figure 10, the results clearly demonstrated that the use of twisted steel fibre (U5B) 

in columns substantially reduced the mid-span displacements when compared to a typical high 

strength reinforced concrete column (H8A). This is due to the fact that UHPC has drastically 

greater compressive and tensile strengths, as well as ductility due to high steel fibre contents. 

The results of H7A and H8A in Figure 10 show that there is a 28% decreasing of deflection on 

when the axial load was applied to the column specimen H8A. This is similar to the phenomena 

observed in Section 3.4.2.2, in which the axial loading may improve the capacity of the column 

to withstand blast loads. 

Figure 9 Displacement-time histories at mid-span (DA3) of UHPC specimen U3A (without axial 
loading) and U5A (with 1000 kN axial loading) under the same 1.4 kg blast loading 
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Figure 10 Displacement-time histories at mid-span (DA3) of H7A (without axial load), H8A (with 
axial load) and U5B (with axial load) under the same 24 kg blast loading 

3.5 Crack patterns and failure modes 

When the blast tests had completed, the specimens were examined. Crack patterns, fragmented 

locations, and residual displacement were assessed. 

 

3.5.1 UHPC columns under various charge weight loads 

Failure modes of four UHPC columns under different blast loadings are shown in Figure 11. 

Generally, due to the better bonding of twisted steel fibre with concrete matrix, UHPC columns 

displayed larger elongation, higher residual strength together with higher energy absorption 

under blasts. Although under very large blast loading, small fragments formed, the pieces were 

effectively restrained by the steel fibres and very little permanent damage occurred on all 

UHPC columns. A comparison of UHPC columns against different blasts is divided into two 

groups. Firstly, under the same 48 kg blast loading, the comparison between U3A and U4B 

columns is shown in Figure 11 (a) and (b). Although it mentioned in the previous discussion 

that adding axial loading can effectively reduce the maximum deflection, the column with axial 

loading (U4B) exhibited more cracks at mid-span in comparison to U3A without axial loading. 

This situation may be due to the fact that under the combined blast and axial loading, the 

concrete material is under a complex three dimensional stress state, and addition of axial 

loading increases the load applied on the concrete element, thus leading to more severe damage. 

Second comparison is focusing on the post failure performances of UHPC columns under the 
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35 kg and 70 kg blasts, respectively. Figure 11 (c) shows U5C with a typical flexural failure 

pattern with small cracks distributed near the specimen centre. For U6A column under the 70 

kg blast load, this severe blast loading resulted in fracturing of the concrete on the bottom face 

as shown in Figure 11 (d). Although some major cracks tended to split the concrete specimen 

from top to bottom whereas the steel fibers still held the parts of UHPC column together. These 

observations indicated that UHPC columns could resist severe blast pressures. 

 
(a) U3A specimen with no axial load under 48 kg blast loading 

 
(b) U4B specimen with 1000 kN axial load under 48 kg blast loading   

 
(c) U5C specimen with 1000 kN axial load under 35 kg blast loading 

 
(d) U6A specimen with 1000 kN axial load under 70 kg blast loading 

Figure 11 Post blast damage performances of UHPC columns under different blasts 

 

3.5.2 Comparison of post failure patterns between UHPC and HSRC columns  
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A comparison of post failure patterns for UHPC and HSRC specimens is illustrated in Figure 

12. Figures 12a and 12b show the comparison of U3B and H7A under the same 24 kg blast 

loading. The post failure photo shows that U3B specimen failed with some minor concrete 

crushing at mid-span. In a contrary, H7A shows considerable breakup at the centre portion of 

the column; and severe crushing of concrete along the compressive face in the region of mid-

span combined with some large diagonal cracks formed in the support regions identified brittle 

shear failure near supports combined with flexural failure and massive concrete spalling.  

 

Another analysis is conducted between U6B and H8A as shown in Figures 12c and 12d. Each 

column was exposed to the same 1000 kN axial loading and 24 kg blast loading. As expected 

for UHPC column, merely light concrete crushing was apparent near the impact zone and minor 

residual cracks (≤ 0.1 mm) were observable in the tension zone. However, it is seen that H8A 

column did not fail in a ductile manner as assumed initially. Although there were some flexural 

cracks, the column finally failed in a brittle mode. It clearly shows crushing of compressive 

concrete and significant cover spalling for H8A column. This comparison indicated that the 

use of twisted steel fibre reinforced concrete in columns to resist the blast effects can reduce 

the concrete crashing substantially. 

 

 

(a) U3B Specimen with no axial load under 24 kg charge weight loading 
 

 
(b) H7A Specimen with no axial load axial load under 24 kg charge weight loading   
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(c) U6B Specimen with 1000 kN axial load under 24 kg charge weight loading 

 
(d) H8A Specimen with 1000 kN axial load under 24 kg charge weight loading 

Figure 12 Post blast performances of UHPC and HSRC columns  

 

A description of each column and the testing results are given in Table 3. The major failure 

mode was primarily dominated by flexure for UHPC columns. However, for the two HSRC 

specimens, the failure was dominated by shear at the supports with considerable breakup of the 

centre portion of the column. Compared with HSRC columns, UHPC columns can effectively 

resist the overpressures and shock waves resulted from high explosive loads, reducing the 

maximum and residual displacements when subjected to similar blast loads, and enhancing the 

blast resistant capacity substantially. In general, the blast loads with larger charge weight result 

in larger damage levels for all specimens under the same condition. 
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Table 3 Post-blast damage analysis 

