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ABSTRACT 
 

Reinforced concrete (RC) structures might subject to severe impulsive loadings 

due to shock wave, blast wave or direct impact in their service life. The Fiber 

Reinforced Polymer (FRP) strengthening concepts have been used in many studies to 

strengthen these RC structures in resisting progressive collapse, structural damage and 

preventing injuries against dynamic explosive impacts. Its effectiveness in 

strengthening RC structures to resist blast and impact loads have been proven in both 

numerical and experimental studies. However, there are limited systematic studies that 

directly correlate the increase in structural capacities in resisting the blast loads with the 

strengthening measures, such as the strengthening materials, layers of FRP applied and 

types of epoxy used. The pressure-impulse (P-I) curves are often used to quantify 

structural performance under various blast loading scenarios. By developing P-I curve 

for FRP strengthened structures, the quantitative correlation between minimum peak 

pressure and impulse required to reaching a particular level of damage of FRP 

strengthened and unstrengthened columns can be plotted.  

In this research, the assessment on the failure modes and dynamic response of 

structures with FRP strengthening under different condition of impact and blast loading 

are determined. To achieve this two experimental programs (Chapter 2 and 3) and a 

series of numerical analyses (Chapter 4-7) are carried out. The experimental programs 

determine the effects of different types of Carbon Fiber Reinforced Polymer (CFRP) 

strengthening approaches on the dynamic response of RC structural elements under 

impact loads. The first experimental program involves of static and impact loading on 

the CFRP strengthened RC beams. Three types of CFRP strengthening approaches are 

selected as follows: a) one of CFRP longitudinal strip is applied on the tension zone of 

the RC beam; b) RC beam is wrapped by CFRP fabric; and c) RC beam is strengthened 

with combination of both CFRP longitudinal strip and wrap. In the second experimental 

program, the efficiency and performance of CFRP strengthening of RC slabs under 

repeated impact loads is examined. The selected CFRP strengthening approaches are as 

follows: a) two layers of CFRP fabrics applied with epoxy to the tension side with the 

second layer being placed in a perpendicular direction to the first layer; b) CFRP 

strengthened slab with anchors at the slab boundaries; and c) CFRP strengthened slab 

with anchors at the slab boundaries and more anchors around the middle span. Each slab 

is initially subjected to repeated impact loads until failure is reached. In order to 
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investigate the non-linear behaviour of the CFRP strengthened beams and slabs under 

impact tests, three-dimensional finite element models have been developed using LS-

DYNA. Both strain rate effect and the equation of state for the concrete, steel and CFRP 

materials have been incorporated into the aforementioned numerical models to ensure a 

more reliable response prediction under impact loads. To increase the accuracy of the 

numerical models, the bond slip effect between concrete and main rebar, concrete-

CFRP contact and anchor strength are modelled in the simulation. The accuracy of the 

model is verified by laboratory testing results.  

In Chapter 4-7, numerical models are developed to calculate the response and 

damage of FRP strengthened RC columns and panels to blast loads. The reliability of 

the numerical models is verified by simulating field blast tests and comparing the 

numerical simulation results with the impact testing data (Chapter 2 and 3). The verified 

numerical models are then used to conduct intensive simulations of RC columns of 

different dimensions and material properties and strengthened with FRP strips, FRP 

sheets and combined FRP strips and sheets of different strengths, different numbers of 

layers and thicknesses in order to investigate the dynamic response and damage of RC 

columns. The results are used to develop P-I diagrams of RC columns with or without 

FRP strengthening to quantify the effectiveness of FRP strengthening measures on 

column blast load-carrying capacities (Chapter 4). The damage criterion adopted is 

based on the column residual axial-load carrying capacity since the columns are 

primarily designed to carry the axial loads. Similarly, the models are also used to 

simulate responses and damages of RC panels of different dimensions, material 

properties and boundary conditions (Chapter 5) strengthened with FRP sheets of 

different strengths, number of layers, thicknesses, and with or without anchors to blast 

loads (Chapter 6 and 7). The numerical results are also used to develop P-I curves of RC 

slabs with or without FRP strengthening (Chapter 5 and 7), which is divided into 

regions corresponding to each of the three damage levels defined according to the 

specifications given in  UFC-3-340-02. Based on numerical results, empirical relations 

are derived for quick development of P-I curves of RC columns and panels. These P-I 

curves are very useful in quantifying the blast load-carrying capacities of RC structures 

with various FRP strengthening measures.  
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

Reinforced concrete (RC) structures are often subjected to severe impulsive 

loading conditions due to shock wave, blast wave and direct impact. Many impact and 

explosion incidents caused significant structural damages, which in turn generates huge 

amount of economic loss, and sometimes claimed many lives. Moreover, these incidents 

always induce significant psychological impact on the general societies. Smith [1] and 

Wolf et al. [2] pointed out that in any bombing attack there will be a level of risk to the 

occupants. Three basic types of effects that the occupants may experience are; a) 

primary effects which include the human body’s response to direct blast loadings 

causing injury or possibly death, b) secondary effects which include fragment and 

debris impacts, and c) tertiary effects which include loss of balance and subsequent 

impact of the people into their surroundings due to the passing blast wave or violent 

movement of a supporting structure. In response to threats from explosion and impact 

loads for human and infrastructure protection, the development of various impact and 

blast resistant design guidelines has recently become a priority of many governments 

worldwide [3-10]. 

In the past, the failure of a structure or structural elements meant that it would 

either be demolished or completely abandoned depending on the extent of the failure 

and upon how important it is functionally. Then the idea of strengthening came up in 

order to maintain and repair existing structural elements that could be salvaged on time 

without having to demolish the structure completely, thereby saving time and without 

causing inconveniences to the user. The advantage of strengthening is that it can be 

done at a reasonable cost and carried out in the shortest possible time without causing 

undue obstruction and delay to daily activities. A great deal of research has recently 

gone into developing measures to mitigate damage to buildings and hence prevent 

major injury to persons in the event of an impact and explosion. Retrofitting methods 

have been developed over the years from impact and blast hardening with the addition 

of mass using concrete or steel, to the application of lighter and more resilient materials. 

These traditional retrofit methods are difficult to construct, expensive, time consuming 
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and can often add to the debris hazard. The future of retrofit design reveals that 

techniques that lend ductility to the structures rather than lending strength from the 

addition of mass may be more effective. To be useful, retrofit techniques should be able 

to adapt to a variety of existing conditions, be aesthetically pleasing, easily 

transportable and cost-effective while providing adequate impact and blast resistance. 

Many high performance technologies for strengthening, retrofitting and repairing 

structures to against static, low and high rate dynamic loads such as blast loads are 

available.. These include, for example, strengthening RC columns with FRP wrap, walls 

with a concrete layer, a steel plate, steel studs, a single or multiple FRP layers, or 

elastomeric sprays. All these methods have their own pros and cons. Many new 

concepts for strengthening that clearly enhanced a building’s resistance to blast and high 

impact loads have been introduced by several organizations and researchers.  

 The FRP composites have been widely used to strengthen existing concrete and 

other structures and is highly effective at preventing injuries in resisting the blast and 

impact loads since the early 1990s [11-14]. It has been proven that FRP strengthening is 

effective to enhance the structural capacity to against explosive and impact loadings. 

The performance of the FRP composite is dependent on the fibre orientation, length of 

the fibres, shape of the fibres, type of fibres and adhesion. The reinforcing fibres 

embedded in a resin matrix contribute to most of the strength and stiffness of a 

composite while the resin transfers the load to the reinforcement fibres and protects the 

fibres from environmental damage. Even though the FRP had been proven as an 

effective strengthening technology for RC structural components to achieve high 

strength and ductility, there are some issues related to the use of FRP composites for 

strengthening owing to premature debonding failure of FRP [15-21]. The cause of the 

debonding may be attributed to the building up of high interfacial stress near the ends of 

the FRP system or in the flexural-shear cracks formed in the concrete system. 

Debonding may also be caused by the failure of adhesive, slip at the concrete to 

adhesive interface and slip at the adhesive to fibre interface prohibits FRP system to 

reach the maximum ultimate capacity. There has been much experimental research 

conducted and several empirical models proposed for prediction of adhesive strength 

between the FRP and concrete [22-25]. The results have shown that overestimating the 

bond strength can lead to a high percentage of unsafe designs[26].  It should also be 

noted that the failure modes of both flexural and shear strengthened members can be 

brittle fracture which can lead to a catastrophic failure [27]. Therefore it is vital to 

ensure adequate bonding between FRP composites and structural member surfaces in 
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order to achieve the strength enhancement of members against extreme loadings. In 

order to develop effective FRP retofitting techniques, many type of anchorage system 

approaches for the FRP have been introduced [28-32]. They have been demonstrated by 

experimental testing to be highly effective in increasing the bond strength of FRP-

concrete interface by about 11% as compared to the FRP strengthened RC structures 

without anchors [33]. Other issue that should be considered in strengthening the RC 

structures is the strengthening approaches for different RC structures might be different 

depending on the pre-stress of the structures due to the existing loads prior to the impact 

or blast events. The strengthening scheme candidates should be adequate to deal with all 

damage modes of the structures. Hence, it is vital to assess the failure pattern and 

dynamic response of the RC structures under different magnitude and amplitude of 

impact and blast loadings before the FRP strengthening is applied.     

Since no standard retrofit material or method has been established as the most 

suitable one due to the variation of the structures, the design guidelines and blast 

practices need to establish before the retrofitting techniques can be widely implemented 

onto the structures. In addition, simplified method can be developed for practical design 

applications. P-I curve is one of the simplest methods for describing a structure’s 

reaction to an applied explosive load. A pressure-impulse is a graphical representation 

of the damage threshold of a structure when a dynamic load is applied to it. The damage 

threshold is based upon distinct levels which are usually independent of the structure’s 

response history. The P-I curves are used to correlate the blast load to the corresponding 

damage where the flexural and shear mode of failures dominate damage of the element 

which can be readily used for quick damage assessment of unstrengthened and FRP 

strengthened concrete structures under different blast scenarios.  

In order to incorporate both the magnitude and duration of blast loading to the 

corresponding damage, some analytical and numerical analyses can be carried out to 

predict dynamic responses of FRP strengthened RC structures to impact and blast loads. 

The analytical methods usually simplify the structural elements to an equivalent Single 

Degree of Freedom (SDOF) system for response analysis [34-36]. The SDOF approach 

has some inherent difficulties in reliably predicting certain failure modes of the 

structure, such as the spalling failure, and combined shear and flexural failure. 

Moreover, the displacement-based damage criterion sometimes does not necessarily 

always realistically represent the damage status of a structure. On the other hand, the 

numerical approach, if used properly, can give reliable prediction of RC structures 

response to blast load [37, 38]. However, it is not straightforward to use numerical 
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approaches to model structure response to blast load as it not only requires significant 

computer power, but also needs sophisticated material and numerical models. 

Therefore, numerical study of FRP strengthened RC structures response to blast load is 

still limited and no general relation between explosive damage of RC structures with 

various FRP strengthening measures and blast loading conditions.  

This thesis reports numerical simulation and laboratory test results of RC beams 

and slabs without or with FRP strengthening subjected to impact and blast loads. Very 

detailed numerical models are developed with LS-DYNA in the study to reliably predict 

unstrengthened and FRP strengthened RC structure responses to impact and blast loads. 

Field blast test and laboratory impact test data are used to calibrate the numerical model. 

The calibrated numerical models are used to carry out intensive simulations of different 

RC structures without or with different strengthening measures subjected to impact and 

blast loads. The numerical results are used to develop P-I diagrams of FRP strengthened 

RC columns and panels for easy assessment of performance of RC columns and slabs 

under blast loadings.   

 

1.2 Research objectives 

The primary objective of the study is to investigate and quantify the 

effectiveness of various FRP strengthening measures on RC structure blast load 

carrying capacities, and to develop empirical relations for easy construction of P-I 

diagrams of FRP strengthened RC beams and slabs. The research works include: 

i) Investigating the static and impact behaviour of RC beams strengthened with 

CFRP strip, CFRP wrap and combination of CFRP strip and wrap; 

ii) Studying the impact behaviour of RC slabs strengthened with CFRP fabric with 

and without anchorage; 

iii) Deriving empirical formulae to estimate the impulse and pressure asymptotes 

for development of P-I curves for FRP strengthened RC columns;  

iv) Studying the performance of FRP strengthened RC walls with and without 

anchorage subjected to blast loads;  

v)  Deriving empirical formulae to estimate the impulse and pressure asymptotes 

for development of P-I diagrams for unstrengthened and FRP strengthened RC 

panels; and  

vi) Deriving empirical formulae to estimate the impulse and pressure asymptotes 

for development of P-I diagrams for FRP strengthened RC panels with and 
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without anchorages.  

 

1.3 Thesis outline  

This thesis comprises eight chapters. The organization of this thesis is as 

follows: 

 

Chapter 1 presents the background of the research, research objectives and 

outline of the thesis. 

Chapter 2 studies the static and impact behaviour of CFRP strengthened RC 

beams under impact loads. The experimental results of impact tests are verified with the 

numerical results obtained from finite element analysis using LS-DYNA v971. The 

calibrated numerical models are used for further numerical analysis in this thesis 

(Chapter 4-7).    

Chapter 3 presents an experimental study of CFRP strengthened RC slabs under 

repeated impact loads. The experimental results are verified by numerical results 

obtained from finite element analysis using LS-DYNA v971. The procedures to 

simulate the repeated impact loads are described in this chapter. Similar to Chapter 2, 

the calibrated numerical models are used to perform numerical simulations in Chapter 

4-7.    

Chapter 4 formulates the empirical formulae to predict impulse and pressure 

asymptotes of FRP strengthened RC column P-I diagrams derived from intensive 

numerical simulation results. The failure modes of FRP strengthened RC columns 

subjected to blast loads are also discussed.   

Chapter 5 derives the formulae to develop the P-I diagrams for one- and two-

way unstrengthened RC panels. The failure modes of unstrengthened RC panels 

correlated to the different blast loads are also discussed. Parametric calculations are 

carried out to determine the influence of panel dimension, concrete strength and 

reinforcement ratios on the impulse and pressure asymptotes of P-I diagrams for RC 

panels.  

Chapter 6 presents a numerical analysis of FRP strengthened panels with and 

without anchorages. The effect of concrete-FRP bond strength, different anchorage 

configurations and FRP layer thickness are studied.     

Chapter 7 is an extension to those presented in Chapter 5.  The empirical 

formulae for developing the P-I diagrams of FRP strengthened one- and two-way RC 
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panels are derived from the intensive numerical simulation results. The influence of 

FRP strength, FRP thickness, concrete-FRP bond strength and different anchorage 

systems are discussed. 

Chapter 8 provides the conclusions and highlights the contributions of this 

study. Recommendations for future work are also presented. 
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CHAPTER 2 
EXPERIMENTAL AND NUMERICAL STUDIES OF FRP 
STRENGTHENED RC BEAMS UNDER IMPACT LOADS 

By: Azrul A. Mutalib and Hong Hao 

ABSTRACT: The objectives of this paper are to observe failure modes of Carbon Fiber 

Reinforced Polymer (CFRP) strengthened RC beam and to study the efficiency of the 

common Fiber Reinforced Polymer (FRP) strengthening measures under static and 

impact loads.  In addition, this paper aims to develop a numerical model of CFRP 

strengthened RC beams that can be used for further finite element (FE) analysis of 

CFRP strengthened structures under impact and blast loads. This paper presents an 

experimental and numerical investigation of the responses of CFRP strengthened 

reinforced concrete (RC) beams under static and impact loads. A series of RC beams of 

dimension 600x100x100 mm were made and tested under static point load and direct 

impact load. The tested beams are categorized into four groups. They are: a) 

unstrengthened RC beam; b) RC beam strengthened with CFRP longitudinal strip on the 

tension zone; c) RC beam wrapped by CFRP fabric; and d) RC beam strengthened with 

combination of both CFRP longitudinal strip and wrap. The results obtained from the 

impact tests are compared. The effectiveness of CFRP strengthening of RC beams is 

discussed. A numerical model is also developed in LS-DYNA v971 to simulate 

responses of RC beams without or with CFRP strengthening to impact loads. The 

accuracy of the numerical model is verified by testing data. From the experimental and 

numerical results, the efficiency of the three CFRP strengthening schemes considered in 

this study on static and impact load resistance capacities of RC beams is discussed. 

 

2.1 Introduction 

Other than a common static load design, the impact resistant design of buildings 

has become a new focus of attention as a result of recently increased explosion threat, 

vehicle accident event, missile attack, accident during construction and rock fall [1-5]. 

Numerous experimental, numerical and analytical studies have been carried out to 

investigate the static and impact behaviour and resistance of RC structural elements 

under impact loads. One of the common structure members being investigated by 
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researchers is RC beams [4, 6-10]. The local behaviour of RC beams under impact 

loading has been the primary consideration since the impact has been considered as a 

localized phenomenon [11]. It is important to identify the various modes of failure due 

to impact since it can lead to different types of localized damage including penetration, 

scabbing, spalling, perforation and punching shear failure [12, 13], in contrast with the 

failure behaviour under static loading, which has deformation all the way to the support 

[8]. An interesting observation in the data presented in Figure Figure 2-1 by Cotsovos 

[10] is that it clearly exhibits discontinuity in the deflected shape near the mid-span of 

the  RC beam under impact loads. This is corroborated and compatible with the 

distribution of crack patterns developed during the impact. These results reveal that a 

significant change occurs in the way the RC beam responds under high rates loading. 

Cotsovos et al. [8] depicted that the change in the structural behaviour might be 

attributed to the inertia forces, which develop internally and significantly affect the 

member response. 
     

 
                                                 (a)                                            (b) 

Figure 2-1: Deflected shapes predicted for the RC beams corresponding to different 
levels of transverse load applied at mid-span (a) static loading and (b) impact loading 

[10] 
   

As shown in Figure 2-2, the failure modes of RC beams from previous studies 

show the similar crack patterns [4, 6, 7].  The crack patterns in Kishi et al. [6] as 

illustrate in Figure 2-2a indicates the vertical flexural cracks developed near the mid-

span of the beam at the low impact velocity. The increases of the impact velocity results 

in a severe diagonal crack developed from the loading point to the support points. 

Furthermore, the greater the impact velocity, the wide the diagonal crack and the more 

deformed the main bar. This causes RC beam to split due to the development of severe 

diagonal cracks. Saatci and Vecchio [4] and Bhatti et al. [9] revealed that shear 

mechanisms also play an important role in the overall impact behaviour of RC 
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structures. In  Saatci and Vecchio [4] experimental study as shown in Figure 2-2b, the 

specimens with higher shear capacity were able to sustain more impacts and absorb 

more energy, whereas the ones with lower shear capacity suffered extensive damage 

under the same or smaller impact loads. Therefore in order to predict the response of the 

structures under impact loading, shear behaviour should be considered along with the 

flexural behaviour.  
     

 
    Rebar ratio = 0.0182                        Rebar ratio = 0.0080 

(a) 

 
 

(b) 
Figure 2-2: Crack patterns at failure of RC beams under impact loading established 

experimentally by (a) Kishi et al. [6], and (b) Saatci and Vecchio [4, 7] 
 

The impact resistant capacity of RC beam can be improved by applying the 

popular and common method for structural rehabilitation in industry such as the Fiber 

Reinforced Polymer (FRP) strengthening [14, 15]. The high-strength fibers embedded 

in a resin matrix in FRP, when retrofitted to a concrete structure can enhance the 

structure strength capacity. The RC beam can be retrofitted either using FRP composite 

wraps provided by unidirectional fabrics to increase the shear resistance and ductility 

V = 1 m/s 

V = 3 m/s 

V = 4 m/s 

V = 5 m/s 

(Stirrup ratio = 0.0 %) 
 

(Stirrup ratio = 0.1 %) 
 

(Stirrup ratio = 0.2 %) 
 

(Stirrup ratio = 0.3 %) 
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capacity and/or with the longitudinal fiber strip to increase the beam flexural resistance 

capacity [16-18]. 

This paper presents the experimental program aimed at investigating the role of 

CFRP strengthening on the static and impact behaviour of RC beams. This will be 

achieved through a series of static bending tests and drop weight impact tests carried out 

at the University of Western Australia (UWA) Structural Laboratory. The tested RC 

beams have the dimension of 600 x 100 x 100 mm and are classified into four groups as 

follows: a) unstrengthened RC beam; b) RC beam strengthened with CFRP longitudinal 

strip; c) RC beam strengthened with CFRP wrap; and d) RC beam strengthened with 

both CFRP longitudinal strip and wrap. The static bending tests are performed by 

applying a concentrated load at the mid-span using Baldwin Compression machine 

while the impact tests are carried out via a vertical drop-weight system with a 

hemispherical headed projectile. These specimens are tested to study the effectiveness 

of the CFRP strengthening on static and impact loading resistance capacities of RC 

beams. Besides experimental tests, a numerical model is also developed in LS-DYNA 

[19] to simulate responses and damage of RC beams without or with CFRP 

strengthening to impact loads. The strain rate effects of concrete and steel reinforcement 

are considered in the numerical simulations [20-24]. Special contact option in LS-

DYNA is also employed to model the contact interface between CFRP and concrete. 

The numerical model is used to simulate the experimental tests. Very good agreement 

between experimental and numerical simulation results is obtained. Based on the 

experimental and numerical results, the effectiveness of the three CFRP strengthening 

measures of RC beams to resist static and impact loads is observed.  

 

2.2 Description of specimens  

In order to study the failure modes and the efficiency of the CFRP strengthened 

beams under static and impact loads, four groups of beams with different common FRP 

strengthening measures were prepared. The beams are designated as B1, B2, B3 and B4. 

Table 2-1 lists the descriptions of the RC beams. All the RC beams are reinforced with 

two longitudinal bars 2N6 at the top and bottom of the beam and shear links of R5 at 60 

mm centre to centre as shown in Figure 2-3. Three unstrengthened B1 beams were 

prepared and one was subjected to the static test and two the impact test (Test 1a and 

Test 1b) of different drop heights to determine a suitable drop height for testing of the 

CFRP strengthened beams as will be described later. The strengthened RC beam B2 is 
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wrapped with one layer of CFRP sheet of Sika Wrap-230C to increase the shear 

resistance of the beam and to provide confinement to the concrete. In order to increase 

the flexural resistance, the RC beam B3 is strengthened with one layer of 1.2 mm thick, 

50 mm width and 500 mm long CFRP strip Sika CarboDur S512 on the tension side of 

the beam. A combination of CFRP strip and wrap strengthening measures to the RC 

beam is designated as B4. The specimen details are illustrated in Figure 2-3. 

 

Table 2-1: Description of RC beam strengthening schemes 

Test 
Number 

Beam 
ID Strengthening Description 

1 B1 Control: no strengthening  

2 B2 RC beam strengthened with one layer of CFRP wrap, 0.3 
mm thickness 

3 B3 
RC beam strengthened with one layer of 50 mm width 
and 500 mm long CFRP strip of 1.2 mm thickness to the 
tension side of the beam 

4 B4 RC beam strengthened with the CFRP strip and then 
wrap as described above 

 

The specimens were cast in two batches with the same mix and concrete strength 

design. Beam specimens in group B1 were cast first, while those in the other three 

groups were cast in the second batch. The standard cylinder tests found the concrete 

compressive strength and modulus of rupture in the two batches differ slightly as given 

in Table 2-2 although the same concrete mix was used. The deformed bars AS4671 N 

class with a 28 mm2 cross-sectional area and a 6 mm nominal diameter were used as 

longitudinal reinforcement. Plain reinforcing round bars class R with a 19.6 mm2 cross 

sectional area and 5 mm diameter were used as close stirrup. The strengthening material 

used to wrap the RC beam in this experiment was the Sika CarboDur CFRP fabric with 

a thickness of 0.13 mm. This fabric composite was applied to the concrete surface with 

Sikadur-330: the two part epoxy impregnation resins consisting of resin (part A) and 

hardener (part B). The Sika CarboDur S512 CFRP composite of 1.2 mm thickness and 

50 mm width was used as longitudinal reinforcing strip, which was applied to the 

concrete surface with epoxy Sikadur-30. Similar to the Sikadur-330, the Sikadur-30 is 

also a combination of epoxy resins and special filler designed for use at normal 

temperatures between 8OC and 35OC. The material properties of the specimens are 
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summarized in Table 2-2.   

 

 
(a) Beam B1 

 
(b) Beam B2 

 
(c) Beam B3 

 

 
(d) Beam B4 

Figure 2-3: Experimental specimens  
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Table 2-2: Material properties 

Specimen 
Compressive 
strength f’c, 

(MPa) 

Modulus of rupture 
frp, 

 (MPa) 
B1 37.78 5.97 

B2, B3, B4 35.42 5.59 

Steel Yield stress fy, 
(MPa) 

Young’s modulus 
Es, (GPa) 

Longitudinal steel 506 200 
Shear stirrup 305 200 

CFRP [25] Tensile strength ft, 
(MPa) 

Young’s modulus 
Ef, (GPa) 

Sika CarboDur S512 2800 165 
Sika Wrap-230C 3500 230 

Epoxy [25] Tensile strength ft, 
(MPa) 

Young’s modulus 
Ee, (GPa) 

Sikadur-30 31 11.2 
Sikadur-330 30 4.5 

 

2.3 Application of CFRP 

Firstly, all specimens were roughened by chisel and cutter to create an uneven 

surface on the beam as shown in Figure 2-4. The reason behind this procedure was to 

improve the adhesiveness of the CFRP strips and wrap on the beams using the 

appropriate epoxy provided. It is important to clean up and remove any dust particles 

after the scoring procedure above. This is to prevent dust particles from being trapped in 

between the epoxy layer and subsequently improve the adhesiveness of CFRP wrap or 

strip onto its reinforced concrete beams.  
 

 
                               (a)                                                                 (b) 

Figure 2-4: (a) Scoring of specimen using chisel, (b) scoring of specimen using cutter 
 

The next step was to apply the epoxy prior to the CFRP composite application. 

For specimen B2, after the mixtures of epoxy Sikadur-330 were prepared, a very thin 

layer of approximately 2 mm epoxy was painted evenly across all sides of the beam as 
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illustrated in the Figure 2-5a. Once the epoxy had applied evenly across all sides of the 

beam, CFRP wrap was carefully wrapped around the beam as shown in Figure 2-5b. It 

should be note that the CFRP wrap is applied to study its effectiveness on shear strength 

and confinement of the concrete, in order for easy comparison with the CRFP strip 

strengthening in which the fibre is oriented in the longitudinal direction of the beam, 

fibre of the CFRP wrap is therefore oriented in the transverse direction of the beam.  
 

 
(a) 

 
(b) 

Figure 2-5: (a) Application of epoxy on specimens, and (b) application of CFRP Wrap 
around test specimen 

 

For specimen B3, the specific epoxy mixture of Sikadur-30 was applied only to 

the marked CFRP strip position until a thickness of 2 mm of epoxy was achieved. Once 

this step was completed, a thin layer of epoxy was applied onto the CFRP strip as 

shown in Figure 2-6a. Lastly, the strip was carefully placed on top of its marked 

position. A small force was applied onto the CFRP strip to ensure that it adhered 

properly onto the beam. Figure 2-6b below shows the completed specimen of reinforced 

concrete beam with CFRP strip reinforcement (B3). The fibre in the CFRP strip is 
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oriented in the longitudinal direction of the beam to study its effectiveness on beam 

flexural resistance capacity. 
 

 
  (a)   

     
(b) 

Figure 2-6: Application of epoxy on marked area of specimen 
 

For specimen B4, RC beam was strengthened using CFRP strip followed by 

CFRP wrap. This was done by applying the same procedure as specimen B3 followed 

by procedure for specimen B2. 

 

2.4 Experimental tests 

2.4.1 Static bending tests 

A test specimen was first bolted on both sides onto a metal frame placed in 

between the compression plates of the Baldwin Compression machine. The free span 

length of the beam is 500 mm. A metal roller was placed on top of the centre line of the 

beam to simulate a point load as shown in Figure 2-7. The top compressing metal plate 

of the Baldwin Compression machine was then lowered to be in contact with the metal 

roller. A laser LVDT was used to measure the mid span displacement.  The 

compression test was then carried out by gradually increasing the compressive force. 

The force applied and the deflection of the beam were measured simultaneously and 

recorded. Each test would terminate once failure of the beam, i.e., a decrease in the 
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applied force, was observed.  
 

 
Figure 2-7: Static load test setup 

 

2.4.2 Impact tests 

Impact Load Test was conducted by impacting a test specimen with a 92 kg of 

solid steel hemispherical headed projectile (Figure 2-8b). This was done by releasing 

the projectile through a guided tunnel above a test specimen. Like static test, the beam 

was also bolted to the steel frame on both sides to prevent rebounding and uplift of the 

specimen upon impact and leaves a 500 mm free span as shown in Figure 2-8a. As 

shown in Figure 2-8c, holes were drilled around the tube section of the guided tunnel to 

relieve built up pressures inside the guided tunnel when the projectile was being 

released. This feature minimizes the built up pressure within the guided tunnel that 

might cause drag onto the steel mass projectile, affecting the drop speed of the 

projectile. Due to the high frequency produced by the dynamic tests a high speed data 

acquisition system as shown in Figure 2-9 is used to record the laser LVDT measured 

displacement time history. The data acquisition system has a maximum sampling 

frequency of 2000 kHz with 100-500 Ampere gain rate. The impact velocity upon 

impact is measured using a high-speed camera. The high-speed camera used is the 

MotionBLITZ Cube which has a frame rate up to 1000 frames per second at its full 

resolution of 640x512 pixels, and a maximum speed of up to 32000 frames per second 

at a reduced resolution.   

 



 19 

 

 
 

                    
  

Figure 2-8: Impact test set up, (a) RC beam bolted to the steel frame support, (b)  
hemispherical headed projectile, and (c) guided cylindrical tube  
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Figure 2-9: Data acquisition unit 

 

2.5 Results and discussions – Static bending tests 

As described above, the static tests were carried out with a Baldwin compression 

machine by gradually applying a point load at the mid span of each beam. A laser 

LVDT was used to measure the deflection at the mid span during the loading process. 

The crack initiation and FRP debonding were also observed during the tests. Following 

describe the tests carried out in this study. 

 

2.5.1 Test 1 – unstrengthened RC beam, B1 

Figure 2-10 shows the beam under loading with flexural cracks. As expected the 

cracks appeared first at the mid span of the beam and extend all the way to the support. 

A very severe crack measured 3 mm appeared in the mid span of the beam where the 

point load was applied. It could be observed that the cracks propagated vertically 

upwards from the bottom of the beam where it experienced most strain. 

Power Supply 

Data Acquisition 
System 
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Figure 2-10: Static bending test 1 on specimen B1 

 

2.5.2 Test 2 –RC beam strengthened with FRP wrap, B2 

In this test, flexural cracks also first appeared at the mid span of the beam with 

CFRP rapture. The crack propagated upwards and eventually resulted in beam failure. 

The most obvious crack is approximately 3 mm wide. The crack could only be spotted 

directly at the middle of the beam where deflection is the maximum. Since the CFRP 

fabric is unidirectional composite fabric, the CFRP ruptured along the fiber direction as 

shown in Figure 2-11.  
 

 
Figure 2-11: Static bending test 2 on specimen B2 

 

2.5.3 Test 3 – RC beam strengthened with FRP strip, B3 

Figure 2-12 shows the tested B3. As can be noticed, the CFRP Strip debonded 

from the RC beam and resulted in beam failure. Since the most severe CFRP debonding 

occurred on one side of the beam, the cracks also initiated from locations where CFRP 

debonded from the RC beam. As a result, the crack pattern is very different from that of 

B1 and B2. Cracks approximately 2 mm wide appeared and propagated diagonally to the 

centre of the beam. No obvious cracks were observed in the mid span region, indicating 

Rupture of CFRP fabric 
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that the CFRP strip has effectively reinforced the beam from usual flexural failure.  
 

 
Figure 2-12: Static bending test 3 on specimen B3 

 

2.5.4 Test 4 – RC beam strengthened with FRP wrap and strip, B4 

Substantially larger load was applied to this beam strengthened with both CFRP 

strip and CFRP wrap. During the test, flexural cracks appeared near the support, where 

signs of debonding of CFRP strip occurred although the CFRP wrap delayed its 

debonding from the beam. No cracks were found at the mid span of the beam. This 

demonstrates again that the CFRP strip is effective in strengthening the beam flexural 

resistance capacity. In addition, the presence of the CFRP wrap provided extra bonding 

to the CFRP strip, thus, preventing CFRP strip from debonding prematurely. Figure 

2-13 shows the cracks and the debonded CFRP strips tearing through the CFRP wrap. 
 

 
Figure 2-13: Static bending test 4 on specimen B4 

 

2.6 Summary of static test results and discussion 

Based on the static tests, the load-displacement curves are compiled in Figure 

2-14 to examine the flexural strength of all specimens. It is observed that B1 deforms 

linearly in the elastic range until it reaches its yield strength. Subsequently, deflection of 

Debonding of CFRP strip 
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the specimen increases nonlinearly in the plastic region. The maximum load sustained 

for B1 was approximately 32.5 kN with the mid span deflections about 8.0 mm. For 

specimen B2, the ultimate static load was approximately 37.0 kN and the maximum 

deflection was 8.77 mm. As shown, a small jagged section appears in the load-

deflection curve. It is believed to be caused by the cracking of hardened epoxy. It is 

important to note that the improvement in both ultimate loading capacity and ductility is 

seen on this test specimen with CFRP wrap as compared to the unstrengthened B1. 

However, the imporvement is not significant. This is because the fibres of the CFRP 

wrap is placed in the hoop direction of the beam, which provides confinement to the 

concrete and also increases the shear capacity, but the effectiveness in increasing the 

flexubral capacity of the beam is insignificant. The CFRP longitudinal strip 

strengthening in B3 is supposed to increase the beam fleuxrual capacity, as illustrated in 

Figure 2-14, the ultimate load-carrying capacity indeed is higher than that of B1 and B2. 

A few points with load dropping are also observed in the load-deflection curve.  These 

are caused by de-bonding of the CFRP Strip from the RC beam during the loading 

process. Debonding in fact prevents reaching the full capacity of the CFRP strip 

strengthened beam B3. The ultimate load is approximately 41 kN. At that point, one 

side of the CFRP strip delaminated severely from the RC beam as shown in Figure 

2-12. The maximum deflection was approximately 8.24 mm. When the beam is 

strengthened with both CFRP strip to increase its flexural capacity and wrap to provide 

confinement and bonding between CFRP strip and RC beam (B4), significantly higher 

peak load (61 kN) and deflection (10.29 mm) are achieved, indicating the effectiveness 

of this CFRP strengthening measure. It should be noted that CFRP wrap not only 

provides confinement to concrete, but also increases the shear capacity of the beam, 

which is not clearly reflected in the static tests as the failure mode is primarily flexural. 

Table 2-3 summarizes the experimental results. As can be noted that beam strengthened 

with both CFRP strip and wrap shows an 85% increment in its ultimate load-carrying 

capacity, indicating the importance of securely bonding the CFRP strip to the beam to 

achieve the ultimate capacity of the CFRP. 
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Figure 2-14: Load-displacement curve of static tests 

 

Table 2-3: Comparison of static test results 

Specimens Maximum load            
(kN) 

Deflection at 
maximum load 

(mm) 

Flexural 
strength     
(MPa) 

Improvement 
in strength    

(%) 
B1 33.07 5.26 29.76 N/A 
B2 36.92 7.21 33.22 11.75 
B3 41.27 6.33 37.15 24.95 
B4 61.14 7.48 55.03 85.09 

 

2.7 Results and discussion – Impact tests 

Using the drop-weight testing system described above, impact tests were carried 

out to study the effectiveness of the three CFRP strengthening measures on RC beam 

impact loading resistance capacities. A MotionBLITZ Cube high-speed camera was 

used to record the impact velocity and the laser LVDT to measure the mid span 

displacement response of the beam. In order to determine a drop height that causes 

significant damage to the unstrengthened beam B1 that can be used as a reference for 

comparison purpose, two tests with drop heights of 0.6 m and 1.0 m respectively were 

performed for B1. Following describes the tests carried out in this study:   

   

2.7.1 Test 1a – unstrengthened RC beam, B1 

The first unstrengthened beam B1 was tested with a drop height of 0.6 m (Test 

1a). Under this impact load, the beam experienced minor damage only with cracks in 
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the mid span area of the beam owing to flexural failure and near the supports due to 

shear damage as shown in Figure 2-15. The maximum and residual displacements at the 

mid span are 11.0 mm and 5.0 mm, respectively. 
 

 
Figure 2-15: Beam B1 tested with the 0.6 m drop height 

 

2.7.2 Test 1b – unstrengthened RC beam, B1 

Because only minor damage was observed in beam B1 when the drop height 

was 0.6 m, in the second test, the drop height was increased to 1.0 m. As shown in 

Figure 2-16, under this impact load, collapse of the beam was observed owing to 

flexural failure at the mid span and diagonal shear failure at the supports of the beam. 

The maximum crack width at the mid span was measured as 20 mm, propagating 

vertically upwards from the bottom of the beam. Based on this test result, 1 m drop was 

used in the subsequent test on other CFRP strengthened beams to study the 

effectiveness of CFRP strengthening on RC beam impact loading resistance capacities.  
 

 
Figure 2-16: Beam B1 tested with the 1.0 m drop height 
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2.7.3 Test 2 –RC beam strengthened with FRP wrap, B2 

As illustrated in Figure 2-17, under the 1 m drop weight impact, the beam 

strengthened with CFRP wrap also experienced significant damage, with a large crack 

measured approximately 10 mm occurring at the mid span. The CFRP fabric ruptured 

along the fiber direction at the mid span along the flexural crack.   Compared to those 

shown in Figure 2-17 of the unstrengthened RC beam, diagonal shear failure near the 

supports was not observed. These observations demonstrate that CFRP wrap increases 

the shear capacity of the beam besides providing confinement to concrete, but has 

minimum effect on flexural capacity of the beam. It should be noted that if the fibre 

direction of the CFRP wrap coincides with the beam longitudinal direction, CFRP wrap 

will also increase the beam flexural capacity. In this study, to more clearly demonstrate 

the CFRP strip strengthening, the CFRP fibre direction is purposely oriented in the 

perpendicular direction of the beam axis.     
 

 
Figure 2-17: Beam B2 tested with the 1.0 m drop height 

 

2.7.4 Test 3 – RC beam strengthened with FRP strip, B3 

Figure 2-18 shows the tested beam B3 with CFRP strip strengthening. As 

shown, significant debonding of the CFRP strip occurred. As a result, extensive flexural 

cracks were generated. The most significant cracks occurred at locations where CFRP 

debonded from the RC beam instead of the mid span.  Shear failure near the support on 

the side with significant CFRP debonding was observed. Compared to B2, the 

maximum displacement and residual displacement of B3 are smaller, despite intensive 

flexural cracks and diagonal shear crack near the support, indicating CFRP strip is more 

effective than the CFRP wrap, especially if the CFRP debonding failure can be 

prevented, on beam flexural capacity.  

