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ABSTRACT 
Strain-hardening cementitious composites (SHCC) are becoming a promising material for 
strengthening structures due to their excellent mechanical properties, high ductility, and micro-crack 
development characteristics. Previous research has primarily investigated strengthening of simply 
supported beams, whereas studies on continuous beams are currently lacking. To address this gap, the 
present study assesses the behavior of reinforced concrete (RC) continuous beams strengthened by 
reinforced SHCC layers under flexural loading. In the current research, five RC continuous beams were 
tested; one of which was the control (un-strengthened) beam and the other four were strengthened at 
the region of mid-support negative moment. SHCC layers were bonded to the RC beam surface using 
epoxy adhesive along with SHCC reinforcing bars in an anchored manner. The test parameters 
considered different strengthening configurations (L-shaped with CFRP laminates and U-shaped). The 
control specimen failed at 391 kN, while the strengthened beams failed at higher loads (418-495 kN). 
The U-shaped configuration over full beam depth exhibited the highest load capacity (495 kN), resulting 
in a 27% increase. Measured data from tests were used to validate a finite-element-based numerical 
model developed using ABAQUS. The measured and predicted load capacity, load-deflection response, 
and cracking patterns were in good agreement. The numerical model can be utilized for analysing RC 
continuous beams strengthened by SHCC for future applications. 

Keywords: Reinforced concrete continuous beams, Strain-hardening cementitious composites, 
Finite element modelling, Debonding failure. 

1. INTRODUCTION 

Reinforced concrete (RC) continuous beams are vital structural elements widely used in civil 
engineering construction due to their versatility and load-bearing capacity. However, over time, 
these beams may experience deterioration and deficiencies, such as cracking and deflection, 
which necessitate strengthening interventions. To address the deficiencies and enhance the 
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load-carrying capacity of RC beams, a range of strengthening techniques have been used in the 
literature. These include externally bonded systems such as fiber-reinforced polymers (FRP) 
[1], steel plates [2], and advanced cementitious composites like fiber-reinforced cementitious 
matrix (FRCM) [3, 4], textile reinforced mortar (TRM) [5]. Among the various techniques 
available, the use of strain-hardening cementitious composites (SHCC) has emerged as a 
promising solution for enhancing the performance and durability of RC structures. SHCC is a 
mortar-based composite that consists of cementitious materials (cement and silica fume) and 
is reinforced with fibers (typically polypropylene fibers). SHCC is characterized by its ability 
to undergo strain hardening, which means that even after initial cracking, it continues to carry 
loads and deform in a plastic manner. The strain hardening occurs due to the bridging and 
pullout mechanisms of the embedded fibers causing multiple fine cracks, which helps to 
distribute stress and prevent brittle failure. As the material undergoes deformation, the fibers 
effectively transfer load and contribute to the composite's ability to strain beyond the cracking 
point. The typical tensile strength and strain of SHCC can vary depending on the mix design, 
fiber type, and curing conditions. However, typical values for SHCC include tensile strengths 
ranging from 4 MPa to 10 MPa and tensile strains exceeding 3% to 5% before failure. These 
values are higher than that of conventional concrete, which exhibits brittle tensile behavior with 
limited tensile strength and strain capacity. 

Previous experimental studies have demonstrated the efficacy of SHCC layers in retrofitting 
existing simply supported RC beams, and some of these studies are briefly discussed here. 
Zhang et al. [6] investigated experimentally and numerically the behavior of simply supported 
RC beams strengthened using SHCC layers bonded to the bottom surface of the RC beam. In 
this study, four beams were cast; three of them were strengthened beams with different SHCC 
layer thicknesses of 10, 30, and 50 mm; and the fourth beam without any strengthening was 
considered the control beam. The results showed that the load-carrying capacity of the 
strengthened RC beams increased by 20–60% with the increasing thickness of the SHCC layer. 
Kim et al. [7] studied experimentally the flexural performance of four simply supported RC 
beams strengthened with SHCC and high-strength reinforcing steel (HSRS) bars and tested 
under four-point loading. The experimental findings indicated that the application of SHCC 
effectively regulated crack width, enhanced stiffness by 23–41%, and increased the load-
bearing capacity of the beams by 3–30%, particularly when combined with HSRS bars, which 
show the highest increase (30%). Hussein et al. [8] conducted tests on the flexural performance 
of simply supported RC beams strengthened by bottom steel reinforced SHCC layer with a 
reinforcement ratio of 0.3% and 0.6%. The findings revealed that combining SHCC with tensile 
steel reinforcement (reinforcement ratio of 0.6%) increased the load-carrying capacity to 100.7 
kN, doubling that of the control beam (49 kN). The deflection behavior of the strengthened 
beams revealed that steel reinforcement within the SHCC layer markedly improved the post-
peak performance of the beams. It is crucial to underscore that strengthening RC structures 
with an unreinforced SHCC layer may result in non-ductile failure.  

Previous research has predominantly addressed the strengthening of simply supported RC 
beams using SHCC. Despite the effective utilization of SHCC in enhancing the strength of 
simple span RC beams, there remains a dearth of studies exploring its application in 
strengthening RC continuous beams, which mirrors real-world structural configurations more 
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closely. This study is the first to capture the flexural behavior of SHCC strengthening 
continuous RC beams, which makes it novel. Differing from prior research, each beam 
incorporates a column head above the mid-support to replicate real-world continuous beam 
configurations, including continuity disruptions. The investigation encompasses the evaluation 
of different strengthening configurations, including L-shaped with CFRP laminates and U-
shaped techniques. Additionally, a finite element model has been developed and validated 
against the experimental findings to facilitate further numerical parametric studies. 

2. EXPERIMENTAL PROGRAM 

Five RC continuous beams with two equal spans were fabricated and subjected to testing, with 
a single point load applied at the midpoint of each span, as shown in Figure 1. The total length 
of the beam was 3200 mm, split into two equal effective spans of 1550 mm each. All beams 
have a rectangular cross-section, with dimensions of 150 mm in width and 300 mm in depth. 
Furthermore, at the midpoint of the beam length, a column head with a height of 200 mm and 
a square cross-section of 150 mm width was installed. This column head simulates an 
obstruction, preventing the continuity of strengthening systems. The beams were reinforced 
with two 16-mm-diameter longitudinal steel rebars at the bottom, along with two 12-mm-
diameter steel rebars at the top. Additionally, 8-mm-diameter stirrups were employed for shear 
reinforcement, evenly spaced at 100-mm intervals. The column reinforcement consisted of four 
12 mm-diameter steel rebars and 8 mm-diameter stirrups, spaced equally at 100 mm intervals, 
as illustrated in Figure 1. 

 
Figure 1. Geometry and reinforcement details of continuous RC beams (all dimensions in mm). 

One of the five beams served as a control beam (CB) without any strengthening, while the 
remaining four beams were strengthened using reinforced SHCC layers. The strengthening 
configurations consisted of two main types: (i) L-shaped strengthening combined with CFRP 
laminates, and (ii) U-shaped strengthening. Each configuration was applied to two specimens, 
and in both configurations, the SHCC layers were attached with longitudinal and transverse 
reinforcing rebars of 6 mm diameter. For the L-shaped strengthening, one beam utilized an 
SHCC layer reinforced with longitudinally anchored steel rebars (referred to as specimen SB-
LLA), while the other L-shaped beam was reinforced with transversely anchored steel rebars 
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(referred to as specimen SB-LTA), as depicted in Figure 2a. When anchored, the embedment 
depth of rebar is 50 mm. Additionally, in the L-shaped specimens, CFRP sheets were wrapped 
around the column head and the vertical side of the L-shaped layer to enhance the bond between 
them and enhance strengthening continuity. As for the U-shaped configuration, one beam 
entailed the full depth of the beam (referred to as specimen SB-UF), while the other utilized 
half the depth of the beam (referred to as specimen SB-UH), as shown in Figure 2b. In both U-
shaped specimens, only the transverse rebars were embedded in the RC beam. The U-shaped 
strengthening configuration was implemented to strengthen flexure and shear simultaneously. 
Hence, the horizontal part resists flexural stresses, while the vertical part resists shear forces.  

 

 
                    Geometry details                                     Beam SB-LLA                        Beam SB-LTA 

(a) L-shaped configuration 

                   
Beam SB-UH 

                      
Beam SB-UF 

Figure 2. Geometry and reinforcement details of strengthening configurations (all dimensions in mm). 

In this study, two types of steel rebars were utilized: ribbed bars with diameters of 12 mm and 
16 mm served as the main reinforcement for the RC beam, whereas plain bars with diameters 
of 6 mm and 8 mm were employed for reinforcing the strengthening layer and as shear 
reinforcement (stirrups) for the RC beam, respectively. 

2.1. Material properties 

All samples were fabricated using a conventional normal strength concrete (NSC) mix, which 
included Portland cement (Type I), fine aggregates (ranging from 0.15 to 4.75 mm in diameter), 
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coarse aggregates (ranging from 5 to 16 mm in diameter), and water. The strengthening 
material for all specimens was SHCC, consisting of ordinary Portland cement (Type I), fine 
aggregate (sand) with a maximum size of 0.5 mm, silica fume, 2% by volume of polypropylene 
(PP) fibers measuring 12 mm in length and 0.012 mm in diameter, water, and superplasticizer. 
The mix proportions of NSC and SHCC are provided in Table 1. 

Table 1. Mix proportions and mechanical properties of NSC and SHCC 

Material Cement 
(kg/m3) 

Fine 
agg. 

(kg/m3) 

Coarse 
agg. 

(kg/m3) 

Water 
(kg/m3) 

Silica 
fume 

(kg/m3) 

PP fiber 
(kg/m3) 

Superpl
asticizer 
(kg/m3) 

Compre
ssive 

strength 
(MPa) 

Tensile 
strength 
(MPa) 

NSC 350 535 1279 175 ------ ------ ------ 42 3.5 
SHCC 1342 157.9 ------ 312.1 237 16.2 31.6 91 5.8 

Compressive strength tests were conducted on cylinder specimens measuring 150 mm in 
diameter and 300 mm in height. The compressive strength of NSC was 42 MPa, while that of 
SHCC was 91 MPa. According to the recorded compressive stress-strain curves of NSC and 
SHCC shown in Figure 3a, SHCC exhibits a more ductile response due to its strain-hardening 
characteristics. In addition, it can sustain significant deformation and absorb greater energy 
prior to failure. To determine the tensile strength of both NSC and SHCC, a direct tension test 
was conducted on dog-bone-shaped specimens. The tension stress-strain characteristics of NSC 
and SHCC are shown in Figure 3b. Initially, SHCC demonstrates linear-elastic behavior like 
NSC. However, unlike NSC, SHCC exhibits a distinctive strain-hardening response after 
surpassing its initial yield point.  

                                  
         (a) Comressive stress-strain response                                               (b) Tensile stress-strain response 

Figure 3. Stress-strain responses of NSC and SHCC in tension and compression. 

Consequently, as tensile stress surpasses the initial yield point, additional microcracks 
emerged, and the material underwent strain hardening, leading to a simultaneous increase in 
stress and strain. The tensile strength of SHCC is recorded at 5.8 MPa, while that of NSC is 
3.5 MPa. The mechanical properties of NSC and SHCC are summarized in Table 1. Four 
reinforcing steel bars of varying diameters were used in the current study, including plain bars 
of diameters 6 and 8 mm and ribbed bars of diameters 12 and 16 mm. A uniaxial tensile test 
was performed on these bars to determine their mechanical characteristics. The yield strength 
values for plain and ribbed bars were 280 and 500 MPa, respectively, while their ultimate 
strength values were 400 and 600 MPa, respectively. 
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2.2. Strengthening procedure 

Initially, all the test beams were cast, and cured for 28 days. Four out of five beams were 
prepared for strengthening. Firstly, holes were drilled in the RC beam surface for embedding 
the longitudinal and horizontal reinforcing bars of the SHCC layers. Subsequently, epoxy 
adhesive was utilized to bond the reinforcement anchors to the RC beam. Following this, RC 
beam surface was roughened using a jackhammer to enhance the bond between the SHCC and 
RC beam. Eventually, the surface was cleaned by blowing away the dust, adhesive epoxy was 
then applied to the entire surface, and finally, the SHCC layers were cast and finished. 

2.3. Instrumentation and test setup 

All the five test beams were subjected to flexural loading using a five-point loading 
configuration (2 points for loads and 3 points for supports), as shown in Figure 1. A 1000 kN 
hydraulic jack applied the load onto a spreader steel I-beam, which, in turn, transferred the load 
to the RC beams via two solid steel cylinders positioned at both mid-spans of the RC beam.  
The loading during the test was symmetric, and all specimens were tested to failure under a 
load-controlled loading due to the limitation of equipment’s at a rate of 1 kN/min. Linear 
variable differential transducers (LVDTs) were affixed at each mid-span beneath the two 
loading points to measure beam deflections during the test. Each beam was installed with six 
strain gauges (S1–S6) with a 30 mm gauge length at the critical locations of the reinforcing 
rebars as shown in Figure 1, to monitor strain and trace the yielding and post-yielding 
performance of the rebars. 

3. RESULTS AND DISCUSSION 

In this section, the experimental results will be presented and discussed, focusing on the 
observed load-deflection response and failure patterns. 

3.1. Load-deflection response 

The mid-span deflection was measured for each of the spans in the continuous beam on right 
and left side of the column. The measured data is plotted in Figure 4a for two of the beams 
(SB-LLA and SB-UF) and as anticipated, the response was almost identical throughout the 
testing. Hence, for consistency in comparison, the left mid-span deflections are compared for 
all tested beams in Figure 4b. Table 2 shows a summary of recorded yielding and ultimate peak 
loads in addition to the corresponding yielding and ultimate deflection, along with the ductility 
index for all tested specimens. Yielding deflection (∆y) and ultimate deflection (∆u) were 
monitored at the first yielding load (which was tracked by the strain gauges) and failure (peak) 
load, respectively. The ductility index represents the ratio between ultimate deflection and 
yielding deflection.  

 



PROTECT 2024 
Singapore 
Aug 14-16, 2024 

 9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading 
& Events August 14-16, 2024, Singapore 

                    
      (a) Load-deflection response of left versus right span                (b) Load-left midspan deflection response 

Figure 4. Load-deflection response of all tested specimens. 

Table 2. Measured loads and deflection parameters for all tested beams. 

Specimen Yielding 
loads (kN) 

Ultimate peak 
loads (kN) 

Yielding deflection 
∆y (mm) 

Ultimate deflection 
∆u (mm) 

Ductility index 
(∆u/∆y) 

CB 306 391 1.92 6.97 3.63 
SB-LLA 326 418 1.91 5.67 2.97 
SB-LTA 330 428 1.87 7.06 3.77 
SB-UH 334 439 1.89 4.99 2.64 
SB-UF 428 495 2.04 4.18 2.05 

3.2. Failure patterns 
The failure patterns for all the tested beams are discussed in this section; in addition, the failure 
patterns of three beams, CB, SB-LTA, and SBUF, are shown in Figure 5. The control beam 
CB displayed a flexural crack pattern that initiated at locations experiencing high tensile 
stresses. With increasing load, cracks initiated at midspans, where tensile stresses 
predominated due to downward beam deflection, and propagated towards the supports, 
extending longitudinally. The control beam CB exhibited its first crack at a load of 129 kN. L-
shaped strengthened beams also exhibited a combination of flexural cracks and splitting 
flexural cracks, developing at higher loads. However, the first cracking loads of beams SB-
LLA and SB-LTA were approximately 10% and 11% higher than the control beam. Notably, 
both L-shaped strengthened beams experienced flexural failure due to yielding of upper and 
lower reinforcing bars at mid-support and midspans, respectively. Furthermore, partial 
debonding failure between SHCC layer and RC beam surface was observed at the end of tests 
of both L-shaped strengthened beams. In beam SB-LLA, the debonding failure occurred 
between SHCC layer and the vertical side of the column head, while in beam SB-LTA 
debonding occurred between the horizontal part of the SHCC layer and the RC beam top face. 
The occurrence of debonding in both specimens is due to the high concentration of tensile 
stresses in this region and the discontinuity of the strengthening layer.  