Specimen 
 

 
Charge 
weight 

(kg) 

Axial 
load 
(kN) 

Post-blast failure mode 
description 

Post-blast 
observed 
damage 

level 
U3A 48 0 Flexural moderate 
U3B 24 0 Flexural moderate 
U4B 48 1000 Flexural moderate 
U5C 35 1000 Flexural severe 

U6A 70 0 Primarily flexural failure with 
diagonal shear cracks heavy 

U5B 24 1000 Flexural moderate 

H7A 24 0 

Brittle shear failure near 
supports combined with flexural 

failure and massive concrete 
spalling 

severe 

H8A 24 1000 

Brittle shear failure near 
supports combined with flexural 

failure and massive concrete 
spalling 

severe 

4. Conclusions 

This paper achieves the aims of characterizing the dynamic performance of UHPC and HSRC 

columns under blast loads. A total of 10 columns were tested to determine their response under 

explosive loading with explosive weights ranging from 1.4 to 70 kg at standoff distance 1.5 m. 

Based on the findings of this study, the following conclusions can be made: 

 In the four-point bending tests UHPC beam exhibited strain hardening characteristics, 

however, the load-deflection curve demonstrated a brittle failure for high strength 

concrete specimen. 

 Results from the blast experimental program show that the twisted steel fibres in UHPC 

enhanced the blast resistance of columns, resulting in reducing the maximum 

displacements of columns subjected to blast loads.  

 In all blast tests, UHPC columns failed by minor bending cracks. However, a larger 

number of cracks were observed on HSRC columns and shear failure occurred near the 

supports combined with significant bending and spalling failure occurred under blast 

loads.  

 The results of UHPC columns show that the axial load can reduce the deflection of the 

column when the blast loading and corresponding column deformation are small. For 

larger blast loading and column deformation situation, the axial load increases the 

deflection of the columns under the blast loads. 
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Abstract 

Ultra-high performance fibre reinforced concrete (UHPFRC) is of exceptional mechanical 

properties including high compressive and tensile strength, and high strain hardening, which 

has been proved to have significantly high performance in resisting blast loads. In this paper, 

flexural behaviours of ultra-high performance fibre reinforced concrete (UHPFRC) columns 

were investigated through full-scale tests. Two 200 mm × 200 mm× 2500 mm columns with 

and without axial loading were tested under three-point bending tests; and their load–

displacement relationships were recorded and moment curvatures were derived. The derived 

moment curvature relationships of UHPFRC columns were then incorporated into a 

computational efficient one-dimensional (1D) finite element (FE) model, which utilized 

Timoshenko beam theory, to determine flexural response of UHPFRC columns under blast 

loading. After that the 1D FE model was validated with the real blast testing data. The results 

show good correlation between the advanced FE model and experimental results. The 

feasibility of utilizing the 1D FE model for simulating both high strength reinforced concrete 

(HSRC) and UHPFRC columns against blast loading conditions is confirmed. 

 

Keywords: UHPFRC, Static Tests, Finite element method, dynamic response 

 

1. Introduction:  

Ultra-high performance fibre reinforced concrete (UHPFRC) has been developing quickly as a 

modern structural material due to its superior properties in terms of high ductility, compressive 

and tensile behaviours (Barnett, Lataste, Parry, Millard, & Soutsos, 2010). Until now a number 

of pilot projects have been carried out to verify its superior material properties and demonstrate 

its potential for structural applications (Habel K. , Viviani, Denarié, & Brühwiler, 2006),  

*1 Corresponding author. Email: cheng.wu@adelaide.edu.au. 
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(Habel & Gauvreau, Response of ultra-high performance fiber reinforced concrete (UHPFRC) 

to impact and static loading, 2008) (Habel, Denarie, & Bruhwiler, Experimental investigation 

of composite ultra-high-performance fiber-reinforced concrete and conventional concrete 

members , 2007) (Astarlioglu & Krauthammer, 2014) (Bindiganavile, Banthia, & Aarup, 2002) 

(Yi, Kim, Han, Cho, & Lee, 2012).  Due to the rising threat of terrorism, increasing attention 

has been attracted to performance and protection of concrete structures against blast loads in 

recent years, and UHPFRC has its potential to serve this purpose. Its blast resistant behaviours, 

however, have not been studied in detail. In order to promote applicability of UHPFRC 

structures against blasts, it is necessary to obtain relevant static and dynamic behaviours of 

such concrete, i.e. strength, stiffness and deformation capacity. Thus the research discussed 

herein focuses on both static experimental determination and modelling dynamic behaviour of 

UHPFRC members.  

 

Comparing with conventional concrete, UHPFRC is a cementitious composites with 

outstanding material properties (Habel K. , Viviani, Denarié, & Brühwiler, 2006), and it 

exhibits superior compressive strength exceeding 150 MPa. However, while high strength 

concrete has a dramatic rise in its compressive strength, its brittleness increases as well. This 

behaviour will produce unpredictable and undesired brittle failure. In order to overcome this 

disadvantage, fibres are used to increase tensile strength and ductility of the concrete. Fehling 

et al. (Fehling, Schmidt, Teichmann, Bunje, Bornemann, & Middendorf, 2004) investigated 

fibre direction and volume fraction effect on the concrete properties. Their results showed that 

the descending branch for compression with pronounced differences, and typically 10% to 15% 

increase could be achieved by increasing fibre percentage. The research effort discussed herein 

focuses on determining the specific flexural behaviours which further proves that UHPFRC 

should have good potential for absorbing energy through large deformation under dynamic 

loading. 