Rupture of CFRP fabric 
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Figure 2-18: Beam B3 tested with the 1.0 m drop height 

 

2.7.5 Test 4 – RC beam strengthened with FRP wrap and strip, B4 

The final impact test was conducted on a RC beam strengthened with both 

CFRP wrap and CFRP strip. As shown in Figure 2-19, the beam remained intact after 

the drop weight test with only a small residual deflection as compared to the previous 

beam specimens. A few tearing of the CFRP wrap is visible at different places mostly 

near the supports of the beam. However, no CFRP rapture, flexural cracks and 

debonding was visible after the test. These observations indicate the effectiveness of 

CFRP strip and wrap strengthening in improving the beam impact loading resistance 

capacity. 
 

 
Figure 2-19: Beam B4 tested with the 1.0 m drop height 

 

2.8 Summary of impact test results and discussion 

In the unstrengthened RC beam under impact loads, the local damage with 

concrete crushing is observed. A major crack at the mid span of the beam is initiated in 

the bottom face of the beam extending vertically toward the top face. Observations from 

the impact tests of CFRP strengthened RC beams reveal that CFRP strengthening is an 

effective method to improve the impact resistance of a RC structure. From Table 2-4, 

Debonding of CFRP strip 
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the specimen B4 in Test 4 exhibited the least deflection in the impact load test of all 

specimens with the same drop height, indicating the most effective strengthening 

approach is to use the combined CFRP strip and wrap. Specimen B2 in Test 2 and 

specimen B3 in Test 3 both exhibited varied degree of reduced deflection as compared 

to that of the unstrengthened specimen B1 in Test 1b. CFRP strip appeared to be more 

effective than CFRP wrap in reinforcing RC beam against flexural failure. However, it 

was observed that debonding of CFRP strip prevented the CFRP strip strengthened RC 

beam to reach the full CFRP capacity. 

 

Table 2-4: Impact load test results 

Test No. Test 1a Test 1b Test 2 Test 3 Test 4 
Specimen B1 B1 B2 B3 B4 

Drop Height (m) 0.6 1 1 1 1 
Maximum Deflection (mm) 7 19 16 13 8 
Residual Deflection (mm) 4.5 15 11 7 4 

Maximum Deflection 
Reduction (%) N/A N/A -15.8 -31.6 -57.9 

Residual Deflection 
Reduction (%) N/A N/A -26.7 -53.3 -73.3 

 

2.9 Finite element analysis of impact tests 

Owing to the cost and equipment limitation, often laboratory tests are not easy to 

be carried out [26]. Many researchers developed nonlinear finite element (FE) model to 

analyse RC element responses to impact loads [5, 8-10, 27, 28]. Unlike experimental 

studies which normally investigate a small number of RC structural elements and 

measure and record the structural responses at a few selected critical locations, a reliable 

FE model can provide more detailed description of the structural response, allows 

investigation on the complex structural forms and allows more comprehensive study on 

the causes of change in the structural behaviour [8]. Since development of numerical 

models to predict responses and damage of CFRP strengthened RC beams to impact 

loads is limited in the literature, this study develops detail nonlinear FE models to 

predict the responses of RC beams strengthened with various CFRP strengthening 

measures. The developed model is used to predict the laboratory tests to verify its 

accuracy.   

  The finite element modelling is carried out using dynamic, non-linear, explicit 

analysis in LS-DYNA version 971 [19] since it is capable of carrying out 3D nonlinear 

analysis and offers an element library for wide variety of geometric models. In this 
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study, the FE model with the 8-node solid elements for concrete beam, hemispherical 

headed projectile and the steel support is shown in Figure 2-20. Each node has 6 

degrees of freedoms (DOFs), i.e., three translational and three rotational DOFs. The 

mesh size for concrete and steel support is 5 x 5 x 5 mm in x-, y- and z-direction. For 

longitudinal steel reinforcements and shear links, a 5 mm long 2-node Hughes-Liu beam 

element with 2x2 Gauss quadrature integration is employed. It should be noted that 

these mesh sizes are determined after a mesh convergence analysis. It is found that 

further reducing the mesh size has minimum influence on the simulation results.     
 

   
(a)   

Figure 2-20: Finite element model of impact test   
 

Figure 2-21a shows the RC beam model with the 500 x 50 x 1.4 mm CFRP strip 

applied on the tension surface underneath the RC beam. Figure 2-21b shows the model 

with one layer of CFRP fabric wrapped all around the beam. The beam model 

strengthened with both CFRP strip and CFRP wrap is illustrated in Figure 2-21c. The 

CFRP sheets are modelled with the 5 x 5 mm Belytschko-Tsay 3D shell element [19]. 

An interface element that will be described later is used to model the bonding between 

CFRP sheet and concrete. All the nodes of the steel support and at bolt locations in the 

beam are fixed. The AUTOMATIC SURFACE TO SURFACE contact is created 

between the beam and the boundary elements to prevent penetration of the damaged 

beam material into the steel support.   
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(a) 

 
(b) 

 
(c)      

Figure 2-21: Finite element model of RC beams strengthened with (a) CFRP strip, (b) 
CFRP wrap, and (c) CFRP strip and wrap 

 

The concrete is modelled using Material Model 72Rel3 (MAT CONCRETE 

DAMAGE REL3) since it can gives accurate and reliable results for the analysis of 

reinforced concrete structure response under blast load [29, 30]. The function 

MAT_ADD_EROSION is used to eliminate elements that do not further contribute to 

resisting the impact loads during the analysis procedure. The concrete mesh will be 

deleted when the tensile stress reaches the values of modulus of rupture as listed in 

Table 2-2 and/or the principal strain reaches 0.10. It should be noted that erosion must 

be used with caution since removing the concrete materials violates the mass 

conservation of the structure [31]. The elasto-plastic Material Model 24 (MAT 

PIECEWISE LINEAR PLASTICITY) is used to represent steel reinforcement. This 
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material model allows the user to input an effective stress versus effective plastic strain 

curve and a curve defining the strain rate scaling effect on yield stress. The 

hemispherical headed projectile and steel support are assumed rigid and modelled by 

Material 20 (MAT_RIGID) in LS-DYNA.  Material model 54 (MAT ENHANCED 

COMPOSITE DAMAGE TITLE) is used to model CFRP composite [32, 33].  This 

material model is based on the Chang-Chang failure criterion for assessing lamina 

failure [19]. The criterion accounts for non-linear shear stress-strain behaviour and the 

post-stress degradation. Four failure modes including tensile fiber mode, compressive 

fiber mode, tensile matrix mode and compressive matrix mode are included in this 

model.  

In this study, the commonly used empirical dynamic increase factor (DIF) 

relations [20-24] are used to mode strain rate effects on material strengths. The DIF of 

the tensile strength of concrete is determined with the empirical formulae proposed by 

Malvar and Ross [23] based on experimental data. For concrete compression strength, 

the CEB model [21] is used. For steel strength, the model by Malvar [22] is utilized. 

The strength enhancement of CFRP under high strain rate is insignificant as compared 

to concrete and steel material. This is validated by the experimental results acquired by 

Welsh and Harding [34] and Kimura et al. [35]. Therefore, the strain rate effect on 

CFRP material strength is not considered in this study. The concrete, reinforcement and 

CFRP material properties defined in Table 2-2 are used in the numerical simulations.  

Perfect bond assumption between concrete and reinforcement bars may not lead 

to reliable prediction of RC column response when the structure is subjected to the 

impact load [36]. Shi et al., [36] used contact function CONTACT 1D to model the 

bond slip between concrete and reinforcement bars. In that study, the bond between the 

rebar and the concrete is assumed to have an elastic-plastic relation with the maximum 

shear stress τmax. τmax is calculated by  

      Dh
s

dmgeuG −= maxmaxτ  (2-1) 

where Gs is the bond shear modulus, umax is the maximum elastic slip,  hdmg is the 

damage curve exponent and D is the damage parameter, which is defined as the sum of 

the absolute values of the plastic displacement increments. In this study, Gs is taken as 

20 MPa/mm and the umax as 1.0 mm, as suggested in Shi, et al. The hdmg and D are taken 

as 0.1 since the influence of hdmg and D values are not significant if exceeds 0.1  [36].  

Contact algorithms, namely CONTACT AUTOMATIC SURFACE TO 

SURFACE in LS-DYNA are employed to avoid penetration at the interface of concrete 



 32 

beam meshes with different material properties and mesh size of steel projectile. The 

AUTOMATIC SURFACE TO SURFACE TIEBREAK contact option in LS-DYNA is 

used to model the adhesive contact between the concrete surface and CFRP to simulate 

the possible delamination of the CFRP composite and also contact between CFRP strip 

and CFRP wrap. This special contact option depends on the variables of the tensile and 

shear failure stresses (NFLS and SFLS) of epoxy. These NFLS and SFLS values are 

based on the epoxy strength of Sikadur-30 for concrete-CFRP strip bond and Sikadur-

330 for concrete-CFRP wrap bond. Failure of contact between CFRP composite and 

concrete surface occurs if  

      1

22

≥















+

















SFLS
s

NFLS
n σσ

 (2-2) 

where σn and σs are the tensile and shear stresses at the interface, respectively.  It is 

difficult to define the bond strength of this contact because their values vary from 4 

MPa to 30 MPa [25] depending on the quality in applying the epoxy and CFRP, curing 

days and the temperature during the curing after application of CFRP. In order to obtain 

these values, a simulation for B3 is carried out first since a debonding of CFRP is 

observed in this test. The analysis is performed until the CFRP debonding occurs. From 

the numerical analysis of B3, the NFLS and SFLS are assumed as 20 MPa for both 

parameters. Hence, this value is used in all CFRP strengthened RC beam simulations in 

this study. 

The initial velocity for all nodes of hemispherical head projectile adopted in the 

analysis is based on the initial velocity obtained in the experimental impact tests as 

listed in Table 2-5. It is noticed that the experimental impact velocities are slightly 

slower than the theoretical velocities as expected because of the air resistance. 

 

Table 2-5: Impact velocity results 

Test Drop height 
(m) 

Experimental 
Impact  
Velocity 

(ms-1) 

Theoretical 
Impact  
Velocity 

(ms-1) 
Test 1a 0.6 3.32 3.43 
Test 1b 1 4.29 4.43 
Test 2 1 4.30 4.43 
Test 3 1 4.28 4.43 
Test 4 1 4.34 4.43 
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2.10 Finite element results 

Comparisons of the numerical and experimental results are shown in Figure 2-22 

until Figure 2-31. The accuracy of the FE model in predictions of the unstrengthened 

and CFRP strengthened RC beam responses to impact loads is demonstrated.    

 

2.10.1 Test 1a – unstrengthened RC beam, B1 

Figure 2-22a shows numerical prediction of residual strains in beam B1 after 

impact load generated at 0.6 m drop height. As shown, high strain developed around the 

bottom side of the beam at mid span, at the location where the projectile impacted the 

beam and at the boundary which beam is bolted to the steel frame support. The 

calculated plastic strain distribution is consistent with the fine cracks observed in the 

experimental test as shown in Figure 2-22b.  
 

 
                     (a) Numerical prediction                            (b) Experimental result 

Figure 2-22: Comparison of the failure mode of the RC beam subjected to impact load 
from 0.6 m drop height from numerical simulation and experimental test 

 

 The comparison of mid-span displacement-time histories of numerical and 

experimental results is shown in Figure 2-23. As shown, the numerical analysis predicts 

a maximum displacement of 5.5 mm, smaller than the 7.0 mm measured maximum 

displacement in the test. The residual displacement obtained is 4.0 mm and 4.5 mm 

respectively from numerical simulation and experimental test.   Because of many 

uncertainties involved in experimental tests, the present numerical simulation is 

considered giving reasonably good predictions.   

High strain 
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Figure 2-23: Comparison of displacement-time histories of B1 from numerical and 

experimental results 
 

 

2.10.2 Test 1b – unstrengthened RC beam, B1 

Figure 2-24 compares the numerically simulated plastic strain distribution and 

numerical and experimental observed failure mode of the beam B1 under impact load 

from 1 m drop height. As shown the numerical model well simulates the crack patterns 

and failure mode of the beam as compared to the experimental test.     

 

 
                     (a) Numerical prediction                            (b) Experimental result 

Figure 2-24: Comparison of the failure mode of RC beam under impact load from 1 m 
drop height obtained from numerical simulation and experimental test 

 

 Comparison of the mid span displacement time history obtained from numerical 

simulation and experimental test shown in Figure 2-25 also confirms the good 

numerical predictions.  The maximum displacement obtained in the numerical 

simulation is 18.7 mm, which is nearly the same as 19.2 mm of the experimental 

High strain 
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maximum displacement. The residual displacement obtained in the numerical 

simulation and experimental tests are 15.6 mm and 15.0 mm, respectively. These results 

demonstrate the reliability of the developed numerical model in simulating RC beam 

responses to impact loads.   
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Figure 2-25: Comparison of displacement-time histories of B1 from numerical and 

experimental results 
 

2.10.3 Test 2 –RC beam strengthened with FRP wrap, B2 

Since the CFRP fabric is unidirectional, the rupture of CFRP is observed parallel 

to the fiber direction at mid-span where the flexural crack occurred in both numerical 

simulation and experimental test as shown in Figure 2-26. This is because the CFRP 

strength perpendicular to the fibre direction is relatively weak.  As shown in the figure, 

the numerical simulation well captures the failure mode of the RC beam strengthened 

with CFRP wrap.    
 

 
                    (a) Numerical prediction                           (b) Experimental result 

Figure 2-26: Comparison of the failure mode of RC beam strengthened with CFRP 
wrap from numerical simulation and experimental test.  
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 A comparison of displacement-time histories of B2 from numerical and 

experimental results are given in Figure 2-27. As shown, the maximum displacement 

from the experimental test is 16.0 mm, which is higher than the numerical result of 14.0 

mm. However, the residual displacements obtained from both the numerical simulation 

and experimental tests are nearly the same, i.e., 11.0 mm and 11.6 mm from 

experimental test and numerical simulation, respectively.  
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Figure 2-27: Comparison of displacement-time histories of B2 from numerical 

simulation and experimental test 
 

2.10.4 Test 3 – RC beam strengthened with FRP strip, B3 

For beam B3 under impact load from 1.0 m drop height, debonding of CFRP 

strip was observed in the experimental test. The debonding failure is also well captured 

in the numerical simulation as illustrated in Figure 2-28. In the numerical analysis, the 

debonding of the CFRP strip occurs after the prescribed failure criterion of the concrete-

CFRP contact option has reached. High stress concentration and diagonal shear failure 

at the boundaries on both sides of the beam are also observed in the numerical 

simulation. In the experimental test, however, shear failure was observed only on one 

support. Since the beam was designed and constructed as symmetric and the impact 

load was applied at the mid span of the beam, this unsymmetric failure observed in the 

experimental test indicates the unavoidable uncertainties and imperfections of the 

experimental tests.    It should be noted that the debonding failure of the CFRP strip in 

numerical simulation is not symmetric either. This is because LS-DYNA uses central 

difference method in step-by-step numerical integrations. The integration point usually 

starts from one corner of the model under consideration and extends to the entire 

meshes. This might result in some unsymmetric solutions of a symmetric problem if 
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material damage and nonlinear response occur since damage to materials at some 

meshes has occurred even before the integration reaches the symmetric meshes.     
 

 
                     (a) Numerical prediction                            (b) Experimental result 

Figure 2-28: Comparison of the numerical simulated and experimental recorded 
damage mode of the RC beam strengthened with CFRP strip  

 

 Figure 2-29 compares the mid span displacement time history obtained from 

numerical simulation and experimental test. The maximum displacements obtained 

from numerical simulation and experimental tests are respectively 13.2 mm and 13.0 

mm. The corresponding residual displacements are 7.4 mm and 7.0 mm. These results 

indicate that the numerical model yields good predictions of responses of the RC beam 

strengthened with CFRP strip to impact load.  
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Figure 2-29: Comparison of displacement-time histories of B3 from numerical and 

experimental results 
 

2.10.5 Test 4 – RC beam strengthened with FRP wrap and strip, B4 

Figure 2-30 shows the RC beam strengthened with both CFRP strip and wrap 

after the impact test. As shown, some diagonal shear failure at the supports was 

Debonding of CFRP strip Debonding of 
CFRP strip 

High strain 



 38 

observed in experimental test and captured in numerical simulation, but the beam 

suffered only minor damage with a small residual displacement.  The numerical 

simulation result closely resembles the experimental test observations.  
 

 
                     (a) Numerical prediction                           (b) Experimental result 

Figure 2-30: Comparison of the failure mode of RC beam strengthened with CFRP 
wrap and CFRP strip from numerical simulation and experimental test. 

 

 The comparison of the mid span displacement responses from numerical 

simulation and experimental test is given in Figure 2-31. As shown, the maximum 

displacements of the experimental test and numerical simulation are 8.0 mm and 7.3 

mm, and the corresponding residual displacements are 4.0 mm and 4.3 mm, 

respectively. These results indicate again that the developed numerical model gives 

reliable simulations of CFRP strengthened RC beams to impact loads.  
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Figure 2-31: Comparison of displacement-time histories of B4 from numerical and 

experimental results 
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2.11 Conclusion 

The response of Carbon Fiber Reinforced Polymer (CFRP) strengthened 

reinforced concrete (RC) beams under static and impact loading are investigated. 

Experimental test results reveal the performance of RC beams either under static or 

impact loads can be improved by applying; a) CFRP longitudinal strip on the tension 

zone of the RC beam to increase the beam flexural resistance; b) CFRP fabric wrapping 

all around the beam to increase the beam shear resistance; and c) combination of both 

CFRP longitudinal strip and wrap for the best beam performance. However, the testing 

results also indicate that CFRP strip strengthening has only insignificant effect on 

structural capacity if premature debonding failure occurs. CFRP wrap provides 

confinement to concrete and increases the shear capacity of the beam, but it has 

insignificant effect on RC beam flexural resistance capacity because of rupture of CFRP 

fabric along fiber direction. RC beam strengthened with both CFRP strip and wrap 

experiences the highest increase in its static and impact loading resistance capacities. A 

detailed numerical model was also developed using LS-DYNA to simulate responses 

and damage of RC beam with or without CFRP strengthening. The accuracy of the 

numerical simulations is verified with the laboratory testing results. The developed 

numerical model can be used to perform parametric simulations to determine the 

optimal CFRP strengthening measures of RC beams to increase its static and impact 

load carrying capacities.  
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CHAPTER 3 
EXPERIMENTAL AND NUMERICAL STUDIES OF FRP 

STRENGTHENED RC SLABS UNDER REPEATED IMPACT 
LOADS 

By: Azrul A. Mutalib and Hong Hao 

ABSTRACT: This paper presents experimental test and numerical simulation results of 

RC slabs with or without carbon fibre reinforced polymer (CFRP) strengthening under 

repeated drop-weight impact loads. Four different types of RC specimens are made and 

tested. They are RC slab without strengthening, RC slab with CFRP strengthening, 

CFRP strengthened RC slab with anchors applied along the slab boundary to prevent 

CFRP premature debonding, and CFRP strengthened RC slab with anchors applied to 

the entire slab. Each slab is subjected to repeated impact loads with different drop 

heights until total failure. The failure modes and the efficiency of different CFRP 

strengthening measures on RC slabs to resist impact loads are examined. It is found that 

CFRP strengthening is effective in resisting impact load if premature debonding failure 

is prevented. A detail numerical model is also developed in LS-DYNA to simulate the 

repeated impact tests. The experimental test results are used as bench mark to verify the 

accuracy of the developed numerical model. Very good agreements are observed. The 

calibrated numerical model can be used to predict the response of CFRP strengthened 

RC structures under repeated impact loads. 

 

3.1 Introduction 

RC slabs are among the most common structural elements to be designed and 

built. Depending on the functionality and location, during its service life, a RC slab 

might subject to blast and impact loads generated from accidental or hostile explosions, 

from aircraft, ship and vehicle impact, from drop-weight impact, turbine blade 

fragments and tornado generated projectiles, etc [1-5]. It is therefore important to 

understand the performance of RC slabs under impact loads, and understand the 

efficiency of various strengthening measures on RC slab impact load carrying 

capacities. When a structure is subjected to an impact load, depending on whether it is 

dominated by soft or hard impact, the responses of the structure is very different. It is 
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explained well in [1] that if a structure is controlled by soft impact the structural 

dynamics effect is global and can be observed by deflection of the entire structure. Soft 

impact usually leads to global flexural failure. For hard impact, on the other hand, the 

striking object is rigid and the kinetic energy is transmitted to the target and absorbed by 

deformation and damage in the structure. Therefore during hard impact, localised 

responses are expected to dominate the behaviour.  Hard impact can lead to different 

types of localised damage, including penetration (Figure 3-1a), cone cracking (Figure 

3-1b), spalling (Figure 3-1c), scabbing (Figure 3-1d), perforation (Figure 3-1e), cracks 

on proximal face (Figure 3-1f,i) and cracks on distal face (Figure 3-1f,ii); whereas soft 

impact usually leads to a global flexural failure as shown in Figure 3-1g [6, 7].  

 

 
                            (a)                                  (b)                                  (c)  

   
(d) (e) 

 
                         (f)                                   (ii)                                   (g) 

Figure 3-1: Different forms of impact damage  
 

There have been some studies of predicting how an impact load will affect a 

concrete slab. Usually different types of impactors and impact testing systems are 

utilized in the study to generate impact loads. Sangi and May [8] conducted a low-

velocity impact tests on RC slabs. In their impact tests, four 760 mm square, 76 mm 

thick and two 2320 mm square, 150 mm thick slabs were tested under drop weights of 

(i) 

Projectile Structure 

Reinforcement 
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up to 380 kg and impacting velocities up to 8.7 m/s. Local damage on the top and 

bottom face of the slabs were observed after the tests, indicating a scabbing failure, 

while no perforation of the slabs occurred. In impact tests performed by Zineddin and 

Krauthammer [1] , drop hammer device with a weight of 2608 kg  is dropped from pre-

determined height at the centre of the slabs. Three different types of 90 x 1524 x 3353 

mm slabs with different amount of steel reinforcements were tested at different drop 

height (152 mm, 305 mm and 610 mm). In all cases the slabs were loaded by successive 

impact until failure. The test results indicate that the failure modes depend on the 

loading rate. When the drop height was increased, the local response dominated the 

behaviour of the slab. As a result, the probability of punching or direct shear failure 

increased. However, the influence of steel reinforcement ratios was not discussed in the 

study because the maximum load was not very different throughout the three groups of 

slabs with different reinforcement ratios. Tahmasebinia and Remennikov [5] carried out  

impact tests on 1355 x 1090 x 90 mm RC slabs with a 635 kg hammer dropped from 

different heights. It was found that there was a limited crushing on top and negligible 

cracking in tensile region of the slab when the impacting velocity was 3.2 m/s. When 

the impacting velocity increased to 4.5 m/s most cracks radiate out from the middle of 

the slab towards the outer edges and local failure occurred near the mid-span. The 

damage modes of RC slabs under these low-velocity impacts are very different from 

those subjected to high-speed projectile impact. In high-speed projectile impact tests 

carried out by Booker et al. [9] with steel projectile of diameter 71.4 mm to 76.2 mm, 

weight 5.66 kg to 13.6 kg and impacting velocities of 341 m/s to 450 m/s, it was found 

that the primary failure mode of RC slab is local perforation. 

Since a structural component might be subjected to a range of different impact 

loads, different methods are employed to protect RC slabs against impact. 

Conventionally, protective concrete elements are usually heavily reinforced with steel 

bars and stirrups to enhance integration and confinement with the aim of reducing 

fragmentations, spalling and scabbing damage generated by the impact [10]. Nowadays, 

there are many solutions available for strengthening RC members that can improve 

their impact resistance capacity. Several techniques studied in previous researches 

include applying Polypropylene and Zylon fabric on the slab rear surface [4], using 

double-layered composite RC slab with an elastic absorber [3], lining with a steel plate 

on the impacted and/or rear face of the RC slab [11], and using a high performance 

material [12]. To date there has been limited research conducted on the impact 

resistance of FRP strengthened RC slabs although it is the most popular and common 
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method for structural rehabilitation in industry owing to its cost effectiveness and offers 

a unique combination of desirable properties [13-16]. Intensive studies of the 

effectiveness of FRP strengthening on static load carrying capacities of RC structures 

have been reported in the literature.   It is found that debonding of the FRP from the 

concrete surface is the most common failure modes of RC structures strengthened with 

externally bonded FRP laminates [15-18]. To prevent FRP debonding some researchers 

used different anchoring systems to bond FRP sheets to concrete structure and found 

that additional anchor system besides epoxy is often necessary when using external 

FRP laminates for strengthening RC walls to prevent premature peeling [19-23]. 

Similar to studies of FRP strengthening to resist static loads, studies of the effectiveness 

of FRP strengthening of concrete slabs to against blast loads have also found that 

premature debonding of FRP sheets is the most common failure modes, and FRP 

debonding significantly undermines the effectiveness of FRP strengthening [24-29].   

     This study aims at investigating the effectiveness of CFRP strengthening of RC 

slabs with or without additional anchors on slabs’ capacity to resist impact loads. Four 

RC slabs were prepared without or with different CFRP strengthening measures. They 

are RC slab without strengthening; RC slab strengthened with two CFRP sheets applied 

to the tension face of the slab; CFRP strengthened RC slab with anchor applied along 

the slab boundary; and CFRP strengthened RC slab with anchors applied throughout the 

entire slab. The RC slab specimens were tested under repeated drop-weight impact 

loads until total failure.  The test results are compared. The behaviours of CFRP 

strengthened slabs under repeated impact loads are observed. The efficiency of CFRP 

strengthening of RC slabs with or without anchors on their capacities in resisting 

repeated impact loads is discussed. 

Besides experimental tests, a detail numerical model is also developed using LS-

DYNA [30] to simulate the responses of RC slabs with or without CFRP strengthening 

to repeated impact loads. The existing material models available in LS-DYNA code are 

used to represent concrete, steel and CFRP materials. The strain rate effects of concrete 

and steel reinforcement are also considered. To model the contact interface between 

CFRP and concrete, special contact option in LS-DYNA is employed. This contact 

option bond the FRP composite surface on the concrete surface until it reaches the 

failure criterion. A method suggested by Tabiei and Wu [31] is utilized to model FRP 

and concrete anchor connection. A full deck restart available in LS-DYNA is used to 

model the repeated impact tests. The developed numerical model is used to simulate the 

experimental tests to check its accuracy. Very good agreements are observed. The 
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developed numerical model can be used to perform parametric calculations to 

investigate the influences of various impact loading and RC slab parameters on its 

impact load resistance capacities, and hence to derive the optimal design and 

strengthening measures of RC slabs to resist blast loadings.   

 

3.2 Description of specimens 

Four two-way, square RC slabs with nominal dimensions of 600 × 600 × 60 mm 

were made for this experimental investigation. All slabs were reinforced with SL52 wire 

mesh supplied by ONESTEEL REINFORCING with a 5 mm diameter and 250 mm 

spacing. The reinforcing wire mesh is placed on the tension side with a 20 mm concrete 

cover. Different CFRP strengthening schemes were investigated. The details of the 

CFRP strengthening schemes are listed in Table 3-1 and the RC slab specimens are 

shown in Figure 3-2. All specimens were bolted on four sides to the steel support to 

provide vertical restraint and to prevent upward movement of the slabs in the tests. The 

free span of the slab is 500x500 mm.   

 

Table 3-1: Description of RC slab strengthening schemes 

Test 
Number Slab ID Strengthening Description 

1 S1 Control: no strengthening  

2 S2 

Two layers of 500×500mm CFRP sheet applied with 
epoxy to the tension side with the fibre direction of the 
second layer being placed in a perpendicular direction to 
that of the first layer (multidirectional) 

3 S3 CFRP strengthened RC slab S2 with anchors applied 
along  the slab boundary 

4 S4 CFRP strengthened RC slab S2 with anchors applied 
throughout the slab 
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(a) Slab S1 

 

 
(b) Slab S2 

 

 
(c) Slab S3 

 

 
(d) Slab S4 

Figure 3-2: Experimental specimens of RC slabs 
 

The specimens were cast in three different batches. Although the same concrete 

strength design was used, slightly different compressive strengths of concrete in 

different batches were obtained as given in Table 3-2.  The reinforcing steel SL52 wire 

mesh has steel strength 500 MPa and Young’s modulus 200 GPa. The strengthening 

material used is the Sika CarboDur CFRP fabric of 0.13 mm thick [32]. In all cases the 

dimension of the CFRP sheets were cut into 500 × 500 mm squares. The CFRP sheet is 

elastic up to its tensile strength at 3500 MPa.  The elastic modulus is 230 GPa. The 

epoxy used is Sikadur-330 2 part epoxy impregnation with resin (part A) and hardener 

(part B). The ratio of part A to part B is 4 to 1 by weight. The epoxy demonstrated a 

Young’s Modulus and tensile strength of 4.5 GPa and 30 MPa, respectively. The 

summary of all material properties are given in Table 3-2.  

 

 

End Anchors 

Mid Anchors 

Bolts 
CFRP 
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Table 3-2: Material properties 

Specimen Modulus of rupture frp, 
(MPa) 

Compressive Strength f’c, 
(MPa) 

S1, S2 5.43 34.38 
S3 6.51 39.34 
S4 5.77 34.31 

Steel Young’s modulus Es, 
(GPa) Yield stress fy, (MPa) 

SL52 wire mesh 200 500 

CFRP [32] Young’s modulus Ef, 
(GPa) Tensile strength ft, (MPa) 

Sika Wrap-230C 230 3500 
Sikadur-330 4.5 30 

 

3.3 Application of CFRP  

 The Sika CarboDur CFRP fabric used is unidirectional and as such, it is 

important to use two layers of fabric for each slab to provide strengthening in both 

directions of the slab. The preparation required for retrofitting the RC slab with CFRP 

involving three main steps to ensure that the composite is well bonded with the slab 

surface. In the first step, the entire surface of the slab to which the epoxy would be 

applied was roughened by an abrasive grinding needle drill to achieve proper bonding 

between CFRP and the concrete surface (Figure 3-3). Then in the second step, Part A 

and B of the SikaDur-30 epoxy were then proportionally mixed together for three 

minutes until the material became smooth in consistency and a uniform grey colour is 

achieved. The epoxy was then applied evenly to the prepared concrete surface until a 

thin layer of epoxy is evenly spread (Figure 3-4). In the last step, the CFRP fabric was 

carefully placed onto the bottom face of the slab. The fabric was then carefully worked 

into the resin with a roller (Figure 3-5). This process was done gently until the resin was 

squeezed out between and through the fibre strands and distributed evenly over the 

whole fabric surface. Layer two of the CFRP fabric was then applied within 60 minutes 

(at 23ºC) of application of layer one CFRP. The laminating procedure was repeated for 

the second layer. The specimens were allowed to cure for 3 days (at 23ºC). 
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Figure 3-3: Needle drill being run over surface (left) and air gun (run) 

 
 

 

 

 
Figure 3-4: Application of epoxy to (left) slab and (right) CFRP fabric 

 
 

 

 

 
Figure 3-5: Working fabric into resin (left) and curing specimen (right) 

 

3.4 Application of anchorage system  

The anchorage system was only applied to CFRP strengthened RC slabs. The 

system consists of two types of steel plates and Macsim Masonbolts [33], with steel 

plate 2 shown in Figure 3-6b used for corners. The anchorage components and 
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dimensions are shown in Figure 3-6. Table 3-3 gives the safe working loads of the 6.5 

mm diameter Masonbolts with different concrete compressive strength. Installation of 

the anchors was done upon curing of the specimens after the CFRP fabric had hardened.  
 

 

 
                   (a)                                                     (b)                                      (c)                               
Figure 3-6: Anchorage components and dimensions, (a) steel plate 1, (b) steel plate 2, 

and (c) bolt 
 

Table 3-3: Macsimbolts safe working loads (kN) (Macsim Fastenings Pty. Ltd.) [33] 

Anchor 
diameter 

(mm) 

Embedding 
depth 
(mm) 

Concrete compressive strength (MPa) 
22.5 30 42.5 

Tension Shear Tension Shear Tension Shear 
6.5 30 1.3 1.5 1.5 1.7 1.5 1.7 

 

The anchors were installed with the use of a concrete drill bit of diameter 6.5mm 

as shown in Figure 3-7a, which is equal to the diameter of the bolt. It is recommended 

that the hole depth be the sum of the minimum embedment depth plus half the anchor 

diameter to allow dust residue left in the hole. The anchors were installed in 

configurations required for strengthening schemes (3) and (4). As the slabs are 

relatively thin, a concrete drill bit was used so that the drill would not drill through the 

internal steel reinforcing bars and hence compromise the integrity of the slab. The steel 

plates were held in the desired positions and the concrete drill was used to drill the holes 

to a depth of 36 mm. The insertion of the Masonbolt was done carefully by hammering 

the head of the bolts until the head of the bolt was flush with steel plate and tight against 

Steel plate 2 

Steel plate 1 

Bolts 
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the fixture (Figure 3-7b). After the bolts had been inserted the head of the bolts were 

tightened with spanner with a minimum of three full turns of the nut to increase the 

bottom diameter of the bolt hence increasing the grip of the bolt in the slab (Figure 

3-7c).  

 
                                         (a)                      (b)                        (c) 

Figure 3-7: Installation of anchorage [33] 
 

3.5 Experimental details 

The experimental set up is shown in Figure 3-8. As illustrated in Figure 3-8a, the 

600 x 600 x 60 mm slab was bolted to the support on all four sides to prevent 

rebounding upon impact and leaves a 500 mm span of the slab in both directions.  A 92 

kg hemispherical headed projectile of solid steel mass (Figure 3-8b) was lifted to a 

desired height and released in a frictionless cylindrical guide tube (Figure 3-8c) to hit 

the centre region of the RC slab top surface. As shown many holes around the 

cylindrical tube were cut to minimize the effect of air resistance against the falling steel 

mass. In all cases the slabs were successively loaded with increasing drop height until 

slab total failure. After each test, the damage to the slab was carefully examined. The 

dimension of the damaged area (diameter and depth) and the mid-span residual 

displacement of the slab were measured. The impact velocity is also measured using a 

high-speed camera. The high-speed camera used in this experiment is the MotionBLITZ 

Cube which has frame rates up to 1000 frames per second at its full resolution of 

640x512 pixels, and speed up to 32000 frames per second at reduced resolution.  
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Figure 3-8: Impact test set up, (a) RC slab bolted to the steel frame support at all sides, 

(b)  hemispherical headed projectile, and (c) guided cylindrical tube  
 

3.6 Results and discussions 

As discussed above, each slab was tested with repeated impact loads with 

increased drop heights until total failure of the RC slab. Figure 3-9 shows the drop 

heights and the corresponding potential energy of the steel mass imparted to the 

specimens in the tests of the four slabs. The initial drop height for all specimens is 1.5 

m. The first two slabs failed at the second impact with a drop height of 2.0 m, while the 

last two specimens with CFRP strengthening and anchorage system failed at the third 

impact with a drop height of 2.5 m.  A summary of the tests is described in Table 3-4.  

(b) (c) 

(a) 

Impact point 
(at mid-span) 



 53 

 
                        Test 1 (S1) and Test 2 (S2)                          Test 3 (S3) and  Test 4 (S4) 

Figure 3-9: Energy imparted to the specimens 
 

Table 3-4: Summary of test descriptions 

Slab Test 

Test 1 
(S1) 

• 1.5 m drop on unstrengthened control RC slab  
• 2.0 m repeated drop  

Test 2 
(S2) 

• 1.5 m drop on CFRP strengthened RC slab 
• 2.0 m repeated drop  

Test 3 
(S3) 

• 1.5 m drop on CFRP strengthened RC slab 
with boundary anchors 2.0 m repeated drop 

• 2.5 m repeated drop 

Test 4 
(S4) 

• 1.5 m drop on CFRP strengthened RC slab 
with boundary and mid span anchors  

• 2.0 m repeated drop 
• 2.5 m repeated drop 

 

3.6.1 Test 1 – unstrengthened RC slab, S1 

(a) First impact  

Test 1 involved an unstrengthened control RC slab subjected to impact from a 

drop height of 1.5 m. An impact velocity of 5.31 m/s was recorded by the high-speed 

camera. Crack patterns along the top surface of the slab are shown in Figure 3-10a with 

evidence of flexural cracking and some cracks were initiated from the bolt points. 

Intensive spalling damage was observed on the bottom face of the slab as shown in 

Figure 3-10b. The residual displacement measured at the bottom surfaces of the slab is 

30 mm. The damage pattern indicates both local (crushing and spalling damage near the 

slab center) and global flexural failure as shown in Figure 3-10. The average indentation 

diameter at mid-span is approximately 400 mm and the maximum indentation depth is 
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about 20 mm. 
 

    
                                             (a)                                                      (b) 

Figure 3-10: Failure modes of S1 under first impact 
 

(b) Second impact 

The damaged slab S1 was subjected to a second impact with an increased drop 

height of 2 m. This increase in drop height resulted in a higher impact velocity of 6.09 

m/s being recorded. As shown in Figure 3-11, the slab was totally damaged from this 

impact with perforation. Consequently no residual displacement could be realistically 

measured. The perforation zone had an approximate diameter of 430 mm as shown in 

Figure 3-11. The boundaries of the slab which were bolted to the support also 

experienced severe damage with shear cracks occurring near the support. Significant 

flexural tensile cracks near the corners of the slabs boundaries are also evident. Detailed 

examination of the RC slab reveals that the impact had caused the total slab failure from 

the local effect of punching shear and perforation and intensive global flexural and 

shear failures.  
 

    
Figure 3-11: Failure modes of S1 under second impact 
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3.6.2 Test 2 – CFRP strengthened RC slab without anchor, S2 

(a) First impact 

Test 2 involved a CFRP strengthened slab subjected to impact from the 1.5 m 

drop height. An impact velocity of 5.31m/s was recorded. As shown in Figure 3-12, 

CFRP strengthening is very effective in mitigating impact damage. Damage to the slab 

was mainly limited to the impact area due to concrete crushing failure although some 

fine proximal cracks towards the boundaries and also minor shear cracks at some 

supports near the bolted areas were also observed. The penetration zone is 

approximately circular with a diameter and indentation depth equal to 180 mm and 6 

mm, respectively. The residual displacement is 10 mm. No debonding of the CFRP 

sheet from the RC slab was observed. This greatly reduced the global flexural and shear 

damage as observed in Figure 3-10 of unstrengthened RC slab. The damage experienced 

by this CFRP strengthened slab can be best described as localized penetration and minor 

cracks on the proximal face.  
 

       
  (a)                                                                   (b)       

Figure 3-12: Failure modes of S2 under first impact 
 

(b) Second impact 

In the second event, the S2 was subjected to the impact load from the drop 

height of 2 m with an impact velocity of 6.20 m/s. This resulted in severe damage to the 

slab with perforation. No significant increase in the size and number of the flexural 

tensile cracks towards the slab boundaries was observed as compared to the slab after 

the first impact although the shear cracks around the slabs bolted regions were more 

severe as shown in Figure 3-13.  Delamination of the CFRP sheet occurred with almost 

the whole piece of the CFRP sheet separated from the slab. Minor CFRP rupture at the 

centre span was also observed. Although damage is still primarily local with 
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insignificant global flexural and shear failure, debonding of CFRP sheet from the RC 

slab undermines the effectiveness of CFRP strengthening. This observation indicates 

that the bond strength is insufficient to prevent tensile breaking of the CFRP sheet. The 

diameter of the perforation area is approximately 320 mm. 
      