In terms of U-shaped strengthening, both the beams demonstrated superior performance 
compared to the other beams. The upper reinforcing bars at mid-support did not yield and 
debonding failure was not observed in these specimens because of higher contact area between 
RC beam surface and SHCC layer. The first cracking load for the U-shaped strengthening 
specimens, SB-UH and SB-UF, was approximately 24% and 28% higher than that of the 
control beam, respectively. These U-shaped strengthened beams exhibited a combined failure 
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pattern of flexural and shear failures. Furthermore, the failure in these beams took place outside 
the strengthening region. In both U-shaped strengthened beams, the failure sequence 
commenced with the yielding of bottom reinforcing bars at both mid-spans, followed by shear 
failure. As observed, the distinctive strain-hardening characteristics of SHCC play a crucial 
role in enhancing the ultimate peak loads for strengthened specimens. However, as a result of 
increasing the ultimate flexural resistance for U-shaped specimens, shear failure occurred.  

 

 
(i) Control specimen CB 

 
(ii) Specimen SB-LTA 

 
(iii) Specimen SB-UF 

Figure 5. Failure patterns of all tested beams. 

The failure patterns of all tested specimens were not identical on the two sides of the beams 
despite application of symmetric loading. This can be attributed to the variations in concrete 
homogeneity, reinforcement placement, or construction techniques which could have led to 
differences in structural behavior and crack patterns between the two spans. This phenomenon 
has been observed in previous studies in the literature [3]. 

4. NUMERICAL SIMULATION 

A non-linear finite element (FE) program (ABAQUS) [9] was used to simulate all the tested 
beams, aiming to validate the experimental findings by comparing them with the FE results. 
The simulation of beams entailed utilizing a 3D solid element model, and due to symmetry 
considerations, only half of the continuous beams were simulated, as in Hekal et al. [10] NSC, 
SHCC, supports, and loading plates were modeled using eight-node isoperimetric brick 
elements (Type C3D8), while reinforcing steel bars were simulated using a three-node linear 
3D truss (Type T3D3). To mitigate stress concentration, steel plates were positioned under the 
supports and load. Figure 6 shows the geometry, boundary conditions, and structural elements 
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utilized in the FE model. A mesh size of 25 mm was used based on a mesh sensitivity analysis. 
All the beams in the numerical model were tested under displacement-controlled loading. 

 

 
Figure 6. Geometry and boundary conditions used in finite-element modeling. 

4.1. Material modelling 

The Concrete Damaged Plasticity Model (CDPM) was employed to model NSC and SHCC 
components in the current study. Stress-strain curves derived from experimental results were 
utilized to define the nonlinear properties of NSC and SHCC. The Poisson's ratio for NSC and 
SHCC was assumed to be 0.2 and 0.17, respectively. The modulus of elasticity for NSC and 
SHCC was 31.6 GPa and 29.1 GPa, respectively. The elastic-perfect plastic relationship is 
utilized to simulate the behavior of the reinforcing steel bars, with both tension and 
compression demonstrating similar responses. The finite element (FE) model used the 
properties of the reinforcing steel bars from the conducted uniaxial tensile tests. Moreover, the 
modulus of elasticity and Poisson's ratio of reinforcing steel bars are taken as 2×105 MPa and 
0.3, respectively. The interaction between reinforcing steel bars and RC beam was modeled as 
an embedded region, [11], where RC beam served as the host region. Moreover, since no 
instances of debonding failure were observed between the CFRP layers, SHCC, and the 
concrete column head during the experimental tests, their interaction was regarded as a tie 
constraint (full bond). The interaction between the SHCC layer and the RC beam surface was 
utilized as a surface-to-surface contact approach, as in Obaidat et al. [11].  

4.2. Numerical validation results 

The predicted and measured load-deflection response was compared for all the beams and a 
comparison for three of the beams (CB, SB-LTA, and SB-UF) are shown in Figure 7. Table 3 
shows a summary of numerical ultimate peak loads for all tested beams compared to their 
experimental loads. For the control beam CB, the model predicted flexural failure similar to 
the test, with an ultimate peak load of 382 kN in the FE model and 391 kN in experimental 
tests, indicating a deviation of approximately -2.3%. Regarding the L-shaped strengthening, 
specimen SB-LLA failed numerically at 405 kN compared to 418 kN experimentally, while 
specimen SB-LTA experienced a higher numerical failure load (439 kN) compared to its 
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experimental ultimate peak load of 428 kN. Specimens SB-UH and SB-UF failed numerically 
at loads of 443 kN and 486 kN, differing by approximately 1.1% and -1.9%, respectively, from 
their experimental loads. Overall, the experimental ultimate peak loads matched closely with 
the finite element results for all beams with variations ranging from 0.9% to 3.2%. Moreover, 
Figure 7 illustrates a close match between the pre-peak behavior in both the FE model and 
experimental results for all beams. However, differences arise in the post-peak behavior. These 
differences can be attributed to the use of load-controlled loading in experiments and 
displacement-controlled loading in the FE model. Load-controlled loading may not fully 
capture the post-peak behavior compared to displacement-controlled loading. Additionally, 
boundary constraints such as supports and loading applications in the FE models may not 
precisely replicate those in the experimental setup. 

 
Figure 7. Experimental versus numerical load-deflection responses. 

Table 3. Experimental versus numerical ultimate peak loads for all tested beams. 

Specimen Ultimate peak loads (kN) 
Experimental Numerical Experimental/Numerical 

CB 391 382 1.024 
SB-LLA 418 405 1.032 
SB-LTA 428 439 0.975 
SB-UH 439 443 0.991 
SB-UF 495 486 1.019 

5. CONCLUSIONS 

The current study presents experimental investigations and numerical validation of RC 
continuous beams strengthened with reinforced strain-hardening cementitious composites 
(SHCC) layers under flexural loading. Based on the findings obtained from both experimental 
and numerical analyses, the following conclusions can be inferred: 

• L-shaped SHCC strengthening with CFRP and longitudinal and transversely anchored 
rebars increased the ultimate peak load compared to the control beam. Utilizing 
longitudinally anchored rebars resulted in a 6.8% increase in peak load, whereas 
transversely anchored rebars led to a 9.3% increase. 
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• U-shaped SHCC strengthening in beams exhibited a greater increase in the ultimate 
peak load of the control beam as compared to L-shaped strengthening. Using the U-
shaped strengthening along the full beam depth resulted in a 27% enhancement in peak 
load, while strengthening along half beam depth led to a 12% increase.  

• While SHCC strengthening increased load-carrying capacity of the RC continuous 
beams, only 4% ductility increased in beam strengthened with L-shaped SHCC and 
transversely anchored rebars, whereas ductility decreased in the other three 
strengthened beams. This reduction in ductility is due to the increase in flexural 
capacity through strengthening, resulting in a combination of flexural and shear failure 
instead of pure flexure failure. 

• Partial debonding failure between the SHCC layer and the RC beam occurred with L-
shaped strengthening due to the high concentration of tensile stresses and the 
discontinuity of the strengthening. In contrast, with U-shaped strengthening, debonding 
failure did not occur because of the increased contact area between the RC beam and 
SHCC layers. 

• The developed 3D finite element model incorporates three-dimensional solid elements 
and cohesive interactions and can effectively predict loads and load-deflection response 
of RC continuous beams strengthened by SHCC. The experimentally measured loads 
and predicted values was very close, with differences ranging from 0.9% to 3.2%. 
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ABSTRACT 
Despite several confinement models available in the literature to calculate the axial behavior of fiber-
reinforced-polymer (FRP) confined concrete columns at ambient conditions, a reliable design-oriented 
model to obtain the behavior of heat-damaged concrete columns post-confined with FRP is still lacking. 
This study aims to address this research gap, by proposing a new model that predicts the effects of FRP 
confinement on concrete elements with thermal-induced damage. This model proposes a closed-form 
formulation to derive a stress-strain expression, including a set of strength and strain sub-models to 
calculate the stress/strain information at transition and ultimate points defining the stress-strain 
response. To develop the model and calibrate its key components by data analysis of statistical treatment 
techniques, a large test database of FRP confined unheated/heat-damaged concrete of circular/square 
cross-section was collected. The proposed design-oriented model is able to demonstrate the influence 
of pre-existing thermal damage in terms of the stress-strain relationship, whose reliability is revealed 
comprehensively through predicting data from several experimental heat-damaged concrete specimens 
confined with FRP systems.  

Keywords: FRP Confinement, Heat-damaged Concrete, Axial Behavior; Stress-strain Model. 
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INTRODUCTION 
Post-fire experimental research has demonstrated that at fire occurrence, the mechanical, 
chemical, and physical characteristics of concrete exposed to high temperatures are 
deteriorated, leading to concrete dehydration, higher porous microstructure, and a decrease of 
the bond between concrete constituents resulting in stiffness and strength degradation (Kodur 
[1]). Accordingly, the response of a concrete structure in terms of its serviceability, seismic 
performance, and durability is influenced noticeably when subjected to high temperatures 
(Demir et al. [2]). Considering the relatively high cost of reconstruction alternative, the usage 
of a post-fire strengthening solution for assuring the required performance and strength 
capacity level of a fire-damaged concrete structure can be justified. Experimental research [3-
7] evidenced the potentialities of fiber-reinforced-polymer (FRP) confinement technique for 
improving the axial strength, ductility and stiffness of heat-damaged concrete columns. 

To predict the stress–strain response of FRP confined circular and square concrete (FFCC and 
FFSC, respectively) under ambient temperatures, many models have been proposed, generally 
categorized into two groups: analysis-oriented models, AOM, ([10-12) and design-oriented 
models, DOM, ([13-15]). However, very few AOM and DOM models have been proposed for 
FRP-confined heat-damaged circular and square concrete (FCHCC and FCHSC, respectively) 
[3, 16-18]. Bisby et al. [3] generalized ACI 440.2R-08 [19] model, which was developed 
exclusively for FCCC at ambient conditions, in an attempt to predict the axial stress-strain 
response of FCHCC (at high temperatures). In this model, for the sake of simplicity, the 
effectiveness/capability of FRP confinement in improving concrete behavior was assumed 
identical for concrete at ambient and elevated conditions. In other words, the axial strength and 
strain enhancements induced by confinement on FCHCC were considered the same adopted on 
FCCC at ambient conditions. The generalized model has predicted conservative values 
regarding the corresponding experimental results. Ouyang et al. [5] assessed the applicability 
of existing confinement models (Lam and Teng [20], and Ozbakkaloglu and Lim [21]), which 
were developed exclusively for FFCC, to be generalized to FFHCC by addressing the 
mechanical characteristics of unconfined heat-damaged concrete. They evidenced that these 
generalized models predict conservatively the axial response of the test specimens of FFHCC, 
which was also confirmed by Song et al. [6] for FCHSC. 

In this paper, a new generalized DOM is developed to predict a stress-strain relation ( c cf  ) 

of FCHCC/FCHSC. This model consists of a closed-form formulation to derive a c cf   
relationship, which integrates a set of strength and strain sub-models to calculate the 
stress/strain information at the transition and ultimate points. The initial focus is placed on the 
determination of the c cf   expression including parabolic and linear functions based on 
experimental observations of axial response of FCHCC/FCHSC with different levels of pre-
existing thermal-induced damage. Subsequently, predictive formulations are proposed to 
calculate stress/strain information at the transition and ultimate stages where the influences of 
non-circularity and thermal damage level on confinement-induced enhancements are reflected 
in their determination based on regression analysis. 
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Proposed stress-strain model  
Based on experimental observations [3-7], by increasing exposure temperature from ambient 
to elevated temperature, the shape of FCHCC/FCHSC’s axial response is converted from a 
parabolic-linear stress-strain relation into an almost linear one. Accordingly, in this study, a 
new stress-strain model was proposed (Figure 1): 
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where cf  is the axial stress at axial strain ( c ). ,ctr Tf  is the axial stress at axial strain ( ,ctr T ) 

corresponding to the transition zone. ,cu Tf   is the axial stress at axial strain ( ,cu T  ) 

corresponding to the ultimate condition. The proposed model requires information regarding 
the transition and ultimate stages to be able to calculate the stress-strain response of FRP-
confined heat-damaged concrete columns, which will be presented in the following section. 

 

 
Figure 1. Proposed stress-strain model 
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Sub-model for Ultimate Stress at Elevated Conditions 
For the case of FFCC and FFSC, Shayanfar et al. [18] proposed a new well-calibrated 
formulation to determine ultimate stress ( cuf ), as follows:  
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where fn  is the number of FRP layers; ft  is the nominal thickness of a FRP layer; fE  is the 

FRP elasticity modulus;   is equal to 1 and 0.85 corresponding to 3fn   and 4fn  , 

respectively, according to fib bulletin 90 recommendation [22]; b  is the column dimension; 

fu  is FRP ultimate tensile strain; SE  and R  represent the terms addressing the effects of 

column’s cross-section dimension and corner radius ratio ( 2bR r b ) on the axial strength 

enhancements. Experimental evidence shows that increasing mT , the peak strength of 

unconfined heat-damage concrete is reduced from 0cf  at ambient conditions to 0
T

cf  at elevated 
temperature. Accordingly, the peak axial strength of FCHCC and FCHSC can be determined 
from Eq. (4) by substituting 0cf  by 0

T
cf  resulting: 
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(8) 

A close look at Eq. (8) demonstrates that the effectiveness of the FRP confining system on 
FCHCC/FCHSC is assumed the same as that of FCCC/FCSC with identical concrete strength. 
To highlight the effect of pre-existing thermal damage on the effectiveness of the FRP 
confinement system, the ratio of confinement-induced enhancements obtained analytically 

over experimentally, defined by an error index 1Y  (    , 0 , 01 1
Ana ExpT T

cu T c cu T cf f f f   ) is 

evaluated in Figure 2a.  
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a) b) 

Figure 2. The predictive performance of a) Eq. (8); b) Eq. (11) 

 

As can be seen, Eq. (8) results in substantial underestimations in terms of cuf  by increasing mT  
imposed to concrete. It shows the necessity of considering the thermal damage influence on 
the effectiveness increase of the FRP confinement imposed on heat-damaged concrete. 
Accordingly, applying regression analysis to the experimental data of FCHCC/FCHSC [3-6], 

the best-fit expression of 1Y  versus mT  relation was derived as   0.1
1 0.59 1000 1mY T   . By 

reflecting the influences of concrete strength ( 0cf ), corner radius ratio ( bR ), and cooling regime 

(in water or air) in the developed 1Y  based on the experimental data, the following extra 
calibration factor is added to Eq. (8): 

0.1

0 0.72
0

1.2 0.27.25 1
1000

b m
T cm T

c

R T
f

  
      

                        
(9) 

in which 

0 2 5 1
1000

m
T

T     
                       

(10) 

and cm  is equal to 1 and 1.175 for the air-cooling method and water-cooling method, 
respectively, obtained based on the experimental results reported by Lenwari et al. [4]. Hence, 
by introducing T  (Eq. (9)) reflecting the thermal damage influence on FRP confinement-

induced improvements into Eq. (8), the peak axial strength of FCHCC and FCHSC ( ,cu Tf ) can 

be calculated as: 
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It should be noted that, for concrete at room temperature, T  is equal to 1, therefore Eq. (11) 
degenerates in Eq. (4), which represents the successful establishment of the exposure 
temperature unification in the strength model development. Figure 2b compares the results 
obtained experimentally from Bisby et al. [3], Lenwari et al. [4], Ouyang et al. [5] and Song et 
al. [6] with those predicted by the proposed unified model. As can be seen, the model is able 
to predict closely the experimental data of FCHCC/FCHSC confirming its suitable predictive 
performance. 

 

Sub-model for Ultimate Strain at Elevated Conditions 
For the case of FFCC and FFSC, Shayanfar et al. [18] proposed a new well-calibrated 
formulation to determine ultimate strain ( cu ), as follows:  
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where SE  and R  represent the terms addressing the effects of the column’s cross-section 
dimension and corner radius ratio on the axial strength enhancements. For the determination of 
the ultimate strain ( ,cu T ) of FCHCC/FCHSC, the approach already adopted for the ultimate 

stress of FCCC/FCSC at elevated conditions was taken, by replacing the concrete 
characteristics at ambient conditions for those at heat-damaged conditions. Accordingly, based 
on Eq. (12), by substituting 0cf  and 0c  with 0

T
cf  and 0

T
c , respectively, ,cu T  is derived as: 
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By defining a reduction factor T  considering an error index of Eq. (16) ( , ,
Ana Exp

T cu T cu T   ), the 

predictive performance of Eq. (16) can be evaluated concerning thermal damage level based 
on the existing experimental data. As can be seen in Figure 3a, Eq. (16) overestimates 
remarkably the experimental counterparts ( 1T  ), which highlights the necessity for 
considering a reduction factor in Eq. (16) to decrease the confinement-induced improvements 
with mT  in terms of ,cu T .  

