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INTRODUCTION 

In the past decade, hazards such as accidents, earthquakes, terrorist attacks and spills of corrosive gases and liquids 

leading to blasts have continued to increase [1]. The record of oil and gas plants accidental events indicates that the 

historical off-site disasters have largely caused very significant losses in terms of destruction of important structures, 

human lives, environmental pollution and damage of essential equipment [2]. Reinforced concrete beams are the typical 

structural members used for off-site facilities like tankage for storage of raw materials and finished products, utility 

systems, flare systems for emergency conditions, environmental treatment units, staff and workers’ quarters as well as 

control and communication rooms, to support concrete buildings against hazards as mentioned above [3,4]. These off-

site facilities are very critical for the daily and continued operations of the plant, for emergency response [3,4], for 

processing and treating hydrocarbon oil and gas, supporting mechanical equipment, storing electrical and instrument 

cables and hydrocarbon pipelines, for communication, and as workers’ quarters [5]. 

The functioning of off-site facilities as the main site where much of plant activities are done and their exposure to 

flammable and hazardous hydrocarbon materials [6], makes it an important area of study as they are considered high risk 

structures.  Observations after numerous dangerous accidental incidents at petrochemical plants suggest that these 

structures and facilities need more attention [7]. Research has shown that the main modes of failure for off-site concrete 

structures is beam buckling or lack of blast resistant reinforcement and incase of hydrocarbon detonation or rapture of the 

pipelines, leaves these structures completely destroyed [6]. 

Additionally, Kishore et al. [8] observed that concrete material has poor tensile and compressive strength. Concrete 

structures can fail due to structural weaknesses, construction and design faults, structural system change, vibration 

settlement, overloading, and explosives or blast loads. These factors necessitate the upgrading or strengthening of concrete 

structures or beams. As stated by Kishore et al. [8], the main reason for reinforcing concrete beams include upgrading its 

shear strength to resist underestimated blast loads by increasing its load carrying capacity for higher blast loads. As a 

result of inadequate detailing, concrete beams fail to withstand the increased pressure and compressive forces of blast 

loads. Therefore, there is need to restore the reduced loading capacity of the concrete beams supporting concrete structures 

at off-site of oil and gas plants.  

A study conducted by Nolan D.P., as cited in Yussof et al. [6] indicated that approximately 1100 insurance claims on 

main incidents were made worldwide in the petroleum and chemical insurance market between the year 1993 and 2013. 

Among these accidents reported, hydrocarbon blasts are the most hazardous incidents. Even though a hydrocarbon blast 

is a very rare accidental incidence, preventing occurrence of such events is not feasible with unpredictability of recurrence. 

Hydrocarbon explosions are considered as low probability events; however, they are potentially incidents of high 

consequence [6]. Gas explosion and vapour cloud explosion (VCE) are the common hazards within the oil and gas 
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industry, and that they usually generate a shock or blast wave with lower peak overpressure but longer duration and 

greater impulse than a shock wave generated from high explosive with an equivalent energy release [1].  

At most oil and gas plants, communication, control among other structures and systems have been acquired and 

installed without regard to hydrocarbon explosion resistance, and in many places, anchorage of these important items has 

frequently been insufficient or non-existent [2]. With rising cases of gas explosions, VCE, condensed phase explosion, 

pressure vessel explosion, and dust explosion along oil and gas plants [9], increasingly more attention need to be directed 

towards designing off-site facilities and structures to be safe and secure for people. Therefore, efforts to design concrete 

beams to resist such explosion and to keep the risk as low as possible as well as minimize the amount of structural damage 

are necessary [10]. 

Naser et al. [11] is one among the most recent study which indicates that the beams of concrete structures need to 

have adequate tensile strength and stiffness capacity to resist blast loading. The study further explains that connections 

of the structural elements need to offer a significant support to maintain the structural system integrity to absorb the 

explosion forces without collapsing. With the advancement of structurally effective adhesives and technology, today, 

fiber reinforced polymers (FRPs) are increasingly being used as effective alternative to conventional materials to offer 

innovative solutions for blast retrofitting and strengthening of the reinforced concrete structures owing to their 

lightweight, tensile strength and non-corrosive characters [12]. 