      
  (a)                                                                   (b)      

Figure 3-13: Failure modes of S2 under second impact 
 

3.6.3 Test 3 – CFRP strengthened RC slab with edge anchors, S3 

(a) First impact  

Test 3 under the first event involved a CFRP strengthened slab with boundary 

anchors subjected to impact from the 1.5 m drop height. The impact velocity recorded 

was 5.28 m/s. As shown in Figure 3-14, the damage was mainly restricted to the impact 

zone, with a concrete crushing damage area of diameter 160 mm and depth 3 mm. 

Strengthening the RC slab with CFRP sheet and boundary anchors significantly 

improves the flexural strength. When compared to the S1 and even S2, there are less 

flexural cracks near the slabs boundaries and the widths of these cracks are very small. 

Inspection near the regions where the slab was bolted revealed minor shear cracks as 

shown in Figure 3-14b. The  diameter of concrete crushing failure area is 160 mm, 

marginally smaller than that in Test 2, but the indentation depth of 3 mm is 

approximately half that in Test 2, reflecting the effect of the anchors had on increasing 

the bonding and flexural strength. Higher bonding strength ensures composite actions of 

the CFRP sheet and RC slab, which not only improves the flexural and shear strength of 

the slab, but also reduces the spalling and crushing damage of the concrete under impact 

load. A 7 mm residual displacement on the bottom surface was measured after the test. 

No debonding or fracture of CFRP sheet was observed.  
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    (a)                                                                   (b)        

Figure 3-14: Failure modes of S3 under first impact 
 

(b) Second impact 

The second impact test was carried out by increasing the drop height to 2.0 m. 

Impact velocity measured was 6.10 m/s. As shown in Figure 3-15, the diameter of the 

crushing damage area increased from 160 m to 250 mm whilst the depth increased from 

3 mm to 25 mm. A residual displacement of 30 mm was measured after the test. There 

appeared to be a slight increase in the number of flexural cracks propagating from the 

mid-span (impact zone) towards the slab boundaries. There was also evidence of shear 

cracks occurring near the bolted regions although very small in size. The CFRP sheet 

was observed to have some very small ruptures, as shown in Figure 3-15b, near the 

boundaries of the slab, however all anchors still appeared to be firm in the slab. No 

debonding of CFRP sheet was observed. The damage caused to the slab was best 

described as localised punching shear failure.  
      

    
    (a)                                                                   (b)  

Figure 3-15: Failure modes of S3 under second impact 
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(c) Third impact 

Under third impact test with the drop height of 2.5 m and impact velocity of 6.9 

m/s, as shown in Figure 3-16, total failure of the slab which could be best described as 

severe perforation occurred. The maximum width of the perforation zone increased 

significantly to 380 mm and was not a uniform circular shape. More flexural cracks 

towards the slabs boundaries appeared. Significant shear cracks occurred around the 

bolted regions of the slab. Severe rupturing and debonding of the CFRP sheet occurred 

as shown in Figure 3-16. The debonding failure indicates the bond strength of this 

system had been fully exhausted and had reached its capacity. Inspection also revealed, 

as shown in Figure 3-16c, that two corner anchors had been fully pushed out by the 

impact whilst the other anchors were still in place with the CFRP and concrete. 

However, around the anchors that were still in place, the CFRP sheet had fully ruptured 

as shown in Figure 3-16d.  

      

       
  (a)                                                                   (b) 

       
                                 (c)                                                                   (d)  

Figure 3-16: Failure modes of S3 under third impact 
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3.6.4 Test 4 – CFRP strengthened RC slab with anchors at the slab 

boundaries and in the span, S4 

(a) First impact  

This slab was first tested with the drop height of 1.5 m. The impact velocity was 

measured as 5.32 m/s.  As shown in Figure 3-17, the slab experienced the localized 

crushing damage together with some fine cracks on the proximal face. The damage was 

mainly restricted to the impact zone with a diameter of about 150 mm and indentation 

depth of about 4 mm. The impact zone diameter is smaller and the indentation depth is 

approximately half of that in S2 but almost the same as that in S3 under the impact load 

from the same drop height. These observations indicate that CFRP strengthening with 

anchors to prevent debonding failure greatly enhances the impact loading resistance 

capacity of the RC slab, however, additional anchors placed inside the slab has 

minimum effect as compared to that of S3 with anchors only at the slab boundary. Close 

inspection near the boundary regions where the slab was bolted revealed some minor 

shear cracks. A residual displacement of 9 mm was measured. No debonding or fracture 

of CFRP sheet was observed.  
 

     
        (a)                                                                   (b)    

Figure 3-17: Failure modes of S4 under first impact 
 

(b) Second impact 

Under the second impact with the drop height 2.0 m and impact velocity 6.15 

m/s, as shown in Figure 3-18, the diameter of the crushed zone increased from 150 mm 

to 200 mm whilst the depth increased from 4 mm to 24 mm. A residual displacement of 

25 mm was measured along the mid-span of the bottom surface of the slab. A slight 

increase in the number of flexural cracks was observed propagating from the impact 

zone towards the slabs boundaries. There was also evidence of shear cracks occurring 



 60 

near the slabs bolted regions although very small in size. As shown in Figure 3-18b-c, 

no visible rupture or debonding of CFRP sheet was observed. End anchors (Figure 

3-18b) and anchors in the slab (Figure 3-18c) still remained firmly in the slab. The 

damage caused to the slab was best described as penetration and scabbing.  
 

      
        (a)                                                                   (b) 

      
        (c)                                                        

Figure 3-18: Failure modes of S4 under second impact 
 

(c) Third impact 

Figure 3-19 shows the slab after the third impact from a drop height of 2.5 m 

and impact velocity of 7.02 m/s. This impact load resulted in total damage to the slab 

due to punching shear failure. The maximum width of the crushed zone increased to 

more than 430 mm. More flexural cracks towards the slab boundaries, which appeared 

to be more severe than that experienced by S3 under the third impact, were observed. 

This might be at least partially attributed to the slightly higher impact velocity achieved 

in this test. Significant shear cracks occurred around the bolted regions of the slab. As 

shown in Figure 3-19c, three boundary anchors had been fully pushed out by the impact 

whilst the other anchors were still intact with the CFRP and concrete. The concrete slab 

experienced severe cracks and mostly perforated, but the CFRP sheet although 



 61 

experienced some ruptures as shown in Figure 3-19d,  still kept the slab as one piece 

and prevented total collapse of the slab as shown in Figure 3-19c.  
 

       
        (a)                                                                   (b) 

       
        (c)                                                                   (d) 

Figure 3-19: Failure modes of S4 under third impact 
 

3.7 Summary of Impact Test Results and Discussion 

The above observations indicate that the unstrengthened RC slab under impact 

load suffers both localized crushing and pounding shear failure, as well as the global 

flexural and shear failure. Strengthening the RC slab with CFRP sheet on the tension 

face not only significantly reduces the global failure of the RC slab, but also reduces the 

concrete crushing failure if debonding of the CFRP sheet from the slab does not occur. 

The test results prove the effectiveness of CFRP strengthening on mitigating RC slab 

damage to impact loads. Anchoring the CFRP sheet on the slab boundary is very 

effective in mitigating the debonding failure. However, the effect of providing 

additional anchors in the slab is insignificant as compared to that with anchors at the 

slab boundary only. Moreover, anchors might be pushed out from the slab, which might 

impose some secondary threats to people and structures in the proximity. The failure 

mode of CFRP strengthened RC slabs are primarily local concrete crushing failure, and 
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CFRP debonding and rupture.  Table 3-5 summarizes the test results.  

 

Table 3-5: Summary of test results 

Test Repeated 
impact 

Drop 
Height 

(m) 

Residual 
displacement 

(mm) 

Indentation 
diameter 

(mm) 

Indentation 
depth 
(mm) 

Test 1 
(S1) 

First 1.5 30 400 20 

Second 2 N/A 430 Full 
perforation 

Test 2 
(S2) 

First 1.5 10 180 6 

Second 2 N/A 320  Full 
perforation 

Test 3 
(S3) 

First 1.5 7 160 3 
Second 2 30 250 25 

Third 2.5 N/A N/A Full 
perforation 

Test 4 
(S4) 

First 1.5 9 150 4 
Second 2 25 200 24 

Third 2.5 N/A N/A Full 
perforation 

 

3.8 Finite element analysis 

Previous researches have performed numerical modelling of RC slab under 

impact loading. Most of the studies also used the commercial finite element code LS-

DYNA [34-37]. Since different researchers used different approaches in modelling the 

structure geometry, materials, impact loads and boundary conditions, some 

controversial observations on the ability and accuracy of numerical modelling of the 

behaviour of RC structures to impact loads have been made. While many studies of 

numerical modelling of RC structures to impact loads are available in the literature, 

numerical studies of FRP strengthened RC slabs to impact loads are very limited. No 

numerical study of CFRP strengthened RC slab with anchors to repeated impact loads 

can be found in the open literature.   

In this study, numerical model is developed in LS-DYNA version 971 to 

simulate the laboratory tests reported above. 8-node solid elements are used to model 

concrete slab and solid impactor as shown in Figure 3-20. Each node has 6 degrees of 

freedoms (DOFs), i.e., three translational and three rotational DOFs. The mesh size for 

concrete slab is 10 x 10 x 10 mm in x-, y- and z-direction. For steel reinforcements, a 10 

mm long 2-node Hughes-Liu beam element with 2x2 Gauss quadrature integration is 

used. As shown in Figure 3-21, the 500 x 500 mm FRP layers are modelled by the 10 x 
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10 mm Belytschko-Tsay 3D shell element [30]. All nodes of the supporting steel frame 

and all nodes in contact with the bolt locations in the slab are fixed. In order to avoid the 

penetration between concrete and boundary steel support meshes, contact algorithms 

CONTACT AUTOMATIC SURFACE TO SURFACE are employed. These mesh sizes 

are determined after mesh convergence test. It is found that further decrease in element 

size only has insignificant influence on the numerical results but leads to the risk of 

computer memory overflow and substantially increases the computing time. 

The concrete is modelled using Material Model 72Rel3 (MAT CONCRETE 

DAMAGE REL3) since it has been proven yielding  accurate and reliable results for the 

analysis of reinforced concrete structure response under blast load [38, 39]. Because 

large deformation and concrete material failure are expected, to avoid mesh tangling, 

the function MAT_ADD_EROSION is used to eliminate elements that do not further 

contribute to resisting the impact loads during the analysis procedure. The concrete 

mesh will be deleted when the tensile stress reaches the values of modulus of rupture as 

listed in Table 3-2 and/or the principal strain reaches 0.10 [40]. The elasto-plastic 

Material Model 24 (MAT PIECEWISE LINEAR PLASTICITY) is used to model steel 

reinforcement. This material model allows the user to input an effective stress versus 

effective plastic strain curve and load curve defining strain rate scaling effect on yield 

stress. The hemispherical headed projectile and boundary steel frame are assumed as 

rigid and modelled using Material 20 (MAT_RIGID). Material model 54 (MAT 

ENHANCED COMPOSITE DAMAGE TITLE) is used to model CFRP composite [41, 

42].  This material model is based on the Chang-Chang failure criterion for assessing 

lamina failure [30]. The criterion accounts for non-linear shear stress-strain behavior 

and the post-stress degradation. Four failure modes including tensile fiber mode, 

compressive fiber mode, tensile matrix mode and compressive matrix mode are 

modelled.  

In this study, the commonly used empirical DIF relations [43-47] are used. The 

dynamic increase factor (DIF) of the tensile strength of concrete is determined with the 

empirical formulae proposed by Malvar and Ross [46] based on experimental data. In 

compression, the CEB model [44] is used. For steel, the model by Malvar [45] is 

utilized. The strength enhancement of CFRP under high strain rate is insignificant as 

compared to concrete and steel material. This is validated by the experimental results 

acquired by Welsh and Harding, [48] and Kimura et al., [49]. Therefore, the strain rate 

effect on CFRP material strength is not considered in this study.  
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Figure 3-20: Finite element model of RC slab and steel mass 
 

 

   
  

Figure 3-21: Finite element model of CFRP strengthened RC slab  
 

Perfect bond assumption between concrete and reinforcement bars has been 

proven not necessarily lead to reliable prediction of RC column response when the 

structure is subjected to the impact load [50]. Shi et al. [50] used contact function 
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CONTACT 1D to model the bond slip between concrete and reinforcement bars. In that 

study, the bond between the rebar and the concrete is assumed to have an elastic-plastic 

relation with the maximum shear stress τmax. τmax is calculated by  

      Dh
s

dmgeuG −= maxmaxτ  (3-1) 

where Gs is the bond shear modulus, umax is the maximum elastic slip,  hdmg is the 

damage curve exponent and D is the damage parameter, which is defined as the sum of 

the absolute values of the plastic displacement increments. In this study, Gs is taken as 

20 MPa/mm and the umax as 1.0 mm, as suggested in [50]. The hdmg and D are taken as 

0.1 since the influence of hdmg and D values are not significant if it exceeds 0.1 [50].  

Contact algorithms, namely CONTACT AUTOMATIC SURFACE TO 

SURFACE in LS-DYNA are employed to avoid penetration at the interface of concrete 

slab meshes with different material properties and mesh size of solid steel mass. The 

AUTOMATIC SURFACE TO SURFACE TIEBREAK contact option in LS-DYNA is 

used to model the adhesive contact between the concrete surface and CFRP and to 

simulate the delamination of the CFRP composite. This contact option models the 

bonding strength depending on the tensile and shear failure stresses (NFLS and SFLS) 

of epoxy. Failure of contact between CFRP composite and concrete surface occurs if  

      1

22

≥















+

















SFLS
s

NFLS
n σσ

 (3-2) 

where σn and σs are the tensile and shear stresses at the interface, respectively. The 

epoxy strength  varies from 4 MPa to 30 MPa [32]. It not only depends on the epoxy 

material properties, but also on the construction quality control during the epoxy and 

CFRP application, curing days and the temperature during the curing after application 

of CFRP. In order to obtain reasonable values of epoxy strength in numerical model, in 

this study, a simulation of laboratory test of S2 is carried out first since no debonding 

after the first impact of this slab and debonding of CFRP is observed after the second 

impact. The analyses are carried out with varying NFLS and SFLS values. From the 

numerical analyses of S2, it is found that a value of 10 MPa for both NFLS and SFLS 

gives reasonable prediction of the observed CFRP debonding failure in the impact test. 

Hence, this value is used in all CFRP strengthened RC slab simulations in this study. 

 The anchors are modelled by the contact TIEBREAK NODES TO SURFACE as 

proposed by Tabiei and Wu [31]. This method is used to model the contact between the 

anchor and the CFRP and concrete at bolt locations. The contact keeps the slave 
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nodes and the master surface together until a prescribed failure criterion is reached. The 

failure criteria is defined as 

   1≥
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    (3-3) 

where fn and fs are the normal and shear force at the interface; NEN and MES are 

exponent for normal and shear force; and NFLF and SFLF are the corresponding normal 

tensile and shear force at failure, respectively. In this study, the values of fn and fs are 

calculated during the analysis, NEN and MEN are taken as 2 and the values of NFLF 

and SFLF are defined based on the Macsimbolts safe working loads properties given in 

Table 3-3. 
 

3.9 Modelling the repeated impacts 

Since a numerical simulation of repeated impact on RC structures found in the 

literature is limited, a few options available in the LS-DYNA are explored in this study. 

To simulate the repeated impact loads, Restart Analysis Method is carried out by 

performing a full deck restart option available in LS-DYNA [30]. In this method, the 

‘pre-load’ is simulated by a ‘first’ run. In this run, node and element history variables 

(e.g. displacements, stresses, etc) are stored in a binary file (d3dump) from the last state. 

In the next run, the model is mapped with the history variables in the last state as the 

initial pre-stressed state [51]. The LS-DYNA offers three categories of restart actions, 

i.e. a) a simple restart – the next run could contain exact model as the last run, b) small 

restart – if minor modifications are desired as e.g. reset termination time, delete contact 

surfaces, delete element parts, etc., and c) full restart – when the next run is a very 

different model. For restart analysis, the use of STRESS_INITIALIZATION keyword is 

required. 

In this study, the restart analysis is carried out three times for Test 1 and 2 and 

five times for test 3 and 4 as indicated in Figure 3-22. In the first restart, the rigid steel 

impactor is deleted from the model to generate the state of post-impact condition. The 

STRESS_INITIALIZATION keyword is required in this analysis. The rigid steel 

impactor with the impact velocity obtained from the experiment is included again in the 

model for simulation of the second impact test (second restart). This restart analysis is 

carried out with the use of STRESS_INITIALIZATION keyword in the full deck 

restart. The third restart analysis is similar to the first restart analysis to remove the rigid 

steel impactor from the model. For Test 3 and 4, similar restart analyses are carried out 
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as shown in Figure 3-22. For comparison, the initial velocity adopted in the analysis is 

obtained from the experimental test as listed in Table 3-6. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 3-22: Restart analysis method for repeated impacts 
 

Table 3-6: Theoretical and measured impact velocities 

Test (Slab) Repeated Impact 
Test 

Experimental 
Impact  
Velocity 

(ms-1) 

Theoretical 
Impact  
Velocity 

(ms-1) 

Test 1 (S1) 
1st impact, 1.5 m 5.25 5.42 
2nd impact, 2.0 m 6.09 6.27 

Test 2 (S2) 
1st impact, 1.5 m 5.31 5.42 
2nd impact, 2.0 m 6.20 6.27 

Test 3 (S3) 
1st impact, 1.5 m 5.28 5.42 
2nd impact, 2.0 m 6.10 6.27 
3rd impact, 2.5 m 6.90 7.14 

Test 4 (S4) 
1st impact, 1.5 m 5.32 5.42 
2nd impact, 2.0 m 6.15 6.27 
3rd impact, 2.5 m 7.02 7.14 
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3.10 Numerical simulation results and comparison 

Using the procedure described above, numerical simulations of repeated impact 

tests are carried out.  The simulated damage contour of unstrengthened RC slab (S1) is 

shown in Figure 3-24 to demonstrate the analysis steps. It should be noted that the 

numerical simulation is very time consuming because the simulation duration is very 

long as indicated in a typical time history of S1 in Figure 3-23. This is because the 

rebounds of the rigid steel impactor which cause the impactor hit the slab a few times 

before fully stops (zero velocity). The impactor rebound was also observed in the test. 

In this study, the simulation stops only when the velocity of the impactor is smaller than 

0.1 m/s. Then the restart analysis of the post impact is started by deleting the impactor 

from the model, and the results of slab responses are measured after the post impact 

restart analysis is finished (Figure 3-24b). After that, the next restart analysis is 

performed until the slab is damaged (Figure 3-24c-d).  
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Figure 3-23: A typical displacement time history of the unstrengthened RC slab  
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(a) analysis start 

 
(b) first restart analysis 

 
(c) second restart analysis 

 
(d) third restart analysis 

Figure 3-24: Numerical analysis of repeated impacts of unstrengthened RC slab  
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3.10.1 Test 1 – unstrengthened RC slab, S1 

Figure 3-25a shows the numerical prediction of failure mode of slab S1 after 

first impact load generated at 1.5 m drop height with the calculated impact energy and 

initial impact velocity of 1353 J and 5.25 m/s, respectively. As shown, the concrete 

crushing damage obtained in the numerical analysis is measured 360 mm in diameter 

and 20.3 mm in depth, comparable to the 400 mm and 20 mm obtained in the test. The 

numerical simulated crushing depth agrees very well with the experimental result. The 

numerically simulated crushing area is smaller than the experimental test although that 

obtained in the test is only approximately measured. The numerically simulated residual 

displacement of 27.9 mm also agrees well with the measured residual displacement in 

the experimental test (30 mm).  

Comparison of damage contours of the slab after second impact load from a 2.0 

m drop height with a 6.09 m/s impact velocity and 1805 J potential energy is shown in 

Figure 3-25b. As shown the numerical prediction agrees well with the experimental test 

result. Similar to the experimental test, the numerical simulation also results in 

perforation of the slab with the approximate perforation area of 410 mm, as compared to 

the 430 mm from the experimental test. Table 3-7 compares the numerical and 

experimental test results. As can be noted, the largest difference in damage zone 

dimension and residual displacement between numerical and experimental results is 

only about 10 %, indicating the numerical model yields reliable simulations of RC slab 

under repeated impact loads. 

 

Table 3-7: Comparison of numerical analysis and experimental test results for S1 

Repeated 
impact 

Impact results Numerical 
results 

Experiment
al results 

Error 
(%) 

First 
impact 

Indentation depth 
(mm) 20.3 20.0 1.5 

Damage zone diameter 
(mm) 360 400 -10.0 

Residual displacement 
(mm) 27.9 30.0 -7.0 

Second 
impact 

Perforation diameter 
(mm) 410.0 430.0 -4.7 
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(a) first impact 

     
(b) second impact 

Figure 3-25: Comparison of the failure mode of unstrengthened RC slab (S1) from 
numerical simulation and experimental test 

 

3.10.2 Test 2 – CFRP strengthened RC slab without anchor, S2 

Comparison of the failure mode of S2 from numerical simulation and 

experimental test under first impact with a 5.31 m/s impact velocity and 1353 J energy 

is shown in Figure 3-26a. As shown, the average diameter of the damage zone obtained 

in the numerical simulation is 190 mm which is 10 mm larger than the experimental 

result. The depth of the damage zone and the residual displacement are 6.3 mm and 11.9 

mm, respectively, very close to the 6.0 mm and 10.0 mm obtained in the test.  

Under second impact the numerical analysis predicts perforation damage with a 

330 mm damaged area of the concrete slab and debonding of CFRP from the RC slab, 

which are similar to those observed in the test. In experimental test, perforation damage 

was observed with a damaged are of about 320 mm in diameter. Debonding of the 

CFRP sheet was also observed in the test, and it is well captured in the numerical 

simulation.  However, as shown in Figure 3-26b, fracture of CFRP sheet only occurred 

near the mid span in experimental tests and the CFRP sheets debonded almost entirely 

from the RC slab (Figure 3-27), whereas the numerical simulation predicts a number of 

fractures in CFRP sheet and the CFRP sheet only partially debonded from the RC slab. 

This observation indicates the assumed bonding strength of 10 MPa does not give exact 

predictions of the epoxy performance in the experimental tests. As the epoxy 
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strength varies significantly and is dependent on many parameters, better control of the 

epoxy strength is important in FRP strengthening of RC structures. Nonetheless the 

numerical predictions capture the primary failure modes of the CFRP strengthened RC 

slab. Table 3-8 compares the numerical and experimental results. As can be noted, the 

numerical model reliably predicts the CFRP strengthened RC slab responses to repeated 

impact loads.         

 

     
(a) first impact 

 

          
(b) second impact 

Figure 3-26: Comparison of the failure mode of S2 from numerical simulation and 
experimental test 

 

                        
Figure 3-27: CFRP-concrete bond failure of S2 under second impact 

 
 
 

190 mm 
180 mm 

330 mm 
320 mm 

Debonding of 
CFRP 

Debonding 
of CFRP 

Debonding 
of CFRP 

Strain contour Displacement contour 

Strain contour Displacement contour 



 73 

Table 3-8: Comparison of numerical analysis and experimental test results for S2 

Repeated 
impact 

Impact results Numerical 
results 

Experiment
al results 

Error 
(%) 

First 
impact 

Indentation depth 
(mm) 6.3 6.0 5.0 

Damage zone diameter 
(mm) 190.0 180.0 5.6 

Residual displacement 
(mm) 11.9 10.0 19.0 

Second 
impact 

Perforation diameter 
(mm) 330.0 320.0 3.0 

 

3.10.3 Test 3 – CFRP strengthened RC slab with edge anchors, S3 

For slab S3 under impact load from the 1.5 m drop height, the diameter of the 

damaged area is 150 mm and 160 mm, respectively from numerical simulation and 

experimental test as shown in Figure 3-28a. As listed in Table 3-9, the indentation depth 

obtained in the numerical analysis also agrees well with the experimental test result. 

While the predicted residual displacement of 7.8 mm is slightly larger than 7.0 mm 

recorded in the experimental test. 

 The diameter and depth of the damaged area after the second impact increase to 

230.0 mm and 23.7 mm, respectively in the numerical analysis. They also agree well 

with the corresponding results obtained in the experimental test, i.e 250.0 mm and 25.0 

mm. The predicted residual displacement in numerical analysis is 26.2 mm, slightly 

smaller than the 30.0 mm residual displacement measured in the experimental test.  

 Under third impact, perforation of the slab is observed in both numerical 

analysis and experimental test as shown in Figure 3-28c. Failures of anchor connection 

at some of anchor points are also simulated as shown in Figure 3-29.  Table 3-9 

compares the numerical and experimental results. As can be noted, the numerical model 

reliably predicts the CFRP strengthened RC slab responses to repeated impact loads. 

The largest error is 12.8%. 
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(a) first impact 

 

     
(b) second impact 

 

     
 (c) third impact 

Figure 3-28: Comparison of the failure mode of S3 from numerical simulation and 
experimental test 

 
 

 

 
Figure 3-29: Anchor and CFRP failure of S3 under third impact 
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Table 3-9: Comparison of numerical analysis and experimental test results for S3 

Repeated 
impact 

Impact results Numerical 
results 

Experiment
al results 

Error 
(%) 

First 
impact 

Indentation depth 
(mm) 3.1 3.0 3.0 

Damage zone diameter 
(mm) 150.0 160.0 -6.3 

Residual displacement 
(mm) 7.9 7.0 12.8 

Second 
impact 

Indentation depth 
(mm) 23.7 25.0 -5.2 

Damage zone diameter 
(mm) 230.0 250.0 -8.0 

Residual displacement 
(mm) 26.2 30.0 -12.7 

Third 
impact 

Perforation diameter 
(mm) 340.0 350.0  -2.9 

 

3.10.4 Test 4 – CFRP strengthened RC slab with anchors at the slab 

boundaries and in the span, S4 

Figure 3-30a shows numerical prediction of failure mode in slab S4 after first 

impact load. As shown, the indentation area calculated in the numerical analysis has a 

diameter 140 mm and depth 3.4 mm, very close to the indentation area measured in the 

experimental test of 150 mm diameter and depth 3.0 mm. The numerical calculated 

residual displacement is 8.1 mm, 1.1 mm bigger than the residual displacement 

measured in the experimental test.  

The indentation diameter obtained in the numerical analysis after second impact 

is 240 mm,  40 mm bigger than the experimental test. However, the numerically 

predicted indentation depth and residual displacement are 25.0 mm and 27.0 mm, 

respectively, which are nearly the same as those measured in the experimental test, i.e. 

24.0 mm and 25.0 mm, respectively.   

 Figure 3-30c compares the damage contours of the slab after the third impact. 

As shown numerical simulation reliably predicts the perforation damage of the RC slab, 

with the diameter of the damage zone 340 mm, close to that measured in experimental 

test with the average diameter zone of 400 mm. Figure 3-31 shows the numerical 

simulated failure of the end-anchor connections, which are again consistent with those 

observed in the experimental test. Table 3-10 compares the numerical and experimental 
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results. As can be noted, the numerical model reliably predicts the CFRP strengthened 

RC slab responses to repeated impact loads. 

 

     
(a) first impact 

     
(b) second impact 

         
(c) third impact 

Figure 3-30: Comparison of the failure mode of S4 from numerical simulation and 
experimental test 

 
 

     
Figure 3-31: Anchor and CFRP failure of S4 under third impact 
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Table 3-10: Comparison of numerical analysis and experimental test results for S4 

Repeated 
impact 

Impact results Numerical 
results 

Experiment
al results 

Error 
(%) 

First 
impact 

Indentation depth 
(mm) 3.4 3 13.3 

Damage zone diameter 
(mm) 160.0 150.0 6.7 

Residual displacement 
(mm) 8.1 7 15.7 

Second 
impact 

Indentation depth 
(mm) 25 24 4.2 

Damage zone diameter 
(mm) 240.0 200.0 20.0 

Residual displacement 
(mm) 27 25 8 

Third 
impact 

Perforation diameter 
(mm) 340 400 (average) -15 

 

3.11 Conclusion 

This paper presents experimental test results of CFRP strengthened RC slab 

to repeated impact loads, and a numerical model to simulate the CFRP strengthened 

RC slab response to repeated impact loads. It is found that CFRP strengthening is 

very effective in mitigating RC slab damage to impact loads if CFRP debonding 

failure can be prevented. Applying anchors to CFRP sheet along the slab boundary is 

effective in preventing premature debonding failure. However, placing additional 

anchors in the slab besides the boundary anchors has only insignificant effect.  

Impact test results identified five possible modes of failure of RC slabs without or 

with CFRP strengthening. They are: global flexural and shear failure, local 

penetration and scabbing, local punching shear failure, bond failure of CFRP sheet 

and   rupture of CFRP fabric due to tension failure. Unstrengthened RC slab under 

impact loads experiences combined global flexural and shear failure and local 

penetration and scabbing failure. CFRP strengthening is very effective in mitigating 

global failure and also reduces local failure of RC slab. The developed numerical 

model is proven to give reliable predictions of RC slab with or without CFRP 

strengthening to repeated impact loads. The numerical model can be used to simulate 

RC structure response and damage to repeated impact loads.  
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CHAPTER 4 
DEVELOPMENT OF PRESSURE-IMPULSE DIAGRAMS 

FOR FRP STRENGTHENED RC COLUMNS 

By: Azrul A. Mutalib and Hong Hao 

ABSTRACT: In this study, numerical simulations are performed to construct the 

Pressure-Impulse (P-I) diagrams for FRP strengthened RC columns to provide 

correlations between the damage levels of FRP strengthened RC columns and blast 

loadings. Numerical model of RC columns without or with FRP strengthening is 

developed using LS-DYNA. The accuracy of the model to simulate RC column 

responses to blast loads is verified by comparing the numerical simulation results with 

the tests results available in the literature. Dynamic response and damage of RC 

columns with different FRP strengthening measures are then calculated using the 

developed numerical model. The residual axial-load carrying capacity is utilized to 

quantify the damage level since the columns are primarily designed to carry the axial 

loads. Parametric studies are performed to examine the influence of column dimension, 

concrete strength, steel reinforcement ratios, FRP thickness and FRP strength on the P-I 

diagrams. The empirical formulae are derived based on numerical results to predict the 

impulse and pressure asymptote of P-I diagrams. These empirical formulae can be 

straightforwardly used to construct P-I diagrams for assessment of blast loading 

resistance capacities of RC columns with different FRP strengthening measures.  

 
 

4.1 Introduction 

The failure of the main structural elements such as column, slab and shear wall 

can initiate extensive global structural failures and induce progressive collapse. Usually 

these load bearing structural components are not specifically designed to resist blast and 

explosion loads. In 1968, an internal gas explosion seriously damaged the Ronan Point 

residential apartment building in London, UK [1]. The exterior shear wall panel blew 

outwards caused the entire corner of the building above and below the location of the 

explosion collapsed. This event caused a dramatic progressive collapse. Another 

significant example of progressive collapse is the Alfred P. Murrah building in 



 83 

1995 terrorist bombing. These events clearly showed that the global collapse could be 

initiated by local damage [2]. In the latter event, RC columns on the first floor near the 

blast failed catastrophically, leading to immediate damage and radical progressive 

collapse. To prevent the catastrophic consequences of progressive collapse, it is crucial 

to protect the main structure components from blast effects. It is proven that these 

structural components can be upgraded using the conventional method or utilizing the 

current FRP composite strengthening systems to enhance their blast resistance capacity 

and hence prevent progressive collapse of the structure [3, 4]. 

A series of studies conducted by Karagozian & Case (K&C) address the design 

procedure for retrofitting RC columns with fiber reinforced polymer (FRP) composites 

to resist blast loads [2, 5, 6]. The design procedures determine the required 

enhancement of the non-retrofitted RC column under specific threat levels. The RC 

column can be retrofitted using FRP composite wraps provided by unidirectional 

fabrics with strips in the longitudinal and hoop directions. The hoop wrap is provided to 

increase the shear resistance and ductility capacity while the longitudinal fiber strip is 

added to increase the column flexural resistance capacity. In addition, the design 

procedure also gives the required thickness of the composite wrap needed for 

strengthening RC columns to resist a given blast load.  

Some analytical and numerical methods are available to predict responses of 

FRP strengthened RC columns to blast loads. The analytical methods usually simplify 

the column to an equivalent Single Degree of Freedom (SDOF) system for response 

analysis [7, 8]. The SDOF approach has some inherent difficulties in reliably predicting 

certain failure modes of the column, such as the spalling failure, and combined shear 

and flexural failure. Moreover, the displacement-based damage criterion sometimes 

does not necessarily always realistically represent the damage status of a column either. 

On the other hand, the numerical approach, if used properly, can give reliable prediction 

of RC column response to blast load [9, 10]. However, it is not straightforward to use 

numerical approaches to model structure response to blast load as it not only requires 

significant computer power, but also needs sophisticated material and numerical 

models. Therefore, numerical study of FRP strengthened RC column response to blast 

load is still limited. No general relation between explosive damage of RC columns with 

various FRP strengthening measures and blast loading conditions is available for a 

reliable and quick assessment of column performance under blast loadings. Most of the 

previous studies concentrate on the level of blast load that can be sustained by a 

particular FRP strengthened RC column [2, 5, 6, 11-15].  
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One of the simplest methods for describing a structure’s response to an applied 

explosive load is to construct a pressure-impulse (P-I) diagram [16, 17]. P-I diagram is 

a graphical representation of the damage threshold of a structure when a dynamic load 

is applied to it. The damage threshold is based upon distinct levels which are usually 

independent of the structure’s response history. The P-I diagrams are used to correlate 

the blast load to the corresponding damage. These diagrams incorporate both the 

magnitude and duration of blast loading to correlate blast load and corresponding 

damage, which can be readily used for quick damage assessment of structures under 

different blast scenarios. Shi et. al [9] performed numerical simulations to develop P-I 

diagrams for RC columns subjected to blast loads. The damage index defined is based 

on the residual axial load carrying capacity because the primary function of a column is 

to carry the vertical loads.  

In this paper, P-I diagrams are numerically generated for non-retrofitted and FRP 

strengthened RC columns with different strengthening measures and different FRP 

strengths and thicknesses. The numerical simulations are performed using LS-DYNA 

version 971 and the reliability of the numerical model is verified with results presented 

by other researchers [2, 9, 18]. Parametric studies are carried out to investigate the 

effects of different strengthening techniques and FRP tensile strength and FRP thickness 

on P-I diagrams. The effect of different concrete strength, column dimension, 

longitudinal and transverse steel ratio on P-I diagram is also studied. Empirical 

formulae for constructing the P-I diagrams of unstrengthened and FRP strengthened RC 

columns are derived based on the numerical results. These empirical formulae can be 

used to construct P-I diagrams of rectangular RC columns of different parameters with 

or without FRP strengthening.   

 

4.2 Discrete modelling of FRP strengthened RC columns 

The commercial software LS-DYNA V971 is employed for the structural 

analysis. It is used throughout this research to calculate responses of the non-retrofitted 

and FRP strengthened RC columns under blast loading. 

 

4.2.1 RC column description and boundary condition 

A rectangular RC columns normally designed for low to medium rise building 

are analyzed as an example to investigate the response of RC structures subjected to 

blast pressure arisen from a typical bombing event. This unstrengthened RC column is 
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designated as C1 and is modeled with a dimension of 4600 mm height, 600 mm width 

and 400 mm depth. All dimensions and material properties adopted in the study are 

made based on the study carried out by Shi et al. [9]. The details of the column is 

shown in Figure 4-1 where H,b,h,s and a respectively represent the height, width, depth, 

spacing and cover depth of the RC column.  

     

       
 

        
Figure 4-1: Details of RC column C1 

 

Table 4-1 gives the material properties of the concrete and steel reinforcement. 

The RC column dimensions vary from simulation to simulation in parametric 

calculations that will be described later. The footing and head are included in the 
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displacement (z-direction). Static axial load is applied on the head of the column to 

simulate static loadings of the column before the blast pressure is applied on the column 

surface facing the explosion center. 

 

Table 4-1: Material properties of concrete and steel reinforcement for C1 

Material Input Parameters Magnitude 

Concrete 

Mass density 2400 kg/m3 
Uniaxial compressive strength 40 MPa 

Poisson's ratio 0.2 
Failure tension 6.0 MPa 

Steel (for longitudinal 
reinforcement and cross-

ties reinforcement) 

Mass density 7800 kg/m3 
Young's Modulus 200 GPa 

Poisson's ratio 0.3 
Yield stress 550 MPa 

Failure plastic strain 0.12 

 

4.2.2 Illustration of FRP strengthened column  

Figure 4-2 depicts the FRP strengthening designs used in this study. They are 

designated as C2 for RC column with FRP strips, C3 for RC column with FRP wrap and 

C4 for RC column with FRP strips and wrap. The longitudinal strip fibers are 1 mm 

thick, and the FRP wraps that provide shear enhancements are 3 mm thick. For the cases 

with FRP strips, three FRP strips of 100 mm wide are applied to the front and back face 

of the column and two 125 mm strips are used on each side face of the column.  

Numerical analysis is carried out with these three types of FRP strengthening 

configurations to determine their effectiveness on enhancement of column blast loading 

resistance capacity. The FRP is modelled using pre-impregnated AS4/3501 

carbon/epoxy described in Chan et al. [19] and is given in Table 4-2. Parametric studies 

are also carried out to study the effect of different FRP thicknesses and strengths on 

FRP strengthened RC columns.  
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Table 4-2: Material properties of FRP composites [19] for C2, C3 and C4  

Mechanical Properties Carbon/epoxy 
(AS4/3501-6) 

Density (kg/m3) ρ 1580 
Longitudinal modulus (GPa) E1 138 
Transverse modulus (GPa) E2 9.65 
In-plane shear modulus G21 5.24 
Out-of-plane shear modulus G23 2.24 
Minor Poisson's ratio ν21 0.021 
Through thickness Poisson' ratio ν31 0.021 
Longitudinal tensile strength (MPa) XT 2280 
Longitudinal compressive strength (MPa) XC 1440 
Transverse tensile strength (MPa) YT 57 
Transverse compressive strength (MPa) YC 228 
In-plane shear strength (MPa) S 71 
Maximum strain for fibre tension (%) εt 1.38 
Maximum strain for fibre compression (%) εc 1.175 

 

 

                                                              
 

 

                            

Figure 4-2: FRP strengthened RC column configurations  
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4.2.3 Element and mesh description 

Convergence test is carried out by halving the mesh size in the analysis. It shows 

that the simulation converged when the mesh size is 25 mm. Further decrease in 

element size only has insignificant influence on the numerical results but leads to the 

risk of computer memory overflow and substantially increases the computing time. 

Therefore, 25 mm mesh is used in the numerical model. In this study, the concrete is 

modelled with 25 mm 8-nodes constant stress solid elements with 1-point quadrature 

integration. While a 25 mm long 2-node Hughes-Liu beam element with 2x2 Gauss 

quadrature integration is employed to model the steel reinforcements. The FRP layers 

are represented by the 25x25 mm Belytschko-Tsay shell element. By employing 

material model 54 and Belytschko-Tsay shell elements, users are able to assign different 

number of plies in the composite skin by defining a through-thickness integration point 

for each ply [20]. 