 

  

a) b) 

Figure 3. The predictive performance of a) Eq. (16); b) Eq. (18) 

 

Accordingly, based on regression analysis performed on 141 experimental data, the best-fit 
expression of T  versus mT  relation was derived as a 3rd degree polynomial equation format 
(Figure 7a): 
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where cm  is equal to 1 and 0.65 for air-cooling method and water-cooling method, 
respectively, obtained based on the experimental results reported by Lenwari et al. [4]. By 
introducing the parameter T , from Eq. (17) into Eq. (16), ,cu T  of FCHCC/FCHSC can be 

proposed as: 
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where the model has a unified character with the case of concrete at the room temperature 
(FCCC/FCSC with 1T  ). In Figure 3b, the performance of the proposed model is assessed 
based on the experimental results reported by Bisby et al. [3], Lenwari et al. [4], Ouyang et al. 
[5] and Song et al. [6]. It shows that there is a good agreement between both the experimental 
and analytical data of FCHCC/FCHSC. As a result, by calculating ,cu Tf  and its corresponding 

strain of ,cu T , by Eq. (11) and (18), respectively, their information can be addressed for the 

determination of stress-strain relation model. 

Sub-model for Transition Point at Elevated Conditions 
For the case of heat-damaged concrete with FRP confinement, by adopting the formulation 
suggested by Shayanfar et al. [13] developed for cases at room temperature, the axial strain (

,ctr T ) corresponding to the transition zone was suggested as: 

 0.25, 0.37
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c
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Therefore, through calculating ,ctr T  by Eq. (19), the corresponding stress ( ,
Exp

ctr Tf ) can be found 

from experimental axial responses of FCHCC/FCHSC. Experimental observations (i.e. Bisby 
et al. [3]) have evidenced that by increasing the level of thermal damage ( mT ), the difference 
between column axial stiffness at the transition zone ( , ,ctr ctr T ctr TE f  ) and at the ultimate 

stage ( , ,cu cu T cu TE f  ) decreases considerably. For FCHCC/FCHSC with severe thermal 

damage (around o800 CmT  ), the column behaves almost linearly with a constant axial 

stiffness ( 2ctrE E ). Therefore, by introducing T  as the ratio of ctrE  and cuE  ( T ctr cuE E 

), ,ctr Tf  can be expressed as , ,ctr T T cu ctr Tf E  . In Figure 4a is represented the variation of T  

with mT  based on the test data extracted from the experiments [3-6]. It can be seen that T  

decreases with the increase of mT . By performing regression analysis with the experimental 

results, it was obtained  6.74 4.5 3.5 1000T mT      for the best fit relation. By considering 

other influential factors ( LK  and bR ) in the regression analysis of T  and mT  variables, a new 

expression was proposed for the calculation of ,ctr Tf  as follows: 
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Figure 4b shows the performance of Eq. (20) against the experimental results ([3-6]), being 
evident the capability of the model to provide accurate predictions of the counterpart data.  

 

  
a) b) 

Figure 4. a) Relation of ψT with Tm; b) Predictive performance of Eq. (20) 

 

Verification of the Proposed Design-oriented Model 
In this section, the verification of the design-oriented model (DOM) developed in the present 
study to predict the axial stress versus axial strain relationship of FRP fully confined heat-
damaged circular/square cross-section concrete columns under axial compressive loading is 
demonstrated. For this purpose, experimental stress-strain data are compared to those obtained 
analytically from the proposed DOM. For a further assessment of the developed stress-strain 
model (Eq. (1)), the well-established stress-strain model developed by Teng et al. [23] 
(suggested exclusively for cases at room temperature) was generalized for FRP fully confined 
concrete with pre-existing thermal damage. In this model, ultimate stress and strain values were 
calculated based on the well-calibrated models proposed in this study (Eqs. (11) and (18)).  

The calculation process of the proposed DOM to obtain the axial stress versus strain 
relationships of heat-damaged/unheated concrete confined by FRP is based on the following 
steps: 

i) Calculate the axial strain at the ultimate stage ( ,cu T ) using Eq. (18) 

ii) Calculate the axial stress at the ultimate stage ( ,cu Tf ) using Eq. (11) 

iii) Calculate the axial strain at the transition zone ( ,ctr T ) using Eq. (19) 
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iv) Calculate the axial stress at the transition zone ( ,ctr Tf ) using Eq. (20) 

v) Assume a level of axial strain ( c )  

vi) Calculate the corresponding axial stress ( cf ) using Eq. (1) 

vii) Draw cf  versus c  relationship 

In the present study, the well-calibrated models developed by Shayanfar et al. [16] was 
followed to calculate the mechanical characteristics of unconfined heat-damaged concrete 
columns ( 0

T
cf  and 0

T
c ). Furthermore, to calculate axial strain ( 0c ) corresponding to 0cf , the 

well-calibrated formulation recommended by Shayanfar et al. [12] was adopted as 

 0.25
00 0.0011 cc f L b   where L  is the height of the specimens. 

Figure 11 compares analytical simulations obtained from the proposed model and the 
generalized Teng et al. [23]’s model with results measured experimentally [3-6, 23, 25]. As 
can be seen, by using the generalized Teng et al. stress-strain base model [23], despite accurate 
agreement between analytical and experimental results for the unheated case, misleading 
predictions are obtained, particularly for FCHCC/FCHSC with severe thermal-induced 
damage. However, the proposed DOM is able to predict the experimental counterparts with the 
various levels of pre-existing thermal-induced damage with a good precision.  

 

SUMMARY and CONCLUSIONS 
This paper proposed a new generalized design-oriented (DOM) model to analytically calculate 
the axial response of FRP confined heat-damaged circular/square concrete columns 
(FCHCC/FCHSC). Based on experimental observation of axial stress-strain curves, a closed-
form formulation including parabolic and linear functions was developed that integrates a set 
of strength and strain sub-models to calculate the stress/strain information at the transition and 
ultimate points. To have a unified model for concrete at the room and elevated temperature 
conditions, initially, predictive formulations calculating stress/strain information at the 
transition and ultimate stages were adopted. Then, by applying them to 109 FCHCC and 35 
FCHSC test specimens, the substantial influence of thermal-induced damages on these key 
stages was investigated and reflected empirically in the model establishment as a function of 
the level of maximum temperature exposed to the concrete. The proposed DOM model 
demonstrated an appropriate performance in the simulation of the axial stress-strain of 
FCHCC/FCHSC, compared to existing modeling solutions.  
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Figure 5. Anaytical simulations against experimental data  
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ABSTRACT 

Limited literature is available on strengthening techniques of reinforced concrete (RC) panels for 
extreme loading like hard projectile impact. This paper critically investigates the ballistic behavior of 
RC panels safeguarded by protective layers when subjected to hard projectile impact. RC panel of size 
1 m × 1 m× 0.12 m along with hemispherical nosed projectile are modeled and analysed numerically 
using LS Dyna. The ballistic limit of the uncoated RC panel is studied, followed by studying the 
influence of polyurea coatings on its perforation characteristics. Various thicknesses of polyurea 
coatings are considered on the front and back faces of the panel. The ballistic resistance is studied in 
terms of crater formation, depth of penetration (DOP), and deceleration of the projectile. Results show 
that polyurea thickness in the range of 2 to 5 mm on the front/impact face plays a significant role in 
enhancing the ballistic resistance of the RC panel. Notably, improvements beyond 5 mm thickness are 
negligible. Additionally, the study reveals that applying polyurea coating on the impact face of the panel 
proves more effective than on its back face. 

Keywords:  Impact, RC panel, Polyurea, Damage, Penetration, Crater, Finite element 
modeling 
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1. INTRODUCTION   

Critical structures and facilities, such as the walls of nuclear power plants, military bunkers, 
and the shelters of surface amenities like runways, are made of concrete [6, 7, 8, 28]. Due to 
immense applications and strategic importance, it is crucial to protect these facilities against 
projectile impact. The hard projectile impact can result in localised damage or even the collapse 
of the entire structure, especially reinforced concrete (RC) structures. Typical failure modes of 
RC panels under hard projectile impact are perforation of the projectile, spalling (ejection of 
material from the impact face), scabbing (ejection of material from the back face), cone 
cracking, and global failure [15, 18]. 

Consequently, extensive experimental and numerical studies were carried out on the effects of 
projectiles/missiles concrete panels by various researchers [1, 14, 15, 21, 22, 26, 36]. Studies 
considered various factors like concrete grades, thicknesses, carbon fiber-reinforced plastic 
(CFRP), projectile and target geometries, and velocity ranges. The use of high-strength 
concrete, along with ultra-high-performance concrete (UHPC) were considered in various 
studies [5, 15, 26, 30]. The use of high-strength concrete, ultra-high-performance concrete 
(UHPC), different reinforcement ratios, CFRP, and high thickness are attempted to improve 
the ballistic performance of RC panels under hard projectile impact. However, polyurea, a new 
protective material, has attracted a large number of researchers in different protective fields [4, 
16, 17, 23, 29, 32, 33]. Polyurea is regarded to have high energy absorbing capacity due to 
excellent quasi-static and dynamic mechanical properties [35]. Under high-strain loading 
conditions, the predominant mechanisms of energy dissipation in polyurea are regarded as 
shock-wave-induced hard domain ordering and crystallization, alongside rearrangements and 
neutralization. These processes are accompanied by viscoelastic dissipation within the 
material, leading to improved mechanical characteristics owing to the strain rate effect and the 
impedance mismatch between the polyurea and its substrate. The protection mechanism is 
shown in Figure1. Most of the studies using polyurea coating as a strengthening technique 
focused on improving the ballistic resistance of metallic structures [18, 23]. Also, the use of 
polyurea coatings in the case of RC structural components was examined majorly for blast 
loading only. The same was observed to improve the blast resistance of RC structures [35]. 
Very few impact studies on polyurea coated concrete structures focused on low velocity 
impacts (drop weight) and global behaviour [29, 34]. The influence of polyurea coating on 
local damage parameters and the effect of polyurea thickness and location remains to be 
comprehensively evaluated. Hence, this study examines the impact perforation characteristics 
of polyurea-coated RC panels. The influence of different thicknesses of coatings on the front 
and back faces of RC panels is studied in terms of penetration, crater formation, and projectile 
deceleration. 
 



PROTECT 2024 
Singapore 
Aug 14-16, 2024 

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading 
& Events August 14-16, 2024, Singapore 
 

2. NUMERICAL MODELING 

2.1   FE modeling 

A 3D FE model is created to simulate the RC target and projectile using LS-Dyna [24]. RC 
panels of dimensions 1 m×1 m with varying thicknesses are modeled based on the experimental 
work of Kojima [20] (see Figure 2). Numerous uncoated RC panels of different thicknesses 
subjected to ogive-nosed hard projectile impact are first validated from the experimental results 
of Kojima [20]. Uncoated RC panels are considered for validation purposes due to a lack of 
experimental data for coated panels. After successful validation, extended analyses are carried 
out on a coated RC panel sized 1 m × 1 m × 0.12 m. The RC panel is protected by polyurea 
coating of varying thick-nesses. A hemispherical-nosed rigid projectile is used in the study (see 
Figure 2). 

 

 

 

 

 

 

Figure 1: Schematic representation of the protection mechanisms of polyurea coatings [35] 

Figure 2: RC panel and projectile. All dimensions in mm 
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The dynamic explicit algorithm in LS-Dyna is used for this nonlinear dynamic analysis. A 
mesh convergence study was carried out, and consequently, a refined mesh consisting of 1 mm 
mesh size across the face and 3 mm mesh size along the depth in the impact region of the 
concrete panel was used. Mesh size is spatially increased from the impact area towards the 
boundary of the panel. The criterion used for mesh convergence was the convergence of 
residual velocity (RV) as followed in most projectile impact studies [19, 31]. The meshed 
model is shown in Figure 3. An eight-noded brick element with reduced integration was 

adopted to model concrete. Hourglass control was employed in the study along with the 
Flanagan-Belytschko stiffness form to avoid the hourglassing issue. Reinforcement was 
modeled as a beam element). The polyurea was modeled using a four-noded quadrilateral, 
Belytschko–Tsay shell element. The projectile was modeled as a rigid shell element. A rigid 
support condition is considered for the RC panel in all the simulations since the boundary 
conditions have the least effect on local damage parameters when the diameter of a projectile 
is small compared to the panel length and width [2, 10]. Loading scenarios are created by 
imparting velocity to the projectile. Eroding surface-to-surface contact is employed wherein 
the whole projectile acts as the master surface and concrete/polyurea as the slave surfaces. 
Eroding con-tact types are used when the solid components in the contact definition may 
undergo erosion, leading to the deletion of elements due to material failure criteria. Moreover, 
for simplicity, no slip is ensured between the polyurea coating and the RC surface. The 
constitutive models used for concrete, steel reinforcement, and polyurea are described in 
section 2.2. 

2.2  Constitutive models 

The Continuous Surface Cap Model (CSCM) is used to model concrete. This model assumes 
that yielding is a result of the prolonged hydrostatic loading. The model uses a combined 
deviatoric and volumetric failure sur-face to represent the yield and flow of concrete. The 
model accounts for triaxial stress, damage, and strain rate effects in addition to employing an 
ultimate failure surface to simulate shear failure and cap hardening. The third invariant of the 
deviatoric stress tensor, which is directly proportional to the angle in the deviatoric plane, 
affects the strength model and is rep-resented by the Rubin scaling function. The mathematical 
background and formulations of the model are detailed in the LS-Dyna manual [12]. 

Figure 3: Finite element meshed model showing the projectile and panel. A close-up view of the 
impacting region is also shown. 
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Rebars are modeled using a Plastic Kinematic model, an elastoplastic material with failure 
strain. A 20 % failure strain is assigned for eroding the reinforcement [13]. This model is 
suitable for simulating both isotropic and kinematic hardening plasticity. Isotropic, kinematic, 
or a combination of isotropic and kinematic hardening parameters may be obtained by varying 
hardening parameter (𝛽) between 0 and 1. The whole mathematical formulations of the model 
are given in the LS-Dyna manual [11]. The rigidity of the projectile allocates a high failure 
strain to the missile, which is not eroding. 

Polyurea, an important component for strengthening of RC panel, is modeled using 
elastoplastic material code in LS Dyna. MAT Piecewise Linear Plasticity, which is used for 
modeling polyurea, accounts for failure criteria and strain rate effects that are incorporated 
using experimental data to model the hardening response for a wide range of strain rates [3]. 
Defining the polyurea’s elastic response involves an elastic modulus of 2520 MPa and a yield 
stress of 10 MPa. Polyurea properties were taken from a series of high strain rate tensile and 
compressive tests conducted by Roland et al. [27]. To ensure accuracy, engineering stress (𝜎𝑒) 
and strain (𝜖𝑡) curves were transformed into true stress (𝜎𝑡) and strain (𝜖𝑒) using the equations: 

𝜎𝑡 = 𝜎𝑒(1 + 𝜖𝑒)              
(1) 

𝜖𝑡 = ln(1 + 𝜖𝑒)               
(2) 

The true stress strain plots are shown in Figure 4. 

 
 
 

3. VALIDATION OF THE FINITE ELEMENT MODEL 

Figure 4: Stress–strain plots of Polyurea at different strain rates Roland et al. 
[27] 
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The parameters like DOP and equivalent front crater (FC) and back crater (BC) diameter for 
the uncoated RC panel due to projectile impact were validated with the experimental results 
from Kojima [20]. An RC panel of size 1 m × 1 m with varying thickness having concrete 
strength 27 MPa and ratio of the reinforcement as 0.6 % (longitudinal and transverse) was 
subjected to impact using a 2 kg rigid hemispherical projectile. The CSCM concrete model, 
having fewer inputs than other concrete models, effectively aligns with the test results of 
Kojima [20]. Its inputs encompass parameters like density, rate effects, erosion, compressive 
strength, and maximum aggregate size. The unconfined compression strength influences all 
components of the fit, including stiffness, three-dimensional yield strength, hardening, and 
damage. The CSCM concrete density of 2400 kg/m3, compressive strength of 27 MPa, and 
maximum aggregate size of 20 mm are used in this study for validation. This model 
accommodates inherent strain rate effects associated with the Dynamic Increase Factor (DIF). 
Static compressive strength of the 27 MPa [20] was calibrated by a single element FE 
compression test on 150 mm × 150 mm × 150 mm, wherein compressive strength of 26 MPa 
was obtained. The steel reinforcement is set with a failure strain of 20 %. It is modeled as a 
1D-element, utilizing the Belytschko-Schwer resultant beam element form, a choice made to 
decrease computational time ultimately. Firstly, the DOP of the projectile into the RC target 
captured by FE simulation was compared experimental study, as shown in Figure 5. 
 

