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ABSTRACT 18 

Axial load-bearing structural members often experience significant damage or failure when 19 

subjected to moving vehicle or vessel collisions. Hollow steel tubular columns are highly 20 

vulnerable under transverse impact loading. Thus, strengthening/retrofitting of existing steel 21 

tubular columns may be required if these members are not designed to withstand expected 22 

transverse impact from transport accidents. This paper investigates the performance of FRP 23 

strengthened full-scale circular hollow section (CHS) tubular columns subjected to vehicular 24 

impact. Initially, finite element (FE) models of bare and fibre-reinforced polymer (FRP) 25 

strengthened CHS medium-scale specimens were developed to conduct transverse impact 26 

analysis for the model validation purpose. The impact simulation results were compared with 27 

the drop mass impact test results and good agreements were found between the FE and 28 
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experimental tests. The validated FE models were extended to full-scale bare and FRP wrapped 29 

CHS columns. The full column-vehicle collisions were simulated using a realistic vehicle 30 

model by considering varying axial static forces and vehicle impact velocities. The results 31 

showed that CFRP strengthening improved the impact resistance capacity of a bare CHS 32 

column by preventing plastic hinge formation due to excessive local buckling subjected to 33 

accidental vehicular impact. Three-layer CFRP strengthening proved to be an effective 34 

strengthening system compared to two-layer CFRP strengthening system. The effect of load 35 

eccentricity was assessed further and found that CFRP strengthening significantly contributed 36 

to prevent the failure of CHS columns with varying eccentricities subjected to credible 37 

vehicular impact events. 38 

KEYWORDS 39 

Circular hollow section (CHS) steel members, FRP, CFRP, transverse impact, full-scale 40 

column, vehicular impact. 41 

Introduction 42 

Columns and bridge piers are critical elements of a structure against dynamic imposed loads, 43 

as failure of these members may cause catastrophic failure of the whole, or part, of the 44 

structures. Hollow steel tubes have been used widely as axial load-bearing members in bridge 45 

piers, building columns and offshore structures due to their lightweight and fast installation 46 

advantages. The transverse impact from moving vehicles or ships could cause significant 47 

damage or complete failure of these tubular columns. A traditional strengthening method, such 48 

as welding additional steel plates, will increase the chance of corrosion degradation of the 49 

existing columns. Other options, such as pouring concrete into tubular columns to avoid local 50 

buckling failure of columns under transverse impact from moving vessels/vehicles, may not be 51 

suitable in the case of offshore structures in the deep ocean and structures in service condition. 52 
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Thus, there is a growing need within the structural engineering research community to identify 53 

the most suitable technique of strengthening hollow steel columns subjected to extreme loading 54 

such as vehicular collisions. 55 

Strengthening reinforced concrete (RC) structures using fibre-reinforced polymer (FRP) is a 56 

common practice in the construction industry due to the several unique advantages of FRP 57 

materials. In recent years, extensive research works have been carried out to investigate the 58 

performance enhancement of FRP strengthening steel plates and members subjected to static 59 

loads (Zhao and Zhang 2007; Okeil et al. 2009; Dawood and Rizkalla 2010; Fawzia et al. 2010; 60 

Teng et al. 2012; Fawzia 2013; Kabir et al. 2016a, 2016b, 2016c, 2016d, 2016e; Zheng and 61 

Dawood 2016; Batuwitage et al. 2017; Ulger and Okeil 2017; Liu and Dawood 2019). The 62 

improvement of the axial static load-carrying capacity of carbon fibre-reinforced polymer 63 

(CFRP) strengthened hollow tubular columns has been evaluated in several past works (Shaat 64 

and Fam 2006; 2007; Haedir and Zhao 2011). However, research is very limited on the 65 

performance of FRP strengthened steel members subjected to dynamic loadings such as 66 

transverse impact, compared to strengthened steel members subjected to static loading. The 67 

joint behaviours of CFRP-steel plate joints under tensile impact have been studied both 68 

experimentally and numerically (Al-Zubaidy 2012a, 2012b, Al-Mosawe 2016). Very recently, 69 

the dynamic behaviour and impact resistance of FRP strengthened hollow and concrete-filled 70 

steel tubular members were investigated extensively through experimental impact tests and FE 71 

analysis (Alam et al. 2014, 2015a, 2015b; Alam and Fawzia 2015; Alam et al. 2016; Al-72 

Husainy et al. 2016; Shakir et al. 2016; Alam et al. 2017a, 2017b, 2017c; Kadhim et al. 2018a; 73 

Kadhim et al. 2018b; Saini and Shafei 2019).  74 

In most of the cases, it is not possible to conduct experimental tests of full-scale specimens due 75 

to the high costs associated with the laboratory test setup. In addition to that, CFRP is expensive 76 

when strengthening a large surface area. Thus, FE numerical simulation can be an alternative 77 
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option to assess the performance of FRP strengthened full-scale columns due to vehicle 78 

collisions. Full-scale FE modelling and impact analysis of RC and steel columns have been 79 

investigated in a number of research works (El-Tawil et al. 2005; Ferrer et al. 2010; 80 