Many FRPs strengthening methods for RC beams under blast loads have been studied by previous researchers [12-

17]. However, this study mainly focuses on one of the latest concrete reinforcing material known as Carbon Fiber 

Reinforced Polymer (CFRP).  Sorin et al. [18] indicated that CFRP systems are effective in strengthening reinforced 

concrete beams owing to their mechanical properties as well as economic benefit. Further, the study suggested an 

additional carbon fiber to be attached to the concrete beam flanges to enhance the connection performance under blast 

loading. Goldston [19] stated that the face of the RC beam is retrofitted with CFRP material to strengthen it in order to 

resist increased pressure during blast attack. 

Experimental studies have also indicated that CFRP has a higher compressive strength than Basalt Fiber Reinforced 

Polymer (BFRP) and conventional concrete beams [20]. Recent tests have shown that unlike glass fibers, carbon fibers 

cannot absorb moisture and thus are resistant to acid, alkali and organic solvents [21-24]. A study by Rabinovitch & 

Frostig [25] applied two varied carbon fibre strips (SikaWrap Hex-230c CFRP sheets and Sika CarboDur S1212 epoxy 

strips/unidirectional carbon) to examine how they would contribute in rehabilitating and improving the RC concrete 

beams. These carbon fiber strips were then saturated in Sikadur-330 (an epoxy resin). The study found that the CFRP 

strips properties differ in terms of tensile strength, elastic modulus and density. 

According to other prior studies, the use of CFRP in reinforcing concrete structures has had significant impact on both 

shear and flexural strength of beams [26]. Some studies investigated the use of CFRP on damaged-reinforced concrete 

beams and found that CFRP increased the flexural strength of beams by approximately 95% [27,28]. Furthermore, 

Shooshtari & Gomar [29] examined the effect of CFRP sheets on RC beams, which were subjected to impact loading. 

The study revealed that strengthening of RC beams with CFRP considerably increased the impact resistance of both shear 

and flexure stress. Therefore, appropriate application of CFRP materials in concrete reinforcement and retrofitting leads 

to an increase in flexural capacity, shear strength and stiffness of a higher degree compared to other types of reinforcement 

polymers [30]. 

Even though the concept of Carbon Fiber Reinforced Polymer (CFRP) as a blast resistant material for RC beams has 

been widely studied under both public, government and conventional structures, in the context of RC beams, as revealed 

above, this concept has not been applied effectively and adequately at the off-site of oil and gas plants. In addition, the 

existing blast resistant design technology in the oil and gas industry has evolved from equivalent conventional static 

design methods to simplified dynamic design methods [31], which are suitable and safe for normal operating and pre-

commissioning conditions that emphasize minimum obstruction to process flows [5,32]. While these designs are based 

on stringent safety aspects and prevention measures, they do not account for (or not safe for) abnormal loads or higher 

explosive loads such as hydrocarbon explosions which have higher magnitudes than ordinary operating loads, thus, 

causing damaging and devastating effects in terms of loss of assets, life and the environment [2,33]. Moreover, prior 

research has revealed that blast loading characteristics are different [34,35], thus design for normal as well as static loads 

does not provide or guarantee satisfactory performance against dynamic or cyclic loads such hydrocarbon explosions. 

Similarly, majority of these previous studies have not included important blast resistant models such as those 

incorporating Carbon Fiber Reinforced Polymer for RC beams at oil and gas industry. Hence, the current research aims 

to simulate an RC beam model strengthened with CFRP sheets using finite element method to propose design models for 

RC beams at off-site oil and gas plants. These pieces of information will become the input for determining the relative 

importance of the proposed design through ANSYS software analysis. The FE ANSYS software is important because it 

will help to provide valuable insights and beam models for the actual design of blast resistant concrete structures at oil 

and gas plants. The ANSYS simulation environment has been extensively tested and validated in modeling FRP-

strengthened structures by the authors [17,36,37], also as other researchers [13,16,35,37-42]. 