 

Although there have been some research efforts focused on using experimental programs and 

empirically-based numerical approximations to quantify mechanical properties of UHPFRC, 

limited research is found to derive its resistance deflection curves of UHPFRC columns due to 

the perceived complexity of structural behaviours of UHPFRC components as compared to 

conventional concrete components. Although the recent efforts have been made to find out the 

mechanical behaviours of UHPFRC, all the static tests are based on small size ultra-high 
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performance concrete (UHPC) specimens, and a lack of experimental data for quantitative 

assessment including information on the large size UHPC specimens with steel reinforcement 

under flexural testing. Current research projects are carried out for determination of flexural 

load carrying capacity and obtaining load–displacement relationships through consideration of 

combined effects of adding axial loading on UHPFRC columns.  

 

For carrying out dynamic analysis of structural members against blast loads, there are two 

common approaches: single degree of freedom (SDOF) method and finite element (FE) 

method. Although SDOF method is computational efficient and easy to implement, it lacks of 

accuracy. Comparatively, commercial FE software package typically requires implementation 

of a three-dimensional meshing with quite a number of degrees of freedom (DOFs), and hence, 

it requires significant computational effort (Dragos, Visintin, Wu, & Oehlers, A numerically 

efficient finite element analysis of reinforced concrete members subjected to blasts, 2014). To 

achieve both accuracy and computational efficiency, Dragos et al. (Dragos, Visintin, Wu, & 

Oehlers, A numerically efficient finite element analysis of reinforced concrete members 

subjected to blasts, 2014) proposed a fast running one-dimensional (1D) FE approach to 

determine response of reinforced concrete members subjected to blast loading and the previous 

1D FE method application has been successfully performed on normal reinforced concrete 

slabs [21] [22]. The present research effort is intended to extend applicability of the previous 

research into the realm of the new advanced UHPFRC columns.  

 

In summary, the main objective of the current research is to analyse and achieve a high 

accuracy and computational efficient simulation for predicting response of UHPFRC columns 

under explosion. The first step is to experimentally obtain reliable load displacement 

relationships of UHPFRC columns. The load displacement relationships of both HSRC and 

UHPFRC columns are then incorporated into a computational efficient 1D FE model utilizing 

Timoshenko beam theory for further dynamic analysis. Finally, the real experimental testing 

data of HSRC and UHPFRC columns under blast loading are used to validate the 1D FE model 

for undertaking the dynamic analysis.  
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2. Static experimental program for testing flexural behaviour of UHPFRC columns 

The experimental program is designed to derive moment curvature relationships of 

UHPFRC and HSRC columns, and hence, it allows investigation of their flexural 

behaviours with and without axial loading. 

 

2.1 Test Specimens 

The mix design of UHPFRC differs significantly from that of HSRC. UHPFRC mix 

compositions are characterized by high grade cement, superplasticizer, and silica fume 

content (Kang, Lee, Park, & Kim, 2010). The mix proportions of the UHPFRC investigated 

in this test program are described as follow. For aggregates, natural sand from local source 

was used and the aggregate size was between 0.16 mm and 2.5 mm and specific gravity of 

2.58 g/cm3. Silica fume was used as reactive material to involve in the hydration of cement 

as commonly used in reactive powder concrete (RPC), and silica flour was used to fill in 

the voids existing between the cement paste/aggregate matrix. To ensure consistency of 

concrete for all the specimens, steel fibres with diameter 0.12 mm and length 6 mm were 

incorporated in mix design of self-compacting concrete employed at a dosage from 2.5% 

by volume. The material properties of UHPFRC are listed in Table 1. The base mixture of 

HSRC was the same as UHPFRC except the addition of silica fume and steel fibre material. 

Table 1- Composition of UHPFRC 

Constituent Cement Silica River Glenium Water Water Steel Nano  

(kg) fume 
(kg) 

Sand 
(kg) 

(l) (kg) /Binder 
(%) 

fibre 
(%) 

CaCO3 

(%) 

1m3 mixture 995 229 1051 60 197 16 2.5 3 

 

Both HSRC and UHPFRC columns had a square cross-section of 200 mm × 200 mm with a 

height of 2500 mm. The longitudinal reinforcement consisted of 8screw thread Ф16 mm bars 

(bar yield stress and ultimate strength are 1350 MPa and 1600 MPa) and had 90° hooks 

extending 75 mm at each extremity to ensure full development of the reinforcement into the 

support region. The transverse reinforcement consisted of roller steel 12 mm diameter ties (fy 

= 1600 MPa) with 135° hook extensions and the clear concrete cover was kept as a constant of 

35 mm. The dimension of UHPFRC and HSRC columns is shown in Figure 1.  
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Figure 1 Cross section, column dimension, elevation and instrumentation plan 

 

2.2 Quasi-static bending test set up 

As shown in Figure 2, columns were tested under electromechanical servo hydraulic pressure 

testing machine by displacement control in 3000 kN capacity testing machine [24], with the 

standard procedures conforming to the Chinese standard GB/T 50081-2002 test method [23]. 

The 2500 mm long specimen was tested in flexure with a 2400 mm clear span. The column 

was loaded in three points bending, with the point load located at mid-span as shown in Figure 

2(a) for specimen without axial loading and Figure 2(b) for specimen with axial loading. The 

supported conditions were best described as simply supported with one edge under pure axial 

load. The simply support (Figure 2(c)) was designed to restrain the lateral movement. The axial 

loading was applied using hydraulic jacks located axially to the specimen (Figure 2(d)). 
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Figure 2 Test set up (a) Testing without axial loading (b) Testing with axial loading (c) Support of 

specimen (d) Axial loading equipment  

 

Instrumentation for flexural test is shown in Figure 2. LVDT with a stroke of 100 mm was 

installed to measure the central deflection during the test. Load was applied through 

displacement control at a speed of 1/1500 of the specimen span length (2400 mm) per minute. 