Reasonable agreement was observed between numerically captured DOP and experimental 
results of Kojima [20]. Also, the numerically obtained FC and BC sizes were compared for 
various cases with experimental results and are shown in Tables 1 and 2. Further, extended 
analyses that have been carried out are discussed in the next section. 

 

Table 1: Comparison of numerical and experimental FC [20] 

Figure 5: Numerical vs experimental [20] comparison of DOP 
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Panel thickness (mm) Impact velocity (m/s) Numerical FC (mm) Experimental FC (mm) 
         120 215 233 × 200 205 × 226 
         180 211 243 × 210 282 × 217 

  

Table 2: Comparison of numerical and experimental BC [20] 

Panel thickness 
(mm) 

Impact velocity (m/s) Numerical BC (mm) Experimental BC (mm) 

120 164 471 × 457 561 × 480 
180 211 449 × 479 445 × 435 

An experimental study conducted by Rajput and Iqbal [26] was considered to strengthen the 
numerical model's validation. A plain concrete panel with dimensions of 450 × 450 mm × 100 
mm, 2400 kg/m3 density, designed with M40 concrete grade impacted by a 1 kg ogive-nosed 
hard projectile of 19 mm diameter and 450 mm length is modeled and analysed. The concrete 
panel’s ballistic limit (Vbl ) as established numerically. Vbl was found to be 98 m/s (see Table 
3). Velocity was varied from 90 m/s to 105 m/s, 98 m/s was observed as the minimum velocity 
necessary for perforation of the panel. Hence, 98 m/s was designated as the 
ballistic limit, closely matching the experimental value of 107 m/s. Further, the numerical value 
of the ballistic limit (98 m/s) matches closely with 106 m/s given by CEA-EDF empirical 
formula shown in Eq. 3 as  

Vbl = 1.3 × ρc1/6 × 𝑓𝑐0.5 ×

(𝑑𝑝𝑡
2

𝑀𝑝
)
2/3

,(3) 

where, ρc, fc, 𝑑𝑝, 𝑀𝑝 and 𝑡 are the density of concrete (kg/m3), concrete compressive strength 
(Pascal), projectile diameter (m), projectile mass (kg) and target thickness (m), respectively. 

Table 2: Numerically obtained ballistic limit for 450 mm × 450 mm×100 mm PC panel 

Impact velocity (m/s) DOP (mm) Residual velocity (m/s) 

90 88 - 
95 95 - 
98 - 3 

105 - 140 
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Zhang et al [37] studied the impact response of RC beams coated with polyurea layers subjected 
to drop weight. This paper numerically simulates this experimental work for further validation. 
Firstly, the impact force of the uncoated RC beam was validated along with failure mode (see 
Figure. 6). Secondly, an RC beam coated with 8 mm thick polyurea was simulated and the 
impact force compared to the coated RC beam was validated (see Figure 7).  Reduced impact 
force was observed in the case of an uncoated RC beam compared to a coated RC beam when 
subjected to a hemispherical-nosed drop wight impactor. 
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Figure 6: Numerical vs experimental [37] comparison of (a) impact force and failure mode of uncoated RC beam 

Figure 7: Numerical vs experimental [37] comparison of (a) impact force of coated RC beam 
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4. STRENGTHENING OF RC PANELS 

After successful validation, ballistic resiliency of 1 m × 1 m × 0.12 m RC panel is evaluated 
when strengthened by polyurea coating. The ballistic performance of coated RC panels is 
compared with uncoated RC panels. The ballistic limit, i.e., the minimum projectile velocity 
required to perforate the uncoated target panel, is evaluated as 135 m/s and is taken as reference 
velocity for all panels. RC panels coated with 2 mm, 5 mm, 7 mm and 10 mm thicknesses of 
polyurea on the impact side were considered. Similarly, the RC panel is coated with 2 mm and 
5 mm polyurea on the backside were considered. 

The performance of panels was studied in terms of DOP, crater formation, and projectile 
deceleration. The uncoated RC panel was completely perforated and resulted in FC and BC as 
90 mm × 105 mm and 180 mm ×190 mm, respectively. The hard projectile impact also resulted 
in a hole of size 65 mm × 65 mm. Then RC panel was strengthened by polyurea on the 
front/impact face and back face. Polyurea with thicknesses of 2 mm, 5 mm, 7 mm and 10 mm 
were applied on the front/impact face, and 2 mm and 5 mm were applied on the back face. 
Polyurea of thickness 2 mm and 5 m on the back side of the RC panel were found ineffective 
in resisting penetration of the projectile and crater damage. Increasing polyurea thickness 
beyond 5 mm on the back face is expected to be not a viable option in terms of cost. As shown 
in Table 3, it was observed that upon application of 2 mm polyurea coating on the front face, 
the rigid projectile is no longer able to perforate the target, and no hole is observed. DOP of 
110 mm was observed for the RC panel coated. Also, FC and BC decreased as shown in Table 
3 and Figure 8. 

Table 3: DOP, FC, BC and hole quantification in Polyurea coated RC panels 

 
 

 Polyurea thickness (mm) DOP (mm) FC (mm) BC  (mm) Hole (mm) 

Uncoated RC panel 0 Perforated 90 × 105 180 × 190 65 × 65 
 

Front coated RC   panel 
2 110 71 × 75 130 × 144 No hole 
5 87 75 × 75 100 × 110 No hole 
7 90 90 × 90 100 × 120 No hole 
10 89 98 × 100 100 × 110 No hole 

 
Back coated RC    panel 

2 Perforated 85 × 88 130 × 140 65 × 66 
5 Perforated 70 × 70 140 × 150 66 × 67 
7 Perforated 75 × 70 141× 148 64 × 68 
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The application of 5 mm thick polyurea further resulted in a  reduced DOP of 87 mm. No 
further improvement in reducing FC was observed. However, BC was further decreased. Upon 
further increase in polyurea thickness to 7 mm and then 10 mm, no further improvement in 
either penetration or crater resistance was observed. With regard to blast protection 
enhancement of RC panel, 1-6 mm thickness of polyurea is considered optimum [33]. Also, 
the same can be stated for impact resistance. With the increase in polyurea thickness on the 
front face, projectile deceleration is enhanced by improving the penetration resistance of the 
RC panel (see Figure 9 (a)).  

 

Figure 8: Crater formation and penetration in (a) Uncoated RC panel, (b) Front coated RC panel by 
2 mm polyurea, (c) Front coated RC panel by 5 mm polyurea, (d) Front coated RC panel by 7 mm  

(e) Front coated RC panel by 10 mm polyurea. 
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Like the front side, polyurea was also used on the back side of the RC panel. Only a marginal 
increase in crater resistance was observed with no resistance to penetration (see Figure 10). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the 2 mm thick polyurea coating on the back side, complete perforation of the projectile 
through the RC panel was noticed, as in the case of the uncoated RC panel. Both FC and BC 
were marginally reduced. Upon the application of 5 mm polyurea coating on the back side, no 
penetration resistance was observed again, and the projectile perforated the target as in the case 

Figure 10: Crater formation and penetration in (a) Back coated RC panel by 2 mm 
polyurea (b) Back coated RC panel by 5 mm polyurea and  (c) Back coated RC panel by 

7 mm polyurea 

Figure 9: Deceleration of the projectile 
 

(a) Polyurea on impact face 
 

(b) Polyurea on back face 
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of the uncoated RC panel. Again, FC crater resistance can be stated to have increased, and 
improvement in BC was marginal only. An interesting observation was made in back coated 
RC panel, the uncoated RC panel was perforated with an RV of 4 m/s, and hence the impact 
velocity was regarded as the ballistic limit of the RC panel. In the case of a 2 mm polyurea 
coating on the back face, a projectile RV of 19 m/s was observed. The RV observed for the 5 
mm coated RC panel was 27 m/s (see Figure 9). It can be stated that an increase in polyurea 
coating on the back face of the RC panel might have marginally improved crater resistance; 
however, this resulted in a decrease in the penetration resistance of the RC panel. This could 
be due to the assumed full adhesion between polyurea coating and RC surface. Polyurea coating 
on the back side may increase the tension on the back face of the panel during impact and hence 
reduce penetration capacity. This phenomenon needs to be thoroughly examined. With 
polyurea coating on the impact face, the failure mode of the RC panel was changed from shear 
punching failure (as in an uncoated RC panel) to tensile failure and resulted in a transformation 
from local burst induced perforation to overall plastic yielding of the RC slab (see Figure 8). 
The front coated RC panel has higher deceleration than the back coated because of the 
projectile’s impact energy absorption. This, in turn, influences the penetration and crater 
performance of the RC panel. Polyurea strengthening on the front face of the RC panel was 
found to have the effect of delocalising the damage. However, this effect was more pronounced 
in polyurea due to its high energy absorbing capacity. Some limitations of polyurea coating 
were reported by Zhang et al. [35], which are high demands on the spraying process, difficulty 
in the repair of damaged coatings, and associated high costs. In that case, other alternatives, 
like steel sheets or soft armor materials, can be explored to strengthen RC panels. Regarding 
the location, the front/impact side coating is the most effective of the RC panel protection 
against rigid projectile impact, unlike in the case of blast loading as reported by Lyu et al. [25], 
Zhang et al. [35]. Based on this analysis, a thickness of 5 mm is considered optimum for the 
ballistic resistance of the RC panel. The polyurea layer's contribution is progressively increased 
by increased polyurea thickness. It should be mentioned that the absorbed energy of the 
polyurea layer stays constant once the polyurea thickness exceeds 5 mm. This is in line with 
earlier research showing that concrete panels can be strengthened up to a certain polyurea 
thickness only [33]. It is therefore recommended that the effective thickness of the polyurea 
layer for the RC panel be between 1-5 mm, taking into account the cost and strengthening effect 
of polyurea.  

5. CONCLUSION 

This paper numerically investigates the ballistic performance of RC panels coated with 
polyuria when subjected to hard projectile impact. RC panel of size 1 m × 1 m × 0.12 m along 
with hemispherical nosed projectile are modeled and analysed numerically using LS Dyna. The 
validated numerical model is used to investigate the influence of polyurea coatings on the 
perforation characteristics of RC panels. Various thicknesses of polyurea coatings are 
considered on the front and back faces of the panel. The results show that the polyurea thickness 
on the front face, in the range of 2 to 5 mm, is a significant parameter in enhancing the ballistic 
limit of the RC panel. The improvements beyond 5 mm are negligible. In an uncoated RC panel 
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of 120 mm thickness, the projectile perforated the target however, for 2 mm and 5 mm thick 
polyurea coatings on the impact face, the projectile penetrated the target up to 110 mm and 87 
mm, respectively. For 7 mm and 10 mm thick polyurea on the impact face, a DOP of 90 mm 
and 89 mm was observed. Additionally, the study reveals that applying polyurea coating on the 
impact face of the panel proves more effective than on its back face. 
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ABSTRACT 
The daily increase in hydrogen gas storage facilities reflects the growing demand and recognition of 
hydrogen as a promising fuel for the future, bringing numerous social, economic, and environmental 
advantages. Despite its potential benefits, the accidental explosions of hydrogen storage tanks have 
posed significant challenges, impacting the economy, infrastructure, and living conditions. This study 
used an 8 kg trinitrotoluene (TNT) explosion test between reinforced concrete walls for a 25 kg 
hydrogen gas explosion through the TNT equivalent weight method. The dimensions of the reinforced 
concrete wall were 2 m in height, 5 m in length, and 0.2 m and 0.25 m in width. In addition, the 
experimental pressure was compared with the TNT explosion simulation results. LS-DYNA, a 
commercial software, was used to study the TNT explosion near a reinforced concrete protection wall 
through simulation. The experimental and simulation pressure curves had a good agreement. For further 
simulation analysis, the TNT equivalent weight method was studied for hydrogen gas, and the behavior 
of the protection wall under explosion was analyzed. From experimental and simulation results, it was 
confirmed that pressure decreases when the upward flow of blast load increases at the time of 
near-field denotation. Numerical simulation concludes that increasing the thickness of the protection 
wall decreases the displacement on the protection wall. 

Keywords: Hydrogen Gas Explosion, Reinforced Concrete, Protection Wall, TNT Equivalent 
Weight Method, Trinitrotoluene Explosion, Accidental Explosion. 

1. INTRODUCTION 

The global community has been faced with an energy crisis in recent times due to the depletion 
of resources and rising environmental problems [1]. In the global market, hydrogen gas has a 
crucial role as an energy carrier and is one of the most promising clean fuel options. Given the 
possibility of almost unlimited renewable production, its impact on sustainable development 
would be significant. The key factors affecting future hydrogen markets are the price of 
hydrogen, technical progress, competition costs for energy systems, and potential longer-term 
restrictions on greenhouse gas emissions. Hydrogen has been envisaged as a future dream fuel, 
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providing many benefits for society and the environment. With South Korea focusing on the 
hydrogen economy for economic growth and industrial competitiveness rather than solely on 
climate change goals, its consumption is increasing worldwide. South Korea considers 
hydrogen an economic growth driver of around $43 billion, creating 420,000 new jobs. 
Hydrogen gas accidents pose risks, with explosions causing infrastructure damage and harm to 
living beings, despite its benefits. Handling hydrogen requires caution due to its flammability, 
with frequent explosion incidents globally. Notable accidents include those in Gangwon, South 
Korea (2019), Santa Clara, CA (2019), and Texas City (2020). Ensuring high-scale hydrogen 
production and distribution infrastructure safety in cities is essential to implementing rigorous 
standards and best practices [2]. 

The experimental detonation of TNT between the different thicknesses of reinforced concrete 
barrier walls was carried out in this study. An experiment of 25 kg hydrogen gas explosion was 
used to calculate the TNT equivalent weight, and the TNT weight was 8 kg. This study 
compared the experimental and simulation pressure results under the TNT explosion at a 2 m 
distance from TNT. Furthermore, the blast experiment is expensive to conduct many times, so, 
during the experiment, two barrier walls with thicknesses of 0.2 m and 0.25 m were conducted 
at a time. So, in this study, the barrier walls with 0.2 m and 0.25 m thicknesses were simulated 
separately under the explosion of 25 kg of hydrogen gas cylinder through TNT equivalent 
weight method and using LS-DYNA. The pressure was analyzed, simulating the different 
thicknesses of reinforced concrete barrier walls. In addition, the effect of rebar diameter and 
compressive strength of concrete under the blast load was analyzed. 

2. TNT EQUIVALENT WEIGHT METHOD 
Estimating the TNT equivalent method is a common approach for determining damages caused 
by hydrogen explosions. The equivalent weight of TNT can be calculated with equation 1 in a 
vapor cloud explosion. As hydrocarbons, relatively weak explosives are the most common 
substance involved in the vapor cloud explosion, and only a tiny part of the energy released is 
used to create the explosion wave; different authors have proposed values between 1% and 
10%. However, the value of explosion efficiency (η) is probably influenced by the fuel's 
reactivity and the cloud's eventual partial confinement. The main characteristics of the 
explosions of TNT and vapor clouds are different; TNT is a high-energy density explosive, and 
vapor clouds are a low-energy-density source. The explosion of TNT is a detonation, whereas 
the explosion of the vapor cloud is a deflagration, i.e., the shape and velocity of its respective 
explosion waves are different. In addition, it is necessary to consider that uncertainties 
concerning the size, shape, and composition of the vapor cloud and their influence on 
confinement and congestion in areas covered by a flammable mixture will give rise to errors if 
another alternative method is used. Therefore, as the TNT equivalency method is 
straightforward, it remains widely used [3,4]. Exploding can occur in the present 4% to 75% 
hydrogen ratio with air [4,5]. A 25% volume of hydrogen with air has been used in this study. 
The equivalent mass of TNT is about 8 kg, according to expression 1. 
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𝑀𝑇𝑁𝑇 = 𝜂𝑀𝐻2
𝑄𝐻2
𝑄𝑇𝑁𝑇

 (1)  

where, 

MH2 is the mass of the hydrogen gas = 25 kg 

QH2 is Explosion energy of Hydrogen gas = 142.5 MJ/kg 

QTNT is explosive energy of TNT = 4.6 MJ/kg 

η is Explosion efficiency for this 0.042 was taken. 