 

4.2.4 Material model 

Material 72Rel3 (MAT _CONCRETE_DAMAGE_REL3) is chosen to model 

the concrete as it was proven to yield accurate predictions of concrete behaviour under 

the blast loadings [21]. Malvar et al. [22] has successfully demonstrated the reliability 

of this model in predicting the response of reinforced concrete structure when subjected 

to blast loads. This material model is based on unconfined compressive strength input 

parameter. It can be easily defined from simple experiment data. Both longitudinal 

reinforcements and cross-ties reinforcement are modelled with material model 

MAT_PIECEWISE_LINEAR_PLASTICITY (Material model 24) offered in LS-

DYNA. The advantage of this material model is that it allows an arbitrary stress strain 

curve and arbitrary strain rate dependency to be defined so that more accurate response 

can be acquired. The material model MAT_ENHANCED-

COMPOSITE_DAMAGE_TITLE (Material model 54) is used to model FRP composite 

[23, 24].  This material model is based on the Chang-Chang failure criterion for 

assessing lamina failure [19]. The criterion accounts for non-linear shear stress-strain 

behaviour and the post-stress degradation. Four failure modes including tensile fiber 

mode, compressive fiber mode, tensile matrix mode and compressive matrix mode are 

considered. 
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4.2.5 Strain rate 

In this study, the dynamic increase factor (DIF) of the tensile strength of 

concrete is determined with the empirical formulae proposed by Malvar and Ross [25] 

based on the experimental data. For concrete in tension, its tensile strength can increase 

more than 700 percent at high strain rate. A DIF of about 7 was obtained at the highest 

measured strain rate of 157s-1 [25]. In compression, the concrete strength can increase 

by more than 200 percent at high strain rate. The most comprehensive model for strain 

rate enhancement of concrete in compression is given by CEB [26]. The dynamic 

strength of concrete material could then be determined by multiplying the DIF value 

with the static strength in tension and compression. For steel, the strain rate effect based 

on Malvar model [27] is utilized. This formulation is valid for steel bars with yield 

stress between 290 and 710 MPa and for strain rate between 10-4 and 225 s-1 [27]. The 

strength enhancement of FRP under high strain rate impact is insignificant as compared 

to both concrete and steel material. This is validated by the experimental results 

acquired by Welsh and Harding [28] and Kimura et al. [29]. Therefore, the strain rate 

effect on FRP material strength is not considered in this study.  

It should be noted that it is commonly agreed that the DIF obtained from 

experimental impact tests involves contributions from inevitable lateral inertial 

confinement in dynamic impact tests [30-32]. In an accurate modelling, this 

contribution to DIF from lateral inertial confinement should be removed to avoid 

overestimation of the actual DIF. However, it is still under debate regarding the 

significance of lateral inertial confinement. Detailed discussion of lateral inertial 

confinement on DIF is beyond the scope of the present paper. In this study, the 

commonly used empirical DIF relations are still used and the reliability of the 

numerical simulations are verified with test and numerical results obtained by other 

researchers.  The DIF for concrete and steel reinforcement at different strain rates for 

C1 are shown in Figure 4-3. The strain rates vary from simulation to simulation in 

parametric calculations and are calculated based on [25-27]. 
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Figure 4-3:  Strain rate effect used in C1 analyses  

 
4.2.6 Bond slip 

The perfect bond assumption between concrete and reinforcement bars leads to 

accurate prediction only when the structural component is subjected to impulsive load 

and is damaged primarily by shear failure [10]. At this loading, the peak pressure is very 

big and occurs at short duration. In such a short time the bond slip shear stress is very 

small. However, perfect bond assumption may not lead to reliable prediction of RC 

column response when the structure is subjected to the quasi-static blast load. In this 

analysis, bond slip is accounted for using the contact function CONTACT 1D in LS-

DYNA. In this model, the slave node of a string of beam elements is forced to slide 

along a master line of nodes embedded in the solid mesh. In order to define the one 

dimensional slide line, three parameters need to be defined. They are bond shear 

modulus Gs, maximum elastic slip umax and damage curve exponent hdmg. The bond 

between the rebar and the concrete is assumed to be elastic-plastic up to a maximum 

value of shear stress τmax. τmax is calculated by  
Dh

s
dmgeuG −= maxmaxτ  (4-1) 

where D is the damage parameter, which is defined as the sum of the absolute values of 

the plastic displacement increments. The previous analysis found that the bond slip 

becomes significant on RC column responses to blast load when the bond shear 

modulus is less than 20 MPa/mm2 and the maximum elastic slip is smaller than 1.0 mm 

[10], while the influence of the exponential term is insignificant therefore can be 

neglected. In the present study, the shear modulus is assumed as 20 MPa/mm2, the 
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maximum elastic slip as 1.0 mm, and the exponential term is assumed to be 1.0.  

 

4.2.7 Contact-impact algorithm 

A contact interface element is defined to simulate the interactions between 

concrete and FRP. The AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK 

contact option in LS-DYNA is employed to model the adhesive contact between the 

concrete column and FRP. The contact keeps the FRP and concrete column together 

until a prescribed failure criterion defined by Equation (4-2) is reached  
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(4-2) 

where σn and σs

 

 are the normal and shear stresses at the interface surface, and 

NFLS and SFLS are the corresponding tensile and shear stresses at failure, respectively. 

The criterion is determined from the strength of the epoxy based on its normal tensile 

and shear stress at failure. The mechanical properties of the adhesive adopted in this 

study are based on the properties provided by manufacturer Sika Kimia Pty. Ltd. and 

reported by Sayed-Ahmed [33]. They are tabulated in Table 4-3 and Table 4-4. In order 

to define tie-offset slave nodes to the master segments, the contact option of 

CONTACT_TIED_SHELL_EDGE_TO_SURFACE_BEAM_OFFSET_ID is utilized. 

The moments that develop from the offsets are computed and used in the update of the 

master surface.    

Table 4-3: Typical properties of epoxy adhesive by manufacturer  
(Sika Kimia Pty. Ltd.) 

Resin Density 
(kg/m3

Tensile 
strength, 
(NFLS) 
(MPa) 

) 

Modulus of 
elasticity 

(GPa) 

Elongation  
( %) 

Shrinkage 
(%) 

Epoxy 1.2-1.3 55-130 2.8-4.1 3.0-10.0 1-5 
 

Table 4-4: Typical properties of epoxy adhesive by Syed-Ahmed [33] 

Property Value 
Tensile Strength (NFLS) 32 MPa 

Tensile Modulus 11.7 GPa 
Shear Strength (SFLS) 29.4 MPa 
Compressive Strength 60 MPa 

Poisson’s Ratio 0.2 
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4.2.8 Idealization of blast loading 

The idealized triangular ramp pressure time history as shown in Figure 4-4 is 

utilized to simulate blast loading in analysis. In current practice, the negative pulse is 

usually neglected as its amplitude is relatively small compared to that of the positive 

phase. Hence, the present analysis only considers the positive pulse. The positive pulse 

is modeled by an abrupt rise in pressure to peak value and then decays to ambient 

pressure. It can be defined by the time arrival Ta, the fictitious duration T0f and the 

positive reflected pressure Pr. The fictitious duration is determined by the positive 

reflected impulse Ir and the positive reflected peak pressure as [34]  

r

r
f P

IT 2
0 =         (4-3) 

 

 
Figure 4-4:  Typical and idealization of triangular ramp pressure time 

history 
 

A group of blast loads with different peak pressure and impulse combinations 

are uniformly applied to the column front face. The damage level of the column is 

measured directly from the numerical simulations for each combination of peak 

pressure and impulse. It should be noted that in the present study, blast load is assumed 

to be uniformly distributed on the column front face. If the explosion center is very 

close to the column, this assumption is no longer valid. However, because the present 

study concentrates on investigating the effectiveness of FRP strengthening, uniform 

load distribution assumption is adopted.  
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4.3 Verification of numerical model 

A series of numerical analyses of strengthened and unstrengthened RC columns 

under blast loads are carried out in this study to verify the accuracy and reliability of the 

abovementioned numerical models. 

 

4.3.1 Unstrengthened RC column 

Shi et al. [9] performed a numerical analysis of a quarter scale unstrengthened 

RC column under blast loads and the results are compared with the test and numerical 

results reported by Baylot and Bevin [18]. Figure 4-5 shows the tested quarter-scale RC 

structure [18]. The column dimensions are 85 x 85 mm cross section and 935 mm 

height. The longitudinal reinforcements and the cross tie reinforcements are 7.1 mm and 

3.85 mm respectively. The peak pressure and impulse of the blast load are 7000 kPa and 

1100 kPa ms as measured in the test. Table 4-5 gives the material properties of the 

concrete and steel reinforcement of the scaled column. This scaled column is analysed 

in this study to verify the above numerical model. 

 
 

 
Figure 4-5: Pre-test view of blasting test used to calibrate the numerical 

model [18]  
 

 

 

Studied Column 
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Table 4-5: Material properties of concrete and steel reinforcement   

Material Properties  
Unconfined concrete strength (MPa) 42 
Yield stress of logitudinal steel (MPa) 450 
Ultimate stress of longitudinal steel (MPa) 510 
Fracture strain of longitudinal steel 18% 
Yield stress of cross-tie hoop steel (MPa) 400 
Ultimate stress of cross-tie hoop steel (MPa) 610 
Fracture strain of cross-tie hoop steel 18% 

 

Figure 4-6 shows the comparison of the calculated and measured deflection time 

histories at the middle height of the column. As shown, the results obtained in the 

present analysis are very close to the measured deflection time history. The predicted 

residual deflection in the present analysis also agrees well with the measured residual 

deflection in the field test. As shown, the presented analysis gives better prediction than 

that obtained in a previous study by Shi et al. [9]. The only difference between the 

current model and that by Shi et al. [9] is the strain rate value for concrete in tension. In 

Shi et al. [9], the DIF equations as defined in CEB [26] is used. The change in strain 

rate slope is assumed to occur at 30 s-1 as suggested in CEB [26], instead of 1 s-1 in this 

study based on the model in Malvar and Ross [25]. These results demonstrate that the 

present numerical model gives reliable prediction of RC column response to blast loads.  

 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0 0.01 0.02 0.03 0.04 0.05 0.06

Time (s)

D
ef

le
ct

io
n 

(m
)

 
Figure 4-6: Maximum deflection time-histories 

Present analysis 
Shi et al. [9] analysis 
Baylot and Bevin [18]  measured response 
Baylot and Bevin [18] measured residual  
deflection 
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4.3.2  FRP strengthened RC column 

 For FRP strengthened RC column, the numerical model is verified by comparing 

the simulation results with those by Crawford et al. [2]. They generated a baseline 

design for a multistory building as shown in Figure 4-7. In the latter study, a RC column 

of dimension 750x750 mm cross section and 3650 mm height is modeled. The 

reinforcements are ASTM A615 Grade 60 steel bar with a rupture strain of 13 percent. 

Eight longitudinal rebar with 32 mm diameter and 10 mm diameters of stirrup at 450 

mm centre to centre are used. The concrete has a nominal strength of 34.5 MPa and 29 

GPa modulus of elasticity. The column is wrapped with six layers of FRP jackets of 0.5 

mm thickness, strength 372 MPa and stiffness 52 GPa.     

 

 

 

 
Figure 4-7: Sketch of multistory building used to calibrate the numerical 

model of FRP strengthened RC column [2] 
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 Table 4-6 compares the simulation results obtained in this study and in [2]. As 

can be noticed, a total of six loading cases are considered. The maximum deflection of 

non-retrofitted and FRP strengthened column obtained in both studies are given in 

Table 4-6. The results show that the present model gives similar predictions as those 

obtained in Crawford et al. [2]. The overall average difference is 16.3% between the 

two studies. Figure 4-8 compares the response time histories of unstrengthened and 

strengthened columns with composite wraps for loading case 2. It shows that the 

maximum deflection of the unstrengthened columns is 44 mm in the present analysis, 

while 48 mm in Crawford et al. [2]. The maximum deflection of the composite wrapped 

column is 21 mm in the present analysis and 18 mm in Crawford et al. [2]. The errors 

are 8.3% and 16.7%, respectively for the two cases. These observations indicate that the 

present model gives reasonable prediction of FRP strengthened column response to 

blast loads. 

Table 4-6: Material properties of concrete and steel reinforcement 

Load 
Case 

Number 

Charge 
Size 
(kg) 

Standoff 
(m) 

Maximum midspan displacement (mm) 
No jacket FRP jacket 

Crawford 
et al., 
(1997) 

Analysis 
[2]  

Present 
Analysis 

Crawford 
et al., 
(1997) 

Analysis 
[2] 

Present 
Analysis 

1 
682 

3.05 Failure Failure 132 176 
2 6.1 48 44 18 21 
3 12.2 4 3 Safe Safe 
4 

1364 
3.05 Failure Failure Failure Failure 

5 6.1 Failure Failure 88 92 
6 12.2 20 18 Safe Safe 
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Figure 4-8: Comparison of responses of FRP strengthened columns 

 

4.4 Development of P-I curves 

 A series of numerical simulations are carried out to simulate responses of RC 

columns of different dimensions and with different FRP strengthening measures to blast 

loads. Numerical results are then used to develop pressure-impulse diagram for 

strengthened and unstrengthened RC columns at various damage levels.  

 

4.4.1 Damage criterion for unstrengthened RC column 

 Most of the previous studies are primarily based on the simplified single degree 

of freedom (SDOF) model to generate the P-I diagram. Fallah and Louca [35] proposed 

a damage criterion based on the mid-height deflection, yC, of the column for the SDOF 

system. The yC values and the corresponding damage degrees are given in Table 4-7. 

This damage criterion is based primarily on flexural failure of the column. It may not 

give reliable prediction of column capacity with other failure modes. Moreover, it 

neglects the axial load effects on column load carrying capacity. Since columns are 

primarily designed to carry the axial load, the residual axial load carrying capacity 

should be a better damage criterion of a column.  

 

Table 4-7: Damage criterion for the SDOF approach [35] 

Damage level Damage criterion  
Low damage yC < 20 mm 

Medium damage 20 mm < yC < 40 mm 
High damage 40 mm < yC < 80 mm 

Collapse yC > 80 mm 

Composite wrap (Crawford et al. 1997 analysis) 

 
Composite wrap (Present analysis) 

 

Unstrengthened (Crawford et al. 1997 analysis) 

 

 Unstrengthened (Present analysis) 
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 Shi et al. [9] defined damage index based on the residual axial load carrying 

capacity for evaluating the RC column damage. The advantages of this criterion are that 

it has straightforward physical meanings; it is independent of the failure modes; and it is 

easy to use in assessing column conditions because the primary function of columns is 

to carry axial load. Moreover, it is easy to obtain either in numerical simulation or 

experiment tests. This damage index is also adopted in the present study. It is defined as 

design

residual

P
PD −=1            (4-4) 

where Presidual is the residual axial load-carrying capacity of the damaged RC column 

and Pdesign is the maximum axial load carrying capacity of RC column. The residual 

axial load carrying capacity is obtained in numerical simulation by gradually applying 

an axial load to the damaged column until column collapses. For the undamaged non-

retrofitted RC column, Pdesign is obtained by [36] 

SYSCCdesign AfAAfP +−= )(. '850         (4-5) 

where f’C is the unconfined compressive strength of concrete,  fy the yield strength of 

longitudinal reinforcement, AC the column cross section area and AS the area of 

longitudinal steel. Since the FRP confining wrap develops a confinement pressure, 

the axial load resistance of undamaged column Prmax for FRP strengthened column is 

obtained according to ISIS Canada [37] as  

[ ]SYSSCCCCer AfAAfkP φφβ +−= )('
max 1          (4-6) 

where ke is a strength reduction factor applied for unexpected eccentricities, β1 is ratio 

of average stress in rectangular compression block to the specified concrete 

compressive strength, ΦC is resistance factor for concrete, ΦS resistance factor for 

reinforcing bars and f’CC is the compressive strength of the confined concrete. The 

value of ke for ductile column is 0.85, which is appropriate for FRP confined columns as 

they exhibit ductile behavior. The ΦC and ΦS are taken as 0.6 and 0.85 respectively. 

670001508501 ... ' ≥−= Cfβ          (4-7) 

)1('' WPCCCC ff ωα+=      (4-8) 

where f’C is the unconfined compressive strength of the concrete, αPC is the performance 

coefficient for a column and is suggested as 1.0, while ωw  is a volumetric ratio of FRP 

strength to concrete strength, defined as 
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in which ffrp is the tensile strength of FRP. 

 The different values of D are correlated to different damage degrees defined 

as:   

D = (0 - 0.2) low damage, 

D = (0.2 - 0.5) medium damage, 

D = (0.5 - 0.8) high damage, 

D = (0.8 - 1) collapse. 

It should be noted that these damage degrees are subjectively defined in the 

present study although each of them has a clear physical meaning. 

 

4.4.2 Procedure to obtain the damage level of RC column 

 The method proposed in Shi et al. [9] consists of four stages to estimate the 

damage index as illustrated in Figure 4-9. In the first stage, an axial load is slowly 

applied to the column to generate the stress state present in the column due to gravity 

load before explosion. In this study, the initial axial load applied to the column is 

assumed to be 20% of the column axial load carrying capacity to represent a typical 

column in a medium rise building. This axial load remains on the column throughout 

the analysis. In stage two, blast load is applied to the column after the time for stress 

equilibrium is attained along the length of the column. The analysis in this stage is 

carried out into the free-vibration phase until the column vibration almost completely 

stops, i.e., when the velocity of all nodes are less than 0.1 m/s, and they are all set to 

zero. It should be noted that the calculation does not continue until the vibration fully 

stops because it is extremely time consuming to extend the calculation to this stage. 

Post-blast analysis is carried out in the third stage to evaluate the residual axial load 

carrying capacity of the column Presidual by gradually applying a downward vertical 

displacement until the column fails. This simulates a displacement controlled load 

testing. The corresponding residual load Presidual is utilized to determined the damage 

index D of the column, as defined in Equation (4-4) . 
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Figure 4-9:  Loading procedures to determine the damage index   

 

4.4.3 Damage modes of RC columns 

  To illustrate the RC column damage mode to blast loads and the effectiveness of 

FRP strengthening, a typical RC column is taken as an example. The parameters of this 

column are: concrete strength fcu=40 MPa, column height H=4600 mm, column width 

b=600 mm, column depth d=400 mm, and the longitudinal and transverse reinforcement 

ratio, ρ=0.1 and ρs=0.003. Three main damage modes are observed during the 

numerical simulation of a non-retrofitted RC column, C1, as shown in Figure 4-10. At 

impulsive asymptote when the peak pressure is big and the time duration is very small, 

shear damage is the primary failure mode. The shear response becomes smaller and the 

flexural damage begins to develop in the dynamic loading region with the decrease in 

the blast pressure and increase in the duration. It is noticed that the shear and flexural 

failure occur simultaneously in the dynamic response region. When the simulations are 

performed towards quasi-static loading region, the column suffers primarily flexural 

failure. These observations are consistent with the results obtained in the previous 

studies [9, 38].  
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Figure 4-10: Damage modes of the non-retrofitted RC column C1  

 

When the column is strengthened with FRP strips, C2, FRP wrap, C3, and 

simultaneous strips and wrap, C4, its blast load-carrying capacity increases. The 

responses of the FRP strengthened RC columns are illustrated in Figure 4-11 and Figure 

4-12. Figure 4-11 shows the column responses at impulsive asymptote where shear 

damage is likely to occur. In this case, the peak pressure and impulse of the blast load 

are 50000 kPa and 4800 kPa.ms, respectively. As shown, the unstrengthened RC 

column is damaged in shear mode at 15 ms. This column collapses, which is not shown 

here, when the simulation continues. The damage mode of the RC column strengthened 

with longitudinal strips only is similar to the unstrengthened RC column since the strips, 

which act as additional longitudinal reinforcements, mainly increase the column flexural 

resistance capacity, and have little effect on the column shear resistance capacity. 

Whereas the FRP wrap prevents the concrete from expanding and produces a tensile 

hoop stress in the FRP, imitating the behaviour of a column with closely spaced 

stirrups. Therefore, the FRP wrap increases the column shear resistance capacity. 

Although it is not shown here it also increases the column ductility because FRP wrap 

provides confinement to concrete. As shown in Figure 4-11(c) and (d), the RC column 

strengthened with FRP wrap remains almost elastic with only minor damage, indicating 

the effectiveness of the FRP wrap on column shear resistance capacity. 

 

 

 

 Impulse 
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       (a)                                   (b)                (c)                             (d) 

Figure 4-11:  Response of RC columns subjected to impulsive loading, (a) 
unstrengthened, C1 (b) strengthened with longitudinal strips, C2 (c) strengthened 

with FRP wrap, C3 and (d) strengthened with FRP wrap & strips, C4 
 

 Figure 4-12 shows responses of the same column to blast load in the quasi-static 

region.  The pressure and impulse of the blast load considered are 820 kPa and 60000 

kPa.ms, respectively. In this region, the unstrengthened RC column fails due primarily 

to flexural damage (Figure 4-12a). Both FRP strip and FRP wrap increases the column 

capacity to resist this blast load. However, the FRP wrap strengthening is less effective 

as compared to those shown in Figure 4-11c because the response mode is primarily 

flexural although FRP wrap confines concrete and increases the RC column ductility. 

Therefore, applying both FRP strip and wrap together to strengthen RC columns will 

provide the best solution to enhance the column blast load-carrying capacity.  
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      (a)                                    (b)                   (c)                                  (d) 

Figure 4-12:  Response of RC columns subjected to quasi-static loading, (a) 
unstrengthened, C1 (b) strengthened with longitudinal strips, C2 (c) strengthened with 

FRP wrap, C3 and (d) strengthened with FRP wrap & strips, C4  

 

4.4.4 P-I diagrams development for FRP strengthened RC columns 

  Figure 4-13, Figure 4-14 and Figure 4-15 respectively show the P-I diagrams of 

RC columns strengthened with FRP strips (C2), FRP wrap (C3) and both strips and 

wrap (C4). The corresponding P-I diagrams of the RC column without FRP 

strengthening (C1) are also shown in the figures for comparison. As discussed above, 

FRP strengthening increases the column capacity. The RC column strengthened with 

both FRP wrap and strips has the highest load resistance capacity, followed by the RC 

column strengthened with FRP wrap. Column strengthened with longitudinal FRP strips 

alone only slightly increases the column blast loading resistance capacity. 

 As mentioned in Shi et al.[9], P-I diagram for unstrengthened RC columns can be 

expressed analytically as  

( )( )
51

22
12

.







 +=−− OO

OO
IPIIPP        (4-10) 

where PO and IO are the pressure and impulse asymptotes respectively.  
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Figure 4-13:  P-I curves for RC column strengthened with 2280 MPa of 1 mm thick 

FRP strips, C2 
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Figure 4-14: P-I curves for RC column strengthened with 2280 MPa strength of 3 

mm thick FRP wrap, C3 
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Figure 4-15:  P-I curves for RC column strengthened with FRP wrap and 1 mm thick 

longitudinal strips (FRP strength 2280 MPa and FRP wrap thickness 3 mm), C4 
 

  As shown in Figure 4-16 and Figure 4-17, the P-I curves for unstrengthened 

(C1) and FRP strengthened RC columns (C4) generated in this study also fit Equation 

(4-10) well. Therefore, Equation (4-10) is adopted in the present study to represent P-I 

diagrams of unstrengthened and strengthened RC columns.  
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Figure 4-16:  Comparison of P-I curves of C1 from Equation (4-10) and the fitted 

numerical data  
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Figure 4-17:  Comparison of P-I curves of C4 from Equation (4-10) and the fitted 

numerical data  

 

4.5 Parametric calculations 

  Parametric calculations are carried out to derive the P-I diagrams of the 

unstrengthened and FRP strengthened RC columns at various damage levels. These 

results will be used to develop analytical formulae for easy construction of P-I diagrams 

of RC columns with or without FRP strengthening. The FRP parameters considered in 

the simulations include the FRP wrap and strip strength, fwrap and fstrip, and thicknesses 

twrap. The RC column parameters considered are concrete strength fcu, column height H, 

column width b, column depth d, and the longitudinal and transverse reinforcement 

ratio, ρ and ρs, respectively.  

 

4.5.1  FRP strength, fwrap & fstrips 

The FRP material strength varies substantially. To study the effect of FRP 

material strength on P-I curve of the strengthened RC column, responses of RC columns 

strengthened with 3 mm thick FRP wrap and 1 mm thick FRP strips are calculated. In 

each analysis, both FRP wrap and longitudinal strips are modelled with the same FRP 

strength of 1095MPa, 1950MPa and 2280MPa, respectively. The FRP material 

properties are given in Table 4-8 [19, 23, 39]. The parameters of the columns are 

h=600mm, d=400mm, H=4600mm, fcu=40MPa, ρ=0.01, ρs=0.006, tstrip=1mm and 

Eq. 4-10 
Eq. 4-10 

Eq. 4-10 
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twrap=3mm. Figure 4-18, Figure 4-19 and Figure 4-20 respectively show the P-I 

diagrams of the column strengthened with FRP of strength 2280 MPa, 1095 MPa and 

1950 MPa. As expected increment of FRP strength enhances both the shear and flexural 

resistance capacity of the column. The corresponding pressure and impulse asymptotes 

are given in Table 4-9. 

 

Table 4-8: Three different material properties of FRP composite 

Mechanical Properties 
Han et al. (2007)      

Carbon/epoxy braid 
[23] 

Soden et al. (1998) 
Carbon/epoxy 

(AS4/3501-6) [39] 

Chan et al. (2007)    
Carbon/epoxy 

(AS4/3501-6) [19] 

Density (kg/m3) , ρ 1795 1580 1580 

Longitudinal modulus (GPa) , E1 118 126 138 

Transverse modulus (GPa) , E2 5.5 11 9.65 

In-plane shear modulus, G21 4.8 6.6 5.24 

Out-of-plane shear modulus, G23 4.8 6.6 2.24 

Minor Poisson's ratio, ν21 0.1172 0.024 0.021 

Through thickness Poisson' ratio, ν31 0.1172 0.024 0.021 

Longitudinal tensile strength (MPa) , XT 1095 1950 2280 

Longitudinal compressive strength (MPa) , XC 712.9 1480 1440 

Transverse tensile strength (MPa) , YT 26.4 48 57 

Transverse compressive strength (MPa) , YC 84.4 200 228 

In-plane shear strength (MPa) , S 84.3 79 71 

Maximum strain for fibre tension (%), εt 2.3 1.38 1.38 

Maximum strain for fibre compression (%), εc 1.4 1.175 1.175 

 

Table 4-9: The effect of FRP strength on impulsive and pressure asymptotes 

FRP strength 
 (strips and 

wrap) 
(MPa) 

D=0.2 D=0.5 D=0.8 

Po  
(kPa) 

Io 
(kPa.ms) 

Po  
(kPa) 

Io 
(kPa.ms) 

Po  
(kPa) 

Io 
(kPa.ms) 

1095 490 1300 770 1690 850 2380 
1950 560 1340 821 1890 880 2610 
2280 640 1450 825 2240 910 3100 
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Figure 4-18:  P-I curves of FRP strengthened RC column with 1095 MPa FRP 

strength  
 

100

1000

10000

100000

100 1000 10000 100000

Impulse (kPa*ms)

Pr
es

su
re

 (k
Pa

)

D=0.8, FRP 1950 MPa

D=0.5, FRP 1950 MPa

D=0.2, FRP 1950 MPa

D=0.8, unstrengthened

D=0.5, unstrengthened

D=0.2, unstrengthened

 
 

Figure 4-19:  P-I curves of FRP strengthened RC column with 1950 MPa FRP 
strength  
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Figure 4-20:  P-I curves of RC column strengthened with 2.5 mm thick FRP wrap and 
1.0 mm thick FRP strips  

 

4.5.2 FRP thickness, twrap 

  Another parameter investigated is the thickness of FRP wrap. Figure 4-15, 

Figure 4-20 and Figure 4-21 show P-I curves of RC columns strengthened with both 

FRP strips and wrap (C4). The thickness of the FRP wrap is 3 mm, 2.5 mm and 6 mm, 

respectively; and the FRP strips are 1 mm thick, and the FRP strength is 2280 MPa. The 

other column parameters are h=600mm, d=400mm, H=4600mm, fcu=40MPa, ρ=0.01, 

ρs=0.006, fsrtip=2080MPa, fwrap=2080MPa and tstrip=1mm. As shown in Table 4-10, a 

tremendous improvement on column blast load resistance capacity is achieved by 

increasing the FRP thickness. This observation is similar to that made in Crawford et al. 

[5] and Crawford et al.[6], in which it is concluded that increasing the thickness of FRP 

wrap on a rectangular RC column substantially increases the shear resistance capacity of 

the column.  The above results demonstrated the effectiveness of FRP strengthening on 

RC column blast loading resistance capacities. They show that the FRP strength, 

thickness and configurations all affect the strengthening effectiveness. In general 

strengthening the column with FRP wrap is more effective than FRP strip because the 

FRP wrap not only provides extra strength, but also confinement to the concrete, which 

will increase the RC column strength.  
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Figure 4-21:  P-I curves of RC column strengthened with 6 mm thick FRP wrap and 

1.0 mm thick FRP strips  
 

Table 4-10: The effects of FRP wrap thickness on impulsive and pressure asymptotes 

FRP wrap 
thickness 

(mm) 

D=0.2 D=0.5 D=0.8 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
2.5 540 1370 740 2000 870 2600 
3 640 1450 825 2240 910 3100 
6 810 2100 950 3600 1030 6150 

 

4.5.3 Column depth, d 

Column depth is an important factor to increase the column capacity. Using 

other constant parameters that are h=600mm, H=4600mm, fcu=40MPa, Ø long=20mm 

and Ø trans =10mm, responses of RC columns with different depths are simulated. The 

results obtained as in Table 4-11 show that increase the column depth tremendously 

increases the pressure and impulsive asymptotes. The increment of the impulse 

asymptotes is more obvious as compared to the pressure asymptotes. This is expected 

because increase in column depth results in more significant increment in the column 

inertia than the shear area of the cross section. 
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Table 4-11: The effect of column depth on impulsive and pressure asymptotes 

Column depth 
(mm) 

D=0.2 D=0.5 D=0.8 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
400 440 1100 550 1600 730 2000 
600 930 2100 1000 3200 1300 5000 
800 1300 4500 1800 5700 2000 7100 

 

4.5.4 Column height, H 

Three different column heights are considered with other column parameters 

unchanged as defined as h=600mm, d=400mm, fcu=40MPa, Ø long=20mm and Ø trans 

=10mm. The simulated pressure and impulse asymptotes of the P-I curves are also 

given in Table 4-12. From the results, it is apparent that increase the column height 

results in a decrease in the column blast load carrying capacity, especially the flexural 

resistance capacity as evidenced by the reduction in the pressure asymptote. This is 

because the blast load is assumed to be uniformly distributed on the column front 

surface. Increase the column height results in an increase in the bending moment acting 

on the column therefore reduce the pressure asymptote since the column cross section is 

a constant. 

 

Table 4-12: The effect of column height on impulsive and pressure asymptotes 

Column 
height (mm) 

D=0.2 D=0.5 D=0.8 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
3600 640 1400 810 1900 990 2500 
4600 440 1100 550 1600 730 2000 
5400 320 1100 410 1600 500 1700 

 

4.5.5 Column width, b 

  Table 4-13 gives pressure and impulse asymptotes of P-I curves of columns with 

three different widths and other fixed parameters that are d=600mm, H=4600mm, 

fcu=40MPa, Ø long=20mm and Ø trans =10mm. The results show that increase column 

width has relatively insignificant effect on impulsive asymptote, but results in a 

decrease in the pressure asymptote, indicating less blast loading resistance capacity. 

This is because increase the width of the column results in an increase in the blast loads 
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acting on the column. Although it also increases the column shear area and section 

moment of inertia, i.e., the column shear and flexural resistance capacity will also 

increase accordingly, the increase in flexural resistance capacity is less pronounced as 

compared to the increment of the blast load. This observation indicates that increase the 

column width is not a good choice for strengthening the column to resist blast loading. 

 

Table 4-13: The effect of column width on impulsive and pressure asymptotes 

Column width 
(mm) 

D=0.2 D=0.5 D=0.8 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
400 930 2100 1200 3700 1700 5000 
600 930 2100 1000 3200 1300 5000 
800 690 1900 930 2900 1000 4900 

 

4.5.6 Concrete strength, fcu 

  To study the effect of concrete strength on the P-I diagram, responses of 

columns similar to C1 details however with different concrete strengths are calculated. 

The columns are also modelled with the unchanging parameters of h=600mm, 

d=400mm, H=4600mm, ρ=0.01 and ρs=0.006. The numerically simulated pressure and 

impulsive asymptotes are given in Table 4-14. The results show that the pressure and 

impulsive asymptotes increase with the concrete strength. This shows the concrete 

strength contributes to the column shear and flexural resistance capacity. 

 

Table 4-14: The effect of concrete strength on impulsive and pressure asymptotes 

Concrete 
Strength 
(MPa) 

D=0.2 D=0.5 D=0.8 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
Po  

(kPa) 
Io 

(kPa.ms) 
30  330 900 450 1250 530 1620 
40  440 1100 550 1600 730 2000 
50  435 1400 490 1800 750 2800 
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4.5.7 Longitudinal reinforcement ratio, ρ 

  The column flexural resistance capacity strongly depends on the longitudinal 

reinforcement ratio. To study the influence of varying longitudinal reinforcement ratio 

on the P-I diagram, responses of columns with different longitudinal reinforcement 

ratios and other unchanging parameters that are h=600mm, d=400mm, H=4600mm, 

fcu=40MPa and Ø trans =10mm are calculated. Table 4-15 gives the numerically obtained 

pressure and impulse asymptotes. As can be noted, both the pressure and impulse 

asymptotes increase with the longitudinal reinforcement ratio, and the pressure 

asymptote increases faster than the impulse asymptote, indicating the longitudinal 

reinforcement has more significant effect on column flexural resistance capacity than 

column shear resistance capacity as expected.   

   
Table 4-15: The effect of longitudinal reinforcement ratio on impulsive and pressure 

asymptotes 

Longitudinal 
steel ratio, ρ  

D=0.2 D=0.5 D=0.8 
Po  

(kPa) 
Io 

(kPa.ms) 
Po 

(kPa) 
Io 

(kPa.ms) 
Po 

 (kPa) 
Io 

(kPa.ms) 
0.01 440 1100 550 1600 730 2000 
0.024 500 1300 720 1700 900 2100 
0.032 580 1400 850 1800 1000 2200 

 

4.5.8 Transverse reinforcement ratio, ρs 

  The suitable provision of shear reinforcement can substantially increase the 

shear strength of the column. To study the effect of transverse reinforcement ratio on 

the P-I diagram, responses of columns with different transverse reinforcement ratios are 

calculated. The parameters h=600mm, d=400mm, H=4600mm, fcu=40MPa and Ø 

long=20mm of the columns are fixed. The results in Table 4-16 reveal that the increment 

in transverse reinforcement ratio significantly increases the column blast loading 

resistance capacity, especially the shear resistance capacity.  
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Table 4-16: The effect of transverse reinforcement ratio on impulsive and pressure 

asymptotes 

Transverse 
steel ratio, ρs 

D=0.2 D=0.5 D=0.8 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

0.003 440 1100 550 1600 730 2000 
0.0066 450 1200 640 1600 750 2100 
0.012 500 1400 640 1800 750 2200 

 

4.6 Empirical formulae generation 

  To construct P-I diagrams of RC columns of different parameters with or 

without FRP strengthening, the above numerical results are used to derive analytical 

formulae to predict P0 and I0 as functions of column parameters. The analytical 

formulae are derived using multivariate non linear regression (curve fitting) method. 

The regression model consists of nine independent variables that are column width b, 

depth d, height H and FRP wrap thickness twrap, all in mm, concrete strength fcu, FRP 

strip strength fstrip and FRP wrap fwrap strength, all in MPa, and longitudinal and 

transverse reinforcement ratio ρ and ρs. The thickness, dimension and layout of FRP 

strip are not varied in this study, and they are described in Section 4.2.2. The derived 

analytical formulae for the impulsive asymptote (IO) and pressure asymptote (PO) at 

different damage level are given below, in which IO is in kPa.ms and PO is in kPa,  

( )
1

44100734773424140147037225720
α

ρρ
+

++−−+= scuO bHdfP .......
    (4-11) 

( )
2622398

881448643192611680158028972520
α

ρρ
+−

++−−+=

.
...... scuO bHdfI

    (4-12) 

( )
3210

95181377215786445021701743250
α

ρρ
++

++−−+= scuO bHdfP ......
      (4-13) 

( )
41781848

942943377131217761168075952750
α

ρρ
+−

++−−+=

.
....... scuO bHdfI

   (4-14) 

( )
590851

068892444147535521268045631180
α

ρρ
++

++−−+=

.
...... scuO bHdfP

       (4-15) 
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( )
6333302

9748978109126043016135980
α

ρρ
+−

++−−+=

.
...... scuO bHdfI

     (4-16) 

where 0654321 =αααααα ,,,,,  for non-retrofitted RC columns, while for FRP 

strengthened RC columns,  

( )11432520000423000016901 ....exp +++= wrapwrapstrip tffα     (4-17) 

( )0953070000132000016302 ....exp ++−= wrapwrapstrip tffα     (4-18) 

302325354009090053903 .... ++−= wrapwrapstrip tffα       (4-19) 

( )524238200012400000029504 ....exp +++−= wrapwrapstrip tffα    (4-20) 

( )28641600000795000018905 ....exp ++= wrapwrapstrip tffα        (4-21) 

( )0682549000120000086806 ....exp +++= wrapwrapstrip tffα      (4-22) 

  It should be noted that if the column is strengthened only with FRP strip or FRP 

wrap, the corresponding FRP parameters in the above formulae should be set to zero. It 

should also be noted that the above numerical results are obtained by assuming the 

reinforcement steel yield strength fy equal to 550 MPa. When reinforcement steel with 

other yield strengths are used, the equivalent longitudinal and transverse steel area Ase 

should be used when calculating the respective reinforcement ratio.  

s
y

se A
f

A
550

=        (4-23) 

  To validate the accuracy of the above formulae, a comparison of the P0 and I0 

obtained from the formulae with the numerical results is performed. The results are 

given in Table 4-17 for unstrengthened RC column and in Table 4-18 for FRP 

strengthened RC column. As shown, the analytical formulae give reliable prediction of 

pressure and impulse asymptotes, which can be used to construct P-I diagrams of RC 

columns.  
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Table 4-17: Comparison of impulsive and pressure asymptotes of numerical results and 
empirical formulae 

 
D=0.2 D=0.5 D=0.8 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results 440 1100 550 1600 730 2000 

Formula 
estimated 416 1018 508 1531 684 2169 

Error (%) -5.39 -7.49 -7.73 -4.31 -6.26 8.45 
*The RC column (C1): h=600mm, D=400mm, H=4600mm, fcu=40MPa, ρ=0.01 and ρs=0.006 

 
Table 4-18: Comparison of impulsive and pressure asymptotes of numerical results and 

empirical formulae of FRP strengthened RC column 

 

4.7 Conclusion 

In this paper, numerical models of RC columns of different configurations with 

or without FRP strengthening subjected to blast loads are developed. The accuracy of 

the numerical models for non-retrofitted and FRP strengthened RC columns are verified 

by field blast testing data and numerical results obtained by other researchers. The 

verified models are used to simulate responses of RC columns to blast loads. A damage 

criterion based on the residual axial-load carrying capacity is utilized to develop the P-I 

diagrams from the numerical simulations. The P-I diagrams for non-retrofitted and FRP 

strengthened RC columns are developed from numerical simulations. The numerical 

results are then used to derive empirical formulae to predict pressure and impulse 

asymptotes of P-I diagrams as functions of RC column and FRP properties. The 

proposed empirical formulae can be easily used to construct pressure-impulse diagrams 

of RC columns of different parameters with or without FRP strengthening. 