In addition strain gauges were installed to obtain strain profile in height direction of column, 

and hence, curvature of cross section could be determined and then used in Section 3 from the 

strain profile. The deformations occur when a cross-section is subjected to axial force and 

bending moment will be planar on elastic regime, and it is customary to assume that the 

deformations remain planar after yielding has occurred, therefore, the curvature could be 

determined by using the strain profile results [29]. 

 

 

(a) (b) 

(c) (d) 
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2.3  Static testing results 

Due to the increased tensile capacity of cementitious composite matrix and rack-bridging 

behaviour of fibre reinforcement, UHPFRC exhibits significant, sustained post cracking 

flexural tensile capacity prior to crack localization, fibre pull-out, and loss of tensile capacity 

(Graybeal, 2008). The current section will discuss the flexural behaviour by analysing the 

experimentally obtained load–displacement curves.  
 

2.3.1 Effectiveness of axial loading  

The force-displacement relationships describing non-linear inelastic response of UHPFRC 

columns with and without axial loading are shown in Figure 4. The bending response of 

UHPFRC columns is characterized by a pronounced non-linear behaviour due to multi micro 

cracking and propagation of macro cracks at failure. Two groups of UHPFRC columns were 

tested and each group contained three curves represented the response at middle of the 

specimen. First of all, based on the deformation states of the critical section the overall shape 

of load-displacement curves of UHPFRC columns is primarily characterized as four behaviour 

regimes: (1) Linear-elastic behaviour; (2) Non-linear inelastic behaviour before macro crack 

opening; (3) Non-linear behaviour with macro crack opening, and increase in load-bearing 

capacity; (4) Post-peak behaviour. For regime (1), there was no significant crack pattern or 

surface appearance observed under the loading. Afterwards, the non-linear phase before macro 

crack opening (regime 2) was characterized by the presence of multi-micro cracking. Beyond 

the level of deformations corresponding to macro crack opening, deformations continued to 

increase with a very slight change in force level, indicating that the crack opening allows a 

plastic like behaviour to develop.  Lastly, regime 4 showed very ductile post peak behaviour 

after formation of a major crack, with fibres bridging the crack helping the column to 

sustain load as a crack opened and the fibres were slowly pulled out.  

 

For mid-span load-deflection curves of columns with and without axial loads in Figure 4, at 

loads below approximately 90 kN (for specimen without axial loads) and 150 kN (for specimen 

with axial load), the cracks on column were not visible. Significant visible cracking, showed 

up when loads reached 150 kN and 250 kN for specimens without and with 1000 kN axial 

loads. Column with axial load application sustained a peak load of 502 kN at a deflection of 

24 mm before entering into a softening regime. The column with axial loading exhibited 

significantly additional load-carrying capacity after initial cracking. Two reasons can be 
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accounted for this observation. Firstly, axial load application generated an initial compressive 

stress state within the column, and therefore a large lateral force was required to induce 

sufficient tensile strain on the column bottom surface and initiate concrete cracking. Secondly, 

the application of axial load changed boundary condition of the column in the current test setup, 

when the column was loaded with axial force, and the end restrains could generate compressive 

membrane effect when column lateral deformation was small, and this effect was beneficial for 

enhancing column lateral resistance. 

 

From the post failure cracking pattern (Figures 4(a) and 4(b)), it was noticed that one obvious 

large crack existed for the column without axial loading, and the fibre played the most 

important role in bridging two crack surfaces. For column with axial load, more severe damage 

was observed at column mid-span, and this is because the secondary P-Delta effect. Given both 

columns suffered the same flexural deflection, the axial load generated additional bending 

moment on the column and thus promoted the mid-span deflection and damage. 

 

 

Figure 4 Force-displacement behaviours of UHPFRC columns, post failure crack pattern of UHPFRC 

column a) with 1000kN axial load and b) without axial load 

 

2.3.2 Comparison with high strength reinforced concrete column  



 120 

The load-displacement behaviour of HSRC column was observed to be significantly 

different from UHPFRC column, and the summary of comparison is shown in Table 2. In 

general, under the same 1000 kN loading, UHPFRC specimen was able to develop 

approximately 13.4% higher load level over HSRC specimen. Both UHPFRC specimens 

with/without axial load displayed a very ductile behaviour in Figure 5 where the specimen 

continued to carry load up to displacement far greater than the displacement corresponding 

to peak load. For HSRC column, it showed a linear behaviour up to cracking; however, soon 

after the maximum load (432kN) was reached, a sudden drop in load occurred which was 

induced by e brittle compressive failure of concrete in contact with the lateral load cell. The 

lateral load resistance then rebounded due to the contribution from the longitudinal 

reinforcement.  

 
Figure 5 Force-displacement behaviours of HSRC and UHPFRC columns, a) top and b) side view of the 

post failure crack pattern of the HSRC column 

 

Regarding to post failure photographs of UHPFRC (Figures 4(a) and 4(b)) and HSRC (Figures 

5(a) and 5(b)) columns, two distinct failure modes were observed in the tests. HSRC specimen 

displayed a very brittle behaviour with a catastrophic failure after the peak load was reached. 