Thilakarathna et al. 2010; Sharma et al. 2012; Makarem and Abed 2013; Al-Thairy and Wang 81 

2014, Abdelkarim and ElGawady 2017; Do et al. 2018a; Do et al. 2018b). Abdelkarim and 82 

ElGawady (2016) conducted vehicular impact simulation of full-scale hollow-core FRP–83 

concrete–steel bridge columns. Several early works have shown that hollow tubular members 84 

are vulnerable under transverse impact loading ((Bambach et al. 2008; Remennikov et al. 2011; 85 

Yousuf et al. 2013, 2014). Thus, strengthening of such load-bearing structural members may 86 

be required if they are not designed to withstand transverse impact loads from moving vehicles 87 

or vessels. The recent experimental work of Alam et al. (2017b) clearly indicated that FRP 88 

strengthening can improve the performance of scaled CHS tubular members subjected to drop 89 

mass impact loading. However, to understand the true contribution of the FRP strengthening 90 

of hollow tubular members, it is important to study their full-scale structural behaviour when 91 

subjected to credible impact events. The above literature reveals that no work has previously 92 

studied the performance of FRP strengthened full-scale circular hollow section (CHS) columns 93 

subjected to vehicular impact.  94 

The objective of this research is to evaluate the performance enhancement of FRP strengthened 95 

columns subjected to realistic vehicle impact. Firstly, numerical models of a total of twelve 96 

bare and FRP strengthened medium-scale CHS members (one bare member and eleven 97 

strengthened members) were developed using ABAQUS (SIMULIA 2011). Lateral impact 98 

simulation was conducted at the mid-span of the specimens to validate the FE models using 99 

drop hammer impact test results presented in a recent work by the authors (Alam et al. 2017b). 100 

The validated FE models were further used to develop full-scale ground floor level columns of 101 

a typical low-rise building. A simplified vehicle model was also modelled to simulate realistic 102 



5 

vehicular impact by considering both column and vehicle deformations during impact events. 103 

The performance improvements of wrapped columns were assessed by comparing the axial 104 

static load-bearing capacities of bare and strengthened columns subjected to vehicular impact 105 

with different vehicle speeds. Furthermore, the effect of eccentric axial loading was also 106 

investigated by considering a wide variation of axial load eccentricity. 107 

Test specimens and experimental program 108 

The test specimens of a circular hollow section (CHS) steel tube were prepared by 109 

strengthening with externally bonded FRP sheets. Detail of the laboratory test procedure and 110 

results can be found elsewhere (Alam et al. 2017b). All the CHS steel test specimens were 111 

supplied by OneSteel Limited, Australia and were of identical dimensions, with 1600 mm of 112 

length, 114.5 mm of outer diameter and 4.5 mm wall thickness. Two different FRP types, i.e. 113 

carbon fibre-reinforced polymer (CFRP) and glass fibre-reinforced polymer (GFRP) sheets, 114 

were selected to strengthen CHS steel specimens using structural epoxy adhesive. The CFRP 115 

sheet and epoxy adhesive were provided by BASF Construction Chemicals Australia Pty Ltd, 116 

while the GFRP sheets were obtained from CG Composites, Australia. Variations of wrapping 117 

direction of fibre, wrapping layers and wrapping length were considered in the test program. 118 

Details of the test specimens are listed in Table 1. The longitudinal FRP layers are effective in 119 

controlling global deformation, whereas hoop layers are better to control local deformation 120 

subjected to lateral impact loading (Alam et al. 2017b). The first part of specimens’ label 121 

indicates material types (S = steel, C = CFRP, G = GFRP, and GC = both GFRP and CFRP). 122 

The second part represents strengthening configuration (B = bare specimens, L = longitudinal 123 

FRP direction, and H = hoop FRP direction). The number of FRP layers can be counted from 124 

the number of letters. The final part denotes impact velocity (V1= 3.3 m/s and V2 = 3.6 m/s). 125 
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All test specimens were one-third scale (approximately) members for validation of FRP 126 

strengthened CHS FE models subjected to lateral impact loading. 127 

Lateral impact tests were performed at the mid-span of the specimens using a drop hammer 128 

impact testing machine. The instrumented drop hammer facility was equipped with 592 kg of 129 

falling mass and dynamic load cell. The height of the drop hammer was adjusted to 3.3 m/s and 130 

3.6 m/s impact velocities, respectively. Clear span of the specimens was kept as 1300 mm with 131 

simply supported ends condition. Fig. 1 shows the schematic view of experimental setup. The 132 

impact velocity was changed for one specimen to validate the experimental test results in 133 

different impact velocities. 134 

Numerical modelling 135 

General 136 

The FE models of bare and FRP strengthened CHS columns were developed and dynamic 137 

impact analyses were performed using ABAQUS/Explicit (SIMULIA 2011). The full length 138 