 

 

D=0.2 D=0.5 D=0.8 

Po  
(kPa) 

Io 
 

(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results 640 1450 825 2240 910 3100 

Formula 
estimated 601 1446 806 2189 901 2937 

Error (%) -6 -0.3 -2.4 -2.3 -1 -5.3 
*The strengthened RC column (C4): h=600mm, D=400mm, H=4600mm, fcu=40MPa, ρ=0.01, 

ρs=0.006,fsrtip=2080MPa, fwrap=2080MPa and twrap=3mm 
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CHAPTER 5 
DEVELOPMENT OF PRESSURE-IMPULSE DIAGRAMS 

FOR RC PANELS – PART I: UNSTRENGTHENED PANELS 

By: Azrul A. Mutalib and Hong Hao 

ABSTRACT: The objective of this study is to assess the dynamic response 

characteristics and lateral load carrying capacities of reinforced concrete (RC) panels 

(one- and two-way panel) without or with FRP strengthening subjected to explosive 

loads. In this part, the responses of RC panels without FRP strengthening are 

investigated first. An accompany paper presents part 2 of this study to investigate the 

responses of RC panels with different FRP strengthening measures, and discuss the 

effectiveness of FRP strengthening with different anchoring systems on blast loading 

resistance capacities of RC panels. In this part, the dynamic responses of RC panels are 

calculated numerically with the commercial software LS-DYNA. The accuracy of the 

numerical model is verified by comparing the numerical simulation results with 

available testing data. The calibrated numerical model is then used to perform a series 

of simulations to study the influences of blast loading characteristics, RC panel 

dimensions, concrete material strength, and steel reinforcement ratio on its blast load-

carrying capacities. The numerical results are used to develop pressure-impulse (P-I) 

diagrams, which is divided into regions corresponding to each of the three damage 

levels defined according to the specifications given in UFC-3-340-02.  Based on 

numerical results, empirical formulae are developed for quick construction of P-I 

diagrams of RC panels. These P-I diagrams can be used to assess the structural 

performance of RC panels to blast loadings.   

 
 

5.1 Introduction 

   Some RC structural wall panels are designed to function as an efficient bracing 

system and to offer great potential for both lateral load resistance and drift control [1]. 

However, most RC wall panels commonly used as architectural non-bearing curtain 

walls in residential, commercial, and industrial buildings for their appearance and 

insulation qualities are not designed to resist lateral loads. These panels, either solid 
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or sandwich panels, are commonly used in the construction due to their light weight, 

easy installation and insulation characteristics. Some structures with those panels are 

exposed to possible blast loadings generated either from accidental or hostile explosions 

such as terrorist attacks. The pressures that an explosion exerts on building surfaces 

may be in several orders of magnitude greater than the loads for which the building is 

designed. Building components not capable of resisting the blast wave will fracture and 

be further fragmented and moved by the dynamic pressure that immediately follows the 

shock front. These high pressures are the primary reason for the occurrence of building 

damage as they are typically many orders of magnitude larger than the pressures which 

the structural elements are designed to withstand [2]. In the case of non load bearing RC 

panels, the high intensity pressures of the air blast close to the explosion can cause 

failure of the wall [3, 4]. Failure of those panels might impose great threats to occupants 

and structures. Hence, it is important to assess the performance and damage levels of 

RC panels under various blast loadings, and to evaluate the effectiveness of different 

strengthening measures in increasing their blast loading resistance capacities.  

Many researchers have studied the RC panel response and damage to blast load. 

Because of the complex nature of the problem, most of those studies are based on 

experimental tests. It was found that blast loads can cause  structural damage of RC 

panels in the form of shear and flexural failure,  as well as the localized crushing, 

spalling and scabbing damage [5]. For example, in a field blasting test of a RC wall 

subjected to a close-in explosion of 6000kg TNT equivalent, the wall suffered direct 

shear failure as shown in Figure 5-1 [4]. Direct shear failure occurs in high velocity 

impact and in the case of explosions close to the surface of structural members.  

 
 

 
 

Figure 5-1: Breaching failure due to a close-in explosion [4] 
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An example of the crack patterns for the tension failure of the RC panel is 

reported by Weerheijim et al. [6]. They tested square RC panels simply supported at 

four sides by a blast simulator at different pressure levels. Figure 5-2 shows the 

extensive cracks after a blast load of 160 kPa peak pressure. The crack pattern is 

consistent with that observed in field blasting test carried out by Muszynski & Purcell 

[7] shown in Figure 5-3, where the tested wall failed due to tension failure resulted from 

an explosive charge of 830 kg detonated at 14.6 m standoff distance from the structure. 

From the studies, the panel underwent two motions, i.e., bending due to the difference 

in displacement between the boundaries and the centre of the panel and rigid body 

translation due to the support compliance which caused shear damage. 
 

 
Figure 5-2: Tensile failure crack patterns on bottom face of a slab in  

Weerheijim et al. [6] test 
 

 
Figure 5-3: Crack patterns on a unstrengthened RC wall in Muszynski & 

Purcell [7] field test 
 



 123 

  Ngo [8] performed a blast test on one-way panels with the average reflected 

impulse and average reflected pressure of 2876 kPa.ms and 735 kPa, respectively. The 

one-way panel failed due to concrete breach and mid-span crack formed vertically at the 

front and rear surface. Figure 5-4 shows the failure mode of the RC panel [8]. The 

similar damage mode is observed in [9] in a shock tube test of a 0.62 m x 1.75 m x 0.12 

m panel as shown in Figure 5-5. The panel failed in the flexural mode at the tested value 

of 208 kPa peak pressure and 3038 kPa.ms impulse.   
 

 
Figure 5-4: After the blast in Ngo [8] field test  

 
 

 
Figure 5-5: Result from a shock tube test of a RC panel in [9]   

 

These test results demonstrated that depending on the structure and explosion 

conditions, RC panels fail with different predominant failure modes. The degree of 

damage is strongly dependent on the size of the explosion and its distance to structural 

elements [10]. Charges situated extremely close to a target structure impose a high 

impulsive, high intensity pressure load over a localized region of the structure. While 

charges situated further away produce a lower intensity but longer duration uniform 

pressure distributed over the entire structure surface. The low amplitude long duration 
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blast loads are equally damaging, if not more, to structures as large amplitude short 

duration blast loads, but the structure failure modes are different. Therefore, a 

comprehensive assessment of structural damage to blast loads should consider the effect 

of both the blast loading amplitude and duration on structure responses. One of the 

simplest methods to correlate the duration of blast pressure along with its amplitude to 

reaching a particular level of damage of the structural component is Pressure-Impulse 

(P-I) diagrams. P-I diagrams which include both blast pressure amplitude and duration 

are often used in assessment of RC structure damages.  

Many approaches, including theoretical, analytical, numerical and experimental, 

have been proposed to develop P-I diagrams for RC slabs. The most common and 

straightforward approach is to simplify the structure to a SDOF system and analyse the 

responses of the SDOF system to derive the P-I diagram. A computer program 

FACEDAP [11] were developed based on the SDOF approach and is commonly used  

to develop P-I curves for a wide variety of structural components including one and 

two-way RC slabs. One challenge in using the SDOF approach is to obtain a reliable 

resistance function of a structure since the types of resistance function used in deriving 

the equivalent SDOF system of concrete elements result in different equivalent systems 

and influence the ultimate response and the amount of blast damage. Syed et al. [12] 

explored the influences of using bilinear and nonlinear resistance functions for RC 

panels in deriving the equivalent  SDOF systems. They found that the post peak 

response behaviour is significantly different when different functions were applied. 

Shope [13] used yield line theory to derive P-I diagrams of walls, and compared the 

results with those obtained from SDOF methods. Consistent P-I diagrams were obtained 

from the two approaches. However, the SDOF approach has some inherent difficulties 

in reliably predicting certain failure modes of the panel, such as the localized failure, 

and combined shear and flexural failure. It is not straightforward to derive a reliable 

dynamic resistance function of a RC panel for a representative equivalent mass of the 

SDOF system either. On the other hand, the numerical approach, if used properly, can 

give reliable predictions of RC structure response to blast load [14, 15]. It does not need 

to define a resistance function, but can include complex dynamic material properties 

into consideration, and can simulate different failure modes including crushing and 

spalling failure, which are difficult to be reliably modelled by an equivalent SDOF 

system. Therefore numerical simulation overcomes the limitation of a simplified SDOF 

model. However, it is not straightforward to use numerical approaches to model 

structure response to blast load as it not only requires significant computer power, but 
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also needs sophisticated material and numerical models. For these reasons, numerical 

derivation of P-I diagram for RC panel response to blast load is limited. 

 In this study, intensive numerical simulations are carried out to calculate the 

dynamic response and damage of RC panels of different material properties and 

dimensions subjected to blast loads of different peak pressures and impulses. The 

numerical models are verified by comparing the field test data obtained by other 

researchers with the numerical simulation results. Damage criteria given in technical 

manual UFC-3-340-02 based on the support rotation are used in this study. The damage 

modes of RC panel correspond to different blast characteristics are observed and 

discussed. Different RC panel properties are considered in the parametric calculations. 

The parameters considered in the analysis include concrete strength fcu in MPa, panel 

height H, panel width b, panel depth d, all in mm and the steel reinforcement ratio, ρ. 

The numerical results are used to derive empirical formulae for easy construction of P-I 

diagrams of RC panels. The generated P-I curves can be used to assess RC panel 

damage to blast loads. Numerical simulation and P-I curve developed of FRP 

strengthened RC panels will be presented in the accompany paper [16]. 

 

5.2 RC panel response to blast loads 

5.2.1 Damage criteria 

In order to define damage, the damage criteria used should be suitable for 

evaluation of RC structures related to the member global and material damage, easy to 

use in assessing the element conditions and easily obtained from numerical or 

experimental test [15]. FACEDAP [11] specifies that the damage of the structural 

components can be determined in terms of qualitative and quantitative damage levels. 

Their qualitative damage criterion depends on the reusable and repairable of the 

structural component which is not straightforward to be objectively determined in 

numerical simulations. Whereas its quantitative damage criteria are based on the 

member’s ductility ratio defined as the ratio of the maximum deflection to the yield 

deflection at midspan or the ratio of the maximum deflection to the span length. Similar 

to the FACEDAP [11] quantitative damage criteria, the damage criteria given in UFC-3-

340-02 [17] are defined according to the flexural action of a reinforced concrete element 

as shown in Figure 5-6. Syed et al. [12] utilized the UFC-3-340-02 [17] damage criteria 

for damage assessment of RC panel and beam in equivalent SDOF analysis. The 

damages are defined based on the support rotation of the members and are classified 
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into low, moderate and severe. When support rotation is 2o, yielding of the 

reinforcement is first initiated and the compression concrete crushes, the damage of the 

wall is termed as low (LD). When the support rotation is 4o, the element loses its 

structural integrity, and moderate damage (MD) occurs. At 12o support rotation, tension 

failure of the reinforcement occurs. This is defined as the severe damage (SD). Shope 

[13] used the maximum deflection, δ corresponds to the specific support rotation, θ 

defined in UFC-3-340-02 and illustrated in Figure 5-6 to define the damage level. The 

respective δ value for each damage level is calculated by  

θδ tan
2
b

=  
 

(5-1) 

where b is the shortest span of the wall. The critical values of δ are set to be the 

numerical maximum mid-height deflection of the RC panel. These damage criteria are 

used in this study to define damage levels of P-I diagrams.  
 

 
 
Figure 5-6: Resistance-deflection curve for flexural response of concrete elements [17] 

 

5.2.2 Blast loads 

The amplitudes and distributions of blast loads on a structure’s surface are 

governed by factors including explosive charge characteristics (e.g. weight and type), 

standoff distance between explosive and structure and the pressure enhancement due to 

interaction either with ground or structure itself or the combination of the two. A 

building structure might be fully engulfed by the blast wave as it impinges on the 

targeted structure depending on the structure size and standoff distance between the 
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explosive and structure. All blast parameters are primarily dependent on the amount of 

energy released by a detonation in the form of a blast wave and the distance from the 

explosion. All these factors need to be accounted as they have strong influences on the 

structural response. Scaling laws provide parametric correlation between the actual 

effective distance from the explosion (R) and the charge weight as an equivalent mass of 

TNT (W). The scaled distance is given as a function of the dimensional distance 

parameter as  

31 /W
RZ =  (5-2) 

As the scaled distance increases, the peak blast load decreases but the duration of the 

positive phase blast wave increases resulting in lower amplitude, longer-duration shock 

pulse.  

In this study, two assumptions are made, i.e., the negative phase blast load is 

neglected and the positive phase is idealized as a triangular load. UFC-3-340-02  [17] 

provides charts to determine the peak reflected pressures and duration of blast loads 

acting on structures in terms of the scaled distance and incident angle.  Wu and Hao 

[18] demonstrated that for Z smaller than two, the assumption of uniform pressure 

acting on the wall can lead to significant error when determining structural response. 

Hence, the RC wall is divided into segments as shown in Figure 5-7 for a wall of 

dimension 2700 mmx2500 mm in calculating the blast loads. The blast loads in each 

segment are assumed uniform, and calculated by using the center point of the segment 

as the reference point in determining the stand-off distance and incident angle. The 

smaller each segment is, the more accurate is the estimated blast load. However, using 

too many segments will increase the modelling effort. In this study the wall dimensions 

considered are all less than 4000 mm x 4000 mm, and each panel considered is divided 

into nine segments in estimating the blasting loads on the panel. Figure 5-7 shows the 

example of the 2700 mm x 2500 mm RC panel segmentation to calculate the blast time 

history.     
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Figure 5-7: Example of dividing a 2700 mm height x 2500 mm width RC panel into 9 
segments 

 

5.2.3 RC panels 

 In this study, a group of unstrengthened RC panels with different height (H), 

width (b), depth (d), concrete strength (fcu) and reinforcement ratio (ρ) are considered in 

numerical simulations. A schematic view of the modelled RC panel is shown in Figure 

5-8. Without losing generality, a steel reinforcement mesh of 300 mm centre to centre is 

modelled in both the x- and z-direction on the tension side of the wall. The steel 

reinforcement is located 25 mm from the rear face of the panel. The size of the 

reinforcement bar is determined by the reinforcement ratio. The reinforcement steel 

yield strength fy

(5-3)

 is assumed to be 550 MPa in the analyses. When the reinforcement 

steel of different yield strength is used, Equation  is used to calculate the equivalent 

longitudinal and transverse steel area Ase   and hence the equivalent reinforcement ratio. 

Table 5-1 gives the material properties of the steel reinforcement.  

s
y

se A
f

A
550

=        (5-3) 

  As shown in Figure 5-8, the ground slab, upper slab and side concrete columns 

are modelled in order to more realistically represent the real boundary conditions of RC 

panel structures. Because response of these structures are not of great concern, and 

including the structures in the model is to impose a realistic boundary condition on the 

RC panel, they are modelled by solid elements with smeared reinforced concrete 
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properties. All the nodes of the ground slab, the nodes of the column at lower and upper 

surface and all nodes of upper slab on side edges are fixed. The AUTOMATIC 

SURFACE TO SURFACE contact is created between the panel and the boundary 

structures to prevent penetration of the damaged panel material below the floor level. 

The boundary conditions considered are:  

a) One-way panel - all the nodes along the front and back surface on the left and 

right boundaries of the wall are fixed against the y translational movement, and  

b) Two-way panel - all the nodes along the front and back surface on all sides of 

the wall are fixed against the y translational movement.  

c)  

 

 
Figure 5-8: Dimension details of RC wall 

 

Table 5-1: Material properties of steel reinforcement  

Material Input Parameters Magnitude 

Steel 
reinforcement 

Mass density 7800 kg/m3 
Young's Modulus 200 GPa 

b 

Ground 
Slab 

RC Wall 

2150 mm, 

 

b (vary) 

150 mm, 

 

Upper Slab 
(vary, b x 2150 mm, l x 150 mm, d) 

Concrete Column 
(vary, H x 200 mm, b x 

400 mm, d) 

C
ol

um
n 

he
ig

ht
, H

 (v
ar

y)
 

 H
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Poisson's ratio 0.3 
Yield stress 550 MPa 

 

5.3 Finite element modelling of RC panel 

The numerical analyses are carried out using dynamic, non-linear, explicit 

analysis in LS-DYNA v971 [19]. The concrete is modelled using Material Model 

72Rel3 (MAT CONCRETE DAMAGE REL3) with MAD_ADD_EROSION.  This 

material model gives accurate and reliable prediction of reinforced concrete structure 

response under blast load [20, 21]. The material model used in this study for 

reinforcement is material model 24 (MAT PIECEWISE LINEAR PLASTICITY). This 

elasto-plastic material model allows the user to input an effective stress versus effective 

plastic strain curve and a curve defining strain rate scaling effect on yield stress.  

Solid elements with 25x25x25 mm mesh size are used to model concrete panel. 

For steel reinforcements, a 25 mm long 2-node Hughes-Liu beam element with 2x2 

Gauss quadrature integration is employed to model the steel reinforcements. These 

mesh sizes are determined from convergence tests. It shows that further decrease in 

element size only has insignificant influence on the numerical results but leads to the 

risk of computer memory overflow and substantially increases the computing time.  

In this study, the commonly used empirical DIF relations are used to model 

concrete and steel strength enhancement under dynamic loadings. The reliability of the 

numerical simulations are verified with test and numerical results obtained by other 

researchers. It should be noted that it is commonly agreed that the DIF obtained from 

experimental impact tests involves contributions from inevitable lateral inertial 

confinement in dynamic impact tests [22-24]. Discussion of the influences of these 

parameters on Dynamic Increase Factor of material properties is beyond the scope of 

this study. Strain rate effect of enhancing concrete and steel reinforcement strength is 

well documented [25-29]. In this study, the dynamic increase factor (DIF) of the tensile 

strength of concrete is determined with the empirical formulae proposed by Malvar and 

Ross [28] based on experimental data. In compression, the CEB model [26] is used. For 

steel, the model by Malvar [27] is utilized.  

Shi et al., [30] used contact function CONTACT 1D to model the bond slip 

between concrete and reinforcement bars. In that study, the bond between the rebar and 

the concrete is assumed to have an elastic-plastic relation with the maximum shear 

stress τmax. τmax is calculated by  
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      Dh
s

dmgeuG −= maxmaxτ  (5-4) 

where Gs is the bond shear modulus, umax is the maximum elastic slip,  hdmg is the 

damage curve exponent and D is the damage parameter, which is defined as the sum of 

the absolute values of the plastic displacement increments. Shi et al. [30] performed 

parametric analysis and found that the influence of hdmg and D values is insignificant. 

However, the shear modulus and ultimate displacement affect the bonding failure at the 

reinforcement and concrete interface. The hdmg and D are taken as 0.1 since the 

influence of hdmg and D values are not significant if it exceeds 0.1. In this study, Gs is 

taken as 20 MPa/mm and the umax as 1.0 mm, as suggested in Shi, et al. [30]. This 

model and the corresponding constants are used in the present study to model the bond 

slip between reinforcement bars and concrete. 

 

5.4 Verification of numerical models 

In order to verify the accuracy and reliability of the numerical model described 

above, the numerical model is used to simulate the responses of a concrete panel to blast 

load obtained in a field blasting test. Muszynski & Purcell [7] conducted a field test on 

the concrete cubicles with a 150 mm thick roof and floor as shown in Figure 5-9. Two 

RC panels without or with FRP strengthening are tested.  In this paper, only the 

unstrengthened RC panel is modelled. The FRP strengthened RC panel is modelled in 

the part 2 of this study [16]. The 2700 mm high, 2500 mm wide and 200 mm thick 

unstrengthened concrete wall is reinforced with 9 mm rebar at 300 mm centre to centre 

spacing. An explosive charge of 830 kg TNT equivalent is detonated at 14.6 m standoff 

distance from the structure. The blast load is not presented in Muszynski & Purcell [7], 

but with the charge weight and standoff distance, it can be accurately predicted with 

standard approaches. In this study, the blast load was calculated using the empirical 

formulae given by Wu & Hao [18], which gives similar predictions as UFC-3-340-02. 

Figure 5-10 displays the six blast pressure time histories calculated for the nine 

segments corresponding to the charge weight and the standoff distance used in the test. 

These blast loads are applied to the RC panel to calculate its responses. 

  A numerical model of RC walls similar to those in the test is developed as 

shown in Figure 5-11. The boundary condition is very important in the analysis hence 

the concrete slab, side walls, middle column and roof are also included to mimic the 

actual tested structure model. The boundary conditions used in the model are described 

in Section 5.2.3. Figure 5-12 and Table 5-2 show the comparison of the calculated and 
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field measured residual deflection of the unstrengthened RC wall at locations illustrated 

in Figure 5-9. As shown, the predicted residual deflections in the present analysis agree 

well with the measured residual deflection in the field test. The largest error is 33%, but 

the 35.11 mm of the average residual deflection obtained in the analysis is nearly the 

same as the 35 mm residual deflection recorded in the field test. Flexural crack patterns 

are illustrated in Figure 5-13. The predicted crack patterns (Figure 5-13b) developed 

from middle span towards the corner of the wall is similar to the crack patterns observed 

in the field test (Figure 5-13a). These confirm the reliability of the numerical model to 

predict the unstrengthened concrete slab response to blast loads.    

 
 

  
                            (a)                                                                    (b) 

Figure 5-9: (a) Isometric view of cubicle concrete structure, and (b) Retrofitted and non 
retrofitted wall displacement measurement locations [7]  
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Figure 5-10: Calculated blast pressure time histories 
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Figure 5-11: Numerical model of the cubicle concrete 

 
Table 5-2: Residual displacement of unstrengthened RC wall 

Displacement 
locations 

Muszynski & Purcell 
[7] residual 

displacement results 
(mm) 

Present analysis 
residual displacement 

results (mm) 

Percentage 
of error 

(%) 

d1 25 26 4 
d2 34 28 -18 
d3 39 29 -26 
e1 30 39 30 
e2 52 67 29 
e3 52 50 -4 
f1 22 22 0 
f2 36 29 -19 
f3 39 26 -33 

avg. 35 35.11 0.00 
 

 

 

 

 

 

 

 

Unstrengthened 
RC wall 

5.4 m x 2 m x 0.15 m 
Concrete Roof 2.7 m x 2 m x 0.15 m 

Side Wall 

5.4 m x 2 m x 0.15 m 
Concrete Slab 

2.7 m x 0.2 m x 0.2 m 
Concrete Column 

Strengthened 
RC wall 
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                                  (a)                                                           (b) 
Figure 5-12: Comparison of unstrengthened RC wall residual displacement contour, 

(a) Muszynski & Purcell [7] field test result, and (b) present analysis  
 

                                      

              
   (a)     (b) 

Figure 5-13: Comparison of crack patterns for unstrengthened RC wall, (a) 
Muszynski & Purcell [7] field test result, and (b) failure strain contour in the present 

analysis 

 

5.5 Possible damage modes of RC panels subjected to blast loads  

To have a better understanding of structural panel damage, this section discusses 

the possible failure modes of panels. In 1973, Menkes and Opat [31] were the first to 

report the three possible failure modes on fully clamped plates and beams loaded 

impulsively. Three clearly different damage modes are shown schematically in Figure 

5-14.  
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They are described as: Mode I: large inelastic deformation; Mode II: tearing 

(tensile failure) in outer fibres, at or over the support; and Mode III: transverse shear 

failure 

 

Figure 5-14:Failure modes for explosively loaded plates and beams  
 

The same failure modes are also observed in blast load experiments on circular 

[32]  and square steel plates [33, 34].  When the explosion centre is very close to the 

structure, RC panel might suffer localized crushing and spalling damage. Otherwise, 

damage modes of RC panels are similar to those of steel plate as observed in various 

field blasting tests reviewed above. The RC panel damage mode not only depends on 

the amplitude and duration of the blast loads but also depends on the boundary 

conditions and panel material properties.  

Mutalib and Hao [14] observed three main damage modes of RC columns in 

their numerical simulation as shown in Figure 5-15. Numerical results show that when 

the column is subjected to impulsive load the failure is inclined to be damaged by shear. 

This is because, in the impulsive region, shear stress grows quickly to a big value but 

the flexural deflection has no time to develop. In the region of dynamic loading, failure 

of the column is a combination of shear and flexural damage. In the quasi-static region, 

the column is likely damaged by flexural failure mode. In this case, the blast load is of 

small peak but long duration hence the maximum shear stress in the column is small but 

the flexural deflection could develop to a large value, which leads to a flexural damage. 

These failures might be different with failure modes of RC panels since the size of 

(a) Mode I 

(b) Mode II 

(c) Mode III 
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panel surface to the structure depth is comparatively higher for RC panel as compared to 

RC column, mainly in the quasi-static region when the blast duration is very long. For 

the same blast load in this region, the high impulse will generate different failure modes 

for RC panels.    

 

 
Figure 5-15: Damage modes of the non-retrofitted RC column [14] 

 

In this study, three distinct modes of failures are observed during numerical 

simulations of one and two-way RC panels. Additionally, Mode I is divided into two 

sub-modes as will be discussed below.    

 

5.5.1 One-way panel 

 To illustrate the RC panel damage mode to blast loads a typical one-way RC 

panel is taken as an example. The parameters of this panel are: width b=2500 mm, 

height H=2700 mm, depth d=150 mm, concrete compressive strength fcu=30MPa and 

reinforcement ratios ρ=0.014. Three main damage modes depending on the loading 

conditions are observed during the numerical simulation of this RC panel shown in 

Figure 5-16. Figure 5-16a and Figure 5-16b respectively show examples of the largest 

Mode I deformations due to shear failure (Mode Ia) at the impulsive range of the P-I 

diagram and a combination of shear and flexural failures (Mode Ib). During the 

initiation of Mode II failure in the dynamic range of the P-I diagram, tearing begins 
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along two sides at the boundaries before any of the corners are torn out owing to 

flexural failure as shown in Figure 5-16c. As the impulse increases in the quasi-static 

range of the P-I diagram, the maximum midpoint deflection reaches a maximum and 

then decreases again. At this stage, the RC panel response approaches Mode III failure 

(Figure 5-16d) characterized by a well defined shear failure at supports with a 

significant deformation in the severed central section. These observations agreed well 

with the failure modes presented in other studies [31-34]. 

 

 

Figure 5-16: Damage modes of one-way panel 

 

5.5.2 Two-way panel 

 The same RC panel as described above is fixed in all the four sides and used as a 

typical two-way RC panel example to demonstrate the RC panel damage mode to blast 

loads. The three main damage modes are also observed during the numerical 

simulations of this RC panel corresponding to different loading conditions as shown in 

Figure 5-17. At impulsive asymptote when the peak pressure is big and the time 

duration is very small (Figure 5-17a), shear damage with large deformation is the 

primary failure mode (Mode Ia). The shear response becomes smaller and the flexural 

deflection begins to develop in the dynamic loading region with the decrease in the blast 
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pressure and increase in the duration. It is noticed in Figure 5-17b that the shear and 

flexural failure occur simultaneously in the dynamic response region (Mode Ib). When 

the simulations are performed towards dynamic loading region as shown in Figure 

5-17c, the column suffers primarily flexural failure with tearing (tensile failure) at the 

support due to negative bending moment and no reinforcement on the front side of the 

panel (Mode II). At the quasi-static region when the impulse further increases (Figure 

5-17d), the midpoint displacement decreases and the residual velocity caused transverse 

shear failure at the support (Mode III). These observations are again consistent with 

those observed in tests [31-34].  

                   

Figure 5-17: Damage modes of two-way panel 

 

5.6 Development of P-I diagrams  

In order to construct the P-I diagrams, a lot of simulations to get the damage 

levels of the considered RC panels under a group of blast loads are carried out in this 

study. The blast loads corresponding to the damage level are plotted in the P-I space. 

The cut-fit method [15] is then used to find out the boundary lines between the near two 

damage levels. After all the boundary lines are found, P-I diagrams can be constructed. 
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5.6.1 One-way panel 

From a series of numerical simulations, P-I diagrams for the one-way RC panel 

described in Section 5.5.1, which is designated as P1 in this study hereafter, are 

obtained. Three levels of damage as defined above are considered. Figure 5-18 shows 

the derived P-I diagrams. As shown, the P-I diagrams corresponding to the different 

damage levels at the impulsive asymptote are clearly different. Beyond the SD curve to 

the above and right, the panel failed following the damage modes as depicted in Section 

5.5.1. At the quasi static loading, when the duration of blast loads is long and the peak 

pressure is small, the panel failed at the boundary due to negative bending moment and 

the transverse shear (Mode III). Hence, the steel reinforcement resistant capacity is not 

reached. In this region the damage criteria defined above based on flexural deflection at 

the mid span cannot reliably distinguish the three damage levels. Therefore, the P-I 

diagrams converge to the same pressure asymptotes towards quasi-static region as 

shown in the figure. This result is similar to the study carried out by Scherbatiuk et al. 

[35]. According to their analytical rigid-body rotation model, all the P-I curves converge 

to the same value  in the quasi-static region region because there is no solution for a 

perfectly ideal step load that will allow the wall to achieve a maximum rotation between 

no rotations and complete overturning. These results demonstrate that the damage 

criterion currently used in practice based on flexural deflection might not give a good 

quantitative assessment of panel damage dominated by other failure modes other than 

flexural mode. However, study of the definition of damage criterion is beyond the scope 

of the present work.   

  A careful examination of the fitted P-I curves find that they can be expressed 

analytically as the hyperbolic equation [11, 13-15] 

( )( )
β








 +=−−
22
OO

OO
IP

AIIPP  
 

(5-5) 

where PO and IO respectively are the pressure and impulse asymptotes, A and β are 

constants, which depend on the RC panel configuration and degree of damage. PO , IO,  A 

and β of the one-way panel  for the three P-I curves are given in Table 5-3. Figure 5-18 

also shows the comparisons of the P-I diagrams generated from the numerical 

simulation data and Equation (5-5). It shows that the P-I diagrams developed using 

Equation (5-5) are very close to those obtained directly from numerical simulation data, 

indicating Equation (5-5) is reliable in developing P-I diagrams of RC panels.  
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Figure 5-18: P-I curves of one-way panel P1 
 

Table 5-3: Value of parameters in Equation (5-5) for P1 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 100 1400 0.25 2.07 

Medium, MD 100 1500 0.25 2.06 
Severe, SD 100 1700 0.25 2.05 

 

Following the same procedure, the P-I diagrams are also generated for panels of 

different dimensions and properties.  Here the results of a panel, denoted as P2 in this 

study with width b=2500 mm, height H=2700 mm, depth d=200 mm, compressive 

concrete strength fcu=30MPa and reinforcement ratios ρ=0.009 are presented. Compared 

to P1, the only change is the wall depth, which is increased from 150 mm to 200 mm, 

and hence the reinforcement ratio is reduced accordingly. Figure 5-19 shows the derived 

P-I diagrams for this panel. As shown, increasing the depth of the panel increases both 

the pressure and impulsive asymptotes. However, the shear failure at the supports still 

governs at the quasi-static region as in the case of P1. Hence P-I diagrams for P2 also 

have similar pressure asymptotes for the three damage levels. Table 5-4 gives PO , IO,  A 

and β for the one-way panel P2. 
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Figure 5-19: P-I curves of one-way panel P2 
 

Table 5-4: Value of parameters in Equation (5-5) for P2 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 305 2000 0.25 2.19 

Medium, MD 305 2500 0.25 2.16 
Severe, SD 305 2800 0.25 2.14 

 

5.6.2 Two-way panel 

By fixing all the four sides of P1 to make it a two-way panel designated as P3, 

and fixing the boundaries of P2 to make a two-way panel P4, responses of P3 and P4 to 

various blast loads are simulated. The results are used to develop P-I diagrams for the 

two-way panels P3 and P4.  They are shown in Figure 5-20 and Figure 5-21, 

respectively for the two panels. The P-I diagrams of the two panels are also constructed 

by using Equation (5-5) with the numerically derived PO , IO,  A and β given in Table 5-5 

and Table 5-6, respectively. As can be noted, the pressure asymptote of the two-way 

panel is substantially larger than that of the corresponding one-way panel, but the 

impulse asymptote is comparable to that of the corresponding one-way panel, implying 

the mode III failure capacity of the panel increases by fixing the four sides of the panel.  

Similar to the one-way panel, the coefficient A remains a constant for both panels at 

different damage levels, but the β value changes. The coefficients obtained in the 
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present study are consistent with those obtained by Shope (2007) for two-way RC slabs, 

i.e. A=0.25 and β=2.0 although β value is not a constant in the present study. Since the 

damage modes of two-way panel are similar to the one-way panel, the P-I diagram 

shapes and characteristics for two-way panels are also similar to those of the one-way 

panel.  
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Figure 5-20: P-I curves of two-way panels P3 

 
Table 5-5: Value of parameters in Equation (5-5) for P3 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 220 1600 0.25 2.07 

Medium, MD 220 2100 0.25 2.05 
Severe, SD 220 2800 0.25 2.03 
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Figure 5-21: P-I curves of two-way panel P4 
 

Table 5-6: Value of parameters in Equation (5-5) for P4 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 520 2650 0.25 2.13 

Medium, MD 520 2900 0.25 2.13 
Severe, SD 520 3700 0.25 2.12 

 

5.7 Parametric calculations  

To develop empirical relations to generate P-I diagrams for common RC walls, a 

series of numerical simulations are carried out to calculate responses of RC walls with 

different concrete strength fcu, column height H, column width b, column depth d, and 

the steel reinforcement ratio, ρ. The numerical results are used to develop P-I diagrams 

and to determine analytical formulae to estimate pressure and impulse asymptotes P0, I0 

and β values for easy construction of P-I diagrams of RC panels with different design 

values. 

 

5.7.1 One way panel 

Table 5-7 to Table 5-11 give PO and IO for one-way RC panels with different 

wall parameters. As can be noted, different RC wall parameters affect its blast loading 

resistance capacities, i.e., the pressure and impulse asymptotes. For example, as can be 
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noted in Table 5-7, when the panel depth increases, both the PO and IO of the P-I curves 

increases. However, increase the panel thickness has relatively less effect on pressure 

asymptote than on impulse asymptote because the panel fails in transverse shear and 

tearing at the boundaries as observed and discussed above. 
 

Table 5-7: The effect of panel depth on impulsive and pressure asymptotes of one-
way panel 

Wall depth, d 
(mm) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

125 100 1400 100 1500 100 1700 
200 305 2400 305 2500 305 2900 
250 510 2600 510 2700 510 3200 

*Other parameters: b=2500mm, H=2700mm, fcu=30MPa and Ø long=9mm 

 

It is apparent in Table 5-8 and Table 5-9 that increase the panel width and height 

results in a decrease in the panel blast load carrying capacity, especially the flexural 

resistance capacity as evidenced by the reduction in the IO where failure mode is 

governed by Mode I. This is because increase the width or height of the panel results in 

an increase in the ratio of the span to the effective depth and blast loads acting on the 

panel, hence increase the maximum deflection. Although it also increases the panel 

shear area and section moment of inertia, i.e., the panel shear and flexural resistance 

capacity will also increase accordingly, the increase in flexural resistance capacity is 

less pronounced as compared to the increment of the blast load. This observation 

indicates that a larger wall corresponds to a smaller blast loading resistance capacity.   
 

Table 5-8: The effect of panel height on impulsive and pressure asymptotes of one-
way panel 

Wall height, 
H (mm) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

2700 100 1500 100 1900 100 2200 
3300 90 1360 90 1450 90 1510 
4000 85 1300 85 1400 85 1470 

*Other parameters: b=2500mm, d=200mm, fcu=30MPa and Ø long=9mm 
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Table 5-9: The effect of panel width on impulsive and pressure asymptotes of one-

way panel 

Wall width, b 
(mm) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

2500 100 1500 100 1900 100 2200 
3400 50 1350 50 1420 50 1500 
4000 30 1280 30 1380 30 1380 

*Other parameters: H=2700mm, d=200mm, fcu=30MPa and Ø long=9mm 

 

The concrete strength contributes to the panel shear and ultimate moment 

resistance capacity. The numerically simulated PO and IO with different concrete 

strengths are given in Table 5-10. The results show that both the P0 and IO increase with 

the increment of the concrete strength, but the increment in I0 is more significant since 

the impulsive loading region is governed by Mode Ia (shear failure with large panel 

deformation) and changed to Mode Ib (flexural failure with large deformation) failure 

when the analysis is performed towards dynamic region. This is indicates the concrete 

strength affects the shear capacity of the slab. The shear strength of the slabs will be 

more effectively increased by increasing the panel depth and shear reinforcements.  

 
Table 5-10: The effect of concrete strength on impulsive and pressure asymptotes of 

one-way panel 

Concrete 
strength, fcu 

(MPa) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

25 275 1640 275 2300 275 2500 
30 300 2400 300 2500 300 2900 
35 320 2600 320 3000 320 3500 

*Other parameters: b=2500mm, H=2700mm, d=200mm and Ø long=9mm 

 

Table 5-11 gives the numerically obtained PO and IO of slabs with different 

reinforcement ratios. As can be noted, the IO increases with the reinforcement ratio and 

the IO has larger increment than the PO, indicating the reinforcement has more 

significant effect on flexural than shear resistance capacity of the slabs.  
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Table 5-11: The effect of reinforcement ratio on impulsive and pressure asymptotes 
of one-way panel 

steel ratio, ρ 
LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

0.006 90 1300 90 1410 90 1510 
0.014 100 1500 100 1900 100 2200 
0.046 110 1650 110 2090 110 2600 

*Other parameters: b=2500mm, H=2700mm, d=200mm and fcu=30MPa  

 

5.7.2 Two-way panel 

Similar numerical results are obtained for two-way panels and the results are 

given in Table 5-12 to Table 5-16.  As can be noted, increase in panel depth and 

concrete strength results in a more significant increment of I0 than P0 since they increase 

the flexural and shear resistant capacity of the two-way panel and hence reduce Mode I 

failure. The PO has a less increment with concrete strength and panel depth since panel 

fails primarily by transverse shearing along the boundaries without large inelastic 

deformation.   