There was no warning before collapse; the specimen lost their integrity and breaking into 
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several pieces. However, UHPFRC specimens failed in a more ductile manner, in which 

diagonal cracks at the failure plane were developed, and due to the fibre bridging effect, no 

fragments were found on UHPFRC columns. 

 

All the above static tests were conducted at the Structures Laboratory at TCU-UA (Tianjin 

Chengjian University-University of Adelaide) Joint Research Centre on Disaster Prevention 

and Mitigation. As a summary, the results from three-point bending tests of UHPFRC and 

HSRC columns are listed in Table 2. 

 

Table 2- Summary of results from three point bending tests 

Specimen 
Axial 

loading 
(kN) 

Peak 
Load 

Peak 
Displacement 

(mm) 

Crack width at 
Failure (mm) 

UHPFRC 0 231 28 7.8 
UHPFRC 100 502 21 2.79 

HSRC 100 432 4.5 21 
 

3. Structural response using a finite element model 

A simplified finite element FE model has been developed to simulate dynamic response of 

UHPFRC and HSRC columns against blast loads in this section.  The structural response 

along the column was modelled by considering the column to be comprised of a series of 

segment elements developed based on Timoshenko's beam theory. Timoshenko's beam 

theory considers both shear deformation and bending deformation as well as rotational 

inertia, as shown in Equations (1) and (2) and this theory has been demonstrated useful for 

blast loading problem by previous researchers in the literature (Dragos, Visintin, Wu, & 

Oehlers, A numerically efficient finite element analysis of reinforced concrete members 

subjected to blasts, 2014)[25]. 

 
(1) 

 
(2) 

 

where M = the applied bending moment, Q = the applied shear force, q = the distributed 

blast loading acting transverse to the beam, Pa = the column axial load, A = the cross 

sectional area, I = the moment of inertia of the beam, ρm = the mass density of the beam, β 

= the rotation and ν = the transverse displacement. The FE method solves Equations (1) 
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and (2) in their weak forms. The governing weak form equation can be expressed in matrix 

form as: 

 (3) 

where [K] is the stiffness matrix, Pa is the axial load on column, [KG] is the geometric 

stiffness matrix, [M] is the mass matrix, {δ} is the displacement vector, {  } is the 

acceleration vector, and {P} is the load vector. Equation (3) is solved using Newmark 

method at each time interval. It should be noted that in Equations (2) and (3) Pa is negative, 

thereby, reducing stiffness of column via P-Δ effect. 

 

For solving displacement at each time step of Equation (3), Newmark’s method was 

implemented. By using this approach, the solution process is step by step in nature, and this 

implies that at each discrete time intervals within the solution time domain, the stiffness 

matrix [K] and mass matrix [M] in Equation (3) which both in global level need to be 

specified first. To achieve a high accuracy while maintain an appropriate level of 

calculation efficiency, a three node isoperimetric beam element which maps into axis 

system (ξ) ranging from -1 to +1 having a quadratic shape functions is adopted. At each 

time integral, the mass and stiffness matrices are determined at element level by using the 

principle of virtual work and then assembled them to the global level by undertaking the 

Gauss quadrature (Dragos, Visintin, Wu, & Oehlers, A numerically efficient finite element 

analysis of reinforced concrete members subjected to blasts, 2014). The stiffness matrix 

and mass matrix at the element level can be shown in Equations (4) and (5). 

 
(4) 

 

  where 
(5) 

 

 
(6) 

 

where [B] is the strain displacement quadratic shape matrix, [Nm] is the quadratic shape 

matrix for the mass matrix, |J| is the Jacobian determinant which is equal to half the length 

of the beam element, [D] are the elasticity matrix, ρm is density, A is cross sectional area 

and I is moment of inertia. 
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In order to determine the stiffness matrix at each time interval, the non-linear curvature 

dependent flexural rigidity and linear shear rigidity need to be known for calculating the 

elasticity matrix [D]. For determining flexural rigidity, moment curvature relationships are 

directly applied for loading phases. For unloading phases, it is assumed that the unloading 

curve has a slope as the same as the elastic region of moment curvature relationship. For 

shear rigidity, a linear shear stress strain theory is applied as shown in Equation (4). This 

linear shear strain relationship is considered sufficient because the present study is dealing 

for the members with large span to depth ratio, where failure is usually governed by flexural 

damage. 

 

                                                           (7) 

 

where σxz is shear stress, γxz is shear strain, G is the shear stiffness and Aw is the cross sectional area. 

Timoshenko beam theory relies on the assumption that the distribution of shear stress over 

the cross section is a constant. To account for the fact that the distribution of shear  stress 

along the depth of the section is parabolic, Equation (7) contains a correction factor, K, 

where K= /12 for rectangular cross sections [26]. 

 

It can be seen from above, to be able to model the structural response of a member subjected 

to a blast load using ab 1D FE model requires to determine moment curvature relationship 

of a member. As discussed in the previous section that, many previous studies, have not 

adequately characterized UHPFRC resistance model. In the present research it is achieved 

towards derivations of resistant capability of UHPFRC by using static testing. By taking 

into account mechanics of concrete cracking and softening behaviour, flexural response of 

UHPFRC columns can be derived. Therefore, following up the next section, research is 

devoted to simulating UHPFRC specimen under different blast experimental tests by 

incorporating the derived moment curvature relationships into the 1D FE model.  