To facilitate the model validation, a reinforced-concrete beam configuration from Neagoe [43] was adopted and 

developed as a 3D model. Before modifying the model for further analysis, this research aims to compare the numerical 

simulation responses with the responses as reported by Neagoe [43]. 
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The main and overarching aim of this study is to numerically examine CFRP as an external reinforcement material 

using finite element method to improve the properties, including flexural and shear capacity of RC beams of the off-site 

concrete structures at the oil and gas industry to resist blast loads.  

 

METHODOLOGY 

Model Configuration 

Details of test specimens. A total of five RC beams based on the exact RC beam properties used at a gas plant in the 

gulf region, and cast and tested under four-point loading test by Neagoe [43] will be simulated in this study (refer with: 

Fig. 1). The variables of the test program will include the beam’s behavior, tensile strength or ductility and loading-

carrying capacity. All beams have the same dimensions of 200mm width, 400mm height and 4500mm length as well as 

a clear span of 4000mm. These beams also will have the same shear and flexural reinforcement whereby two 12 mm steel 

bars will be utilized for flexural reinforcement at the top and bottom of each RC beam. The steel stirrups of 12mm were 

spaced at every 200mm for shear reinforcement. Similarly, the basic RC beam without external reinforcement will be 

designed to have adequate shear strength in order to fail in flexure.  

One beam will be simulated without external CFRP reinforcement. Four beams will be simulated with external CFRP 

reinforcement: two beams strengthened with a single CFRP sheet and another two with double CFRP sheets. All the four 

beams will be strengthened with the same amount of CFRP reinforcement of a fiber volume of 68-70%, modulus of 

elasticity of 158GPa, ultimate tensile strength of 2200 N/mm2, and a density of about 1.6g/cm3. The laminates are 15m 

long coils, measuring 50mm width and 1.4 mm thickness. Concrete material properties will include Poisson’s ratio of 

0.22A of C35/45 concrete class. All beams RC will be modeled with typical B500 S high-strength steel type with modulus 

of elasticity of 200,000 MPa, yield stress of 410 MPa and a Poisson’s ratio of 0.3.  

 

 

Figure 1. Loading scheme for the experimental work 

Finite Element Modelling 

The finite element program, ANSYS, will be used to model the RC beams, steel supports and CFRP plates. The 

concrete beams will be modeled as solid elements, where steel supports will be modeled as wire elements [44]. CFRP 

plates will be modeled as plastic, rubber, sheet or laminate elements. A typical FE model comprises of concrete, steel 

reinforcement, FRP system type and boundary/loading support conditions. Each of these components or materials will be 

appropriately modeled in this study to reflect the unique attributes associated with each of them. Based on this perspective, 

each component will be modeled as discussed below. 

Concrete Beam 

The concrete beam will be modelled using a 3D brick element known as SOLID65 in ANSYS. This element is 

specifically and uniquely developed to simulate rock-like materials such as concrete in this study. The attributes of this 

cubic element include eight nodes with three degrees of freedom at each node as well as translations in the nodal x, y, 

and z directions as shown in Fig. 2. The SOLID65 element applies the William and Warnke’s [45] mathematical material 

model to model cracking in three orthogonal directions, creep, plastic deformation and crushing.  
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Figure 2. Reinforcement details of the beam using SOLID65 element 

Steel Reinforcement 

Steel or tensile reinforcement will be modeled using a spar link element designated as LINK8 in ANSYS. The spar 

uniaxial bar-like element is defined by two nodes with three degrees of freedom at each node which comprise of 

translations in the nodal x, y, and z directions. These reinforcing elements have the ability to simulate common nonlinear 

effects such as large deflection, plasticity, swelling, creep, and stress stiffening [11]. 

FRP Laminates 

The FRP laminates will be modeled using shell elements known as SHELL99 in ANSYS. The shell element takes 

into account the orthotropic material properties. This element is capable of inputting material properties in a local 

coordinate system in which the primary axis can be directly aligned parallel to the key FRP fibers [37,46]. 