 
Table 5-12: The effect of panel depth on impulsive and pressure asymptotes of two-

way panel 

Wall depth, d 
(mm) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

125 220 1600 220 2100 220 2800 
200 520 2650 520 2900 520 3400 
250 720 2800 740 3600 770 4200 

*Other parameters: b=2500mm, H=2700mm,  fcu=30MPa and Ø long=9mm 

 
Table 5-13: The effect of panel height on impulsive and pressure asymptotes of two-

way panel 

Wall height, 
H (mm) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

2700 220 1600 220 2100 220 2800 
3300 170 1400 170 1800 170 2300 
4000 150 1300 150 1600 150 2200 

*Other parameters: b=2500mm, d=200mm, fcu=30MPa and Ø long=9mm 
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Table 5-14: The effect of panel width on impulsive and pressure asymptotes of two-

way panel 

Wall width, b 
(mm) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

2500 220 1600 220 2100 220 2800 
3400 160 1500 160 1800 160 2350 
4000 140 1205 140 1600 140 2200 

*Other parameters: H=2700mm, d=200mm, fcu=30MPa and Ø long=9mm 

 
Table 5-15: The effect of concrete strength on impulsive and pressure asymptotes of 

two-way panel 

Concrete 
strength,  fcu 

(MPa) 

LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

25 480 2400 500 2500 500 3500 
30 520 2650 520 2900 520 3700 
35 520 3200 530 3500 550 4000 

*Other parameters: b=2500mm, H=2700mm, d=200mm and Ø long=9mm 

 
Table 5-16: The effect of reinforcement ratio on impulsive and pressure asymptotes 

of two-way panel 

steel ratio, ρ 
LD MD SD 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

0.006 190 1400 200 1800 208 2300 
0.014 220 1600 220 2100 220 2800 
0.046 230 1900 230 2500 230 2900 

*Other parameters: b=2500mm, H=2700mm, d=200mm and fcu=30MPa  

 

5.8 Empirical formulae generation  

Empirical formulae are derived to predict PO and IO for the P-I diagrams based 

on the numerical results of parametric studies for each degree of damages. The formulae 

are developed using the least-squares fitting method as a function of concrete strength 

fcu, column height H, column width b, column depth d, and the steel reinforcement ratio, 

ρ. 
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5.8.1 One-way panel 

As can be noted in both Table 5-4 and Table 5-5 in Section 5.6.1, and the 

parametric calculation results of many panels not shown here, the A value is a constant 

and equal to 0.25. This result is the same as that proposed in [13].  The β value, 

however, changes for different panels. Based on parametric calculation results, it is 

found that β value depends on the pressure and impulse asymptotes and can be 

expressed by an empirical relation as  

3
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and  2≥β  for one-way panel.  

(5-6) 

 

Based on numerical results and least-squares fitting, the PO and IO at different damage 

levels can be calculated by 

( ) 193260689015464206354 ...... −+−−+= ρbHdfLDP cuO                              (5-7) 

( ) 5618588463191125011810719796 ..... −+−−+= ρbHdfLDI cuO     (5-8) 

( ) 193260689015464206354 ...... −+−−+= ρbHdfMDP cuO       (5-9) 

( ) 89620412816395067006508591270 ..... −+−−+= ρbHdfMDI cuO    (5-10) 

( ) 0931832605042000320049354 ...... −+−−+= ρbHdfSDP cuO        (5-11) 

( ) 36241567256311880174018714100 ..... −+−−+= ρbHdfSDI cuO      (5-12) 

 

in which PO is in kPa, IO is in kPa.ms, fcu is in MPa, H, b and d are all in mm. The 

comparison of the numerical results of a particular RC panel with the formulae 

predicted results is given in Table 5-17.  

The comparison of the generated P-I diagrams from the numerical simulations 

and by using the proposed empirical formulae is given in Figure 5-22. As shown the 

proposed empirical formulae give accurate predictions of pressure and impulse 

asymptotes with an average error of 5.13 %. Hence the constructed P-I diagrams are 

also very close to those obtained from direct numerical simulations. It should be noted 

that, the equivalent steel area Ase, defined in Equation (5-3) should be used when 

calculating the respective reinforcement ratio. These results demonstrate the accuracy of 

P-I diagrams constructed using the proposed formulae in this study.  
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Table 5-17: Comparison of impulsive and pressure asymptotes of one-way panel P1 
obtained from numerical simulations and empirical formulae  

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results 100 1400 100 1500 100 1700 

Formula 
estimated 93 1409 93 1553 93 1777 

Error (%) -7.35 0.67 -7.35 3.53 -7.35 4.53 
*The RC panel P1: b=2500mm, H=2700mm, d=125mm, fcu=30MPa, ρ=0.014 
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Figure 5-22: Comparison of P-I curves of one-way panel obtained by direct numerical 

simulations and by using the proposed empirical formulae 

 

5.8.2 Two-way panel 

Similarly, the  β  value for two-way panel is derived as  

3

9

2
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and  2≥β  

(5-13) 

 

The empirical formulae for the PO and IO at different damage levels are given below, in 

which IO is in kPa.ms and PO is in kPa and H, b and d are again in mm, 
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( ) 99717304871504903004770058404 ...... −+−−+= ρbHdfLDP cuO                              (5-14) 

( ) 3401339109028222023600591380 ..... −+−−+= ρbHdfLDI cuO     (5-15) 

( ) 585235996672049120047810319405 ...... −+−−+= ρbHdfMDP cuO       (5-16) 

( ) 7891364892150992510297009513100 ..... −+−−+= ρbHdfMDI cuO  (5-17) 

( ) 3722133582050670049540296405 ...... −+−−+= ρbHdfSDP cuO        (5-18) 

( ) 2112693486743252503957405351350 ..... −+−−+= ρbHdfSDI cuO      (5-19) 

 

 Table 5-18 lists PO and IO of two-way RC panel P3 obtained from numerical 

simulations and from empirical formulae. As can be noted, the average error between 

the numerical simulation results and those estimated by the proposed empirical 

formulae is 2.99 %, demonstrating the accuracy of the proposed formulae in predicting 

the pressure and impulse asymptotes. Figure 5-23 compares the P-I diagrams 

constructed from numerical simulation data and those from the proposed empirical 

formulae. As can be noted the P-I curves corresponding to all level of damages obtained 

from both approaches agree well with each other.  

 
Table 5-18: Comparison of impulsive and pressure asymptotes of two-way RC panel 

P3 obtained from numerical simulations and empirical formulae  

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results 220 1600 220 2100 220 2800 

Formula 
estimated 212 1628 212 2054 213 2701 

Error (%) -3.63 -1.75 -3.63 -2.19 -3.18 -3.54 
*The RC panel P3: b=2500mm, H=2700mm, d=125mm, fcu=30MPa, ρ=0.0087 
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Figure 5-23: Comparison of P-I curves of two-way panel obtained by direct numerical 
simulations and by using the proposed empirical formulae 

 

5.9 Conclusion 

A numerical model is developed to predict RC panel responses and damage to 

blast loads. The accuracy of the numerical model is verified by comparing the field test 

data obtained by other researchers with the numerical simulation results. The verified 

numerical model is then used to perform intensive numerical simulations of the 

dynamic responses of one and two-way RC panels of different material properties and 

dimensions subjected to blast loads of different peak pressures and impulses. The 

numerical results are used to construct P-I diagrams of RC panels. Based on numerical 

results, empirical formulae are derived to estimate pressure and impulse asymptotes of 

P-I diagrams as a function of RC panel dimensions, concrete strength and reinforcement 

ratio. These empirical formulae are verified to give reliable predictions of pressure and 

impulse asymptotes, which can be used for easy construction of P-I diagrams.  
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CHAPTER 6 
 NUMERICAL ANALYSIS OF FRP COMPOSITE 

STRENGTHENED RC PANELS WITH ANCHORAGES 
AGAINST BLAST LOADS 

By: Azrul A. Mutalib and Hong Hao 

ABSTRACT: Extensive research has been conducted to investigate the blast effects on 

building structures and the protective design methods using the Fiber Reinforced 

Polymer (FRP) strengthening concepts in resisting structural damage and preventing 

injuries against dynamic explosive impacts. Both numerical and experimental studies 

have proved the effectiveness of FRP in strengthening structures to resist blast loads. 

However, problems related to end anchorage, bond length and premature peeling has 

been concerns when strengthening structures in flexure or shear using FRP. In this 

paper, numerical analyses of FRP composite strengthened RC walls with or without 

additional anchors are carried out to examine the structural response under blast loads. 

The results illustrated that an anchor system is often necessary when using external FRP 

laminates for strengthening RC walls to prevent premature peeling. This study presents 

three simulations of RC walls, namely an unstrengthened RC wall, a FRP composite 

strengthened RC wall with end anchorage and a FRP composite strengthened RC wall 

with both end anchorage and anchors applied at a minimum spacing across the width 

and height of the RC wall. Commercial software LS-DYNA is used to carry out the 

structural response analysis. Numerical results show that anchorage of the FRP sheet 

may prevent peeling damage therefore enhances the capacity of the FRP strengthened 

RC walls against blast loads. However, anchors result in stress concentration and may 

cause FRP rupture. 

 

  

6.1 Introduction 

 Recent tragedies arise from the Jakarta (2009), London (2005), Madrid (2004), 

Istanbul (2003), Bali (2002) and New York (2001) terrorism attacks are reminders that 

terrorism is a major threat in today’s world. The majority of injuries and casualties that 

occur from explosions are not caused by the blast heat, shock wave or bomb container 
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fragments, but are instead sustained from penetration caused by the shattering of 

windows, fragmentation of walls and by non-secured objects that are propelled by the 

blast [1]. Additionally, Wolf et al. [2] pointed out that failure of the main structural 

elements such as column, slab, beam and wall can increase risk of severe tertiary blast 

injury and death. In response to this, the development of blast-resistant design has 

recently become a priority of many governments worldwide. 

 The most popular and common method for structural rehabilitation in industry 

involves the adhesive bonding of FRP to the external surface of the reinforced concrete 

(RC) members [3, 4]. FRP consists of high-strength fibers embedded in a resin matrix 

and when retrofitted to a concrete structure can enhance the structure’s blast resistance. 

It becomes a good strengthening material because, as pointed out by Triantafillaou [5] 

that even though FRP is expensive than other strengthening materials, when cost 

comparison are made on a strength basis and other associated costs such as 

transportation, handling, labour, obstruction of occupancy, etc. are taken into account, 

FRPs are quite often cost effective.  

 The most common failure modes of RC structures strengthened with externally 

bonded FRP laminates is debonding of the FRP from the surface [6].  Wu and Huang 

[4] explained that failure of a FRP strengthened structure is usually caused by the 

breakdown of the weaker bond either at the FRP-epoxy interface or at the concrete-

epoxy interface due to low tensile and shear strength of adhesives or concrete compared 

to FRP. The breakdown of the bond can cause peeling off and delamination of the FRP 

from the concrete surface causing progressive failure of the RC members. These 

common possible failures can occur due to FRP peeling off at the anchorage zone, FRP 

peeling off initiating at inclined cracks, debonding at the FRP-concrete interface at 

flexural cracks and debonding at the FRP-concrete interface in the areas of concrete 

surface unevenness or due to imperfect bonding [5, 7, 8]. They are critical and difficult 

to analyse because the discrete nature of concrete cracking and the adhesive contact 

failure are difficult to identify.  

In Mosallam and Mosalam [9] test, the ultimate load capacity of RC slab 

strengthened by three layers of GFRP is about 450% higher than the unstrengthened RC 

slab. However due to debonding of the GFRP, the ultimate load capasity increament for 

other specimens with the same strengthening scheme reduced to 370%. The studies 

conducted by Wu et al. [10], Razaqpur et al. [11], Lawver et al. [12], Muszynski and 

Purcell [13], Muszynski and Purcell [14] and Khalifa et al. [15] reported that the FRP 

strengthened RC structures give a very significant increment in the structural blast 
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resistant capacity despite of the failure at the FRP-concrete interface due to the 

delamination and peeling off prohibited FRP strengthened RC structures to fail in the 

desired classical failure modes, hence decreased the ultimate capacity. The seperation of 

the FRP material from the concrete surface may occur at less than 50% of FRP tensile 

capasity [16]. This significantly influences the effectiveness of FRP strengthening of 

structures. Therefore, some form of additional anchorage is needed in order to more 

effectively utilize the tensile capasity of the FRP.  

 Eshwar et al. [17], Antoniades et al. [18], Hwang et al. [19], Kanakubo et al. 

[20] and Lombard et al. [21] demonstrated the anchoring system is important to the 

success of the externally bonded FRP retrofit techniques on the RC wall and slab. 

Eshwar et al. [17] and Antoniades et al. [18] used CFRP and GFRP spike anchors at the 

boundaries and at specified intervals. GFRP bar is also utilised in Eshwar et al. [17] by 

inserting it into the precut groove and embedded with epoxy paste along the boundaries. 

Hwang et al. [19], Kanakubo et al. [20] and Lombard et al. [21] performed the same 

anchorage system using structural steel angle bolted to the boundary structures. The 

anchorage systems have been demonstrated by experimental testing to be highly 

effective in increasing the bond strength of FRP-concrete interface by about 11% as 

compared to the FRP strengthened RC structures without anchors [22]. With anchors, 

the full tensile capacity of the FRP is able to be developed even though some 

experimental studies observed occurrences of a few debondings.   

 Pertaining to the potential of the anchorage system in increasing the capacity of 

the RC structures, a study on the effect of anchorage system of FRP strengthened RC 

walls is carried out in this paper. The numerical model is generated for non-retrofitted 

and FRP strengthened RC walls with two anchorage systems. To model the 

delamination, special contact option in LS-DYNA is employed [23]. This contact 

option bond the FRP composite surface on the concrete surface until it reaches the 

failure criterion. A method suggested by Tabiei and Wu [24] is utilized to model FRP 

and concrete bolt connection. The reliability of the numerical model is verified with 

results presented by other researchers [14]. The effectiveness of FRP strengthening with 

or without anchorages on blast loading resistance capacity of RC walls is discussed.  

 

6.2 Structural configurations and retrofitted systems  

6.2.1 Details of RC wall and boundary conditions 

  The unstrengthened RC wall designated as W1 is 2700 mm high (h), 2500 mm 
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wide (w) and 200 mm thick (t). 9 mm diameter steel reinforcement on 300 mm centre to 

centre is applied to the x- and z-direction. The steel reinforcement is located 170 mm 

from the front face exposed to the blast, or 30 mm from the rear surface of the wall. All 

dimensions and material properties adopted in the study are based on the experimental 

study carried out by Muszynski and Purcell [14]. The details of the wall are shown in 

Figure 6-1. Table 6-1 gives the material properties of the concrete and steel 

reinforcement. In practice boundary conditions of RC walls vary depending on the 

installation of the wall during the construction, and the type of walls. For a partition 

wall, the out of plane movement of the wall can be approximately assumed as on 

restrained. However, for a structure wall, the fixed boundary condition to restrain out of 

plane movement is more appropriate. The boundary conditions considered are: all the 

nodes along the front and back surface at the side edges of the wall are only fixed 

against y translational movement. As shown in Figure 6-1, the ground slab, upper slab 

and side concrete columns are modelled in order to more realistically represent the real 

boundary conditions of RC wall structures. Because response of these structures is not 

of great concern as they are included for simulating the true boundary conditions of the 

wall, they are modelled by solid elements with smeared reinforced concrete properties. 

All the nodes of the ground slab, the nodes of the column at lower and upper surface 

and all nodes of upper slab at side edges are fixed. The AUTOMATIC SURFACE TO 

SURFACE contact is created between the wall and the boundary structures to prevent 

penetration of the damaged wall material below the floor level.  

 

6.2.2 FRP strengthened RC wall and anchorage system 

 As shown in Figure 6-2, FRP is attached to the rear face of the wall as the FRP 

should be working in tension to best exploit its structural properties. The material 

properties of FRP are shown in Table 6-2 based on the study by Chan et al. [25]. Three 

different configurations of FRP strengthened RC wall with and without anchorages are 

investigated. The concrete-anchor connection is modelled using tied node as explained 

in later section, hence does not limit to any specific anchor type. The anchorage system 

details are illustrated in Figure 6-3 and are designated as follows: 

i) FRP strengthened RC wall without anchor, W2 

ii) FRP strengthened RC wall with anchors at boundary, W3 

iii) FRP strengthened RC wall with distributed anchors, W4 
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Table 6-1: Material properties of concrete, steel reinforcement and CFRP 

Material Input Parameters Magnitude 

Concrete 
Mass density 2400 kg/m3 
Uniaxial compressive strength 30 MPa 
Poisson's ratio 0.2 

Steel 
reinforcement 

Mass density 7800 kg/m3 
Young's Modulus 200 GPa 
Poisson's ratio 0.3 
Yield stress 415 MPa 
Reinforcement ratios 0.009 

 

 

Table 6-2: Material properties of FRP composites [25] for W2 

Mechanical Properties Carbon/epoxy 
(AS4/3501-6) 

Density (kg/m3) ρ 1580 
Longitudinal modulus (GPa) E1 138 
Transverse modulus (GPa) E2 9.65 
In-plane shear modulus G21 5.24 
Out-of-plane shear modulus G23 2.24 
Minor Poisson's ratio ν21 0.021 
Through thickness Poisson' ratio ν31 0.021 
Longitudinal tensile strength (MPa) XT 2280 
Longitudinal compressive strength (MPa) XC 1440 
Transverse tensile strength (MPa) YT 57 
Transverse compressive strength (MPa) YC 228 
In-plane shear strength (MPa) S 71 
Maximum strain for fibre tension (%) εt 1.38 
Maximum strain for fibre compression (%) εc 1.175 
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Figure 6-1: Dimension details of RC wall 
 

 
Figure 6-2: The RC wall retrofitted with the FRP sheet, W2 
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(a) 

 

(b) 

Figure 6-3: FRP strengthened RC wall with (a)anchors at boundary, 
W3 and (b)anchors at boundary and middle span, W4 

 

 

Anchors at boundary 

Anchors at  
mid-span 

* 
 * 

 * 
 

* 
 * 

 * 
 

* 
 

* 
 

* 
 

625 

 625 

 625 

 625 

 

675 

 

675 

 

675 

 

675 

 



 162 

6.3 Modelling of FRP strengthened RC walls   

 In this research, the commercial software LS-DYNA is employed for the 

structural analysis. It is used throughout this research to calculate responses of the non-

retrofitted and FRP strengthened RC walls under blast loading.  

 

6.3.1 Element and mesh description  

  8-node solid elements used to model concrete wall in this study. Each node has 

actually has 6 degree of freedoms (DOFs), i.e., three translational and three rotational 

DOFs. The mesh size in the height and width direction (x- and z-directions) is 25 mm 

(Figure 6-4) while it is 20 mm, 25 mm and 30 mm in the y-direction as illustrated in 

Figure 6-5 since the reinforcement cover depth is 30 mm. For steel reinforcements, a 25 

mm long 2-node Hughes-Liu beam element with 2x2 Gauss quadrature integration is 

employed to model the steel reinforcements. The FRP layers are represented by the 

25x25 mm Belytschko-Tsay 3D shell element [23]. A convergence test is carried out by 

halving the mesh size in the analysis. These are the mesh sizes determined from the 

convergnece tests. It shows that further decrease in element size only has insignificant 

influence on the numerical results but leads to the risk of computer memory overflow 

and substantially increases the computing time. 

 

6.3.2  Material model  

The most commonly used material models in LS-DYNA include Material model 

16 (MAT PSEUDO TENSOR) and Material Model 72Rel3 (MAT CONCRETE 

DAMAGE REL3). These two material models are proven reliable for the analysis of 

reinforced concrete structure response under blast load and yield accurate results [26]. 

Malvar et al., [27] has also successfully demonstrated the reliability of the model 

72Rel3 in predicting the response of reinforced concrete structures when subjected to 

blast loads. In this study, the material model 72Rel3 is used, which is determined by 

inputting the unconfined compressive strength of concrete. The unconfined compressive 

strength of concrete can be derived easily through experimental method. There are 

many different types of material models for steel reinforcement in LS-DYNA material 

library. The material model used in this study is material model 24 (MAT PIECEWISE 

LINEAR PLASTICITY). This material model allows the user to input an arbitrary 

stress strain curve based on experimental data. Material model 54 (MAT ENHANCED 

COMPOSITE DAMAGE TITLE) is used to model FRP composite [28, 29].  This 
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material model is based on the Chang-Chang failure criterion for assessing lamina 

failure (LSDYNA, 2005). The criterion accounts for non-linear shear stress-strain 

behaviour and the post-stress degradation. Four failure modes including tensile fiber 

mode, compressive fiber mode, tensile matrix mode and compressive matrix mode are 

modelled.  

 

6.3.3 Strain rate effects  

Strain rate effect of enhancing concrete and steel reinforcement strength is well 

documented [30-34]. In this study, the dynamic increase factor (DIF) of the tensile 

strength of concrete is determined with the empirical formulae proposed by Malvar and 

Ross [33] based on experimental data. In compression, the CEB model [31] is used. For 

steel, the model by Malvar [32] is utilized. The strength enhancement of FRP under 

high strain rate is insignificant as compared to concrete and steel material. This is 

validated by the experimental results acquired by Welsh and Harding, [35] and Kimura 

et al., [36]. Therefore, the strain rate effect on FRP material strength is not considered 

in this study.  

 

 

Figure 6-4: Element mesh details in x- and z-direction 
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Figure 6-5: Element mesh details in y-direction 

 

6.3.4 Contact-impact algorithm  

To define the interaction between disjoint materials the keyword CONTACT in 

LS-DYNA is utilized. Different types of contact may be defined based on the materials 

and connections behaviour. Shi et al., [37] used contact function CONTACT 1D to 

model the bond slip between concrete and reinforcement bars. In that study, the bond 

between the rebar and the concrete is assumed to have an elastic-plastic relation with the 

maximum shear stress τmax. τmax is calculated by  

      Dh
s

dmgeuG −= maxmaxτ  (6-1) 

where Gs is the bond shear modulus, umax is the maximum elastic slip,  hdmg is the 

damage curve exponent and D is the damage parameter, which is defined as the sum of 

the absolute values of the plastic displacement increments. Shi et al. [37] performed 

parametric analysis and found that the influence of hdmg and D values is insignificant. 

However, the shear modulus and ultimate displacement affect the bonding failure at the 

reinforcement and concrete interface. In this study, Gs is taken as 20 MPa/mm and the 

umax as 1.0 mm, as suggested in Shi, et al. [37]. This model and the corresponding 
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constants are used in the present study to model the bond slip between reinforcement 

bars and concrete.    

Epoxy adhesive is used to externally bond the FRP to the structural members. In 

order to simulate the delamination of the FRP composite, the AUTOMATIC 

SURFACE TO SURFACE TIEBREAK contact option in LS-DYNA is used to model 

the adhesive contact between the masonry and FRP. This is a special contact option 

where the variables NFLS and SFLS are the tensile and shear failure stresses of epoxy. 

Failure of contact between FRP composite and concrete surface occurs if  

      1
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≥
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SFLS
s

NFLS
n σσ

 (6-2) 

where σn and σs are the tensile and shear stresses at the interface, respectively.  

 

6.3.5 Simulation of concrete-anchor connection  

To prevent delamination, FRP composite is anchored to concrete surface with 

bolted connection. These anchoring systems are subjected to very high forces and will 

loss connection when it reaches its normal and shear strength. Tabiei and Wu [24] 

proposed four methods to model the bolted connection between the FRP composite and 

the concrete in LS-DYNA as follows; 

(i). Merging nodes: At bolt locations the FRP and concrete nodes are merged together. 

This method cannot accurately represent the bolted connection and model bolt and 

connection failure. In reality at high loading rates the bolts are often subjected to large 

tensile stresses and therefore breakage or push-out failure may occur. 

(ii). Using tied node sets with failure: The connection can be modelled using either 

CONSTRAINED TIED NODES FAILURE or CONTACT TIEBREAK NODE TO  

SURFACE option [23]. These options tie nodes together at bolt locations until a certain 

failure criterion is reached.  

(iii). Using discrete constitutive modelling: This method gives the most accurate results 

but is not time efficient as a very fine mesh is required to model the bolt connection 

between the FRP composite and concrete, hence leading to large computational time.  

(iv). Using nonlinear springs: Non-linear springs are used to model the bolts. It requires 

reliable force-displacement relation of the nonlinear springs for the connections for 

accurate modelling. This method is good but a detail component simulation is needed to 

obtain the force-displacement curves.  
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 In this study, the second method is used to model the anchor connections as this 

option gives reasonably good results and is computationally efficient. The contact 

between the FRP nodes and concrete surface at bolt locations is modelled using the 

contact TIEBREAK NODES TO SURFACE in LS-DYNA. The contact keeps the slave 

nodes and the master surface together until a prescribed failure criterion as defined by 

Equation (6-3) is reached  

   1≥









+










MES

s
NEN

n

SFLF
f

NFLF
f

    (6-3) 

where fn and fs are the normal and shear force at the interface; NEN and MES are 

exponent for normal and shear force; and NFLF and SFLF are the corresponding normal 

tensile and shear force at failure, respectively. In this study, the values of fn and fs are 

calculated during the analysis, NEN and MEN are taken as 2 and the values of NFLF 

and SFLF are defined based on the concrete-anchor connection properties according to 

the concrete capacity design (CCD) method presented in ACI 318-02 [38]. It can be 

calculated as 

   2/3'
effcnc hfKNFLF =     (N) (6-4) 

where Knc = 14.66 for post installed anchors; and Knc = 16.75 for preinstalled anchors, fc
’ 

is the concrete compressive strength in MPa and heff  is the embedment length in mm. 

The embedment length is taken as 146 mm based on the study carried out by Salim et 

al. [39]. They used 146 mm length of torque-controlled expansion anchor in their 

experimental study on anchor design under blast loads. They concluded that upon 

dynamic loading, tensile strength capacity increased up to 21% above the CCD static 

prediction of tensile strength. The shear failure force SFLF is taken as 100kN in this 

study [40].  

 

6.3.6 Air blast calculation  

  Because the blast wave is not an exact plane wave, the blast loads at different 

points on the wall are different. The more accurate modelling is to use many small 

segments and estimates blast loads in each segment accordingly. Uniform blast loading 

assumption will introduce some errors. In this study, explosion is assumed occurring at 

a standoff distance on ground surface on a perpendicular line that passes through the 

centre of the wall. To accurately model the blast loading on the wall, the wall is divided 

into nine segments as shown in Fig. 6-6. Blast load acting on each segment is assumed 
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uniform. Because of the symmetry of the blast loads about the centreline of the wall, 

only six blast loads need be calculated. In calculations, the scaled distance is measured 

from the centre of each segment to the location of the blast.  

The calculation of the air blast pressure is based on the empirical formulae given 

by Wu and Hao [41]. The derived air blast pressure time histories are scaled to be 

compatible with the TM5-1300 blast loading specifications [42]. The peak blast 

pressure is consistent with the TM5-1300 prediction. In this study, the air blast load 

applied to the wall are calculated according to the blast scenario in the field test carried 

out by Muszynski and Purcell [14] and is presented in the later section. 

Wu and Hao [41] derived analytical air blast pressure time history, arrival time 

and rising time, all of which are not readily available in existing empirical formula and 

design manuals. The peak air pressure was derived by Wu and Hao [41] to be given by 
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where Q is the TNT charge weight in kilograms and R is the distance to charge centre in 

metres. It is practice to call the term R/Q1/3 the scaled distance.  

Wu and Hao [41] derived the following formula to give the shock wave front arrival 

time 

a
a c

QRT
2041340 ... −

=      (s)  (6-7) 

where ca is the sound speed in air which is approximately 340 m/s. In most previous 

studies the pressure time history is modelled as starting from a peak value and then 

decreasing, since the rising time from zero to peak pressure is relatively short. To give a 

more accurate model of pressure time history, Wu and Hao [41] derived the rising time 

Tr to be given by 
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They derived the pressure time history decreasing time from its peak value to 

ambient pressure to be given by 
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Hence the duration of the positive pressure air blast is given by 
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dr TTT +=+        (s)
 

(6-10) 

In their study, the pressure time history was simplified into a linear pressure 

increase from zero to peak value and then an exponential decay. The part of the pressure 

rising linearly from zero to peak value is given by  
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The exponential decay part of the pressure time history where it decreases from 

peak to ambient pressure is given by an equation used in many previous studies, 
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where a is a constant that controls the rate of decay. 
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for 1≤SOP  MPa, a is calculated as 
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To agree with TM5-1300 [42] blast loads, the blast pressure time histories 

derived from Equations (6-5) – (6-12) are multiplied by a factor which depends on the 

scaled distance. Table 6-3 shows the scaling factors used to calculate the peak blast 

pressures that agree with TM-5.  

 

Table 6-3: Blast pressure time history scaling factors 

Scaled distance (m/kg1/3) Scaling factor 

1 2.8 

2 1.9 

3 1.7 

4 1.6 

5 1.5 
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 Because the blast wave is not an exact plane wave, the blast loads at different 

points on the wall are different. The more accurate modelling is to use many small 

segments and estimates blast loads in each segment accordingly. Uniform blast loading 

assumption will introduce some errors. An explosion is assumed occurring at a standoff 

distance on ground surface on a perpendicular line that passes through the centre of the 

wall. To accurately model the blast loading on the wall, the wall is divided into nine 

segments as shown in Figure 6-6. Blast load acting on each segment is assumed 

uniform. Because of the symmetry of the blast loads about the centreline of the wall, 

only six blast loads need be calculated. In calculations, the scaled distance is measured 

from the centre of each segment to the location of the blast.  

 

Figure 6-6: Segmentation of wall to calculate blast pressure time history  

 

6.4 Verification of numerical models   

In order to verify the accuracy and reliability of the numerical model described 

above, a series of numerical analyses of strengthened and unstrengthened RC walls 

under blast loads are carried out. Muszynski & Purcell [14] conducted a field test on the 

concrete cubicles with a 150 mm thick roof and floor as shown in Figure 6-7a. The 

2700mm high, 2500 wide and 200 mm thick concrete wall is reinforced with 9 mm 
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rebar at 300 mm centre to centre spacing. In the test, a retrofitted and a non retrofitted 

wall are placed side by side, separated by a concrete column as shown in Figure 6-7b. 

An explosive charge of 830 kg is detonated at 14.6 m standoff distance from the 

structure. Muszynski & Purcell [14] does not present blast loads, but only the charge 

weight and standoff distance. This is probably because with charge weight and standoff 

distance, the blast load can be reliably predicted with some standard approach. In this 

study, the blast load was calculated using the empirical formulae given by Wu & Hao 

[41], which gives similar predictions as TM5-1300. Figure 6-8 displays the blast 

pressure time history calculated for all segments corresponding to the charge weight and 

the standoff distance used in the test. These air blast loads are used throughout this 

research since the TNT charge weight of 860 kg is the size of a typical van bomb [43]. 

The test results are used in this study to calibrate the numerical model. 
 

  
                            (a)                                                                    (b) 

Figure 6-7: (a) Isometric view of cubicle concrete structure, and (b) Retrofitted and non 
retrofitted wall displacement measurement locations [14]  

 

6.4.1 Non-retrofitted RC wall  

The numerical model of RC walls as shown in Figure 6-9 is developed. The 

boundary condition is very important in the analysis hence the concrete slab, side walls, 

middle column and roof are also included to mimic the actual tested structure model. 

The boundary conditions used in the model are described in Section 6.2. Figure 6-10a 

and Figure 6-10b show the comparison of the calculated and field measured residual 

deflection of the unstrengthened RC wall at locations illustrated in Figure 6-7b. As 

shown, the predicted residual deflections in the present analysis agree well with the 

measured residual deflection in the field test. The largest error is 33%, but the 35.11 
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mm of the average residual deflection obtained in the analysis is nearly the same as the 

35 mm residual deflection recorded in the field test. Flexural crack patterns are 

illustrated in Figure 6-11. The predicted crack patterns (Figure 6-11b) developed from 

middle span towards the corner of the wall is similar to the crack patterns observed in 

the field test (Figure 6-11a). These confirm the reliability of the numerical model to 

predict the unstrengthened concrete slab response to blast loads.    
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Figure 6-8: Calculated blast pressure time history 
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Figure 6-9: Numerical model of the cubicle concrete 

 
Table 6-4: Residual displacement of unstrengthened RC wall 

Displacement 
locations 

Muszynski & Purcell 
[14] residual 

displacement results 
(mm) 

Present analysis residual 
displacement results 

(mm) 

Percentage 
of error 

(%) 

d1 25 26 4 
d2 34 28 -18 
d3 39 29 -26 
e1 30 39 30 
e2 52 67 29 
e3 52 50 -4 
f1 22 22 0 
f2 36 29 -19 
f3 39 26 -33 

avg. 35 35.11 0.00 
 

 

 

RP 
retrofitted 
RC wall 

Unstrengthened 
RC wall 

5.4 m x 2 m x 0.15 m 
Concrete Roof 2.7 m x 2 m x 0.15 m 

Side Wall 

5.4 m x 2 m x 0.15 m 
Concrete Slab 

2.7 m x 0.2 m x 0.2 m 
Concrete Column 
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                                  (a)                                                           (b) 
Figure 6-10: Comparison of unstrengthened RC wall residual displacement contour, 

(a) Muszynski & Purcell [14] field test result, and (b) present analysis  
 

                                      

              
   (a)     (b) 

Figure 6-11: Comparison of crack patterns for unstrengthened RC wall, (a) 
Muszynski & Purcell [14] field test result, and (b) failure strain contour in the 

present analysis 
 

6.4.2     FRP strengthened RC wall  

 For FRP strengthened RC wall, Muszynski & Purcell [14] used two FRP sheets 

of 600 mm x 2650 mm and 0.5 mm thickness to strengthen the RC wall. The FRP sheets 

are applied at rear face of the wall. The tensile strength of the CFRP is 2270 MPa, 

elastic modulus is 13.8 GPa and bonding strength 2.8 MPa.  

 Figure 6-12 and Table 6-5 compare the simulation results obtained in this study 
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* All contour lines are in mm 
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and in test [14]. The maximum residual displacement in field test is 38 mm at point b2 

(Table 6-5) and it is 40 mm in the numerical simulation. The difference is 5%. The 

average residual displacement is 25 mm and 21 mm respectively in field test and 

simulation. In the field test, delamination and FRP rupture at middle span were 

observed as shown in Figure 6-13a. Similar damage is also observed in the analysis as 

shown in Figure 6-13b, where FRP ruptured at the middle and delaminated at the edge 

and around the centre of the slab. These observations indicate that the present model 

also gives reasonable prediction of FRP strengthened wall response to blast loads.  

 
Table 6-5: Residual displacement of FRP strengthened RC wall 

Displacement 
locations 

Muszynski & Purcell 
[14] residual 

displacement results 
(mm) 

Present analysis residual 
displacement results 

(mm) 

Percentage 
of error 

(%) 

a1 13 12 -8 
a2 23 18 -22 
a3 20 19 -5 
b1 25 20 -20 
b2 38 40 5 
b3 35 25 -29 
c1 18 15 -17 
c2 28 18 -36 
c3 35 23 -34 

avg. 25 21 -16 
 

 

 
(a)      (b) 

Figure 6-12: Comparison of FRP strengthened RC wall residual displacement contour, 
(a) Muszynski & Purcell [14] field test result, and (b) present analysis 

 
* All contour lines are in mm 
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   (a)     (b)  

Figure 6-13: Comparison of post blast view for FRP strengthened RC wall, (a) 
Muszynski & Purcell [14] field test result, and (b) present analysis 

 

6.5 Response of FRP strengthened RC wall and with anchorages 

6.5.1 With different bonding strength 

 Syed-Ahmed et al. [6] commented that the success of strengthened concrete 

members bonded externally with FRP composite depends on the bond strength between 

the FRP laminates and concrete. The FRP-concrete bond strength is significantly 

affected by epoxy strength, consistency of epoxy thickness, quality of workmanship, 

concrete surface preparation and laminate application. Hence, it is difficult to obtain the 

desired bond strength since the application of epoxy and laminate could not be fully 

controlled. For these reasons, Sika Kimia Pty. Ltd. only recommends an adhesive 

strength greater than 1.5 MPa for epoxy Sikadur 330 even though the tensile strength of 

the epoxy is 30 MPa. The field test conducted by Muszynski & Purcell [14] found the 

bonding strength between FRP and concrete is 2.8 MPa. Sayed-Ahmed, et al [44] used 

32 MPa and 29.4 MPa for normal and shear strength of epoxy in their study. These 

results indicate the possibility of significant variations of epoxy strength. To study the 

effect of FRP-concrete bonding strength on FRP strengthened RC wall response 

subjected to blast loads, three FRP-concrete bond strengths i.e. 2.8 MPa, 5 MPa and 10 

MPa are used in the analysis. The blast load applied is depicted in Section 6.3.6 and 6.4. 

One layer of FRP with 0.5 mm thick is used for all walls and the FRP fibre is parallel to 

the y-axis.  

Delamination 
of FRP 

FRP 
rupture 
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Displacement at three points (D1, D2 and D3) as shown in Figure 6-14 are 

calculated. Figure 6-15 shows the time history of displacement of W2 with different 

FRP-concrete bond strength. The results are compared with the unstrengthened RC wall 

(W1). As shown, increase the FRP-concrete bond strength reduces the displacement 

response because of the increases in the bond action between FRP and concrete. This 

develops the composite action between the bonded FRP laminate and the concrete 

section.  

Table 6-6 shows that the average maximum displacement of W2 with bond 

strength 2.8 MPa, 5 MPa and 10 MPa decreased by 17.2%, 20.1% and 24.9%, 

respectively as compared to W1, and the corresponding average residual displacement 

decreased by 21.9%, 44.8% and 59%, indicating the significant influences of bonding 

failure on the strengthened walls. FRP delamination and rupture are observed as shown 

in Figure 6-16. W2 with contact bond strength 2.8 MPa has the most delamination as 

shown in Figure 6-16a, i.e. almost the entire surface is delaminated. Figure 6-16b shows 

the debonding of FRP and FRP rupture occurred at the middle span when the bond 

strength is 5 MPa. The FRP rupture reduces the wall strength capacity in resisting the 

blast loads. Only a very small delamination of FRP is observed when the bond strength 

is 10 MPa (Figure 6-16c), hence a substantial increase in the strength capacity of the 

wall. Because delamination of FRP from the concrete surface reduces the wall ultimate 

strength capacity, proper bonding between FRP and concrete is crucial in FRP 

strengthening the concrete wall.    

             
Figure 6-14: Present analysis displacement measurement locations 
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Figure 6-15: Displacement time histories of strengthened RC wall with 

different contact bond strength at (a) D1, (b) D2 and (c) D3 
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(a) 

   
(b) 

    
(c) 

Figure 6-16: Post blast view for FRP strengthened RC wall (W2) with 
different FRP-concrete bond strength, (a) 2.8 MPa, (b) 5 MPa, and (c) 

10 MPa 
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FRP rupture 
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FRP rupture 

Debonding of FRP 
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Table 6-6: Displacement of FRP strengthened RC wall (W2) with different FRP-

concrete bond strength 

FRP-concrete 
bond strength 

(MPa) 

Average 
maximum 

displacement 
(mm) 

Average 
residual 

displacement 
(mm) 

Percentage 
of max 

displacement 
decrement 

(%) 

Percentage 
of residual 

displacement 
decrement 

(%) 
Unstrengthened 89.9 42.4 - - 

2.8 74.4 33.1 17.2 21.9 
5 71.8 23.4 20.1 44.8 
10 67.5 17.4 24.9 59 

 

6.5.2 With different anchorage systems 

 Spadea et al., [45] clearly emphasized the importance of the degree and type of 

external anchorage in reducing the debonding and maintaining the composite behaviour 

of FRP strengthened wall. In this study, contact TIEBREAK NODES TO SURFACE in 

LS-DYNA is employed to simulate the bolt-connection between the FRP composite and 

concrete surface. Two types of anchorage systems are considered to the FRP 

strengthened RC wall. They are boundary anchorage (W3) and boundary and middle 

span anchorages (W4). The details are defined in Section 6.3.5. The 2.8 MPa contact 

bond strength is used between the FRP and concrete. While for the anchors, the normal 

force capacity, NLFS, is taken as 170 kN and shear force capacity, SLFS, is taken as 100 

kN [38-40]. The air blast load and the FRP details are similar to those described in 

Section 6.4. 