3. EXPERIMENT METHOD 
The 8 kg of TNT was placed at a standoff distance of 1 m between a reinforced concrete barrier 
wall of 0.2 m and 0.25 m thickness. The center-to-center distance of the rebar was 0.25 m, and 
the clear cover was 0.02 m. The TNT equivalent weight of 25 kg hydrogen gas cylinder 
explosion was considered 8 kg. The position of the pressure gauge was at a distance of 2 m 
from the TNT. The pressure gauge was placed 0.92 m above the ground level. Pressure at a 
distance of 2 m was measured in the experiment. The position of the TNT was 0.92 m above 
ground level. The compressive strength of the concrete from the experiment was 21 MPa. A 
0.01 m diameter of the rebar was used to reinforce the barrier wall. Figure 1 shows the outline 
of the experimental setup.  

 
Figure 1. Experimental blast test setup. 

4. SIMULATION METHOD 

The commercial software LS-DYNA was used to do simulation work. The model was modeled 
as in the experiment, and the position of the TNT and the pressure gauge was the same as in 
the experiment. Figure 2 shows the simulation model. The material model was taken from the 
material library of LS-DYNA. In this paper, the MAT_72R3, MAT_PLASTIC_KINEMATIC. 
*NULL material, *MAT_HIGH_EXPLOSIVE_BURN, and 
*MAT_SOIL_MATERIAL_MODEL_147 models were used for concrete, rebar, air, TNT, and 
soil, respectively. 



PROTECT 2024 
Singapore 
Aug 14-16, 2024 

 9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading 
& Events August 14-16, 2024, Singapore 

LS-DYNA material library has different material models for concrete.  Among concrete 
constitutive models introduced in LS-DYNA, the K&C and CSCM models are plastic-based 
damage models developed based on plain concrete. In this paper, the MAT_72R3 model allows 
parameters to be automatically generated based on the unconfined compressive strength as the 
only input parameter. The automatically generated parameters reflect the behavior of a regular 
concrete material under blast load and thus are employed in the finite element (FE) models. 
The compressive strength of the concrete from the experiment was 21 MPa and was used to 
validate the simulation. The compressive strength of the concrete was set to 28 MPa for 
additional simulations. Similarly, the density of 7850 kg/m3, 1.293 kg/m3, and 1630 kg/m3 were 
used for rebar, air, and TNT, respectively. The equation of state (EOS) assigned for air and 
explosive were LINEAR_POLYNOMIAL and JONES_WILKINS_LEE (JWL), respectively. 
The finite element mesh size for this study's concrete structural part and TNT was 0.02 m, 
whereas the mesh size for the air was 0.05 m for length and height and 0.08 m for breadth.  
Figure 2 shows the model for the simulation.  

 
Figure 2. Simulation model with dimension. 

The bottom side of the foundation of the reinforced concrete barrier wall was fixed. Among 6 
sides 5 sides of the air had a non-reflective boundary condition expect bottom. 
*CONSTRAINED_LANGRANGE_IN_SOLID was used for coupling between Arbitrary-
Lagrangian-Eulerian (ALE) and Lagrangian. Similarly, 
*CONSTRAINED_LANGRANGE_IN_SOLID was used between rebar and concrete 
structure for coupling. The detonation point of the TNT was at the center of the TNT. The 
Arbitrary-Lagrangian-Eulerian (ALE) method was used, a straightforward modeling strategy 
for shock wave propagation. The explosive and the air are separately modeled using the ALE 
formulation with a multi-material option. Appropriate Equations of State (EOS) were assigned 
to the materials (air and TNT). The shock wave travels through the ALE air domain and 
impinges the target structure. The termination time for the simulation was ten milliseconds. 

5. RESULTS AND DISCUSSION 

5.1.  Validation of Simulation 

Figure 3 represents the pressure-time curve between the structures from the simulation at a 
distance of 2 m from the TNT explosion. The position and symbol of the pressure gauge are 
shown in Figure 2. 2m-1, 2m-2, 2m-3 and 2m-4 are the pressure sensors used for the numerical 
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simulation and at 2 m from the TNT between the structures. 2m-1, 2m-2, 2m-3 and 2m-4 are 
at the height of 0.92 m, 1.92 m, 2.92 m and 3.92 m respectively, from the ground level. The 
experiment found that the pressure at 0.92 m from the ground level at a 2 m distance from TNT 
was 717.2 kPa, and from the simulation, the pressure was 712 kPa for the same position. In 
addition, this study analyzed the different pressures from the simulation. It was found that the 
pressure decreases when the upward flow of blast load increases at the time of near-field 
denotation. According to the American Society of Civil Engineers, blast loads with a scaled 
distance of less than 1.2 m/kg1/3 are identified as close in detonations [6]. It was confirmed that 
the equivalent pressure was non-uniformly distributed under a near-field detonation. 

 
Figure 3. Pressure versus time curve at different heights. 

5.2. Displacement on Barrier Wall 

Figure 4 shows the position of the displacement probe and displacement results after the 
explosion of 25 kg of hydrogen gas cylinder. Displacement from the simulation was taken from 
the element selection at the position as in Figure 4 (a). Figure 4 (b) shows that the shortest 
distance from the explosion gets more displacement than others. In Figure 4(b), high 
displacement was observed at the center for both thicknesses of the barrier wall. The thickness 
of the barrier wall plays a vital role in decreasing the displacement under the explosion loads. 

 

 

(a) Position of displacement probe (b) Displacement from simulation results 

Figure 4. The position of the displacement probe and displacement results. 

5.3.  Pressure under the Explosion of 25 kg Hydrogen gas 

The blast experiment is expensive to conduct many times, so during the experiment, two barrier 
walls with thicknesses of 0.2 m and 0.25 m were conducted at a time. So, in this simulation 
section, the two models with 0.2 m and 0.25 m thicknesses were simulated separately under 
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the explosion of 25 kg of hydrogen gas cylinder through the TNT equivalent weight method 
and analyzed the pressure. Figure 5 shows the pressure-time curve after the blast with different 
thicknesses of 0.2 m and 0.25 m. It was observed that the blast pressure was less with the barrier 
thickness of 0.25 m compared with the 0.2 m. The pressure at the height of 3.92 m (2m-1) was 
observed to be the same for both cases. In addition, Figure 5 confirmed that the equivalent 
pressure was non-uniformly distributed under a near-field detonation. 

  

(a) Pressure versus time plot at a thickness 
of 0.2 m 

(b) Pressure versus time plot at a thickness of 
0.25 m 

Figure 5. Pressure versus time curve with different thicknesses of barrier wall. 

5.4.  Effect of Rebar Diameter and Compressive Strength of Concrete 

In this study section, the thickness of the barrier wall was taken as 0.2 m to run the simulation. 
According to the UFC 3-340-02 concrete strength, it should be 28 MPa or higher strength 
concrete to design a barrier wall for blast load [7]. In this experiment, the strength of the 
concrete was 21 MPa, and the diameter of the rebar was 0.01 m. This section compares the 
effect of rebar diameter and compressive strength of the concrete to compare the displacement 
on the barrier wall under the explosion of 25 kg of hydrogen gas. The rebar diameter was taken 
as 0.01 m and 0.016 m [2], whereas the compressive strength of 21 MPa and 28 MPa. From 
the simulation displacement results of the barrier wall under the explosion of 25 kg of hydrogen 
gas, it was observed that the use of 0.016 m of rebar reduces the displacement on the barrier 
wall compared with 0.010 m of rebar diameter. Similarly, using 28 MPa concrete compressive 
strength for the barrier wall reduced the displacement compared to 21 MPa. 

  

(a) Effect of rebar (b) Displacement from simulation results 
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Figure 6. Displacement results in different diameters of rebar and compressive strength of concrete. 

6. CONCLUSION 

The pressure under the hydrogen gas tank explosion was studied through experiment and 
simulation. The TNT equivalent weight method was used to calculate the TNT weight of 
hydrogen gas. Notably, the experimental pressure results after the explosion demonstrated a 
good agreement with the simulation at a distance of 2 m from the TNT position. In addition, 
the effect of rebar diameter and compressive strength of concrete had been studied through 
simulations. Following are the key conclusions drawn from this study.  

1. According to the simulation results, the pressure decreases when the blast load's 
upward flow increases during near-field denotation. It was confirmed that the 
equivalent pressure was non-uniformly distributed under a near-field detonation. 

2. When the blast pressure was analyzed with the different thicknesses of the barrier wall, 
the blast pressure was reduced from 737 kPa to 719 kPa at 0.2 m and 0.25 m thickness, 
respectively. It was concluded that the near-field blast pressure decreases with an 
increase in the thickness of the barrier wall. 

3. The effect on the barrier wall area was directly proportional to the shortest distance 
from the explosion. In this study, the simulation results show that the center 
displacement was higher than in the other areas of the barrier wall. 

4. Increasing the rebar's diameter and the concrete's compressive strength reduces the 
barrier wall's displacement under explosion. 
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ABSTRACT 

The buildings may encounter unexpected events such as explosions and impacts, leading to the initial 
failure of some structural elements, and eventually leading to progressive collapse. The falling-debris-
impact scenario is one of the triggers for the progressive collapse of building structures. Therefore, this 
paper investigated the impact behaviour of three half-scale composite beam subassemblies with 
different types of connections under the falling-debris-impact scenarios by conducting both 
experimental tests and finite element analyses. To resist the impact load, structures must exhibit 
favourable flexural resistance and deformation capacity. The influence of the thickness of concrete in 
the composite slab, the thickness of profiled steel plate, and the ratio of longitudinal reinforcement on 
the impact load resistance of the structure are discussed. Parametric analysis indicated that the 
composite plate can significantly improve the energy absorption capacity. With the increase of the 
aforementioned parameters, the impact load resistance performance of the structure was significantly 
improved. The impact resistance of welded unreinforced flange-bolted web (WUF-B) specimens was 
significantly affected by the thickness of the concrete and the thickness of the profiled steel plate, 
whereas the ratio of longitudinal reinforcement was the critical factor for the impact resistance of fin 
plate (FP) and reverse channel connection (RCC) specimens. As the span-to-depth ratio increases, the 
failure displacement increased while the energy absorption capacity and maximum structural resistance 
decreased. 

Keywords: Progressive Collapse, Planar Composite Frames, Impact Tests, Numerical 
Simulations, Energy Absorption. 
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1. INTRODUCTION 
The structure within the service life is likely to encounter accidental loads, such as explosion 
and impact, which can cause severe initial damage to the key structural elements. This initial 
damage can set off a chain reaction that can lead to extensive damage and progressive collapse, 
resulting in significant loss of life and property [1]. Many reasons lead to the expansion of the 
scope of structural failure, and the falling-debris-impact scenario is one of them [2]. Falling-
debris-impact refers to the initial failure of a structure after it encounters an extreme accidental 
load, and the structure collapses downward and impacts the remaining structure below [3,4]. 
In recent years, the accidents caused by the falling-debris-impact have occurred constantly (in 
the Ronan Point apartment collapse in London, the World Trade Center collapse in New York 
and the recent apartment collapse in Florida). Therefore, it is necessary to study the resistance 
of the structure under the impact of falling-debris.  

The composite structure has many advantages, and it has been widely used in various types of 
practical engineering [5]. A large number of researchers have carried out experimental research 
and numerical analysis on the impact performance of composite structures and achieved a lot 
of results. The impact test and finite element analysis of steel-framed substructures with five 
types of beam-column connections under falling-debris impact were carried out by Wang et al. 
[6]. The results showed that the failure modes of specimens showed flexural and tensile modes 
under mid-span impact and shear modes under beam-end impact. The rigid connection may 
have better impact resistance when the composite slab was added in a bare steel frame [7]. The 
experimental and numerical analysis of welded beam-column joints subjected to falling-debris-
impact revealed that composite slabs played a key role in the joint impact resistance (Yang et 
al. [8], Chen et al. [9], Lin et al. [10], and Wang et al. [11,12]). A design method to predict the 
behavior of progressive collapse for structures subjected to failed-floor impact was proposed 
by Vlassis et al. [13]. Huo et al. [14] carried out a series of experimental tests to investigate the 
dynamic behavior of steel beams subjected to free-fall impact.  

Currently, there is a lack of research on the impact behavior of composite framed specimens. 
This study intends to address this gap by conducting impact tests and finite element (FE) 
analyses on composite framed specimens with different types of connections. The effect of 
several parameters (i.e., slab type, compressive strength of concrete, slab thickness, profiled 
steel plate thickness, reinforcement ratio, shear stud distance, and span-to-depth ratio) on the 
impact resistance was discussed. The load-resisting mechanisms were analyzed. The 
contribution of structural resistance [15,16] (i.e., flexural action (FA), compression arch action 
(CAA), and catenary action (CA)) on resisting the impact force of composite frame members 
was also evaluated. 

2. EXPERIMENTAL INVESTIGATION 

2.1. Specimen design and preparation 

In order to study the dynamic response of composite structures with different connections under 
the falling-debris-impact scenario, a large impact loading testing machine was used to carry 
out the impact tests at the mid-span position on three 1/2-scale composite frame substructure 
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specimens. The beam-column connection types are welded unreinforced flange and bolted web 
(WUF-B), fin plate (FP), and reverse channel connection (RCC), which represent three 
different types of connections: rigid, pin, and semi-rigid connections. Meanwhile, the stiffeners 
were welded on the steel beam to prevent excessive local deformation at the impact position of 
the specimen. Figure 1 shows the schematic diagram of the composite structure specimen 
WUF-B as an example.  

 

 
Figure 1. Details of composite structure specimen (unit: mm) [8] 

 

Figure 2 shows the detailed size of the connections. The steel beams, steel columns, end plates, 
and fine plates were all made of Grade Q345 steel, while the channel and profiled steel plates 
were made of Q235. The high-strength bolts (Grade 12.9 M16) were used in specimen RCC. 
For specimens WUF-B and FP, Grade 8.8 M10 high-strength bolts were used. The measured 
compressive strength of the concrete cube is 47.0 MPa. 

 

   
(a)  WUF-B (b)  FP (c)  RCC 

Figure 2.  Details of connections (unit: mm) [8] 

 

2.2. Impact experimental test  

The single-layer single-span plane composite frame substructure was selected from the 
prototype structure. The dynamic response process and load resistance mechanism under 
impact load were studied. In order to simulate the constraint of the prototype structure on the 
specimens, the hinged supports were set at the position of the reverse bending point of the 
column and the position of 1/4 span of the adjacent span. The test setup is shown in Figure 3. 
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Two A-frames can be used to provide horizontal constraints on the beam end of the specimen 
during testing. The testing machine mainly includes a drop hammer, guide rails, a lifting system, 
and a data acquisition system. The drop hammer was composed of a hammerhead, a force 
sensor, a hammer body, and counterweight blocks. The weight of the drop hammer is 600 kg. 
By adding a counterweight block, the maximum mass of the drop hammer can reach 1000 kg. 
During the test, the drop weight was lifted to the specified height through the lifting system, 
and then released. The drop weight will freely fall along the guide rails under the action of 
gravity and contact with the test specimens, to impose the impact loading of the specimens. 

 

 
Figure 3.  Test setup [8] 

 

   
(a) Front view [8] (b) Cross-section of a column (c) Cross-section of a tube 

Figure 4. The layout of strain gages (unit: mm) 

 

To obtain the dynamic response process and load resistance mechanism of the specimen under 
the impact load, it is necessary to obtain the impact velocity, impact force, displacement of the 
drop hammer, and the internal force at the beam-column connections. A variety of measuring 
equipment was used for test data acquisition. For example, high-speed cameras can obtain the 
impact velocity of the drop hammer at the moment of impact, and force sensors were used to 
measure the time history curves of the impact force during the impact test. As shown in Figure 
4, the internal forces at the beam and column of the specimens were obtained by arranging 
strain gages. The horizontal reaction force at the end of the beam was measured by the 
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horizontal force sensor, and the vertical reaction force was calculated according to the strain 
data on the vertically constrained circular steel tube. The data acquisition system consisted of 
NATIONAL INS TRUMENTS NIPXIe-1085 Chassis with NI TB-4300 and NI TB-4330 board 
cards. 