Steel Supports 

Solid brick elements designated as SOLID45 in ANSYS to model steel plates or end supports as bonding agents [15]. 

SOLID45 element has eight nodes with three degrees of freedom at each node and three translations. These solid brick 

elements also simulate nonlinear effects including stress stiffening, creep, swelling and plasticity.   

Steel Rebar’s-Concrete Bonding 

The bond interface (bond-slip behavior) of steel rebar’s and concrete will be simulated using spring elements known 

as COMBIN14 in ANSYS [23]. 

FRP System and Concrete Surfaces Bonding 

The interface between FRP laminates and concrete will be simulated using contact elements such cohesive element 

designated as INTER205 in ANSYS [47]. 

Meshing 

In order for the current study to obtain actual results from the SOLID65 element during simulation, a mesh is usually 

recommended [48]. The meshing element in ANSYS will be used to mesh the model beam in a manner that it can be 

recognized as a square element measuring 10mm (refer with: Fig. 3).  

 

 
Figure 3. Meshed beam model 
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Considerations for Loadings and Boundary Conditions 

In order to accurately represent the experimental setup, realistic boundary conditions for the FE models were 

incorporated. The supports were modeled as rollers at each opposite ends and the external loads were applied as 

concentrated forces at 1500mm from the supports from both ends as shown in Fig. 4.  

 

 
Figure 4. Boundary and loading conditions for the FE model 

 

Convergence and Failure Criteria 

The developed FE models will be analyzed by applying the dynamic load incrementally using the ANSYS software. 

The load will be applied incrementally, at an interval of 10 kN, at two points dividing the length of the beam into three 

parts (refer with: Fig. 1), until failure using the load steps and sub-steps commands in ANSYS [49]. Different types of 

information will be collected under the following aspects about the response and behavior of the five beams: stress 

distribution, deformation behavior, load-displacement, failure modes and crack patterns.  

 

RESULTS AND DISCUSSIONS 

Three cases of RC beams will be considered as outlined under methodology. The first case will be the reference or 

the control beam and no strengthening will be used. In the remaining cases, one layer and two layers of CFRP will be 

used, respectively, in the simulation of the beam. Following the description above, the results are expected to appear as 

discussed below.  

 

Deflection and Failure mode 

It will be noticed that using CFRP decreases deflection when subjected to an explosion. CFRP sheets are likely to 

improve the elasticity modulus, the tensile strength and the maximum strain of the RC beam. Increasing the number of 

layers of CFRP is expected to reduce the number and propagation of cracks (or increase the rate of reduction in deflection) 

on the RC beam to a certain point beyond which any additional layers of CFRP sheets will not have any significant 

influence.  This means that, at this point, the failure mode or the rate of reduction in deflection will most likely be governed 

by the bond strength between concrete and the CFRP surfaces and not necessarily by additional CFRP layers. It is 

anticipated that if this bond strength will be exceeded, the number of CFRP layers will not have any significant influence. 

 

 Energy Absorption 

It is expected that as the number of CFRP layers is increased, the energy dissipation will increase in equal measure or 

will cause reduction of displacement of the mid beams. The CFRP sheets will absorb energy or shock from the explosion. 

The maximum force generated in the CFRP sheets decreases as the number of layers of CFRP sheet increases. Similar to 

the deflection trend, the more the number of CFRP layers, the less the rate of increase in dissipated energy. Increasing 

the CFRP layers for external reinforcing is most likely to cause negligible differences in the beam displacement while at 

the same time leading to a decrease in the maximum force.  