 

4. Blast experiments  

The experimental results described below were obtained from a series of tests carried out 

by PLA University of Science and Technology, Nanjing, China. The series of tests consisted 

of three UHPFRC specimens and two HSRC specimens. The experimental results were 

used to calibrate and validate the 1D FE simulation code that aimed at stimulating large-

scale UHPFRC and HSRC events and better designing protective structures. 

xzwxzw GKAKAQ
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The same UHPFRC and HSRC specimens used in the Section 2.1 are used in this section.  

The detailed charge weights, scaled distance, specimen geometry of the experiment setup 

are provided in Table 3.  

 

Table 3 - Summary of results from three blast tests with various charge weights 

Column 
Name Description 

Axial 
Force 
(KN) 

Scaled 
distance 

TNT 
equivalent 

charge 
weight 

Peak 
Pressure  

(m/kg1/3)  (kg) (MPa) 

U1A UHPFRC 0 1.5 1 1.86 

H1B HSRC 1000 0.75 8 Faulty 
value 

U1B UHPFRC 0 0.58 17.5 29.08 
U1A UHPFRC 0 0.46 35 43.1 

 

 

4.1 Experimental set-up and data acquisition 

The standoff distance between charge centre and centre of specimen was 1.5 m. The support 

apparatus used in the blast program is shown in Figure 5(a). The galvanized pipe frame was 

2.6 m high and 2.5 m wide. The base of the frame was bolted to the concrete ground slab, 

4 galvanized pipes more were also fixed between the top and bottom of the frame to 

stabilize it. A specified steel frame with dimensions 2600 mm × 400 mm × 1000 mm was 

built with a clamping system to ensure that the test specimens could be firmly placed inside 

the frame for preventing the column from uplifting as shown in Figure 5(b). After placing 

the column between the supported frames, all the data acquisition devices should be 

connected and checked for proper functioning.  

 

The data acquisition devices used during the blast experiments included: Linear Variable 

Displacement Transducers (LVDTs), Pressure Transducers and Digital Cameras. Prior to 

the blast test, the whole frame with specimen and LVDTs was placed in a horizontal position 

and then lowered to the ground level as shown in Figure 5(c). This was done to prevent 

damage to the frame and connected apparatuses caused by the blast load. For testing the 

specimen under axial loading condition, one support was connected with the hydraulic jack 

as shown in Figure 5 (d), which was installed and buried beneath the ground at one side of the 

test pit. Before testing the column, the axial load was slowly and gradually increased to 1000 
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kN, when the desired axial load was reached, the pneumatic jack maintained a constant applied 

load to make sure the axial load condition applied to the column remained constant during the 

blasts.  

 

 
Figure 5: Blast test setup 

 

4.2 Experimental results 

In this section a synopsis of the experimental results of pressure-time history is presented. 

According to TM 5-1300 (superseded by UFC 3-340-02 [27]), for a structure subjected to 

a blast wave, the load is applied to the surface as a time-dependent boundary load, where 

the pressure is often simplified as a triangular pressure-time curve. For all of the events the 

incident pressures were measured from the point of the greatest interest to be located 1.5 m 

directly beneath the charge, and the experimental results are compared with the empirical 

pressure predicted by UFC 3-340-02 [27]. Cylinder emulsion explosive charge weights of 

1.4 kg to 48 kg were used in the test, and for convenience, it was referred as an equivalent 

weight of TNT. The nominal TNT equivalence factor for emulsion explosive charge is 0.71. 

The TNT equivalent explosive charge weights of 1 kg, 8 kg, 17.5 kg and 35 kg were placed at 
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1.5 m height above the specimens. The summary of the experimental and prediction results of 

three different charge weights is shown in Table 3.  

 

The incident pressure was successfully recorded for all the events except the case with 8 

kg TNT equivalence. Figure 6 shows the time incident pressure history for the three cases. 

As expected, the greater the charge weight tends to cause the larger reflected pressure. In 

general, it can be observed that the average peak overpressure and impulse recorded have 

a dramatic increase from 1 kg to 17.5 kg and finally 35 kg explosive loading. Specimen 

U1A with charge weight 1 kg loading obtained a peak pressure of 1.86 MPa. As a result of 

charge weight of 17.5 kg, the peak pressure increased to 29.01 MPa. Finally the largest 

peak pressure occurred with charge weight 35 kg, the highest peak pressure was 43.1 MPa.  

 

Plotted against the experimental pressure in dash line is the empirical pressure predicted 

by UFC 3-340-02 [27] with linear decaying trend. The negative pressure measured after the 

positive phase of the impulse was neglected. It was found that UFC 3-340-02 [27] yielded 

smaller peak reflective pressure as compared with experimental observations. These results 

indicated that reflected pressure is highly dependent on experimental variations and 

environmental conditions (i.e., charge shape, charge angle, wind velocity, humidity,  etc.), 

and the difference may be attributed to the limitations of this simplified UFC method lies 

in neglecting the true physics of the blast wave – structure interaction phenomena in that it 

assumes the load – time history is applied to all parts of the surface at the same time [29]. 

Nevertheless, the approximation of the blast results is still within a reasonable tolerance 

range, thus the current prediction will be further used into the 1D FE analysis in the next 

section.  
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1 kg TNT equivalence  

  

17.5 kg TNT equivalence                              35 kg TNT equivalence 

Figure 6 Pressure time histories of experimental data and UFC prediction 

 

 

5. Validation of the 1D FE Model 

To evaluate the reliability of the 1D FE model, the results of FE model are compared with the 

measured displacement histories obtained from UHPFRC and HSRC columns under blast testing. 