3. THE TEST RESULTS AND DISCUSSIONS 
Table 1 summarizes the results of all the specimens during a single impact test, including impact 
velocity v0, impact force peak FI,p, impact force FI,s at the stable stage, duration t during the impact 
process, maximum vertical displacement umax, axial force NB,s at the stable stage, and shear force VB,s at 
the stable stage. 

3.1. Load-deflection curves and failure modes 
Figure 5 shows the time history curves of impact force and mid-span vertical displacement 
during the single impact test. Combined with the results of the impact test in Table 1, the higher 
the impact velocity, the greater the peak impact force would be. Besides, values of FI,p of the 
WUF-B and the FP specimens were obtained through the test. WUF-B specimen was subjected 
to a higher impact velocity, so its FI,p was much larger than that of the FP specimen. At the 
same time, it can be seen that the impact force in the stable stage of specimen WUF-B was 
greater than that of specimen FP. In general, the impact force of the impact load on the specimen 
is far greater than the weight of the drop hammer itself. For the drop hammer with a mass of 
1000 kg, it will produce a load of 9.8 kN on the structure under a static loading condition. When 
it falls from a height of 1.5 m, it will produce an instantaneous impact force of 1637 kN and a 
stable impact force of 130 kN on the structure, which is dozens of times more than that under 
the static loading condition. As the height of the fall increases, the impact force will increase 
further. 

 

Table 1. Test results under single impacts 

Specimen 

ID 

Mass 

m (kg) 

Height 

h (m) 

Impact 
velocity 

v0 (m/s) 

Peak 

impact 

force 

FI,p 
(kN) 

Maximum 

displacement 

umax (mm) 

Duration 

t (ms) 

Shear force 

VB,s (kN) 

Axial force 

NB,s (kN) 

WUF-B 1000 4.5 9.29 2943 249.1 75.3 
62 (left) 

84 (right) 

175 (left) 

175 (right) 

FP 1000 1.5 5.37 1637 115.8 73.0 
80 (left) 

61 (right) 

5 (left) 

6 (right) 

RCC 1000 4.5 9.29 - 229.2 73.7 
77 (left)） 

78 (right) 

86 (left) 

87 (right) 

Note: During the impact test of specimen RCC, the impact force time history curve of specimen RCC could not 
be obtained because the connection wire of the hammer force sensor was damaged in the impact process, so the 
data of specimen RCC in the table was missing. 
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(a) Impact force (b) Midspan displacement 

Figure 5.  Time-history curves of impact force and displacement under a single impact 

 

The resistance of the specimen to the impact load is a process of energy absorption. Therefore, 
when the impact energy is large, the specimen needs to undergo larger deformation to absorb 
the impact energy. According to the impact velocity of the drop hammer given in Table 3, the 
initial kinetic energy Ek of the drop hammer in the test can be calculated. For specimens WUF-
B and FP, the values of Ek of the drop hammer in the test were 43.15 kJ and 14.42 kJ, 
respectively. The stable impact force of specimen FP was smaller than that of specimen WUF-
B. Its maximum displacement was only 115.8 mm, which was smaller than the latter (249.1 
mm). For specimen RCC, although its input energy was the same as that of specimen WUF-B, 
its deformation was also slightly smaller than that of specimen WUF-B, with a maximum 
displacement of 229.2 mm. When the impact energy increased, the duration of the impact 
process would be longer. 

 

   
(a)  Left connection (b)  Top slab. (c)  Midspan 

Figure 6. Failure modes of WUF-B under a single impact 

 

Figure 6 shows the deformation and failure modes of the WUF-B specimen after the first 
impact loading. In the impact loading, a negative bending moment appeared at the connection 
position. The left connection was damaged while the upper flange of the steel beam near the 
connection was tensioned and broken. Besides, the bolt was fractured (Figure 6(a)). The 
positive bending moment occurred at the impact position in the mid-span, and the upper flange 
of the steel beam buckled under compression, while the lower flange was tensioned. The 
composite slab and steel beam resisted the bending moment together, and a large shear force 
was generated at the interface of the two. Some shear studs near the mid-span position failed, 
and the composite slab and steel beam broke apart (Figure 6(c)). Two longitudinal cracks were 
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running through the composite slab along the beam cross direction at the rib position of the 
profiled steel plate. According to the analysis, the thickness of concrete at the position of slab 
ribs is 35 mm, which is only half of that at other positions (75 mm), and the impact occurred 
in the middle of the two slab ribs of the composite slab. During the impact process, the 
composite slab on both sides of the slab ribs had larger inertia, and the composite slab generated 
a larger bending moment perpendicular to the axis of the beam. These two reasons may lead to 
the emergence of longitudinal cracks through the area. Under the action of the negative bending 
moment of the connection, several main oblique cracks along the width direction of the 
composite slab at the joint appeared. Several small cracks perpendicular to the beam span were 
uniformly distributed on the composite slab, and the gap between cracks was about 15 cm, 
which was attributed to that the deformation of specimen WUF-B was mainly beam flexural 
deformation. In addition, the top slab concrete near the impact position in the span of the 
specimen was crushed under a positive bending moment (Figure 6(b)). 

3.2. Discussions on load-resisting mechanisms 
Figure 7 shows the equilibrium of the forces under impact load. The specimen resisted the 
impact force through inertia effect and structural resistance. When the specimen was deformed 
under the impact force, the shear force and axial force direction of the connection section 
changed with the angle of the beam end, and the component in the vertical direction was 
generated. Therefore, both the shear force and axial force contribute to the load resistance of 
the specimen to the impact force, as shown in Eq. (1) [8]. 

, , , ,cos sin cos sinI ine B L B L B R B RV N V NF F    = + + + +  (1)  

Where FI represents the impact force, Fine is the contribution of inertia effect, VB,L and NB,L are 
the shear force and axial force of the left joint of the specimen; VB,R and NB,R are the shear force 
and axial force of the right joint of the specimen, respectively. θ is the angle of the beam end. 

 

 
Figure 7. Equilibrium of forces under impact load [8] 

 

The contribution of shear force to impact load resistance was calculated by VB cosθ, and the 
axial force contribution was calculated by NB sinθ. Whether the connection of the specimen 
was rigid, pin, or semi-rigid, the shear force of the specimen was always in the opposite 
direction of the impact force in the process of resistance to the impact load. In the early stage 
of the impact process, the axial force was in compression, and in the later stage, it was in tension 
with the increase of specimen deformation. As the impact force was far away from the 
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connection section, it can be considered that the shear force of the section represents the 
contribution of the flexural action (FA). As for axial force, when it was in compression, it was 
regarded as the contribution of compressive arch action (CAA). When it appears as a tensile 
force, it was regarded as the contribution of catenary action (CA). The sum of FA, CAA and 
CA was structural resistance. 

, ,cos cosFA B L B RV VF  = +  (2)  

, , ,,sin sin , 0, 0,CAA B L B R B RB LNN N NF  = +    (3)  

, , , ,sin sin , 0, 0CA B L B R B L B RN N N NF  = +    (4)  

L FA CAA CAF F F F= + +  (5)  

ine I LF F F= −  (6)  

Where FL represents structural resistance, FFA represents the contribution of FA, FCAA 
represents the contribution of CAA, and FCA represents the contribution of CA. Eqs. (2) to (6) 
[8] can be used to quantitatively evaluate the contribution of different resistance mechanisms 
in the process of resistance to impact loads. 

 

   
(a) WUF-B  (b) FP (c) RCC 

Figure 8. Load resistance mechanism 

 

Figure 8 shows the load resistance contributions of the three specimens. Taking the WUF-B 
specimen in Figure 8 (a) as an example, the contribution of FA in the initial stage accounted 
for about 98% of the structural resistance, while the contribution of CA was only 2%. This is 
because the deformation of the specimen as well as the angle of the beam end were small. In 
the later stage, the contribution of FA gradually stabilized and always provided the most 
structural resistance. With the continuous deformation of the specimen, the axial force of the 
section changed from compression to tension, and CA began to develop. At this stage, due to 
the different deformation degrees of the three specimens, their resistance mechanisms were 
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also different. For the WUF-B specimen, the fracture of the upper flange of the steel beam 
occurred at the left joint of the specimen at 26 ms, which resulted in the decrease of the 
resistance provided by FA and led to the rapid development of CA. Finally, the contribution of 
FA and CA accounted for 76% and 24%, respectively. Therefore, in the process of resistance 
to impact load, the contribution of different resistance mechanisms was related to the 
deformation degrees and failure modes of the specimens. 

4. FINITE ELEMENT ANALYSIS 
4.1. Modelling details and verifications 
As shown in Figure 9, the finite element model was established by ANSYS/LS-DYNA software. 
The model includes the complete specimen and its column end hinged-supports, beam end 
hinged-supports, and pin shaft. The constraint conditions of the specimen in the test were 
simulated by constraining the hinged supports. Most modelling details were similar to those 
reported previously by Chen et al. [9]. Currently, there is a lack of research investigating the 
impact behaviour of Composite beam. To address the technology gap, parametric analyses were 
conducted on composite beams with various connection types (including WUF-B, FP and RCC) 
under a mid-span impact scenario. Parameters related to impact load and structural design were 
investigated and presented. Meanwhile, the impact loading system of the drop hammer was 
simplified reasonably, and only the hammer head was retained. By adjusting the density of the 
hammer material, the weight of the drop hammer was consistent with the test, and the number 
of non-essential elements was reduced to improve the calculation efficiency. 

 

 
Figure 9. FE models of joint specimens (WUF-B) [9] 

 

The mechanical properties of steel material were obtained before the conduction of tests, and 
the strain rate effect was taken into account by defining Cowper-Symonds [17] coefficients C 
and p as 6844 s-1 and 3.91 [18], respectively. ANSYS LS/DYNA provides many material 
models for capturing the dynamic properties of concrete, including the kinematic hardening 
model (Mat 25), K&C model (Mat 73), JHC model (Mat 111), and CSCM model (Mat 159).  

To balance accuracy and computation time, different mesh sizes were used in the analysis. For 
large deformation zones such as bolts, fin plates, and welding areas, cube elements with a side 
length of around 2.5 mm were employed. Hexahedron elements with a side length ranging from 
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25 to 50 mm were used for elastic zones like beams, columns, and supports. The graded mesh 
was applied between the fine and coarse meshes. For the concrete slab, cube elements with a 
side length of 10 mm were adopted, and three layers in the thickness direction were modelled.  

In the experiments, pinned supports were applied as boundary conditions to restrain the tested 
specimens, representing the inflection points. In the numerical analysis, these pinned supports, 
consisting of pins and brackets, were also modelled. Overall, these modelling and meshing 
techniques were employed to accurately simulate and analyse the behaviour of the materials 
and structural components involved in the study. 

 

   
(a)  WUF-B (b)  FP (c)  RCC 

Figure 10. Comparison of single impact tests and FEM 

 

Figure 10 shows the comparison between the impact force time history curves obtained by 
finite element simulation and the test results. It can be seen that the time history curves obtained 
by finite element simulation were in good agreement with the impact test results. Figure 11 
compares the deformation and failure modes of specimens in the FEM with the impact test. 
The FEM can better capture the deformation and failure modes of composite structures with 
different beam-column connections under impact loads, including the failure modes of 
connections and composite slabs. In conclusion, the finite element model established in this 
paper can well simulate the dynamic response process of plane composite frame substructure 
under impact loads. 

 

               
(a) WUF-B slab (b) WUF-B connection 

Figure 11. Comparison of failure modes between test and FEM of WUF-B [9] 
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4.2. Parametric analysis 
The finite element model was established and verified, and a series of parametric analysis were 
carried out based on the benchmark model. The contribution of composite slabs to the impact 
resistance of composite structures with different connections was compared, and the influence 
of concrete strength, slab thickness, profiled steel plate thickness, reinforcement ratio, shear 
stud distance, and span-to-depth ratio on the impact resistance of composite slabs was 
discussed. Due to a large number of calculation examples, the calculation examples were 
named in the way of ‘connection type-parameter-specific value’. For example, WUF-B-CS-
C30 represents the calculation example whose connection type is welded unreinforced flange-
bolted web and concrete grade is C30. 
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Figure 12. Effect of parameters on the impact resistance of composite structures 

 

Figure 12 shows the influence of various parameters on the load resistance-displacement curves 
of specimen WUF-B. It was found that the composite slab significantly improves the impact 
resistance of the specimen. Composite slabs can play a tensile role after the upper flange of 
steel beam fractures. The higher the concrete strength was, the higher the structural resistance 
will be developed after the upper flange of steel beams was broken. The larger the failure 
displacement of the specimen, the more energy it can absorb. However, when the concrete 
strength grade was above C40, the difference in impact resistance was small. For example, the 
energy absorption capacity of WUF-B-CS-C60 was 9.3% higher than that of WUF-B-CS-C30, 
but only 3.9% higher than that of WUF-B-CS-C40. Figure 12(b) shows the influence of 
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concrete slab thickness on the impact resistance of specimens with different connection forms. 
It was found that the impact resistance of specimens WUF-B was greatly affected by the 
thickness of concrete slabs, and the structural resistance of specimens increased with the 
increase of slab thickness, while the failure displacement was the same. As shown in Figure 
12(c), the increase in the profiled steel plate thickness can significantly improve the structural 
resistance and slightly increase the failure displacement. The energy absorption capacity of 
WUF-B-PSP-0.6 mm (corresponding to 1.2 mm in the prototype specimen) was 6.6% higher 
than that of WUF-B-PSP-0.375 mm, and that of WUF-B-0 (0.91 mm thickness) was 13.5% 
higher than that of WUF-B-PSP-0.375 mm. 

As shown in Figure 12(d), for specimen WUF-B, the increase in reinforcement ratio can 
improve the structural resistance of the specimen, especially at the first peak value and before 
the final specimen failure. The increase of structural resistance at the first peak value was 
mainly due to the reinforcement tension at the connection. Meanwhile, the compression of the 
lower flange of the steel beam contributed to the specimen resisting the negative bending 
moment and improved FA in the specimen. However, the improvement of structural resistance 
before the final connection failure was due to the enhancement of CA. With the increase in 
reinforcement ratio, the failure displacement of the specimen also increased slightly. Higher 
structural resistance and larger displacement allowed the structure to absorb more energy. The 
energy absorption capacity of WUF-B-R-0.8% was 8.6% higher than that of WUF-B-0 (0.2%). 
It should be noted that when the reinforcement ratio exceeded 0.6%, the continuous increase 
of the reinforcement ratio had a weakened effect on the impact resistance of specimens. As 
shown in Figure 12(e), when the shear stud distance was more than 100 mm, the structural 
resistance and displacement curves of the two specimens coincided. When the distance of the 
studs was decreased to 80 mm, the structural resistance of the specimen in the early stage was 
slowed down, while the structural resistance was significantly increased in the middle and late 
stages, and the failure displacement had little effect. For the improvement of structural 
resistance in the early stage, the main reason is that FA was enhanced with the increase of shear 
connection strength, while CA had little change. As can be seen from Figure 12(f), with the 
increase of span-to-depth ratio (SDR), the structural resistance of specimen WUF-B increased, 
the failure displacement decreased, and the energy absorption capacity of specimens decreased. 
When the SDR increased from 9.5 to 25.5, the energy absorption capacity of the specimens 
decreased by 39.8%. 

5. CONCLUSIONS 
In this paper, impact tests of three planar composite frame substructures with different 
connection forms were completed, FE models of impact tests were established using 
ANSYS/LS-DYNA software, and a series of numerical analysis were carried out. The 
following main conclusions can be drawn: 

⚫ In the initial stage of the impact process, the specimen resists the impact load through 
inertia force, while in the later stage, it mainly resists the impact load through structural 
resistance. Structural resistance is mainly provided by FA and CA, while the contribution 
of CAA is very limited and can be ignored.  
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⚫ The energy absorption capacity of the specimen is an important index to evaluate its impact 
resistance. When the structure has good flexural resistance, the specimen can absorb more 
energy under the same displacement. When the deformation ability of the specimen is good, 
the structural resistance provided by FA can be kept from decreasing while the structural 
resistance provided by CA can be continuously improved. The RCC specimen showed the 
best impact resistance in the test because of the good flexural and deformation ability. 

⚫ The finite element model established in this paper can accurately simulate the dynamic 
response of the composite structure under impact load. The impact force and displacement 
time history curves, and the failure modes obtained through FEM are in good agreement 
with the test results.  