As shown in Figure 6-17, W3 as expected has smaller displacement as compared 

to W2 and W1. This shows that, the application of external anchorage is efficient to 

reduce the delamination as shown in Figure 6-18, hence increases the composite 

behaviour. The average maximum displacement of W3 is 68.3 mm, smaller than 89.9 

mm and 74.4 mm of W1 and W2, respectively as given in Table 6-7. In addition, the 

average residual displacement at the middle span of W3 is 35.6% less than that of W1. 

However for W4, FRP rupture at the middle span as illustrate in Figure 6-18c reduces 

the strength of FRP composite. The rupture is mostly initiated at the anchor points since 

the thickness of FRP is not enough to stand the stress concentration developed at the 

anchor points. The average maximum displacement of W4 (77.6 mm) is higher than W2 

(74.4 mm) but still smaller than W1 (89.9 mm). The percentage of average residual 

displacement of W4 is 33.3 % less than that of W1 but 2.3 % more than W3. These 
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results indicate that more anchorage is not necessarily always more beneficial. Detail 

analysis is needed to get a complete picture of FRP strengthened wall responses to blast 

loads. 
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(c) 

Figure 6-17: Displacement time histories of FRP strengthened RC wall 
with different anchor configurations at (a) D1, (b) D2 and (c) D3 
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(a) 

 
(b) 

  
(c) 

Figure 6-18: Post blast view for FRP strengthened RC wall with 
different anchorage system, (a) W2, (b) W3, and (c) W4 
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Table 6-7: Displacement of FRP strengthened RC wall with different anchorage system 

Wall designation Average 
maximum 

displacement 
(mm) 

Average 
residual 

displacement 
(mm) 

Percentage 
of max 

displacement 
decrement 

(%) 

Percentage 
of residual 

displacement 
decrement 

(%) 
W1 89.9 42.4 - - 
W2 74.4 33.1 17.2 21.9 
W3 68.3 27.3 24.0 35.6 
W4 77.6 28.3 13.7 33.3 
W5 63.7 29.3 29.1 30.9 
W6 64.7 27 28.0 36.3 

 

6.5.3 Wall strengthened with two FRP sheets and anchorage 

 To investigate the effect of FRP thickness on wall protection, two sheets of FRP 

composite are applied on the surface of the wall. The RC wall with two sheets of FRP 

of 0.5 mm thick and boundary anchorage is designated as W5 and that with boundary 

and middle span anchorages is designated as W6. The FRP fibres of each layer are 

applied perpendicular to each other in the horizontal and vertical direction, respectively.  

The response displacement time histories for W5 and W6 as shown in Figure 6-19 are 

nearly the same. Table 6-7 lists the maximum average displacement response and 

residual displacement. As can be noticed, an additional layer of FRP further reduces the 

wall responses. However, minor ruptures near the anchor points in W6 are still observed 

as shown in Figure 6-20. These result in slightly larger average maximum response than 

W5. However, anchors at the middle span reduce the debonding of FRP hence reduce 

the residual displacement of the wall. These results demonstrate that increase the FRP 

thickness will reduce the wall responses. These results demonstrate again that increase 

the number of anchors is not necessarily always beneficial because more anchors may 

cause more stress concentration and FRP rupture. 
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(c) 

Figure 6-19: Displacement time histories of FRP strengthened RC wall 
with two sheets of FRP composite at (a) D1, (b) D2 and (c) D3 
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(a) 

  
(b) 

 
(c) 

Figure 6-20: Post blast view for RC wall strengthened with two sheets 
of FRP composite, (a) W2, (b) W5, and (c) W6 
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6.6 Conclusion 

In this paper, numerical models of FRP strengthened RC walls of different 

configurations with or without anchorages subjected to blast loads were developed. The 

accuracy of the numerical models was verified by field blast testing data. The verified 

models were used to study the effect of FRP strengthening with or without anchorage 

on RC walls’ capacity to resist blast loads. It is found that FRP strengthening is 

effective to increase the RC wall blast loading resistance capacity. The bond strength 

plays a significant role in maintaining the composite action between the FRP and 

concrete. In order to reduce the delamination of the FRP sheet from RC wall, anchorage 

system can be used. However, more anchors increase the possibility of FRP rupture due 

to stress concentration at the anchors. Therefore a proper analysis is needed to find the 

optimal anchorage systems to prevent FRP delamination while minimizing the FRP 

rupture. 

 

6.7 Acknowledgement 

The authors wish to acknowledge the financial supports from the Australian 

Research Council (ARC) under grant number DP1096439 for carrying out this research. 

Support from the State Key Laboratory of Science and Technology of Beijing Institute 

of Technology with its collaborative research scheme under project number KFJJ08-3 is 

also acknowledged. 

 

6.8 References 

[1] J. L. Smith, "Anti-Terrorism: Criteria, Tools & Technology," Applied Research 
Associates, Inc. (www.protectiveglazing.org), 2003. 

[2] S. J. Wolf, V. S. Bebarta, C. J. Bonnett, P. T. Pons, and S. V. Cantrill, "Blast 
Injuries," The Lancet, vol. 374, pp. 405-415, 2009. 

[3] J. G. Teng, J. F. Chen, S. T. Smith, and L. Lam, "Behavior and strength of FRP-
strengthened RC structures: A State-of-the-art review," Proceedings of The 
Institution of Civil Engineers - Structures and Buildings, 156(SB1), pp. 51-62, 
2003. 

[4] Y. F. Wu and Y. Huang, "Hybrid bonding of FRP to reinforced concrete 
structures," Journal of Composites for Construction, vol. 12, pp. 266-273, 2008. 

[5] T. C. Triantafillou, "Strengthening of structures with advanced FRPs," in 
Construction Research Communication Limited ISSN 1365-0556, ed, 1998. 

[6] E. Y. Sayed-Ahmed, R. Bakay, and N. G. Shrive, "Bond strength of FRP 
laminates to concrete: State-of-the-art review," Electronic Journal of Structural 
Engineering, vol. 9, pp. 45-61, 2009. 

[7] B. Ferracuti, M. Savoia, and C. Mazzotti, "A numerical model for FRP-concrete 
delamination," Composites Part B: Engineering vol. 37, pp. 356-364, 2006. 

[8] B. Ferracuti, M. Savoia, and C. Mazzotti, "Interface law for FRP-concrete 

http://www.protectiveglazing.org)/�


 186 

delamination," Composite Structures, vol. 80, 2007. 
[9] K. M. Mosalam and A. S. Mosallam, "Nonlinear transient analysis of reinforced 

concrete slabs subjected to blast loading and retrofitted with CFRP composites," 
Composites Part B: engineering, vol. 32, pp. 623-636, August 29, 2001 2001. 

[10] C. Wu, D. J. Oehlers, M. Rebentrost, J. Leach, and A. S. Whittaker, "Blast 
testing of ultraihigh performance fibre and FRP-retrofitted concrete slabs," 
Engineering Structures, vol. 31, pp. 2060-2069, 2009. 

[11] A. G. Razaqpur, A. Tolba, and E. Contestabile, "Blast loading response of 
reinforced concrete panels reinforced with externally bonded GFRP laminates," 
Composites Part B: engineering, vol. 38, pp. 535-546, December 23, 2006 2007. 

[12] D. Lawver, R. Daddazio, J. O. Gwang, C. K. B. Lee, A. B. Pifko, and M. 
Stanley, "Simulating the response of composite reinforced floor slabs subjected 
to blast loading," 2003 ASME International Mechanical Engineering Congress, 
pp. 15-21, November 15-21, 2003 2003. 

[13] L. C. Muszynski and M. R. Purcell, "Composite reinforcement to strengthen 
existing concrete structures against air blast," Journal of Composites for 
Construction, vol. 7, pp. 93-97, May 1, 2003 2003a. 

[14] L. C. Muszynski and M. R. Purcell, "Use of composite reinforcement to 
strengthen concrete and air-entrained concrete masonry walls against air blast," 
Journal of Composites for Construction, vol. 7, pp. 98-108, May 1, 2003 2003b. 

[15] A. Khalifa, T. Alkhrdaji, A. Nanni, and S. Lansburg, "Anchorage of Surface 
Mounted FRP Reinforcement," Concrete International: Design and 
Construction, vol. 21, pp. 49-54, 1999. 

[16] S. L. Orton, J. O. Jirsa, and O. Bayravk, "Design consideration of carbon fiber 
anchors," Journal of Composites for Construction, ASCE, vol. 12, pp. 608-616, 
2008. 

[17] N. Eshwar, A. Nanni, and T. J. Ibell, "Performance of Two Anchor Systems of 
Externally Bonded Fiber-Reinforced Polymer Laminates," ACI Materials 
Journal vol. 105, pp. 72-80, 2008. 

[18] K. K. Antoniades, T. N. Salonikios, and A. Kappos, "Tests on 
seismicallydamaged reinforced concrete walls repaired and strengthened using 
fiber-reinforced polymers," Journal of Composites for Construction, vol. 9, pp. 
236-246, 2005. 

[19] S. J. Hwang, Y. S. Tu, Y. H. Yeh, and T. C. Chiou, "Reinforced concrete 
partition walls retrofitted with carbon fiber reinforced polymer," ANCER Annual 
Meeting: Networking of Young Earthquake Engineering Researchers and 
Professionals, Honolulu, Hawaii, 2004. 

[20] T. Kanakubo, Y. Aridome, N. Fujita, and M. Matsui, "Development of 
anchorage Ssystem for CFRP sheet in strengthening of reinforced concrete 
structures," 12th World Conference on Earthquake Engineering, New Zealand, 
vol. paper No.1831, 2000. 

[21] J. Lambard, D. Lau, J. Humar, S. Foo, and M. Ceung, "Seismic Strengthening 
and Repair of Reinforced Concrete Shear Walls," 12th World Conference on 
Earthquake Engineering, New Zealand, vol. Paper No. 1831, 2000. 

[22] N. F. Grace, "Improved anchoring system for CFRP strips," Concrete 
International, vol. 23 pp. 55-60, 2001. 

[23] LS-DYNA, Keyword User's Manual V971. CA: LSTC, Livermore, 2006. 
[24] A. Tabiei and J. Wu, "Roadmap for Crashworthiness Finite Element Simulation 

of Roadside Safety Structures," Finite Element Analysis and Design, vol. 34, pp. 
145-157, 2000. 

[25] S. Chan, Z. Fawaz, K.Behdinan, and R. Amid, "Ballistic limit prediction using 
numerical model with progressive damage capability," Composite Structures, 



 187 

vol. 77, pp. 466-474, 2007. 
[26] K. Yonten, T. M. Majid, E. Azim, and M. Dhafer, "An evaluation of constitutive 

models of concrete in LS-DYNA finite element code " Proceeding of the 15th 
ASCE Engineering Mechanics Conference, 2002. 

[27] L. J. Malvar, J. E. Crawford, J. W. Wesevich, and D. Simons, "A plasticity 
concrete material model for DYNA3D," Journal of Impact Engineering, vol. 19, 
pp. 847-873, 1997. 

[28] H. Han, F. Taheri, N. Pegg, and Y. Lu, "A numerical study on the axial crushing 
response of hybbrid and + braided tubes," Composite Structures, vol. 80, pp. 
253-264, 2007. 

[29] A. G. Mamalis, D. E. Manolakos, M. B. Ioannidis, and P. K. Kostazos, 
"Crushing of hybrid square sandwich composite vehicle hollow bodyshells with 
reinforced core subjected to axial loading," Composite Structures, vol. 61, pp. 
175-186, 2003. 

[30] D. Asprone, E. Cadoni, and A. Prota, "Experimental analysis on tensile dynamic 
behavior of existing concrete under high strain rates," Structural Journal vol. 
106, pp. 106-113, 2009. 

[31] CEB, CEB-FIP Model Code 1990,. Trowbridge, Wiltshire, UK: Comité Euro-
International du Béton , Redwood Books, 1993. 

[32] L. J. Malvar, "Review of static and dynamic properties of steel reinforcing bars," 
American Concrete Institute Materials Journal, vol. 95, pp. 609-616, 1998. 

[33] L. J. Malvar and C. A. Ross, "Review of strain rate effects for concrete in 
tension," American Concrete Institute Materials Journal, vol. 95, pp. 735-739, 
1998. 

[34] G. Yang and T. S. Lok, "Analysis of RC Structures Subjected to Air-blast 
Loading Accounting for Strain Rate Effect for Steel Reinforcement," 
International Journal of Impact Engineering, vol. 34, pp. 1924-1935, 2007. 

[35] L. M. Welsh and J. Harding, "Dynamic tensile response of unidirectionally-
reinforced carbon epoxy and glass epoxy composites," Proceedings of The 5th 
International Conference on Composite Materials, 1985. 

[36] H. Kimura, M. Itabashi, and K. Kawata, "Mechanical characterization of 
unidirectional CFRP thin strip and CFRP cables under quasi-static and dynamic 
tension," Advance Composite Materials, vol. 10, pp. 177-187, 2001. 

[37] Y. Shi, Z. X. Li, and H. Hao, "Bond slip modelling and its effects on numerical 
analysis of blast-induced responses of RC columns," Structural Engineering and 
Mechanics, vol. 32, pp. 251-267, 2009. 

[38] ACI, Building Code Requirements for Structural Concrete (ACI 318-02) and 
Commentary (ACI 318R-02). Farmington Hills, Mich: American Concrete 
Institue, 2002. 

[39] H. Salim, R. Dinan, J. Shull, and P. T. Townsend, "Shock load capacity of 
concrete expansion anchoring systems in uncracked concrete," Journal of 
Structural Engineering, vol. 131, pp. 1206-1214, 2005. 

[40] C. Moreland, "Response of retrofitted masonry walls to blast loading," Bachelor 
of Civil Engineering BEng. Disertation, School of Civil & Resource 
Engineering University of Western Australia, Western Australia, 2005. 

[41] C. Wu and H. Hao, "Modeling of simultaneous ground shock and airblast 
pressure on nearby structures from surface explosions," International Journal of 
Impact Engineering, vol. 31, pp. 699-717, 2005. 

[42] TM5-1300, "(Technical Manual 5-1300/NAVFAC P-397/AFR 88-22) Structures 
to resist the effects of accidental explosions," ed: Joint Departments of the 
Army, the Navy, and the Air Force, Washington DC, 1990. 

[43] FEMA-428, "Primer to design safe school projects in case of terrorist attack," F. 



 188 

Milagros Office, Building Sciences Technology Branch, Mitigation Division, 
Ed., ed, 2003. 

[44] E. Y. Sayed-Ahmed, "Numerical investigation into strengthening steel I-section 
beams using CFRP strips," Structures Congress 2006, 2006. 

[45] G. Spadea, F. Bencardino, and R. N. Swamy, "Structural Behavior of Composite 
RC Beams with Externally Bonded CFRP," Journal of Composites for 
Construction, vol. 2, pp. 132-137, 1998. 

 
 



 189 

CHAPTER 7 
DEVELOPMENT OF PRESSURE-IMPULSE DIAGRAMS 

FOR RC PANELS – PART II: FRP STRENGTHENED 
PANELS 

By: Azrul A. Mutalib and Hong Hao 

ABSTRACT: Intensive researches have been done on using Fiber Reinforced Polymer 

(FRP) to repair and strengthen reinforced concrete structures to resist blast and impact 

loads. Most of these studies are experimental based. Although it is commonly observed 

that FRP strengthening increases the RC panel capacity in resisting blast loads, very few 

quantitative information that relates the capacity increment with the FRP strengthening 

measures is given, and some inconsistent conclusions exist in the literature. It is found 

that in general FRP strengthening, if it is properly applied onto the RC panel and 

premature debonding of FRP layers from RC panel is prevented, will increase the 

panel’s capacity in resisting blast loadings. In this study, numerical simulations are 

carried out to construct pressure-impulse (P-I) curves of FRP strengthened RC panels. 

Damage criteria given in technical manual UFC-3-340-02 based on the support rotation 

are used to quantify damage. Influences of RC panel and FRP properties on P-I curves 

are studied. The generated P-I curves can be used in primary assessment of RC panel 

damage to blast loads. 

 

7.1 Introduction 

Many existing structures especially the exterior RC panels are only designed to 

resist natural loads and are not designed to withstand the blast loads. In their service life 

some of these structures might be exposed to blast loads, either accidental or hostile. 

The RC panels can be physical barriers separating a valuable asset from an explosive 

threat producing a blast load capable of damaging the asset [1]. Since damage of RC 

panels imposes significant threats to occupants and properties, the existing exterior RC 

panels of high risk facilities often must be strengthened to against blast loads. In recent 

years, researchers have studied the effectiveness of FRP strengthening of RC structures 

in offering blast protection for buildings due to the increase in actions of terrorism [2]. 

The use of FRP composites for reinforcing existing structures is increasing due to their 
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flexible nature and the ease in which they can be bonded to most material surfaces. 

They also cause minimal alteration to the geometry and appearance of the original 

structure in comparison with other strengthening techniques such as installation of steel 

plates and internal concrete skin [3].  

Since the FRPs are much stronger in the fibre directions, they are usually 

arranged in a continuous manner and oriented in a specified direction depending on the 

application [4]. The main applications of FRP composites in structural engineering field 

are strengthening structures by enhancing their flexural strength and ductility, 

retrofitting a structural element to withstand unexpected impact loads and damage repair 

of structures. In the case of strengthening RC panel structures, the high tensile strength 

of the fibres can increase the shear and flexural capacity of the structure. An 

improvement in shear and flexural capacity can be achieved via the deployment of 

composite by binding the fibres perpendicular to the potential shear crack and by 

placing the composite along the tension surface of the structure for flexural 

strengthening. The FRP sheets can also act as a debris catcher to minimize the chance of 

direct impact between the debris from the failed RC panels and occupants inside the 

building. This is extremely useful for occupants protection as Davidson et al. [5] and 

Smith [6] pointed out that most injuries and causalities occurred from external 

explosions were not caused by blast pressure, blast heat, bomb container fragments, but 

rather, were caused by high speed blast induced debris of walls, shattering of windows, 

and unsecured objects during the blast.  

The performance of FRP composite is highly dependent on the quality of the 

bond between resin and fibre layers, fibre type, fibre cross-sectional area, the orientation 

of fibre within matrix, the manufacturing process and adhesive used between the fibre 

and concrete [4]. Hence, structural failure is possible even when they are strengthened 

with FRP systems. For example brittle structural failure may  occur when the ultimate 

flexural/shear capacity of the FRP is exceeded, resulting in rupture of the FRP [7]. More 

commonly, the retrofitted system may undergo premature brittle failures from 

debonding of FRP [3, 8-13]. The cause of the debonding may be attributed to the 

building up of high interfacial stress near the ends of the FRP system or in the flexural-

shear cracks formed in the concrete system. Debonding may also be caused by the 

failure of adhesive, slip at the concrete to adhesive interface and slip at the adhesive to 

fibre interface that prohibits FRP system to reach the maximum ultimate capacity. There 

has been much experimental research conducted and several empirical models proposed 

for prediction of adhesive strength between the FRP and concrete [14-17]. The results 
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have shown that overestimating the bond strength can lead to a high percentage of 

unsafe designs [18].  It should also be noted that the failure of both flexural and shear 

strengthened members can be brittle fracture which may lead to a catastrophic failure 

[4]. Therefore it is vital to ensure adequate bonding between FRP composites and 

structural member surfaces in order to achieve the strength enhancement of members 

against extreme loadings.  

 To prevent premature debonding failure, the FRP sheet could be anchored to 

structures. Some anchoring systems have been demonstrated by experimental tests to be 

highly effective in increasing the bond strength of FRP-concrete interface by about 11% 

as compared to the FRP strengthened RC structures without anchors [19]. Some 

experimental studies demonstrated the full tensile capacity of the FRP is able to be 

developed with additional anchorage even though other experimental studies observed 

occurrences of a few debondings [20-24].  In order to develop an effective retofitting 

tchniques, many types of anchorage systems for the FRP have been introduced. Two of 

the common anchorage sytems are 1) anchors applied on the structure along the 

boundaries; and 2) the FRP is anchored to the boundary structures. For example in 

experimental study by Eshwar et al. [21], CFRP and GFRP spike anchors were used at 

the boundaries with specified intervals. Eshwar et al. [21] also utilised GFRP bar by 

inserting it into the precut groove and embedded with epoxy paste along the boundaries. 

Similar approaches were investigated in Tan et al. [25]. They developed two types of 

achorage techniques for FRP system using 10 mm diameter steel bars and 100 mm 

length of GFRP sheets bolts  embedded in the grooves filled with epoxy at a distance of 

140 mm from each of the four sides of the wall. While Hwang et al. [22], Kanakubo et 

al. [23] and Lombard et al. [24] proposed an anchorage system using structural steel 

angles bolted to the boundary structures. Antoniades et al. [20] introduced six types of 

FRP system strengthening schemes anchored to the boundary structures using GFRP 

jackets, CFRP strips, GFRP anchorages, chemical metal anchorages, metal plate, 

screwed clamp and nonshrinkage repair cement in their test on out of plane damaged 

RC walls.  

Most of the researches about FRP strengthening with or without anchorages 

against blast loads are qualitative only. It is generally observed that if properly applied 

and premature debonding prevented, FRP strengthening increases the blast loading 

resistance capacity of RC walls. The effectiveness of FRP strengthening, however, is 

not only dependent on the FRP material properties and strengthening techniques, but 

also dependent on many factors related to the structure and blast loading conditions. A 
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quantitative assessment of the blast loading resistance capacity of FRP strengthened RC 

panels will be very useful for design FRP strengthening measures of RC panels to resist 

blast loadings. In this study, Pressure-Impulse (P-I) diagrams of FRP strengthened RC 

panels are developed for quantitative assessment of their blast load-carrying capacities. 

P-I diagrams relate the level of damage suffered by a structural member when exposed 

to different combinations of pressure and impulse created by explosives. It has been 

developed by many researchers using different methods for different structural 

components. These include development of P-I curves based on experimental data [26, 

27], based on SDOF analysis [28-31] and numerical analysis [32, 33]. This paper 

numerically generates P-I diagrams of FRP strengthened RC panels with and without 

anchorages using LS-DYNA v971 [34]. Three damage levels, namely low damage, 

medium damage and severe damage, are defined in this study for P-I diagrams. Three 

types of FRP strengthening schemes are selected i.e. FRP strengthened RC panels 

without anchors, FRP strengthened RC panels anchored along the boundaries and FRP 

strengthened RC panels anchored to the boundary structures. Before conducting a series 

of simulations, the numerical models are verified with experimental results presented by 

other researchers [12]. Intensive numerical simulations are carried out to quantify the 

effect of FRP strength, FRP thickness and bond strength on the RC panel responses 

against blast loads. The numerical results are utilized to formulate the empirical 

formulae to predict the pressure and impulse asymptotes of P-I diagrams. The damage 

modes of the FRP strengthened RC panels with different strengthening schemes 

obtained from numerical analyses are also discussed in this study. 

 

7.2 Finite element modelling of FRP strengthened RC panels 

 One technique that may be used to strengthen existing panels (designated as W1) 

is the application of FRP composites to the surface of the panel to resist the loading in 

the out-of-plane direction. Flexural strengthening of RC panels using FRP composites 

may be provided by epoxy-bonding the materials to the element’s tension zones, with 

the direction of the fibres parallel to that of high tensile stresses. The concept is 

illustrated in Figure 7-1, where FRP is attached to the rear face of the panel to best 

exploit its structural properties. Three retrofit schemes of FRP strengthened RC panel 

with and without anchorages are investigated. They are: FRP strengthened RC panel 

without anchor designated as W2, FRP strengthened RC panel with anchors along all 

boundaries W3, and FRP strengthened RC panel with FRP anchored to the boundary 
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structures W4. The anchorage system details are illustrated in Figure 7-2. The concrete-

anchor connection is modelled using tied node as will be explained in later section, 

hence does not limit to any specific anchor type.  

Material models for concrete and reinforcement steel are described in [43]. 

Material model 54 (MAT ENHANCED COMPOSITE DAMAGE TITLE) is used to 

model FRP composite [35, 36].  This material model is based on the Chang-Chang 

failure criterion for assessing lamina failure [34]. The criterion accounts for non-linear 

shear stress-strain behaviour and the post-stress degradation. Four failure modes 

including tensile fiber mode, compressive fiber mode, tensile matrix mode and 

compressive matrix mode are modelled. The FRP layers are represented by the 25x25 

mm Belytschko-Tsay 3D shell element [34].  The strength enhancement of FRP under 

high strain rate is insignificant as compared to concrete and steel material as validated 

by the experimental results acquired by Welsh and Harding [37], and Kimura et al. [38]. 

Therefore, the strain rate effect on FRP material strength is not considered in this study.  

 

 

Figure 7-1: RC wall retrofitted with FRP sheet, W2 
 

Epoxy adhesive is used to externally bond the FRP to the structural members. In 

order to simulate the delamination of the FRP composite, the AUTOMATIC 

SURFACE TO SURFACE TIEBREAK contact option in LS-DYNA is used to model 

the adhesive contact between the concrete and FRP. This is a special contact option 
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where the variables NFLS and SFLS are the tensile and shear failure stresses of epoxy. 

Failure of contact between FRP composite and concrete surface occurs if  
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where σn and σs are the tensile and shear stresses at the interface, respectively. 

 

 
(a) 

 
(b) 

Figure 7-2:  FRP strengthened RC wall with (a) anchors along all 
edges, W3 and (b) anchors to boundary structures, W4 

  

 Tabiei and Wu [39] proposed four methods to model the bolted connection 

between the FRP composite and the concrete in LS-DYNA. In this study, the contact 
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TIEBREAK NODES TO SURFACE method is used to model the contact between the 

FRP nodes and concrete surface at bolt locations as this option gives reasonably good 

results and is computationally efficient. The contact keeps the slave nodes and the 

master surface together until a prescribed failure criterion as defined by Equation (7-2) 

is reached  

   1≥
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NEN

n

SFLF
f

NFLF
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    (7-2) 

where fn and fs are the normal and shear force at the interface; NEN and MES are 

exponent for normal and shear force; and NFLF and SFLF are the corresponding normal 

tensile and shear force at failure, respectively. In this study, the values of fn and fs are 

calculated during the analysis, NEN and MEN are taken as 2 and the values of NFLF 

and SFLF are defined based on the concrete-anchor connection properties according to 

the concrete capacity design (CCD) method presented in ACI 318-02 [40]. It can be 

calculated that 

   2/3'
effcnc hfKNFLF =     (N) (7-3) 

where Knc = 14.66 for post installed anchors; and Knc = 16.75 for preinstalled anchors, fc
’ 

is the concrete compressive strength in MPa and heff  is the embedment length in mm. 

The embedment length is taken as 146 mm based on the study carried out by Salim et 

al. [41]. They used 146 mm length of torque-controlled expansion anchor in their 

experimental study on anchor design under blast loads. They concluded that upon 

dynamic loading, tensile strength capacity increased up to 21% above the CCD static 

prediction of tensile strength. The shear failure force SFLF is taken as 100kN in this 

study [42].  

 

7.3 Verification of numerical models 

 For FRP strengthened RC wall, Muszynski & Purcell [12] used two FRP sheets 

of 600 mm x 2650 mm and 0.5 mm thickness to strengthen the RC wall. The FRP sheets 

are applied at rear face of the wall. The tensile strength of the CFRP is 2270 MPa, 

elastic modulus is 13.8 GPa and bonding strength 2.8 MPa. The details of the field test is 

depicted in the accompany paper part I [43].  

  Figure 7-3 and Table 7-1 compare the simulation results obtained in this study 

and in test [12]. The maximum residual displacement in field test is 38 mm at point b2 

(Table 7-1) and it is 40 mm in the numerical simulation. The difference is 5%. The 



 196 

average residual displacement is 25 mm and 21 mm respectively in field test and 

simulation. In the field test, delamination and FRP rupture at middle span were 

observed as shown in Figure 7-4a. Similar damage is also observed in the analysis as 

shown in Figure 7-4b, where FRP ruptured at the middle and delaminated at the edge 

and around the centre of the slab. These observations indicate that the present model 

gives reasonable prediction of FRP strengthened wall response to blast loads. 
 

 
(a)      (b) 

Figure 7-3: Comparison of FRP strengthened RC wall residual displacement contour, 
(a) Muszynski & Purcell [12] field test result, and (b) present analysis 

 
Table 7-1: Residual displacement of FRP strengthened RC wall 

Displacement 
locations 

Muszynski & Purcell 
[12] residual 

displacement results 
(mm) 

Present analysis residual 
displacement results 

(mm) 

Percentage 
of error 

(%) 

a1 13 12 -8 
a2 23 18 -22 
a3 20 19 -5 
b1 25 20 -20 
b2 38 40 5 
b3 35 25 -29 
c1 18 15 -17 
c2 28 18 -36 
c3 35 23 -34 

avg. 25 21 -16 
 

 

 

 
* All contour lines are in mm 

30 
16 
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                            (a)                                                (b) 
Figure 7-4:  Comparison of post blast view for FRP strengthened RC wall, (a) 

Muszynski & Purcell [12] field test result, and (b) present analysis 

 

7.4 Possible structural damages of FRP strengthened RC panels  

Damage modes of RC panel not only depend on the amplitude and duration of 

the blast loads but also depend on the boundary conditions and panel properties. In this 

study, all RC panels are analysed with the same parameters of width b=2500 mm, 

height H=2700 mm, depth d=150 mm, compressive concrete strength fcu=30MPa and 

reinforcement ratios ρ=0.014 and the same concrete and steel material models as 

described in part I of this study [43]. The FRP properties used in W2, W3 and W4 

include the bond strength fe=5 MPa, FRP tensile strength frp =2280 MPa, and FRP 

thickness tfrp=3mm. As discussed in the accompany paper Part I [43], the possible 

failure modes are as follows; a) Mode I is deformations due to shear failure (Mode Ia) at 

the impulsive range of the P-I diagram and a combination of shear and flexural failures 

(Mode Ib), b) Mode II is a failure in the dynamic range of the P-I diagram, tearing 

begins along two sides at the boundaries before any of the corners are torn out owing to 

flexural failure, and c) Mode III is failure characterized by a well defined shear failure 

at supports with a significant deformation in the severed central section.  

 

7.4.1 One way panel 

The damage modes for one-way panels strengthened with different FRP 

strengthening schemes are shown in Figure 7-5 until Figure 7-8, where (a), (b), (c) and 

(d) represent damage modes of W1 (without strengthening), W2, W3 and W4, 

Delamination 
of FRP 

FRP 
rupture 
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respectively. Figure 7-5 shows the damage Mode Ia at peak pressure 15000 kPa and 

impulse 2100 kPa.ms. In this damage mode, large inelastic deformation is observed due 

to shear failure in W1. Since the FRP only increases flexural resistance of the panel, W2 

and W3 also experience similar response mode with a large shear deflection. FRP 

delamination is observed in W2 near the boundary because no anchorage is applied and 

FRP is only bonded to the RC panel by epoxy. For W4, since the FRP is anchored along 

all the four sides of the panel to boundary structures, these anchorages provide 

displacement restraint along the four sides and thus make the panel behave like a two-

way slab although only two short sides are fixed in the simulations.      
 

 
(a)      (b) 

 
(c)      (d) 

Figure 7-5: Mode Ia damage of four panels generated with P=15000 kPa and 
 I=2100 kPa.ms 

 

Damage for Mode Ib at peak pressure of 9000 kPa and impulse of 2300 kPa.ms 

is shown in Figure 7-6. In this damage mode, both shear and flexural failure occurred 

simultaneously and caused a large deflection in W1. A small reduction of the panel 

deflection is obtained in panel W2 and W3 since the FRP increases the flexural 

resistance of the panel. FRP delamination is observed in W2 and FRP rupture is 

observed in W3 at anchors along the boundary. W4 remains elastic and only small 

residual deformation is observed after the blast.    

Damage Mode II is obtained by reducing the amplitude of the peak pressure to 

1000 kPa and increase the impulse to 2400 kPa.ms. This causes W1 failed primarily 

with the flexural failure mode and tensile tearing at the support. Similar failure mode is 

observed in Riedel et al. [44] experimental test. They tested a 0.62 m x 1.75 m x 0.12 m 

RC slab subjected to a blast load with a 208 kPa peak pressure and a 3038 kPa.ms peak 

impulse. Because of the high tensile strength, the properties of the FRP are best exploit 

in this damage mode. The blast resistance capacities of the FRP strengthened panels of 

FRP delamination 
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W2 and W3 increase substantially even though FRP delamination and rupture are 

observed as shown in Figure 7-7. W2 and W3 experience only small deflections as 

compared to W1. Again W4 performs the best among the four panels, indicating 

anchoring the FRP sheet to boundary structures provides the most effective FRP 

strengthening of RC panels. 
 

  
(a)      (b) 

  
(c)      (d) 

Figure 7-6: Mode Ib damage of four panels generated with P=9000 kPa and 
 I=2300 kPa.ms  

    
 

 
(a)  (b) 
 

  
                                 (c)          (d) 

Figure 7-7:  Mode II damage of four panels generated with P=1000 kPa and  
I=2400 kPa.ms 

 

Damage Mode III is obtained when the peak pressure is relatively small, i.e. 150 

kPa and the time duration is rather long with the peak impulse 15000 kPa.ms. The 

response and damage of the four example panels under this blast loading scenario are 

shown in Figure 7-8. Even though the peak pressure is relatively small and flexural 

deformation at the mid section is less significant, the pressure acting on the large area of 

FRP delamination 

FRP rupture 

FRP delamination 

FRP rupture 
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the wall surface with very long duration causes a stress concentration at the support 

result in concrete tearing owing to negative bending moment. At 100 ms, W1 fails by 

tearing of the concrete at the supports.  W2 and W3 also suffer concrete tearing along 

the boundary with no significant deformation in the mid span of the panel. W4 again 

experiences the minimum responses among the four panels under this quasi-static 

loading scenario and remains elastic, as shown in Figure 7-8.  
 

   
                                 (a)           (b)  
 

    
                                 (a)          (b) 

 
Figure 7-8:  Mode III damage of four panels generated with P=150 kPa and  

I=15000 kPa.ms 

 

7.4.2 Two way panel 

For two-way panels, i.e., all the four sides of the panel are constrained as 

described in the accompany paper [43], the mid span cross section as shown in Figure 

7-9 is used to better illustrate the damage mode of FRP strengthened RC panels. Figure 

7-10 until Figure 7-13 show the damage modes of the four panels, in which (a), (b), (c) 

and (d) show the panels W1, W2, W3 and W4, respectively. 

Figure 7-10 shows damage Mode Ia at peak pressure of 15000 kPa and impulse 

of 2400 kPa.ms. In this impulsive loading region, the blast load is usually of a big peak 

and short duration. In such a short time, shear stress grows quickly but the flexural 

deflection has no time to develop. As shown, W1 fails primarily due to the shear failure 

mode. The three FRP strengthened panels also suffer significant damage because shear 

failure mode dominates the RC panel failure while FRP strengthening mainly increases 

the panel flexural resistant capacity. W2 also exhibits a FRP delamination along the 

boundaries. The FRP in W4 is attached to the boundary structures, which increases the 

composite action. Failure near the support is also observed with FRP rupture   

FRP delamination 

FRP rupture 
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Figure 7-9:  Mid-span plane cross section of the two-way RC panel  
 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7-10:  Mode Ia damage of four panels generated with P=15000 kPa and 
 I=2400 kPa.ms 

 

When the peak pressure is reduced to 5000 kPa and the impulse is increased to 

3000 kPa.ms, damage Mode Ib, i.e, a combination of shear and flexural damage is 

observed in W1 as shown in Figure 7-11 and collapse of the wall occurs. In W2, FRP 
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strengthening increases the flexural resistance capacity hence reduces the deflection 

response. However, FRP delamination occurs near the panel boundary, therefore the 

collapse of the panel still occurs. When the FRP is anchored to the panel as shown in 

W3 (Figure 7-11c), the bond action between FRP and concrete is increases. This 

develops the composite action between the bonded FRP laminate and the concrete and 

reduces the displacement response. W4 responds similarly as W3.  
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 7-11: Mode Ib damage of four panels generated with P=5000 kPa and 

 I=3000 kPa.ms 
 

Figure 7-12 shows damage mode of the four RC panels subjected to the blast 

load in dynamic region with the peak pressure of 1000 kPa and impulse of 4500 kPa.ms.  

As shown Mode II damage occurs in this loading condition. In this damage mode the 

maximum shear stress in the panel is relatively small but the bending moment could 

develop to a large value, which leads W1 to a flexural failure and collapses. In W2, FRP 

delamination occurs hence reduces the panel flexural resistance capacity. The composite 

action between concrete and FRP is fully utilized in W3 and W4 with boundary anchors 

hence a smaller deflection response is observed in these two panels, although FRP 

rupture is observed in W3 near the boundaries. These observations again demonstrate 

the superiority of anchoring FRP sheet to boundary structures.   

FRP delamination 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7-12:  Mode II damage of four panels generated with P=1000 kPa and  
I=4500 kPa.ms 

 

As shown in Figure 7-13, damage Mode III occurs when the panels are 

subjected to blast loads in quasi-static region with the peak pressure 300 kPa and 

impulse 15000 kPa.ms. In this loading region, the panel is strong enough to resist the 

bending moment since the peak pressure is rather small. In the long loading duration, 

the transverse shear stress is developed slowly. This initiates the shear cracks cause the 

concrete in W1 along the boundary fail at the boundary. As a consequence, transverse 

shear failure occurs at the support after concrete failure, as shown in the figure W2 and 

W3 also suffer the similar damage since the FRP is only applied at the rear face of the 

panel, hence it does not contribute to the panel capacity to resist the shear stress. 

However, W4 exhibits a significant improvement in the panel blast resistance capacity 

because in this panel the composite action is developed between the bonded FRP 

laminate with the concrete panel as well as the boundary structures. The anchor of FRP 

sheet to the boundary structures provides additional constraint to the RC panel hence 

dramatically reduces the deflection response as well as the negative bending damage at 

the support. 

FRP delamination 

FRP rupture FRP rupture 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7-13:  Mode III damage of four panels generated with P=300 kPa and  
I=15000 kPa.ms 

 

7.5 Development of P-I diagrams 

P-I diagrams for W1, W2, W3 and W4 are developed to study the effect of 

different anchorage configurations on the RC panel dynamic responses, and to provide 

an efficient quantitative measures to assess the blast load resistance capacities of RC 

panels with or without FRP strengthening. The panels with parameters of b=2500 mm, 

H=2700 mm, d=200 mm, fcu=30MPa, ρ=0.014, fe=2.8 MPa, ffrp =2280 MPa and tfrp=1 

mm are taken as an example and presented in detail. The same damage criteria defined 

in UFC-3-340-02 [45] and described in the accompany paper [43] are used in 

developing the P-I diagrams. 

 

7.5.1 One way panel 
Figure 7-14 until Figure 7-16 illustrate the numerical results and the fitted P-I 

diagrams for RC slabs corresponding to the low damage (LD), medium damage (MD) 

and severe damage (SD) with different FRP strengthening schemes. Figure 7-14 shows 

a comparison of P-I diagrams of W1 and W2 at different damage levels.  As shown, the 

P-I diagrams for W2 have higher PO and IO level as compared to W1 especially in the 

FRP delamination 
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impulsive loading realm, indicating the effectiveness of the FRP strengthening. Similar 

to the unstrengthened RC panel, P-I curves corresponding to the different damage levels 

converge in the quasi-static region. In this region, as discussed above and in the 

accompany paper [43], the panel damage initiates by the negative bending near the 

support and followed by shear failure. FRP strengthening only on the tension side has a 

minimum effect in blast loading resistance capacities of the panel.  