There are two main input data that need to be defined first before running the program, the blast 

loading and structural material properties. As discussed previously, the approximation of Pressure-

Time histories by using UFC 3-340-02 [27] shown in Section 4.2 are within the acceptable 

tolerance range; thus in the FE simulation, the blast load applied to the surface as a time-dependent 

boundary load was considered as an idealized triangular Pressure-Time history for the analysis and 

solution procedures. When considering the material properties as the input data, in order to 

obtain the moment curvature relationship from the experimental results, it is necessary to 

transform the load to moment and to determine the curvature of the model. Individual gauges 

were used until their readings became unreliable due to cracking in the underlying concrete. 

The process required comparing the pressure time histories produced from the 1D FE model 

and the experimental results obtained from the LVDTs, which were attached to measure the 

central deflection of the column. In the modelling of support, because there is no special 

element used to relieve the uplift forces during rebound, for this reason, in the comparison 

process between modelling and test results, the deflection and reaction force time histories are 

only presented up to the first peak.  

 

The mid-span displacement time histories of UHPFRC and HSRC columns against blast 

loading from the experiment are presented in Figure 7 to Figure 9 together with the calibrated 
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FE model simulation results. In the first phase of validation as shown in Figures 7 and 8, the 

same UHPFRC columns against 1 kg and 17.5 kg charge weight were analysed under different 

levels of axial loads. Generally, the FE model curve shows a good agreement with the 

experimental results up to the peak response. Although there was a slight discrepancy between 

the FE and experimental data at the peak displacements, the magnitude of the discrepancy was 

less than 10% for charge weight 1 kg and 20% for charge weight of 17.5 kg, respectively. Thus 

it is believed that the results obtained from the 1D FE model are reasonably accurate. It was 

noted that there was a better agreement between the peak displacements calculated by the 1D 

FE model in the blast cases, which had the smaller level of axial load. While the largest 

discrepancy between the peak displacements predicted by the FE model and the experimental 

data was as high as 17% in the case of a 1000 kN axial load and a transverse blast loading with 

a peak pressure of 29.01 MPa.  

 

Figure 9 shows further validation of the results obtained from UHPFRC and HSRC columns. 

It focuses on predicting both UHPFRC and HSRC columns under the same axial and blast 

loading condition. As shown in the figure, the period of oscillation predicted by the 1D FE 

model also has a good agreement with the period of the column determined from the 

experimental data for both UHPFRC and HSRC columns. However, the maximum deflection 

discrepancy between the FE simulation and the experimental results of HSRC column was 

18.6%. This may be attributed to both the inability of the material model developed from the 

previous static tests in the 1D FE model to capture the hysteretic behaviour of HSRC column 

and the idealization of the blast pressure; thereby it needs to highlight the potential 

underestimation of the results predicted by FE simulation for HSRC column in this section.  
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Figure 7 Deflection time histories of experimental data and FE prediction of UHPFRC columns under 1 

kg charge weight  

 

 
Figure 8 Deflection time histories of experimental data and FE prediction of UHPFRC columns under 

17.5 kg charge weight  
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Figure 9 Deflection time histories of experimental data and FE prediction of UHPFRC and HSRC 

columns under 17.5 kg charge weight  

 

For comparison purposes, the peak mid-span displacements from both experimental and FE 

simulation are shown in Table 4. Generally, the FE simulation results follow the experimental 

results closely; the discrepancy of the results was less than 20% from the measured peak 

displacements. The peak displacement calculated by the 1D FE model was slightly smaller. 

One possible reason is that the blast loading shapes on the structures has been simplified into 

a triangular shape based on the UFC 3-340-02 [27], and hence, it under estimates shock 

velocity, pulse duration and the time to the end of impulse. 

 

Table 4-Validation of the 1D FE model with experimental program 

Specimen 
 

 
Charge 
weight 

(kg) 
Axial 
load 
(KN) 

Experimental 
maximum 
deflection 

(mm) 

FEM 
modelling 

max 
deflection 

(mm) 

 
 

Error 
% 

U1A 1 0 1.96 1.84 5.1 
U1B 17.5 0 63.74 59.2 7.1 
U2A 1 1000 1.14 1.04 8.7 
U2B 17.5 1000 29.27 24.3 17 
H1A 17.5 1000 56.04 45.6 18.6 

 

 



 131 

6. Application of the 1D FE model for rest of columns 

During the experimental testing, due to the recording system malfunction, the displacement 

data was not recorded for the specimen under charger weight of 8 kg and 35 kg. With the FE 

model calibrated and validated against the experimental data in the previous section, it was 

then possible to predict their response using the validated FE model for different charge 

weights. The previous experimental peak overpressure, impulse and overpressure duration 

were used as the input data and the effects of adding external axial loading can be further 

studied. 

 

Figures 10 and 11 present the deflections of UHPFRC and HSRC specimens generated under 

charge weights 8 kg and 35 kg loading, respectively. It is obvious that the curves are quite 

similar to the previous discussed responses where the data of HSRC and UHPFRC columns 

without axial loading has similar displacement magnitudes, and UHPFRC column with 1000 

kN axial loading has the smallest magnitude of displacement. 