⚫ The failure mode of specimen WUF-B was the complete fracture of the upper and lower 
flange of the steel beam. The failure mode of specimen FP was that the bolt at the joint 
was sheared out. The failure mode of the RCC specimen was that the end plate was torn 
and the bolt was pulled out of the end plate bolt hole. 

⚫ The parameter analysis shows that the composite slab can improve the impact resistance 
of the composite structure. Among them, specimen WUF-B had the most obvious 
improvement, and specimen RCC was the weakest. The profiled steel plates can improve 
the development of CA in the structure. The strength and thickness of concrete, the 
thickness of profiled steel plates, the reinforcement ratio of the composite slab, and the 
shear stud distance all affect the impact resistance of composite structures, but the effect 
is different for different connection forms. In summary, the influence of the longitudinal 
reinforcement ratio of the composite slab is the most obvious. 
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ABSTRACT 
The response of structures to blast loads commonly includes damage that cannot be avoided. The trivial 
method to enhance the structural resistance under blast loads is by stiffening its cross-section, which 
may lead to an uneconomical design regarding material weight and cost. An alternative method is to 
use sacrificial layers placed on the surface exposed to the blast loads and designed so that the damage 
will be redirected and concentrated on them, not on the main structure. After loading, the main structure 
experiences minimal damage, and the sacrificial layer can be replaced easily. Sacrificial layers 
commonly include voids, and during the dynamic response, the voids are closed, the damage is 
developed in the layers, energy is absorbed, and effective lower pressure is transmitted to the structure. 
With inspiration of sacrificial layers, this study suggests using linear protective layers (LPLs) instead 
of sacrificial layers, i.e., layers that will not experience any damage and are characterized by linear 
stiffness. This can be, for example, a plate connected by linear springs to the structure. Because they 
are linear, the load that is transmitted to the structure is not limited as in the sacrificial layer case. A 
two-degrees-of-freedom system is developed to study the effectiveness of the linear layer in reducing 
the damage. Several factors that affect the problem are discussed through a case study. 

Keywords: Blast Loads, Protective Layers, Structural Damage, Structural Dynamics. 
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INTRODUCTION 
Structures are commonly exposed to more standard loads such as dead loads, live loads, wind 
loads, etc. However, they can still be exposed to extreme loads such as blast loads or 
earthquakes. Blast loads are characterized by peak overpressure and short duration; therefore, 
their dynamic effect may be significant. They can be generated as a result of terrorist attacks, 
accidental explosions, etc. Structures of high importance, such as military structures, hospitals, 
power plants, etc., are commonly designed to withstand blast loads under predetermined 
scenarios [1–4]. Structures that are not explicitly designed to resist these loads could still be 
loaded, and therefore, sometimes, it is of interest to evaluate their level of damage and 
performance. When their level of damage is too high, it is necessary to mitigate structural 
damage. 

The trivial method for reducing structural damage is by increasing its stiffness and capacity. 
There are several major disadvantages of implementing this design approach. First, the 
structural sections derived to withstand minimal damage are sometimes unrealistic. Next, the 
sections are over-reinforced; therefore, they are characterized by small potential ductility at 
failure, and the plastic design of these sections is not optimal. Finally, since these enhanced 
sections are very stiff, they transfer large reaction forces to the rest of the structural elements 
that support them. All these reasons make this method less economical. 

An alternative approach to protect structures subjected to blast loads and mitigate damage to 
the main structure is by adding sacrificial protection layers, which absorb most of the damage, 
often by energy-absorbing layers [5–8]. Because it is challenging to eliminate the damage, the 
idea is to reduce damage to the main structure by redirecting the damage toward these layers. 
The sacrificial layers can be made of various materials. Commonly, porous materials that 
include voids are used, such as tubes, aluminum and metallic foams, honeycomb structures, 
etc. During compaction, the voids are closed, and during their crushing process, the actual 
transmitted pressure to the main structure is limited and small compared with the highly intense 
blast loads. In practice, one of the main effects of sacrificial layers is to limit the peak pressure 
transmitted to the structure, even when the transmitted impulse is similar. 

After the blast event, the protection layer remains damaged, and replacement of those layers is 
needed to maintain the protection again. A motivation is raised in the current study to use a 
Linear Protection Layer (LPL), i.e. a protection layer that does not experience damage. The 
main idea is not to absorb energy, as opposed to sacrificial layers. Instead, the idea is to transmit 
the load to the structure in a different shape and duration than the original blast load, and 
ideally, this will reduce the structural damage. In other words, the structural response would be 
different due to delays in the transmission of the load and the different actual shapes of the 
transmitted load. Linear protection can theoretically offer a protection mechanism that 
eliminates the need for replacement. Another benefit LPL can suggest is protection from 
several and repeated blasts. However, the effect of interval duration between blasts should be 
considered since it may, in some cases, even increase damage to the main structure, depending 
on the state of the system during the additional impact (and this will not be discussed in this 
paper). The effect of the LPL on structural mitigation is not trivial. An illustration of LPL is 
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shown in Figure 1. In reality, the LPL can be a relatively stiff plate. That is connected to the 
main structure by linear springs that do not experience plasticity. 

 
Figure 1. Illustration of LPL 

The concept of the LPL is discussed in the current study. This study presents a preliminary 
analysis stage to investigate a basic and fundamental problem of using LPL through a simple 
model. It includes a representation of the equations of motion of the basic problem, and its 
solution through case studies. A discussion of the effectiveness of LPL is discussed, and 
motivation for future research is presented. 

 

THE MODEL 
The current study aims to investigate the basic dynamic problem to understand the fundamental 
principles of using LPLs. A simple Two Degrees Of Freedom (TDOF) model is used in the 
current study, as shown in Figure 2. The protective layer and the main structure (i.e. the 
structure being protected) are represented as a mass-spring system, including two masses and 
two springs, where m1 and k1 represent the mass and stiffness of the main structure, 
respectively, whereas m2 and k2 represent the mass and stiffness of the protective layer, 
respectively. Thus, the main structure is modeled by an equivalent Single Degree Of Freedom 
(SDOF) approach. This approach is very common as an approximation for designing structures 
under blast loads [1,2,9,10]. The blast load is represented by P(t) and acts on the protection 
layer, where t is the time coordinate. The current study considered a simple triangular-shaped 
blast load with peak force P0 and duration t0 (therefore, the impulse is I0 = 0.5P0t0). In cases 
where no protection layer is considered, the blast load acts directly on the structure. The 
displacements of the structure and the protection layer are x1(t) and x2(t), respectively. 

In the current basic study, the structural element is characterized by a linear resistance function 
(i.e. the spring that represents the structure is linear). However, any plasticity can be easily 
implemented in the proposed framework because the solution scheme is explicit, as explained 
in the following text. An additional assumption considers that the LPL is in its elastic regime, 
i.e. there is neither limit on the compression nor on the tension level of the LPL spring. In 
reality, there is a certain level of limitation to this compression and tension, and if this limiting 
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value is reached, the LPL experiences damage and, therefore, is not useful for the goals raised 
in the current study. However, this remains a limitation at this stage, and first, the basic coupled 
problem is discussed.  

 

 
Figure 2. TDOF model. 

The equations of motion for the coupled system are shown in Eq. (1), and the equation of 
motion of the unprotected structure is shown in Eq. (2).  

[  0
0   

] [�̈�    
�̈�    

] + [  +   −  
−    

] [𝑥    
𝑥    

] = [ 0
    ] (1)  

  �̈�    +   𝑥    =      (2)  

Since a linear spring is used, the equations are linear in terms of the resistance function, and 
therefore, analytical solutions exist (if a particular solution of the differential equations exists 
based on the chosen pressure pulse shape). We intend to extend the basic study into more 
complex systems, which involve several factors of nonlinearity, and we expect to develop a 
system that does not have closed-form solutions. Therefore, a numerical procedure was also 
developed, and the equations were solved using the explicit version of Newmark's beta method, 
which is equivalent to an explicit finite difference method [11]. In the numerical method, the 
timestep was chosen to be small enough to achieve both stability of the solution and 
convergence of the results. In the current study, the analytical and numerical solutions were 
identical to the numerical predictions, as expected.  

 

EXAMPLES 
This section presents three case studies. The examples were chosen to demonstrate initial 
insights regarding the effect of the LPL on the protection of a structure. The main goal of the 
examples is to compare the response of the unprotected structure with the protected structure 
(to evaluate the effect of reducing the structural damage) and also to evaluate indirectly the 
effect of the chosen protection layer stiffness on the results. As will be shown in the case 
studies, the specific examples show interesting results regarding the performance of the 
coupled system. 
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Case study 1 
The first case study includes a structure with a mass of m1 = 100 kg and stiffness k1 = 10 kN/m. 
Note that the actual values do not necessarily represent a realistic case, and they are given to 
study the fundamental concept. The blast load is characterized by a peak force of P0 = 50 kN 
and duration t0 = 20 msec, which corresponds to an impulse of I0 = 500 kN-msec. Firstly, the 
response of the structure is calculated for the given blast load, i.e. the blast load acted directly 
on the structure without any protection. This scenario is referred as the response or the 
"unprotected" structure. The obtained displacement-time history of the unprotected structure 
and the applied blast load are shown in Figure 3a and Figure 3b, respectively. 

  
(a)                                                                        (b) 

Figure 3. Results of case study 1: (a) displacement-time history. (b) effective load acting on the main structure 

 

The protection layer, in this case, has a mass of m2 = 50 kg and stiffness of k2 = 1 kN/m. In that 
case, and as mentioned before, the blast load acts on the protection layer, and not directly on 
the structure. In fact, the load transmitted to the structure is the force in the spring that 
characterizes the protection layer. The coupled system is solved, and the obtained 
displacement-time history is shown in Figure 3a and Figure 3b, respectively. It can be seen that 
by applying the LPL, the maximum displacement of the structure was smaller than that of the 
unprotected case. This corresponds to the actual load that is transmitted through the spring to 
the main structure, which is characterized by significantly lower pressures than the original 
blast load. Note that the blast load is in the impulsive regime because its duration is relatively 
short compared with the response of the structure.  

An interesting discussion can be made on the effect of the LPL on the structural response. The 
reduction in the maximum displacement of the main structure is traditionally associated with 
the energy absorption in sacrificial layers. In the current case, as an equivalent method, it may 
be associated with the effect of the LPL spring and its stiffness. However, it should be noted 
that the LPL also provides mass to the system. This means that even when the LPL spring is 
completely rigid (and the protection is effectively attached to the structure), and the blast load 
acts directly on the structure, it still provides an additional mass to the main structure. 
Therefore, in the theoretical case of k2 →∞, the equation of motion reads: 
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   +    �̈�    +   𝑥    =      (3)  

Therefore, a modified dynamic response can be obtained just by modifying the mass 
component in the system. This system was solved, and the results are shown in Figure 3. Figure 
3 shows that the maximum displacement obtained using the additional (or concentrated) mass 
approach is smaller than the unprotected case, but larger than the fully coupled system. This 
means that we could indirectly separate the effects of the additional mass component and the 
effect of the spring on the results, and we could evaluate their contribution quantitively. 

Case study 2 
Case study 2 includes the same parameters as the previous one, but with a different blast load. 
In this case, the peak force was P0 = 15 kN and duration t0 = 750 msec, which corresponds to 
an impulse of I0 = 5,625 kN-msec. The displacement-time histories for the three cases 
(unprotected structure, the coupled LPL and structure system, and a structure with a mass 
m1+m2) are shown in Figure 4a and Figure 4b, respectively. 

In this case, it is shown that by applying the LPL on the structure, the maximum displacement 
was smaller than in the unprotected case, but the reduction was insignificant. There was a shift 
in the time of maximum displacement. Note that in this case, the blast load is in the dynamic 
regime since its duration is comparable with the response time up to the maximum 
displacement. When a structure with additional mass was considered, the displacement was 
smaller compared with the unprotected case, but also smaller than the coupeld system. The 
conclusion is that the effect of the spring was negative in terms of protection. 

  
Figure 4. Results of case study 2: (a) displacement-time history. (b) effective load acting on the main structure 

 

Case study 3 
Similarly to case study 2, the blast load was modified also in this example. The blast load had 
a peak force of P0 = 5 kN and duration t0 = 1,100 msec, which corresponds to an impulse of I0 
= 2,750 kN-msec. The results are presented in Figure 5. Here, using the LPL in the coupled 
system increased the maximum displacement of the system, and thus, its effect was negative 
in terms of protection. When the response of the structure was calculated using the increased 
mass, the maximum displacement was smaller than that of the unprotected case. Therefore, it 
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can be concluded that in this case, the additional mass contributed to a reduction of damage in 
the structure, but the effect of the spring was negative, even with the reference unprotected 
case. The blast load applied in this case is in the quasi-static regime, and its duration is 
relatively long. 

  
Figure 5. Results of case study 3: (a) displacement-time history. (b) effective load acting on the main structure 

 

Discussion 
The presented case studies show that the effect of the LPL, and particularly the effects of the 
addition of mass to the system and of the LPL spring stiffness, are not trivial. The three cases 
showed different trends. Therefore, a full understanding of the LPL behavior is needed in order 
to design it properly and optimally, and avoid negative effects. In addition, the protection 
filtered the transmitted load into a different load-time history. Therefore, the response of the 
structure may be different in terms of  quasi-static, dynamic and impulsive regimes. 

This study put a preliminary foundation for a deeper investigation. Firstly, the response over 
the full load spectrum is of interest since, just by changing the external load, we derived 
different trends in the results. Next, the relation between the values of the LPL spring stiffness 
and the stiffness of the main structure should be investigated to achieve optimal reduction. The 
same applies to the ratio of the LPL mass and the main structure mass. Finally, a full 
understanding of the coupled system for a given set of structural parameters may provide a 
method for achieving the optimal design.  

The current study provides insights derived from a simple TDOF model. A more realistic 
scenario, in which the response of a continuous structure may be modeled to investigate a more 
realistic problem, which will implement the basic understanding raised from the current study. 
One of the limitations of the current study is associated with the failure of the LPL spring. The 
LPL spring cannot experience failure. A more realistic scenario will include both the failure of 
the LPL (and, therefore, a constraint on the maximum allowed compression or tension of the 
LPL spring). In addition, plasticity in the main structure should be considered to simulate 
possible structural damage, at least in the unprotected case. All these aspects will be considered 
in future studies. 
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CONCLUDING REMARKS 
This study suggests investigating the effectiveness of a protection layer (LPL) represented by 
linear resistance function, i.e. without yielding. The application of the LPL provides provisions 
for the structural mass and modification of the equation of motion of the coupled system. The 
effect of the LPL was studied by simulating the coupled system and a structure with additional 
mass. Therefore, the two effects of the LPL (the contribution of its spring and the contribution 
of its mass) were studied indirectly separately.  

The results showed that the effect of the LPL is not trivial and depends on the parameters of 
the structural system and the applied blast load. A more detailed investigation is needed to fully 
understand the coupled dynamics and the effect of the parameters on the results. 
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ABSTRACT 
Design standards for blast resistant design, such as Canadian standard CSA S850-23, contain load 
combination provisions for static loads, such as dead, live and snow, used concurrently with dynamic 
blast loads. These static loads preload the structure with an initial state of internal stress and 
displacement before and during blast loading. The structural response using this load combination can 
be predicted using non-linear time history dynamic analysis, which is commonly simplified with a 
Single Degree of Freedom (SDOF) model, by including the static loading and initial state conditions. 
The components of structure where static loads are applied concurrently with blast loads are beams and 
slabs spanning horizontally, and the blast loading direction is considered the same as the gravity. 

This paper introduces a method using a closed form equation to predict the peak structural response that 
includes preloading due to the static load as required by the CSA S850-23 load combinations. This 
equation uses the principle of energy conservation which is applicable for structures responding in the 
impulsive dynamic range. In addition, the closed form equation results are compared to the results of 
SDOF analysis over a range of load durations and natural periods of the member, including both 
impulsive and dynamic structural responses.  

Keywords: Blast Resistant Design, Preload, Reinforced Concrete Beams, SDOF Dynamic 
Analysis, Blast Load Combinations. 
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INTRODUCTION 
Many structures respond in the impulsive dynamic range given that the duration of blast 
loading is much shorter than the natural period of the structure.   For these structures, the peak 
response to blast loading can be predicted using the conservation of energy method of analysis. 
Use of this method results in closed form equations to predict the peak structural response to 
blast loading. This closed form equation is a function of the resistance, natural period of 
vibration, and imparted blast load. This approach can simplify the required computational 
effort compared to more rigorous non-linear time history analysis. It also can be used in 
preliminary design and as a validation tool for more rigorous methods [1]. 
 