As shown, the P-I curves for FRP strengthened slabs can also be represented by 

hyperbolic equations as those for unstrengthened slabs [43]. Similar observations are 

also made in [26, 27, 33]. Therefore, hyperbolic equations are used to represent the P-I 

curves of FRP strengthened RC slabs.  In this study, A is taken as 0.25 as suggested in 

[27] and β is a constant obtained based on the numerical simulation data.  Hence the P-I 

curve equation can be expressed as 

( )( )
β






 +=−−

22
25.0 OO

OO
IPIIPP  

 
(7-4) 

 

By using Equation (7-4), the P-I curves for W2 are generated as shown in Figure 

7-14. The values of β for W2 at different damage levels obtained from numerical 

simulations are listed in Table 7-2. In this table, the pressure asymptote PO and the 

impulse asymptote IO for each damage level of W2 are also given.   
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Figure 7-14:  P-I curves of one-way panel W1 and W2 
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Table 7-2: Value of parameters in Equation (7-4) for one-way panel W2 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 330 2900 0.25 2.15 

Medium, MD 330 3200 0.25 2.14 
Severe, SD 330 3600 0.25 2.12 

 

The P-I diagrams for W1 and W3 are plotted and compared in Figure 7-15. As 

shown, by anchoring the FRP to the panel along the boundary prevents the FRP from 

debonding, which increases the composite action between FRP sheet and the concrete 

hence increases the pressure and impulsive asymptotes. It can be noticed as well that the 

value of PO and IO for W3 is higher than W2 in Figure 7-14. They are, together with the 

values of β for W3 are tabulated in Table 7-3.     
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Figure 7-15:  P-I curves of one-way panels W1 and W3  

 
Table 7-3: Value of parameters in Equation (7-4) for one-way W3 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 370 3000 0.25 2.15 

Medium, MD 370 3500 0.25 2.13 
Severe, SD 370 4100 0.25 2.12 

 

The P-I diagrams for W4 is shown in Figure 7-16 and is also compared with W1. 

As shown, both the pressure and impulse asymptotes, especially the pressure 

asymptotes of W4 further increase. This is because, as observed above, anchoring the 
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FRP sheet to boundary structures not only makes the one-way slab behaves like a two-

way slab, but also effectively mitigates the damage potential at the slab boundaries due 

to negative bending moment and shear forces. As a results, the pressure asymptotes 

increases significantly.  The best fitted P0, I0 and the β value for W4 are listed in Table 

7-4. 
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Figure 7-16:  P-I curves of one-way panel W1 and W4  

 

Table 7-4: Value of parameters in Equation (7-4) for one-way W4 

Level of Damage PO (kPa) IO (kPa) A β 

Low, LD 1100 3200 0.25 2.03 
Medium, MD 1300 3700 0.25 2.02 
Severe, SD 1300 4700 0.25 2.01 

 

7.5.2 Two way panel 
The four panels W1, W2, W3 and W4 are made as two-way panels by fixing all 

the four sides of the panel. A series of numerical simulations are conducted to calculate 

the responses of the two-way panels to develop P-I curves. Figure 5-17 until Figure 

7-19 shows the P-I curves of the two-way panels.  

As shown in Figure 7-17, the P-I diagrams for W2 have higher PO and IO as 

compare to W1. It is observed that the FRP composite is effective in increasing the 

panel flexural resistance capacity hence results in the increment of the blast load 

resistance capacity. Based on the numerical data, the best fitted P-I diagrams according 
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to Equation (7-4) are also plotted in the figure. The corresponding pressure and impulse 

asymptotes are given in Table 7-5. As shown, the hyperbolic equation well represents 

the P-I diagrams of the two-way panels with FRP strengthening. As can also be noted, 

the blast loading resistance capacity of the two-way panel is higher than the 

corresponding one-way panel as expected.    
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Figure 7-17:  P-I curves of two-way panels W1 and W2 

 

Table 7-5: Value of parameters in Equation (7-4) for two-way W2 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 620 2900 0.25 2.10 

Medium, MD 640 3400 0.25 2.09 
Severe, SD 680 4200 0.25 2.05 

 

Figure 7-18 shows the P-I diagrams of W1 and W3. As shown again, anchoring 

the FRP sheet to the RC panel along the panel boundaries increases the blast loading 

resistance capacity of the panel because anchorage increases the composite action 

between FRP composite and the concrete. The pressure and impulse asymptotes for W3 

are, however, only slightly higher than W2. The best fitted values of pressure asymptote, 

impulse asymptote and β for W3 are given in Table 7-6.  
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Figure 7-18:  P-I curves of two-way panels W1 and W3 

 

Table 7-6: Value of parameters in Equation (7-4) for two-way W3 

Level of Damage PO (kPa) IO (kPa) A β 
Low, LD 630 3200 0.25 2.06 

Medium, MD 690 3700 0.25 2.05 
Severe, SD 690 4600 0.25 2.02 

 

Similar to the one-way panel, as shown in Figure 7-19, both the pressure and the 

impulse asymptotes, especially the pressure asymptote, of W4 is significantly larger 

than those of W1, and also larger than those of W2 and W3, indicating again that 

anchoring the FRP sheet to boundary structures is the most effective way of FRP 

strengthening of RC panels in increasing its blast loading resistance capacity. The 

asymptotes and β values of W4 are given in Table 7-7. 
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Figure 7-19: P-I curves of two-way panels W1 and W4 

 

Table 7-7: Value of parameters in Equation (7-4) for two-way W4 

Level of Damage PO (kPa) IO (kPa) A β 

Low, LD 1400 3300 0.25 2.04 
Medium, MD 1700 3800 0.25 2.03 
Severe, SD 1700 4700 0.25 2.02 

 

7.6 Parametric calculations  
The above numerical results demonstrate that FRP strengthening is effective, but 

many factors influence its effectiveness, as also evidenced by testing observations 

reviewed above. The parameters that may affect the performance of FRP strengthening 

include the FRP strength, FRP thickness, epoxy strength, quality of workmanship, 

concrete surface preparation, laminate application, FRP anchoring and explosion 

scenarios. Table 7-8 gives the most commonly used FRP material properties [27, 40, 

41]. As shown, the FRP material properties vary significantly. For example, the FRP 

tensile strength varies from about 1000 MPa to more than 2000 MPa. To conduct a 

more comprehensive investigation of the influences of FRP material properties, and to 

construct P-I diagrams for RC slabs strengthened with different FRP materials,  further 

parametric studies are carried out to investigate the effect of FRP strength frpf , FRP 

thickness frpt  and the strength of the epoxy ef on the P-I diagrams of FRP strengthened 
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RC panels.  

 

7.6.1 FRP strength, ffrp 

Responses of RC panels strengthened with 1 mm thick FRP of different 

strengths are calculated to study the effect of FRP material strength on P-I curves. The 

FRP strengths considered in the analysis are 1095MPa, 1950MPa and 2280MPa 

[35,46,47]. The bond strength between FRP and the concrete is modelled as 32 MPa, 

and no additional anchorage is provided. Other parameters of the panels are 

H=2700mm, b=2500mm, d=200mm, fcu=30MPa and ρ=0.0087. The corresponding 

pressure and impulse asymptotes for one- and two-way panels at different damage 

levels are given in Table 7-9 and Table 7-10, respectively. As expected increment of 

FRP strength enhances the flexural resistance capacity, but has little effect on the shear 

resistance capacity of the panel. Only a small increment is obtained for pressure 

asymptotes by increasing the FRP strength since the FRP sheet is applied on the RC 

panel rear surface, therefore it could not resist the negative bending moment at the 

support.    

 

Table 7-8: Three different material properties of FRP composite 

Mechanical Properties 
Han et al. (2007)      

Carbon/epoxy braid 
[35] 

Soden et al. (1998) 
Carbon/epoxy 

(AS4/3501-6) [46] 

Chan et al. (2007)    
Carbon/epoxy 

(AS4/3501-6) [47] 

Density (kg/m3) , ρ 1795 1580 1580 

Longitudinal modulus (GPa) , E1 118 126 138 

Transverse modulus (GPa) , E2 5.5 11 9.65 

In-plane shear modulus, G21 4.8 6.6 5.24 

Out-of-plane shear modulus, G23 4.8 6.6 2.24 

Minor Poisson's ratio, ν21 0.1172 0.024 0.021 

Through thickness Poisson' ratio, ν31 0.1172 0.024 0.021 

Longitudinal tensile strength (MPa) , XT 1095 1950 2280 

Longitudinal compressive strength (MPa) , XC 712.9 1480 1440 

Transverse tensile strength (MPa) , YT 26.4 48 57 

Transverse compressive strength (MPa) , YC 84.4 200 228 

In-plane shear strength (MPa) , S 84.3 79 71 

Maximum strain for fibre tension (%), εt 2.3 1.38 1.38 

Maximum strain for fibre compression (%), εc 1.4 1.175 1.175 
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Table 7-9: The effect of FRP strength on impulsive and pressure asymptotes of one-
way panel W2 

FRP strength 
(MPa) 

D=0.2 D=0.5 D=0.8 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

Unstrengthened 305 2000 305 2500 305 2800 
1095  320 2400 320 2700 320 3400 
1950  355 2800 355 3200 355 3700 
2085  370 3200 370 3400 370 3800 

 
Table 7-10: The effect of FRP strength on impulsive and pressure asymptotes of 

two-way panel W2 

FRP strength 
(MPa) 

D=0.2 D=0.5 D=0.8 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

Unstrengthened 520 2650 520 2900 520 3700 
1095  620 3100 620 3500 670 4100 
1950  620 3200 620 3600 680 4300 
2085  630 3200 670 3700 700 4500 

 

7.6.2 FRP thickness, tfrp 
 

  To study the effect of FRP thickness, responses of RC panel W1 strengthened 

with FRP sheet of thickness 1 mm, 2 mm and 3 mm are calculated. The FRP strength 

considered is 2085 MPa. Other parameters of the panel are H=2700mm, b=2500mm, 

d=200mm, fcu=30MPa and ρ=0.0087. Table 7-11 gives the results of pressure and 

impulse asymptotes for one-way panel. Those for two-way panel are given in Table 

7-12.  As can be noticed, increasing FRP thickness is very effective in increasing the 

impulse asymptotes because a thicker FRP sheet increases the ultimate moment 

resistance capacity of the panel. However, increase the FRP sheet has only insignificant 

effect on the pressure asymptote, again because the FRP sheet is applied only on the 

tension side, while the damage of the panel in this region is governed by the negative 

bending moment and shear failure at the supports.  
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Table 7-11: The effect of FRP thickness on impulsive and pressure asymptotes for 
one-way panel W2 

FRP thickness 
(mm) 

D=0.2 D=0.5 D=0.8 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

Unstrengthened 305 2000 305 2500 305 2800 
1 350 3200 370 3400 370 3800 
2 440 3300 440 3600 440 3900 
3 490 3500 490 3700 490 4200 

 
Table 7-12: The effect of FRP thickness on impulsive and pressure asymptotes for 

two-way panel W2 

FRP thickness 
(mm) 

D=0.2 D=0.5 D=0.8 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

Unstrengthened 520 2650 520 2900 520 3700 
1 630 3200 670 3700 700 4500 
2 630 3300 680 3700 730 4700 
3 640 3400 680 3800 740 4800 

 

7.6.3 Bond strength, fe  
  The bond strength between the FRP laminates and concrete determines the 

success of strengthened concrete members bonded externally with FRP composite [48]. 

However, it is usually difficult to obtain the desired bond strength since the application 

of epoxy and laminate could not be fully controlled. For example, Sika Kimia Pty. Ltd. 

only recommends an adhesive strength greater than 1.5 MPa for epoxy Sikadur 330 

even though the tensile strength of the epoxy is 30 MPa [49]. On the other hand, Yuka 

Shell Epoxy specifies the epoxy strength of epoxy resin, Epikote #827 with TETA 

hardener up to 60 MPa tensile strength and 90 MPa compressive strength [50]. Sayed-

Ahmed, et al [51] used 32 MPa and 29.4 MPa for normal and shear strength of epoxy 

respectively in their study. The field test conducted by Muszynski & Purcell [12] found 

the bonding strength between FRP and concrete is only 2.8 MPa. These results indicate 

the possibility of significant variations of epoxy strength. To study the effect of FRP-

concrete bonding strength on FRP strengthened RC panel response subjected to blast 

loads, three FRP-concrete bond strengths i.e. 2.8 MPa, 10 MPa and 32 MPa are used in 

the analysis. Other parameters considered are H=2700mm, b=2500mm, d=200mm, 

fcu=30MPa and ρ=0.0087, FRP strength=2280 MPa and FRP thickness=1 mm. The 

pressure and impulse asymptotes obtained from numerical calculations are listed in 
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Table 7-13 for one-way panel and Table 7-14 for two-way panel. As shown, increase 

the FRP bond strength increases both the pressure and impulse asymptotes because it 

reduces or delays the debonding damage, therefore keeps the FRP-concrete composite 

action and hence increases the RC panel flexural resistance capacity. However, only a 

small increment is obtained by increasing the FRP bonding strength from 2.8 MPa to 32 

MPa.        
 

Table 7-13: The effect of bond strength on impulsive and pressure asymptotes for 
one-way panel W2 

Bond strength 
(MPa) 

D=0.2 D=0.5 D=0.8 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

Unstrengthened 305 2000 305 2500 305 2800 
2.8  330 2900 330 3100 330 3500 
10  360 3000 360 3400 360 3700 
32  370 3200 370 3400 370 3800 

 
Table 7-14: The effect of bond strength on impulsive and pressure asymptotes for 

two-way panel W2 

Bond strength 
(MPa) 

D=0.2 D=0.5 D=0.8 

Po (kPa) Io 
(kPa.ms) Po (kPa) Io 

(kPa.ms) Po (kPa) Io 
(kPa.ms) 

Unstrengthened 520 2650 520 2900 520 3700 
2.8  620 2900 640 3400 680 4200 
10  630 3200 650 3600 690 4400 
32  630 3200 670 3700 700 4500 

 

7.7 Empirical formulae generation 
Based on intensive numerical data, empirical formulae to predict pressure and 

impulse asymptotes of RC panels with FRP strengthening are derived as a function of 

panel height H , panel width b , panel depth d  and FRP thickness frpt , concrete 

strength cuf , FRP strength frpf , strength of the epoxy ef  and reinforcement ratio ρ . 

Other parameters considered are anchors of FRP applied along the panel boundary, 

AP , and FRP anchored to the boundary structures, AB . They are taken as either 1 or 0 

depending on if the anchors are applied or not.   
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7.7.1 One way panel 
Using the results in the parametric calculations, β in Equation (7-4) for 

unstrengthened and FRP strengthened RC panel can be derived as 

11 BA +=β  and 0.2≥β  (7-5) 

where,  
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(7-7) 

in which P0 are in kPa and I0 in kPa.ms.  

The empirical formulae to predict the pressure and impulse asymptotes for the P-I 

curves at three damage levels, i.e., low damage (LD), medium damage (MD) and severe 

damage (SD) are 

( ) 1193260689015464206354 χρ +−+−−+= ...... bHdfLDP cuO                              (7-8) 

( ) 25618588463191125011810719796 χρ +−+−−+= ..... bHdfLDI cuO     (7-9) 

( ) 3193260689015464206354 χρ +−+−−+= ...... bHdfMDP cuO       (7-10) 

( ) 4599069211723272029901518100 χρ +−+−−+= ..... bHdfMDI cuO    (7-11) 

( ) 50931832605042000320049354 χρ +−+−−+= ...... bHdfSDP cuO        (7-12) 

( ) 66728398626304186017302913117 χρ +−+−−+= ..... bHdfSDI cuO      (7-13) 

where, 61 ,0 −== iiχ  for unstrengthened RC panel and for FRP strengthened RC panel 

the iχ  can be calculated by 

2731305277605273010519616004401 ...... −++++= ABAPftf efrpfrpχ     (7-14) 

( )4134268008600090113000102 ......exp +++++= ABAPftf efrpfrpχ  (7-15) 

2731305277605273010519616004403 ...... −++++= ABAPftf efrpfrpχ  (7-16) 

( )8423521033900090136000104 ......exp +++++= ABAPftf efrpfrpχ  (7-17) 

2731305279605273010519616004405 ...... −++++= ABAPftf efrpfrpχ  (7-18) 
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 ( )51559080529000901580000406 ......exp +++++= ABAPftf efrpfrpχ  (7-19) 

in which all the dimension parameters are in mm and strength parameters are in 

MPa.  

 The comparison of impulsive and pressure asymptotes of numerical results with 

those predicted by the above empirical formulae for FRP strengthened RC panel (W2) 

without anchorage (both AP and AB equal to zero) is given in Table 7-15. The 

corresponding P-I diagrams are shown in Figure 7-20. As shown, the empirical 

formulae give accurate predictions of the pressure and impulse asymptotes. The P-I 

diagrams developed from the empirical formulae and direct numerical simulations also 

agree well, indicating the empirical formulae can be used to develop P-I diagrams of 

FRP strengthened RC panels.  

If AP is taken as 1 and AB is taken as 0 in Equation (7-5) until Equation (7-19), 

representing FRP is anchored to the panel along the boundaries, i.e., the W3 panel. 

Table 7-16 gives the impulsive and pressure asymptotes obtained by direct numerical 

simulations and from the empirical formulae. The corresponding P-I diagrams 

developed from the two approaches are shown in Figure 7-21. As can be noted the P-I 

diagrams developed from empirical formulae are very close to those from direct 

numerical simulations, demonstrating again the accuracy of the empirical formulae in 

developing P-I diagrams.  

100

1000

10000

1000 10000 100000
Impulse (kPa.ms)

Pr
es

su
re

 (k
Pa

)

SD, Numerical

MD, Numerical

LD, Numerical

SD, Equation

MD, Equation

LD, Equation

 
Figure 7-20: Comparison of P-I curves of one-way W2 panel obtained from numerical 

simulations and empirical formulae predictions  
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Table 7-15: Comparison of impulsive and pressure asymptotes of numerical results 
and empirical formulae for one-way W2 

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results* 330 2900 330 3200 330 3600 

Formula 
estimated* 353 2927 353 3143 353 3471 

Error (%) 6.67 0.93 6.67 -1.78 6.67 -3.58 
*The RC panel: b=2500mm, H=2700mm, d=200mm, fcu=30MPa, ρ=0.0087, ffrp=2085MPa, tfrp=1mm, 

fe=2.8MPa 
 
Table 7-16: Comparison of impulsive and pressure asymptotes of numerical results 

and empirical formulae for one-way W3 

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results* 370 3000 370 3500 370 4100 

Formula 
estimated* 383 3009 383 3431 383 4004 

Error (%) 3.51 0.30 2.28 -1.97 3.51 -2.34 
*The RC panel: b=2500mm, H=2700mm, d=200mm, fcu=30MPa, ρ=0.0087, ffrp=2085MPa, tfrp=1mm, 

fe=2.8MPa 
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Figure 7-21:  Comparison of P-I curves of one-way W3 panel obtained from numerical 

simulations and empirical formulae predictions 
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Table 7-17 gives the results of impulsive and pressure asymptotes of W4 with 

FRP anchored to the boundary structures obtained from direct numerical simulations 

and empirical formulae by setting AP=0 and AB=1. The corresponding P-I diagrams are 

shown in Figure 7-22. As shown, the empirical formulae give very good generation of 

P-I diagrams as compared to the direct numerical simulations.   

 
Table 7-17: Comparison of impulsive and pressure asymptotes of numerical results 

and empirical formulae for one-way W4 

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results* 1100 3200 1300 3700 1300 4700 

Formula 
estimated* 1113 3209 1313 3631 1313 4604 

Error (%) 1.18 0.30 1.00 -1.86 1.00 -2.04 
*The RC panel: b=2500mm, H=2700mm, d=200mm, fcu=30MPa, ρ=0.0087, ffrp=2085MPa, tfrp=1mm, 

fe=2.8MPa 
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Figure 7-22: Comparison of P-I curves of one-way W4 panel obtained from numerical 

simulations and empirical formulae predictions 

 

7.7.2 Two panel 
For two-way panels, the β value for unstrengthened and FRP strengthened RC panel 

can be estimated by 
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22 BA +=β  and 02.≥β  (7-20) 

where,  
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(7-22) 

in which P0 is in MPa and I0 in MPa.ms.  

The empirical formulae to estimate the pressure and impulse asymptotes for the P-I 

curves of unstrengthened and FRP strengthened RC panels at three damage levels are 

derived from numerical results as 

( ) 199717304871504903004770058404 ϕρ +−+−−+= ...... bHdfLDP cuO                              (7-23) 

( ) 23401339109028222023600591380 ϕρ +−+−−+= ..... bHdfLDI cuO  (7-24) 

( ) 3585235996672049120047810319405 ϕρ +−+−−+= ...... bHdfMDP cuO  (7-25) 

( ) 47891364892150992510297009513100 ϕρ +−+−−+= ..... bHdfMDI cuO  (7-26) 

( ) 53722133582050670049540296405 ϕρ +−+−−+= ...... bHdfSDP cuO        (7-27) 

( ) 62112693486743252503957405351350 ϕρ +−+−−+= ..... bHdfSDI cuO      (7-28) 

where 61 ,0 −== iiϕ  for unstrengthened RC panel and for FRP strengthened RC panel 

iϕ  can be calculated as 

( )405413720580002004400000801 ......exp +++++= ABAPftf efrpfrpϕ    

and  
(7-29) 

9262434833848238893781114417002 ...... −++++= ABAPftf efrpfrpϕ  (7-30) 

( )79132692332000600560000403 ......exp +++++= ABAPftf efrpfrpϕ  (7-31) 

07410648338482388937811441704 ...... +++++= ABAPftf efrpfrpϕ   (7-32) 

( )5824982104500030110000205 ......exp +++++= ABAPftf efrpfrpϕ  (7-33) 

066426809438809338999714516335206 ...... −++++= ABAPftf efrpfrpϕ      (7-34) 

in which all the dimension parameters are in mm and strength parameters in MPa.  
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 In order to validate the accuracy of the derived formulae, a comparison of 

impulsive and pressure asymptotes of numerical results and empirical formulae for two-

way W2 are performed. Considering the case without anchorage, AP and AB are taken 

as 0 and the results are given in Table 7-18. The results show that the formulae give a 

good prediction since the percentage of error is small. As illustrated in Figure 7-23, the 

three critical P-I curves that divide LD, MD, SD and collapse are calculated using 

Equation (7-4) and Equation (7-20) until Equation (7-34). This figure indicates the 

reliability of the proposed formulae. 

 A comparison of impulsive and pressure asymptotes of numerical results and 

empirical formulae for two-way W3 are listed in Table 7-19. Good predictions are 

observed again with the largest error less than 3%. The P-I curves for W3 are generated 

using Equation (7-4) and Equation (7-20) until Equation (7-34).  Good predictions as 

compared to the P-I diagrams developed from numerical analysis are obtained as shown 

in Figure 7-24.  
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Figure 7-23:  Comparison of P-I curves of two-way W2 panel obtained from numerical 

simulations and empirical formulae predictions 
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Table 7-18: Comparison of impulsive and pressure asymptotes of numerical results 
and empirical formulae for two-way W2 

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results* 620 2900 640 3400 680 4200 

Formula 
estimated* 616 2870 654 3518 695 4231 

Error (%) -0.65 -1.03 2.19 3.47 2.21 0.74 
*The RC panel: b=2500mm, H=2700mm, d=200mm, fcu=30MPa, ρ=0.0087, ffrp=2085MPa, tfrp=1mm, 

fe=2.8MPa 

 

Table 7-19: Comparison of impulsive and pressure asymptotes of numerical results 
and empirical formulae for two-way W3 

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results* 630 3200 690 3700 690 4600 

Formula 
estimated* 622 3110 702 3756 702 4570 

Error (%) -1.27 -2.81 1.74 1.51 1.74 -0.65 
*The RC panel: b=2500mm, H=2700mm, d=200mm, fcu=30MPa, ρ=0.0087, ffrp=2085MPa, tfrp=1mm, 

fe=2.8MPa 
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Figure 7-24: Comparison of P-I curves of two-way W3 panel obtained from numerical 

simulations and empirical formulae predictions 
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Similar comparisons for two-way panel W4 are given in Table 7-20 and Figure 

7-25.   Good agreements are achieved again, demonstrating the empirical formulae give 

reliable predictions of the numerically simulated P-I curves of FRP strengthened two-

way panels.  

 
Table 7-20: Comparison of impulsive and pressure asymptotes of numerical results 

and empirical formulae for two-way W4 

 
LD MD SD 

Po  
(kPa) 

Io  
(kPa.ms) 

Po 
 (kPa) 

Io  
(kPa.ms) 

Po  
(kPa) 

Io  
(kPa.ms) 

Numerical 
results* 1400 3300 1700 3800 1700 4700 

Formula 
estimated* 1392 3210 1712 3856 1712 4670 

Error (%) -0.54 -2.73 0.71 1.47 0.73 -0.64 
*The RC panel: b=2500mm, H=2700mm, d=200mm, fcu=30MPa, ρ=0.0087, ffrp=2085MPa, tfrp=1mm, 

fe=2.8MPa 
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Figure 7-25: Comparison of P-I curves of two-way W4 panel obtained from numerical 

simulations and empirical formulae predictions 

 

7.8 Conclusion 
Previous studies suggested various FRP strengthening schemes without or with 

introducing the anchorage systems in order to prevent the FRP delamination. Based on 

the practicality of the FRP installation and the effectiveness of the anchorage system 
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application, two types of the anchorage systems are utilized in the RC panel blast 

response analysis. In this study, a numerical method to analyse unstrengthened and FRP 

strengthened RC wall response and damage under blast loads was verified using field 

test data.  The numerical analysis revealed the beneficial behaviour of FRP strengthened 

RC panels with and without anchors. The FRP debonding is observed in the analysis for 

FRP strengthened RC panel without anchor indicating the importance of bonding the 

FRP sheet to the slab surface. Based on intensive numerical simulation results, P-I 

diagrams of RC slabs without and with FRP strengthening are generated in this study. 

Empirical formulae are also developed as functions of slab dimensions, concrete and 

reinforcement properties, FRP thickness and strength, epoxy bond strength and 

anchoring conditions for quick construction of P-I diagrams. Results show that FRP 

strengthening, especially FRP with anchors increases both the pressure and impulse 

asymptotes of the P-I diagrams as compared to the unstrengthened RC panel. The 

increment of the FRP strength, FRP thickness and epoxy or FRP-concrete bond strength 

gives a significant increment in the impulsive asymptotes of P-I diagrams. However, 

they only result in an insignificant increase in the pressure asymptotes because the FRP 

sheet is only applied on the tension side of the slab in the current study while the 

negative bending and shear damage near the slab boundary governs in this region of the 

P-I diagram. The reliability and the accuracy of the P-I diagrams generated from these 

empirical formulae are verified with the P-I diagrams from numerical simulations.  

They can be used for quick construction of P-I diagrams of RC panels without and with 

FRP strengthening measures for efficient damage assessments. 
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CHAPTER 8 
CONCLUDING REMARKS 

 
8.1 Summary of Findings 
 Several experimental tests and intensive numerical simulations of the responses 

of FRP strengthened RC structures subjected to impact and blast loads have been 

carried out.  The test and numerical results are presented and discussed in this thesis. 

The major contributions and findings made in this research are summarised below: 

1. Two experimental programs are carried out at the University of Western Australia’s 

Structure Laboratory to investigate the dynamic response of RC structural elements 

and performance of the FRP strengthened RC structures under impact loads. The 

first experimental program is reported in Chapter 2. The response of Carbon Fiber 

Reinforced Polymer (CFRP) strengthened reinforced concrete (RC) beams under 

static and impact loading are investigated. It is noticed that the cracks appeared in 

the static tests most obvious at the centre of the beam and extend all the way to the 

support, while the cracks observed in the impact tests are mostly appeared nearly the 

impact region. This localized phenomenon indicates that the impact velocity created 

stress wave that may cause plastic deformation and failure of the beam near the 

loading position. The results reveal the performance of RC beams either under static 

or impact loads can be improved by applying; a) CFRP longitudinal strip on the 

tension zone of the RC beam to increase the beam flexural resistance (24.5 % 

strength increment in the static test and 53.3 % decrement of residual deflection in 

the impact test as compare to unstrengthened RC beam); b) CFRP fabric wrapping 

all around the beam to increase the beam shear resistance (11.75 % increment of 

strength and 26.7 % decrement of residual deflection in the static and impact test, 

respectively); and c) combination of both CFRP longitudinal strip and wrap for the 

best use of FRP to strengthen the beam (85.09 % increment of strength and 73.3 % 

decrement of residual deflection in the static and impact test, respectively). 

However, the testing results also indicate that CFRP strengthening has only 

insignificant effect on structural capacities if premature debonding failure of CFRP 

sheets and rupture of CFRP fabric along fiber direction occur. Therefore prevention 
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of FRP debonding and rupture is crucial to make full use of the FRP materials in 

strengthening RC beams. The test results obtained in the impact tests are also used 

as bench mark in developing numerical models to simulate responses of RC beams 

with or without FRP strengthening to impact loads in LS-DYNA v971. The 

calibrated numerical models are utilized for further finite element analysis of RC 

structures under impulsive loading in Chapter 4~7.  

2. In Chapter 3, the second experimental program is carried out to examine the 

efficiency and performance of CFRP strengthened RC slabs to resist repeated 

impact loads. Results obtained in the impact test program identified five possible 

modes of failure: flexural failure, penetration and scabbing, punching shear failure, 

flexural bond failure due to de-bonding of CFRP and flexural tension failure due to 

rupture of CFRP fabric. Comparison of the results reveals that CFRP strengthening 

increases the impact resistance of RC slabs dramatically. However, there is still 

problem with weakness in bond strength of the CFRP sheet, which causes the de-

bonding failure hence weakening the potentials of CFRP flexural strengthening. The 

addition of boundary anchors to the CFRP did appear to increase the bond strength 

to an extent owing to preventing the de-bonding failure, however tensile cracking of 

the CFRP was still observed. Applying more anchors throughout the entire RC slab 

has only insignificant effect in increasing the slab impact resistance as compared to 

the slab with the boundary anchors. The application of more anchors may be 

desirable on one hand if more CFRP sheets are applied since the epoxy strength is 

not sufficient to hold the increment of the CFRP weight. On the other hand, anchors 

might be pushed out by large impact and blast loads and fly into the room with a 

large speed, imposing further threats to the occupants. Therefore distributed anchors 

must be used with caution to enhance the FRP bonding strength. Similar to the 

Chapter 2, the results obtained in the impact tests are used to verify the accuracy of 

numerical models developed in LS-DYNA v971. The calibrated numerical models 

are utilized for further finite element analysis of RC structures under impulsive 

loading in Chapter 4~7.  

3. Numerical simulations are performed in Chapter 4 to calculate dynamic responses 

and damage of FRP strengthened RC columns to blast loads. The numerical results 

are used to construct the P-I diagrams for FRP strengthened RC columns to provide 

correlations between the damage levels of FRP strengthened RC columns and blast 

loadings. The increase in structural column capacities in resisting the blast loads 

with the strengthening measures, such as the strengthening materials, layers of FRP 
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sheets applied and types of epoxy used is quantified through P-I curves. In this 

study, dynamic response and damage modes of RC columns with different FRP 

strengthening measures are also observed in numerical simulations. It is observed 

that at the impulsive asymptote the FRP wrap increases the columns shear resistant 

capacity and ductility.. While at the pressure asymptote or quasi-static loading 

region, the FRP strips increases the columns flexural resistant capacity to resist the 

blast loads. In both impulsive and quasi-static loading, the column strengthened with 

the combination of FRP wrap and strips performs the best in resisting the blast 

loads. Based on numerical results, empirical formulae are derived to predict the 

impulse and pressure asymptote of P-I diagrams. These empirical formulae can be 

straightforwardly used to construct P-I diagrams for assessment of blast loading 

resistance capacities of RC columns with different FRP strengthening measures.  

4. In Chapter 6, numerical analyses of FRP composite strengthened RC walls with or 

without additional anchors are carried out to examine the structural response under 

blast loads since problems related to end anchorage, bond length and premature 

peelings have been observed when strengthening structures in flexure or shear using 

FRP. This study presents three simulations of RC walls, designated as an 

unstrengthened RC wall, a FRP composite strengthened RC wall with end 

anchorage and a FRP composite strengthened RC wall with both end anchorage and 

anchors applied at a minimum spacing across the width and height of the RC wall. 

Numerical results show that anchorage of the FRP sheet may prevent peeling 

damage therefore enhances the capacity of the FRP strengthened RC walls against 

blast loads. However, anchors result in stress concentration and may cause FRP 

rupture. Based on the decrement of the average RC wall residual displacement, the 

effect of concrete-FRP bond strength is very significant since the increases of bond 

strength from 2.8 – 10 MPa can increase the RC wall performance up to 59% as 

compared with the unstrengthened RC wall. While the FRP strengthened RC wall 

with boundary anchors increased the RC wall performance up to 35.6%. The results 

also demonstrate that increase the FRP thickness will reduce the wall responses. 

They also demonstrate again that increase the number of anchors is not necessarily 

always beneficial because more anchors may cause more stress concentration and 

FRP rupture.  

5. Similar to Chapter 4 and based on the finding in Chapter 6, the P-I diagrams for RC 

panels are developed in Chapter 5 for unstrengthened RC panel and Chapter for FRP 
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strengthened panel. The main objective of these studies are to assess the dynamic 

response characteristics and lateral load carrying capacities of reinforced concrete 

(RC) panels (one- and two-way panel) without or with FRP strengthening subjected 

to explosive loads. In Chapter 5, the responses of RC panels without FRP 

strengthening are investigated first. Intensive numerical simulations are performed 

to calculate the dynamic response and damage of one- and two-way RC panels of 

different material properties and dimensions subjected to blast loads of different 

peak pressures and impulses. The numerical models had been verified by comparing 

the field test by other researchers with the numerical simulation results. Three 

distinct modes of failure similar to the previous studies are observed during 

numerical simulation. In this study the failures are presented corresponding to the 

impulsive, dynamic and quasi-static loading in the P-I diagram. The P-I diagrams 

for RC panels are developed based on the numerical results and the results are used 

to derive the empirical formulae of P-I diagram.  Parametric studies are carried out 

to study the effect of different dimensions, concrete strength and steel ratio on the P-

I diagrams. These results are utilized to develop the empirical formulae to predict 

impulse and pressure asymptotes of the P-I diagrams.  

6. In Chapter 7, RC slabs strengthened with FRP and two types of the anchorage 

systems are considered for blast resistance. The analyses reveal that beneficial 

behaviour is achieved by using FRP composite with and without anchors. The FRP 

debonding is observed in the analysis for FRP strengthened RC panel without 

anchor indicating the bond failure between FRP and concrete surfaces. The 

anchorage increases the composite action between the FRP and concrete surfaces. 

However, with the anchors, the FRP fracture is likely to occur since the stress 

concentration and FRP reaches its ultimate strength capacity. Using the numerical 

results, P-I diagrams of RC slabs without and with FRP strengthening are generated. 

The P-I diagrams with FRP strengthening have larger pressure and impulse 

asymptotes than the P-I diagrams of the unstrengthened RC panel. It is observed that 

the P-I curves converge at the quasi-static region because of the failure associated 

with the negative bending moment at the slab boundary and the inability of the mid-

span deflection-based damage criterion to distinguish such damages. These results 

are consistent with the P-I diagrams generated by other researcher. In order to 

investigate the effects of different FRP strength, FRP thickness and epoxy strength 

on the RC panel dynamic response, parametric studies are carried out. The 

increment of the FRP strength, FRP thickness and epoxy or FRP-concrete bond 
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strength gives a significant increment in reducing the RC panel deflection response 

hence increases the impulsive asymptotes. However, they only result in a small 

increment in the P-I curves pressure asymptotes. The parametric study results are 

used to derive the empirical formulae to predict the impulse and pressure 

asymptotes for easy development of P-I diagrams. The reliability and the accuracy 

of the formulae are verified with the P-I diagrams generated from numerical 

simulations. They can be used for any RC panel damage assessment with various 

FRP strengthening schemes. 

 

8.2 Recommendations for Future Research 

According to the literature review and the present study, several recommendations for 

future work are drawn below; 

1. In tests conducted in Chapter 2 and 3, only CFRP was used. However, tough CFRP 

is probably preferred because of its high stiffness. Future research can be 

performed with other types of FRP such as an aramid and glass hybrid. The glass 

fibre is most economical while aramid is better due to its impact resistance. Some 

researcher determined that the aramid/glass hybrid performed better than the same 

thickness CFRP because hybrids allow improvement and flexibility in the materials 

properties. A comparison evaluation and correlation of relative availability, 

strength and total cost should be made to determine the best retrofit material. 

Assortment of the most suitable material is necessary to optimize performance and 

cost. 

2. It is difficult to make comparison between the studies because the variable nature 

of the strengthened structures, materials and techniques. There are too many 

variables to draw conclusions on the most suitable materials. There is no standard 

retrofit material or method that has been established as the most suitable one due to 

the variation of the structures. Therefore, the design guidelines and blast practices 

need to be established before the retrofitting techniques can be widely implemented 

onto structures such as beam, slab, wall and column. In Chapter 4-5, and 7, the P-I 

diagrams are developed for FRP strengthened RC column and panel with different 

strengthening schemes. Since other strengthening materials such as steel plate and 

polymer materials are available for retrofitting a structure, selection of the most 

suitable material on various structural elements is necessary for optimal 

performance and cost evaluation.  



 232 

3. The P-I diagrams for FRP strengthened RC column and panel with different 

dimensions, FRP properties and configurations, and with and without anchors can 

be developed using the empirical formulae derived in Chapter 4-5 and 7. The 

numerical model used is calibrated with field blasting test of FRP strengthened RC 

slabs without anchors. Field test should be carried out to evaluate the performance 

of strengthening RC slabs with FRP and anchors and to validate the numerically 

derived empirical formulae for constructing the P-I diagrams.   

4. The development of P-I diagrams in Chapter 4 only consider the rectangular RC 

column. Further study can be carried out to develop the P-I diagrams for 

unstrengthened and FRP strengthened circular RC column. Additionally, mode of 

failures can be compared between FRP strengthened circular and rectangular 

column.  

5. Different strengthening schemes should be studied to define the optimal 

strengthening measures. Other strengthening approach for example modular 

structure system (MSS) in special dynamic threat situations from blast and 

naturally occurring events can be studied since there is no further details of MSS 

applications and quantification in the open literature. The system can be further 

developed by parametric study with different types of materials and different 

quantities subjected to different levels of blast loadings.  

6. The combination of a few materials is able to enhance a structural blast resistance 

capacity. The choice of combination of different strengthening measures for 

example using FRP with shotcrete/plate/etc. may increase the durability and 

ductility. No study of using such combined strengthening measures to against blast 

loadings can be found in the literature.    

7. Support rotation is used as damage criteria in chapter 5 and 7. The criteria may be 

proposed for flexural failure mode and application of the damage criteria to shear 

failure may lead to wrong estimation. The reliable damage criterion can be 

determine and proposed for different RC wall damage modes.   
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