 

Tensile Damage 

The beam without CFRP strengthening is expected to show high tensile damage while the beam with two layers of 

CFRP is expected to reveal less propagation of cracks indicating less tensile damage. It is expected that using one layer 

of CFRP will increase the required combination of pressure and impulse to cause the same tensile damage as the RC beam 

without strengthening. Hence, more explosion charge will be required or detonated for the same damage level. However, 

it is also expected that increasing the number of CFRP laminate beyond a certain point will not be necessarily efficient in 

enhancing the capacity for RC beams subjected to blast loading but rather the bond between concrete and CFRP surfaces. 
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Tensile Stress 

It is expected that the maximum values of tensile stress for the transverse reinforcing bars in some blast scenarios for 

the strengthened beams will be higher compared to blast scenarios of un-strengthened RC beams. This is likely to be so 

due to the erosion of the concrete in un-strengthened beam which will result in the release of stress in ties since the stress 

in ties is primarily due to the presence of concrete, while, the strengthened RC beam being a confined concrete, the erosion 

is less and thus the stress in ties is higher. As a result, the un-strengthened RC beam will fail due to direct shear as a result 

of the proximity of the blast. The retrofitting of RC beam is likely to improve the overall blast resisting capacity by 

increasing the shear capacity of the RC beam.  

 

Debonding 

Debonding is expected to start from the end of CFRP strips, in which flexural cracks that introduce drastic variations 

in strain level in CFRP strips are most prominent. It is expected that the RC beams strengthened with CFRP will undergo 

a failure mechanism known as debonding. The CFRP fracture is expected to fail with steel yielding to increase strain 

utilization. This failure mode is expected at the side-bonded, CFRP-concrete interface. Equally, premature debonding 

modes such as concrete cover separation is anticipated to occur along the internal steel level, whereas, plate-end 

debonding, shear, and flexure-induced debonding are expected to occur at the concrete-CFRP interface. However, the 

near surface mounted bars or strips are expected to reduce adhesion between the strip and adhesives. As a result, the 

reduction in adhesion is likely to induce the formation of longitudinal cracks in the adhesive layer due to the radial 

component of bond stress and the occurrence of progressive failure in the CFRP-adhesive interface. On the other hand, 

cohesive shear failure within the adhesive is expected to occur in the stiff concrete since the adhesive stress is likely to 

exceed the tensile strength limit. Similarly, the CFRP-adhesive-concrete bonds are expected to be susceptible to freeze-

thaw conditions in moist environments and are likely to cause corrosion and contraction/expansion stress resulting in the 

formation of micro-cracks which then propagate toward CFRP laminates-concrete interface, eventually causing 

debonding. Debonding within CFRP is expected to occur at high temperatures leading to the loss of tensile strength.  

 

Rupture of CFRP 

In RC beams strengthened with a single layer of CFRP, a maximum CFRP rupture strain is expected along the 

horizontal direction on the beam compared with the vertical directions. This is likely to occur due to the development of 

excessive diagonal shear cracks under peak load or ultimate loading. It is also expected that the possible utilization of 

strain and the brittle rupture of CFRP layers is will reduce in RC beams strengthened with double layer sheet of CFRP at 

levels below their effective stress. The use of multiple layers of CFRP is expected to effectively prevent premature fracture 

with the help of effective bond stress distress along the width of concrete.  

 

CONCLUSION 

a) CFRP is most likely to possess high tensile strength that is expected to double the ultimate strength of RC beams 

compared to RC beam without CFRP strengthening.  

b) Using CFRP material to strengthen RC beams will reduce the degree of damage of the RC beams when subjected 

to blast loads. The use of CFRP increases the required explosive mass that is needed to cause the same damage 

to the RC beam which is not retrofitted or strengthened.   

c) As the number of layers of CFRP increases the mid-span deflection for RC beams, with two layers of CFRP was 

decrease compared with a beam without CFRP. However, it should be noted that the decrease in deflection (or 

failure mode) was be more likely to be governed not by further increasing the number of layers of CFRP from 

two to three or four but by the bond between CFRP surfaces and concrete. 

d) An RC beam was most likely resist higher blast load in the presence of CFRP material. Strengthening the beam 

with two layers of CFRP is likely to increase the explosive mass required to cause damage by twice compared 

to an RC beam without CFRP. 

e) Using CFRP sheets in RC beams was likely increase the absorbed energy of the beam. Higher absorption has 

been associated with a decreased number and propagation of cracks.  

f) Using adhesives is likely to reduce debonding, however, increasing the number of layers of adhesives is expected 

to be sufficient to resist all types of debonding.  
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