 

Figure 10 Deflection time histories of FEM prediction of UHPFRC and HSRC columns under 8 kg charge 

weight  
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Figure 11 Deflection time histories of FEM prediction of UHPFRC and HSRC columns under 35 kg 

charge weight  

 

Comparing with the average deflections of U1B and U2B in Figure 10, the average 

displacement of U2B is approximate 57% less than that for the U1B as axial loads can 

effectively reduce the mid-span deflections. Comparing the results of U2B with H1A in Figure 

11, it is obvious that with the steel fibre and magnitude of the axial loading, it dramatically 

increases the blast resistance. Also, U2B specimen performs extremely well in the 35 kg blast, 

in which it has the smallest deflection magnitude (48 mm). HSRC column H1A with 1000 kN 

axial loading and data of UHPFRC column U2B without axial loading display a similar peak 

displacement of 81 mm and 87 mm, respectively.  

 

7. Conclusions  

This study achieves the aims of characterizing response of HSRC and UHPFRC columns 

through both static and dynamic analysis. The resistance deflection curves of UHPFRC 

columns with and without axial loads have been studied by using a quasi-static bending test, 

and the dynamic response of UHPFRC columns under blast loads have been simulated using 

the 1D FE model. The study leads to the following conclusions: 

 

 Static testing results show that addition of axial loading produces enhancement of 

flexural properties of UHPFRC columns.  
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 The computational efficient 1D FE model was validated by simulating dynamic 

response of columns against blasts and the simulated results had a good agreement with 

the experiment data. 

 The validated 1D FE model developed based on Timoshenko’s beam theory could be 

used to predict the behaviour of UHPFRC columns under blast loads. 
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Chapter 4 
Conclusions & Future Research 
 

Conclusions 

In this Chapter, the main conclusions drawn from the work presented in this thesis are 

summarized.  

 

In Chapter 2 of the thesis, a numerical method for the dynamic analysis of reinforced concrete 

members subjected to air blast loadings was presented in this study. The proposed method 

adopts the Single-Degree-of-Freedom (SDOF) approach, where two loosely coupled SDOF 

systems are considered to model the flexural and direct shear mode of structural response. The 

proposed procedure is implemented in a computer programming language and the results are 

validated using experimental data from a number of explosive tests. The numerical results 

compare very well with experimental data.  Afterwards, a series of parametric studies have 

been conducted for the pressure-impulse curves of the direct shear failure model of RC 

members under an external blast loading and finally equations have been proposed for quickly 

evaluating which offer a valuable information in preliminary design for the RC members 

against blasts. Regarding to the second paper of the research, a FEM based model has been 

developed for simulating the shear transfer across the reinforced concrete members and this 

model has been validated with the results of initially un-cracked push-off test specimens under 

quasi-static loading. This study has provided strength and load to slip characteristics of push-

off specimens in a complete analysis of RC members under direct shear loads. The simulation 

is essentially static but the proposed shear strength and shear to slip relationship models can be 

used for dynamic conditions.  

 

In Chapter 3 of the thesis, two papers address the blast-resistant capacities of UHPFRC and 

high strength reinforced concrete (HSRC) columns. The results showed that they have 

outstanding blast-resistant capacities. The conclusions of this experimental program are 

summarized as the UHPFRC columns have much higher blast resistance than the HSRC 

columns embodied in lower mid-span deflection and reduction of concrete spalling in an 

average sense. The last part of the chapter is focusing on presenting the results of numerical 

investigations that are conducted in order to examine the blast resistant capabilities of HSRC 
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and UHPFRC columns. The resistance deflection curve of HSRC/UHPFRC columns with and 

without axial loads has been studied by using a quasi-static bending test, and the dynamic 

response of UHPFRC columns under blast loads are simulated by using a one-dimensional (1D) 

finite element model (FEM). The dynamic response of the test columns under blast loading, as 

predicted by 1D FEM, shows that an accurate numerical simulation of the experimental 

observations is possible using the present FE numerical method. 

 

Future Research 

In the view of the shear failure cracks captured in the blast investigation, it will be very useful 

to study direct shear behaviour of steel fibres combination with steel stirrups in UHPFRC 

members. More push off tests can be conducted for UHPFRC, in order to develop better models 

for the direct shear behaviour of this composite. While the push off experiment program can 

be developed for analysing shear strength and slip of UHPFEC members, investigation into 

using a finite element code together with material model for UHPFRC should be completed to 

see if any improvements can be made in the behaviour of the push-off specimens. Introducing 

UHPFRC material properties into the new FEM model should also be investigated and results 

confirmed with test data to see if good results can be accomplished. Based on the validated 

model, a new parametric study can be performed in the shear transfer of fibre reinforced 

concrete, and based on the simulated results, equations for estimating the shear strength and 

shear stress to slip relationships of UHPFRC can be derived as a preliminary design tool for 

evaluating the shear transfer in structure design works.  

 

Further research also can be carried out for incorporating the shear resistance function of 

UHPFRC members discussed in the previous paragraph into the dynamic analysis. The single 

degree of freedom (SDOF) method, has not been extended to account for, failure mechanisms 

of UHPFRC members such as direct shear failure. Thus new SDOF approach can be developed 

which analyses the direct shear and flexural responses separately using two differential 

equations for UHPFRC members. In further research, both the moment-curvature flexural 

behaviour and the direct shear behaviour of UHPFRC members can be incorporated into a 

numerically efficient one dimensional finite element model, utilizing Timoshenko Beam 

Theory, to determine the member and direct shear response of UHPFRC members subjected to 

blasts. Finally, by following the investigation of the direct shear response of UHPFRC 

members subjected to blasts using the 1D FEM, simplified equations can be developed to 
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efficiently determine direct shear PI curves for such members. Such equations would be very 

valuable for the purposes of preliminary analysis and design.  
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