Structures that resist gravity loads concurrently with blast loading have an initial load state, or 
preload, which should be considered when predicting the peak structural response. The 
inclusion of preload on the structure is required as recommended in the design standards such 
as CSA S850-23 using load combinations [2].  Preload is considered significant in structures 
members such as beams and slabs spanning horizontally. In addition, based on the literature 
review, the closed form equation is derived without considering the preload on the structure, 
and it only considers the impulse imparted to the structure from the blast load [1]. 
The closed form equation can be used to predict the peak displacement using a ‘remaining 
strength’ method.  According to the ‘remaining strength’ method, the resistance of the structure 
is reduced based on the preload force and the peak displacement is determined relative to the 
initial preload displacement [3]. 
 
The peak response can also be predicted by using dynamic time history analysis which is 
commonly used with software for blast design such as SBEDS [7], and the use of a Single 
Degree of Freedom (SDOF) non-linear time history analysis. This paper compares the results 
of the closed form equations with the SDOF analysis over a range of preload to resistance 
ratios. Additionally, a comparison between non-preloaded and preloaded structures will be 
presented. 
 

PREDICTING BLAST EFFECTS WITH PRELOAD 
According to the literature review, two methods were considered to predict the response of 
structures with static preloads subjected to blast loading. The first method uses non-linear time 
history analysis, typically as a Single Degree of Freedom (SDOF), with preload as an initial 
state of stress and displacement corresponding to the static loading [3][4]. Software programs 
such as SBEDS use this method. The second method applies a reduction on the resistance of 
the structures during the non-linear time history analysis by the amount of the static preload, 
this is referred to as the ‘remaining strength’ method. Both methods predict the same peak 
response, however for the ‘remaining strength’ method, the static deflection of the preloads 
must be added to the peak dynamic response to blast loads.  
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For the cases when the structure has a natural period of vibration larger than the duration of the 
blast loading, by a factor of 10 or greater, the response is referred to as impulsive. This is 
considered as a common occurrence in the design or evaluation of beams and slabs subjected 
to blast loading given the short duration of blast loading [1].  
 
The peak response for such a structure responding in the impulsive dynamic range to blast 
loading, can be accomplished with a closed form equation derived using the conservation of 
energy method. Additionally, preload can be included by deducting the energy associated with 
the static preloads that remain constant through the dynamic motion of the structure. The 
following section shows the derivation for one of the closed form equations including preload.  
 
Energy Method Equations 
The strain energy at maximum structural response of the structural member was considered 
based on the ductility ratio concept. This method also incorporates the resistance and preload 
of the structural member.  The structural resistance curve is idealized as shown in Figure 1 and 
Figure 2. In addition, equating strain energy with the kinetic energy resulting from an imparted 
blast load impulse, the peak response in terms of ductility can be determined. The derivation 
of the closed form energy method equations has been provided in [1] for predicting the effects 
of blast loading without preload. These equations have been used as the basis for the derived 
closed form energy method equations including preload. 
 
Variable descriptions: 
 
D = ductility ratio defined as: 
 D = #

$% (1) 
y = Displacement  
yu = Displacement at elastic limit 
yi = Displacement at initial state (preload) 
R = Resistance  
Ru = Resistance at elastic limit 
Ri = Resistance at initial state (preload) 
I = Impulse 
Tn = Natural Time Period of equivalent SDOF system 
Ru_RS = Remaining resistance defined as equation (4) 
 
Without Preload: 
 
Closed form equations to predict maximum response in terms of ductility without preload 
adopted from reference [1]: 
 

D = &'()*
+,

-
(

+ 10 0.5     for D > 1                                                                                                  
(2) 
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For D ≤ 1, R will correspond to the elastic response of the system: 
 

D = 
! #$

%&'(                                                                                                                                (3) 

 
With Preload Included: 
 
Based on the previous equations, the new equation including preload is derived for the case 
when the ductility ratio less is than 1 (elastic range), as presented in the Figure 1 and the 
following equations. 

 

Figure 1. Resistance Curve - Elas1c Response 

The derivation of the mentioned closed form energy equation is as follows: 

Using the ‘remaining strength’ method, for ductility ratio less than 1, the remaining resistance 
becomes:         

Ru_RS = R – Ri                                                                                                                             (4) 
 

Solving for maximum resistance : 

 

R = Ru_RS + Ri                                                                                                                             (5) 
 

Letting Ru_RS equal the elastic resistance per equation (3) and using the ductility at the elastic 
response (7):  

 

R = 

!∗#∗$
%&

+ +,                                                                                                               
(6) 

 

 Ductility factor at elastic response: 

D = 

'
'-

                                                                                                                              (7) 
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Substituting equation (6) into (7), we obtain the ductility equation for elastic response: 

 

D = !"∗$∗%&'∗()
* + !(-()*        (8) 

 
In addition, for ductility ratio above 1 at the elastic-plastic range is also presented in equation 
(9): 
 

 

Figure 2. Resistance Curve - Elas1c-Plas1c Response 

 

D = 0.5 ∗ 12 3∗2∗5
 !∗"9#$ 9%&

>
2
+ 1' ∗ !9#$9%9# * + !9%9#*                                                            (9) 

 

SDOF Model 

An equivalent Single of Degree of Freedom analysis model is used to predict the peak response 
in terms of displacement of the actual beam structure. The real distributed mass and stiffness 
of the beam in the SDOF system is simplified as a lumped mass and spring using transformation 
factors that account for the support condition, loading and mass distribution of the real 
structural system. This method is appropriate for many structures where the response is 
primarily controlled by a single mode of vibration [4]. 
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Furthermore, the structural response is modeled based on an elastic – plastic resistance curve 
shown in Figure 5 necessitating a non-linear time history analysis to predict the peak response 
of the equivalent SDOF system. The blast loading is idealized as a triangular pressure – time 
history curve as shown in Figure 6. 

The real system is designed or investigated as shown in Figure 3 and Figure 4 shows the 
transformed equivalent SDOF model. 
 

 
Figure 3. Structural System Subjected to Blast and Sta3c Preloads 

 

UDL =Uniformly Distributed Load including both transient blast loading and static preloading. 

Blast(t) = Transient blast load applied in the direction of gravity loads (preload) 

Preload = Static loads according to design standard load combinations (self-weight, 
superimposed dead, live load, snow) 

M = Ultimate bending capacity of beam 

Rpos = Positive resistance of beam for displacement in positive y direction 

Rneg = Negative resistance of beam  for displacement in negative y direction (rebound) 

Y(t) =Maximum deflection of the beam at the corresponding location along the length of the 
beam  
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Figure 4. Equivalent SDOF Model 

 
c = damping 
ke = effective stiffness taken into consideration the real beam support conditions, E and I. 
Me = effective mass taken into consideration the distributed mass of the real system 
F(t) = Time history force applied to lump mass SDOF (Blast plus static Preload) 
 

 

Figure 5. Idealized Elas6c - Plas6c Resistance Curve 

 

 

Figure 6. Idealized Blast Loading Time History 

Pr – Peak pressure  

Td – Duration of the positive phase of blast loading 
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COMPARISON BETWEEN PREDICTIVE METHODS 

The following sections compare the prediction of blast response of structures using the new 

derived closed form equations and rigorous SDOF analysis using an initial state of 

displacement and stress corresponding to the static preloads [5].  

 

Comparing Energy Method to SDOF 

The energy method equations have been derived based on the imparted impulse to the structure.  

For cases where the natural period of vibration is at least 10 times greater than the duration of 

blast loading, the peak response is determined based on the imparted blast load impulse alone. 

The following two scenarios have been investigated to compare the prediction of peak response 

between the new energy equations and rigorous SDOF analysis. A blast load duration to natural 

period ratio, Td/Tn, from 0.01 to 0.1 was used during the analysis. 

 

1. Preload to Resistance ratio of 0.3, and a Resistance to Peak force ratio of 0.6. 

(Figure 7 and Table 1) 

2. Preload to Resistance ratio of 0.3, and a resistance to Peak force ratio of 0.1. 

(Figure 8 and Table 2) 

 

 
Figure 7. Energy Method to SDOF Comparison with Preload Ra;o 0.3 and Resistance Ra;o 0.6, Impulsive Range 

Table 1. Energy Method to SDOF Comparison with Preload Ra;o 0.3 and Resistance Ra;o 0.6, Impulsive Range 

Td/Tn 
Ductility (Energy Equations) Ductility (SDOF) % Difference 

0.01 0.352 0.352 0.02% 

0.02 0.404 0.404 0.04% 

0.04 0.508 0.508 0.01% 

0.06 0.616 0.615 0.11% 

0.10 0.818 0.813 0.57% 
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Figure 8. Energy Method to SDOF Comparison with Preload Ra;o 0.3 and Resistance Ra;o 0.1, Impulsive Range 

Table 2. Energy Method to SDOF Comparison with Preload Ra;o 0.3 and Resistance Ra;o 0.1, Impulsive Range. 

Td/Tn Ductility (Energy Equations) Ductility (SDOF) % Difference 

0.01 0.614 0.614 0.00% 
0.02 0.924 0.924 0.01% 
0.04 1.760 1.756 0.19% 

0.06 3.219 3.200 0.60% 
0.10 7.566 7.426 1.87% 

 

It can be seen in the figures and tables that the new energy equations show perfect agreement 
with  rigorous SDOF analysis over the provided  range of load duration to natural period of 
vibrations. The results are within 2% difference.  
 
The following figures and tables (Figure 9 and Figure 10, Table 3 and Table 4) compare the 
energy method equations to SDOF analysis over a wider range of load duration to natural 
period of vibration ratios, Td/Tn from 0.01 to 10.  
 

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024 
Singapore 
Aug 14-16, 2024 
 

 9th International Colloquim on Performance, Protection & Strengthening of Structures Under Extreme Loading 
& Events August 14-16, 2024, Singapore 

 

 
Figure 9. Energy Method to SDOF Comparison with Preload Ra;o 0.3 and Resistance Ra;o 0.6, Dynamic Range 

Table 3. Energy Method to SDOF Comparison with Preload Ra;o 0.3 and Resistance Ra;o 0.6, Dynamic Range 

Td/Tn Ductility (Energy Equations) Ductility (SDOF) % Difference 
0.1 0.771 0.767 0.43% 
0.5 5.27 3.99 27.7% 
1.0 23.5 14.0 50.8% 
2.0 84.7 44.2 62.8% 
10.0 1918 876 74.5% 

 

 
Figure 10. Energy Method to SDOF Comparison with Preload Ra;o 0.6 and Resistance Ra;o 0.6, Dynamic 

Range 
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Table 4. Energy Method to SDOF Comparison with Preload Ra;o 0.6 and Resistance Ra;o 0.6, Dynamic Range 

Td/Tn Ductility (Energy Equations) Ductility (SDOF) % Difference 

0.1 1.08 1.07 0.28% 
0.5 8.89 7.38 18.7% 
1.0 40.8 30.7 28.3% 

2.0 147 106 32.9% 
10.0 3357 2308 37.0% 

 
During a wider dynamic range of Td/Tn ratios, the energy method diverges from the SDOF 
method and the percentage of difference is increased up to 75%. The energy method equations 
are therefore not accurate when applied outside the impulsive response range of the structure, 
when the Td/Tn ratio exceeds 0.1.  

 
Comparing Preload and Non-Preload Structures  
The effect of preload is compared to non-preloaded structures in the following Figure 11 and  
 
 
 
Table 5. For this comparison, the preload to resistance ratio was taken as 0.3 and the resistance 
to peak blast force ratio was 0.1. A preload ratio of 0.3 represents a typical beam designed for 
factored gravity loads. Only the impulsive response range of Td/Tn ratio from 0.01 to 0.1 is 
considered.  
 

 

Figure 11. Preload versus No Preload 
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Table 5. Preload versus No Preload 

Td/Tn 
Ductility  
(Preload/Resistance = 0.0) 

Ductility (Preload/Resistance = 0.3) % Difference 

0.01 0.314 0.614 64.7% 
0.02 0.625 0.924 38.7% 
0.04 1.277 1.756 31.8% 

0.06 2.245 3.143 33.3% 
0.10 5.34 7.566 34.5% 

 

The results show that the effect of preload increases the structural response between 32% to 
65% within the impulsive response range, for this given preload and resistance to force ratio. 

 

WORKED EXAMPLES 
The application of the closed formed energy method equations for concrete beam design will 
be presented in the following examples. Additionally, the results will be compared with the 
software program WSP-BLAST-BM that utilizes the non-linear time history SDOF method to 
predict response of reinforced concrete beams in accordance with the Canadian CSA S850-23 
design standard [6].  

 

Reinforced Concrete Beam with Low Level of Protection 
(plastic response D>1) 
Predict the peak response in terms of ductility for a reinforced concrete beam with cross section 
of 3000 mm x 1200 mm and length of 10 m subjected to a blast load that was generated by a 
spherical burst resulting from the detonation of 50 kg (TNT) at a stand-off distance of 5 m. In 
addition, the effect of gravity loads (SDL, LL and self-weight) is to be considered. The beam 
is reinforced with top steel of (9800 mm2) and bottom steel of (14000 mm2). Calculate the 
ductility ratio of this beam. 

First, Closed form equation using energy method: 

From blast software: Impulse = 1394 kPa.msec, Equivalent duration (td) = 1.39 msec 

Effective moment of inertia = 0.253 m4, Ec = 30234.52 MPa,  

ke = 
()* +,-

./  = 1.23 x 109 N/m, m = 372867.9 kg, KLM = 0.78 

Tn = 2*π*01∗234
5  = 96.67 msec 

IMP = Impulse*trib area = 111520 N.sec 

Preload (Ri) = 4777.834 kN, Ru = 8112.251 kN  
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D =0.5 ∗ %& IMP∗2∗π
Tn∗"Ru$ Ri&

5
2

+ 1' ∗ 9Ru$Ri
Ru

: + 9Ri
Ru

:  = 1.76 

Secondly as shown in Figure 12, Blast loading software (WSP-BLAST-BM): 

 
Figure 12. WSP-BLAST-BM example 1 

 

Reinforced Concrete Beam with High Level of Protection 
(elastic response D<1) 
Reinforced concrete beam with cross section of 3000 x 1200 mm and length of 10 m was 
subjected to blast loads that was generated by a charge weight of 50 kg (TNT) at a stand-off 
distance of 20 m. In addition, the effect of gravity loads (SDL, LL and self-weight) was 
considered in this example. This beam was reinforced with top steel of (9800 mm2) and bottom 
steel of (14000 mm2). Calculate the ductility ratio of this beam. 

First, Closed form equation using energy method: 

From blast software: Impulse = 281 kPa.msec, Equivalent duration (td) = 9 msec 

Effective moment of inertia = 0.253 m4, Ec = 30234.52 MPa,  

ke = 
()* +,-

./  = 1.23 x 109 N/m, m = 372867.9 kg, KLM = 0.78 

Tn = 2*π*01∗234
5

 = 96.67 msec 

IMP = Impulse*trib area = 22480 N.sec 

Preload (Ri) = 4777.834 kN, Ru = 8112.251 kN  

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024 
Singapore 
Aug 14-16, 2024 
 

 9th International Colloquim on Performance, Protection & Strengthening of Structures Under Extreme Loading 
& Events August 14-16, 2024, Singapore 

D =! ,?@∗'∗A
BC∗DE

- + !DF
DE

-  = 0.76 

Secondly as shown in Figure 13, Blast loading software (WSP-BLAST-BM): 

 

Figure 13. WSP-BLAST-BM example 2 

 

CONCLUSION 
The results of new energy equations that include the preload had perfect agreement with the 

results that obtained from the SDOF analysis at the short range from 0.01 to 0.1 of Td/Tn. 

However, at the larger range of Td/Tn ratio between 0.01 and 10, the results of energy method 

diverged up to 75% from the SDOF method results when Td/Tn ratio exceeds the impulsive 

range of 0.1, which is expected. In addition, it was clear that the effect of preload on the 

structures increases the structure response at the impulsive range up 65% when compared to 

un-preloaded structures. Finally, the results of two examples showed that the new energy 

equations (closed form equations) had good or perfect agreement with the WSP-BLAST-BM 

software means that these equations are reliable in the design stage. 
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