3-D numerical models of the test specimens listed in Table 1 were built for the model validation 139 

purpose. The length, outer diameter and wall thickness of CHS steel tube in all the models were 140 

kept the same, as described in the previous section. It was observed from the specimen 141 

preparation and specimen testing stages that for one-layer, two-layer and three-layer FRP 142 

wrapped specimens, the epoxy-cured FRP layers formed a single composite plate after curing. 143 

The failure modes from the test results also revealed that for two- and three-layer wrapped 144 

specimens, FRP laminates debonded as one composite plate rather than two or three different 145 

laminate layers. Thus, interlayer delamination failure was not observed from the experimental 146 

tests. To incorporate this behaviour of FRP composites, an equivalent single FRP layer was 147 

modelled for both CFRP and GFRP laminates as shown in Fig. 2. It was also noticed that a 148 

very thin film of adhesive layer was formed for all the test specimens between the composite 149 
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FRP plate and the outer steel surface. Thus, the FE model of a FRP wrapped specimen consisted 150 

of three parts: steel tube, adhesive layer, equivalent single FRP layer. The average thicknesses 151 

of one, two and three layers of FRP wrapping were measured, as listed in Table 2. The thickness 152 

of epoxy saturated one-layer CFRP sheet was found as 0.5 mm when it was cured on flat metal 153 

sheet for material testing. However, the average thickness increased to 1.4 mm when it was 154 

wrapped and cured on the outer surface of CHS members. This is because in CHS, impregnated 155 

adhesive material tries to flow downward due to gravity until it reaches an initial set position. 156 

Although, all the steps were taken to rib-roll the saturate CFRP sheet uniformly and remove 157 

any excess adhesive, it was not possible to achieve uniform thickness on the curved outer 158 

surface of CHS members. Thus, the thickness of cured wrapped FRP plate was higher than the 159 

cured FRP plate on plane sheet. To avoid complexity, uniform FRP and adhesive layers were 160 

considered in FE modelling. To maintain consistency, the thicknesses of one FRP laminate and 161 

one adhesive layer were considered as 0.7 mm and 0.1 mm, respectively. Thus, for two FRP 162 

laminates, equivalent single layer thickness was found as 1.5 mm (thicknesses of two FRP 163 

laminates plus one adhesive layer between the laminates). In a similar manner, equivalent 164 

single FRP layer thickness for three FRP laminates was estimated as 2.3 mm (thicknesses of 165 

three FRP laminates plus two adhesive layers between the laminates). Selection of single-layer 166 

FRP thickness as 0.7 mm provided good agreement between the FE and the test results, despite 167 

the variation of measured and FE thickness in the case of one-layer strengthened member. 168 

Earlier studies have shown that epoxy adhesive thickness varies between 0.1 mm to 0.3 mm 169 

for FRP strengthening of metal plates and tubes (Fawzia et al. 2005, 2006; Bambach et al. 170 

2009; Bambach 2010). 171 

The appropriate element selection is essential in FE modelling to capture the actual behaviour 172 

of the test specimens. The dynamic impact simulation of FRP strengthened specimens are 173 

challenging due to the highly brittle behaviour of FRP laminates and adhesive layers under 174 
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direct dynamic compressive loading. In this study, an equivalent FRP layer was modelled using 175 

8-node quadrilateral continuum shell element (SC8R) in ABAQUS/Explicit. This type of 176 

element was used in early works to predict the behaviour of FRP composites (Al-Zubaidy et 177 

al. 2012b; Alam et al. 2015a; Faggiani and Falzon 2010; Smojver and Ivančević 2011). The 178 

debonding between the steel surface and FRP layer was simulated by introducing an adhesive 179 

layer between FRP and steel surfaces. The 8-node 3-D cohesive element (COH3D8) was 180 

adopted to model the adhesive layer. The CHS steel tube specimens were modelled with 8-181 

node linear brick element with reduced integration and hourglass control (C3D8R). The falling 182 

mass (weight block) and the impactor were modelled as a rigid mass using 8-node solid 183 

elements. The dimension of the weight block was 1000 𝑚𝑚 × 750 𝑚𝑚 × 100 𝑚𝑚 whereas 184 

the cylindrical impactor was 100 𝑚𝑚 in diameter and 50 𝑚𝑚 in height (Yousuf et al. 2012). 185 

The densities of the weight block and impactor were adjusted to get a total mass of 592 kg of 186 

the drop hammer facility. Fig. 3 shows the detail of various parts of FE modelling of the FRP 187 

wrapped specimen subjected to transverse impact loading. The simply supported boundary 188 

conditions were assigned at the bottom side of the FE models to keep consistency with the 189 

experimental setup (Fig. 3). 190 

FE meshing and contact modelling 191 

For high strain rate dynamic loading, the mesh sizes of FE models should be selected properly 192 

to accurately capture the structural behaviour. In this model validation work, relatively dense 193 

meshing (smaller mesh size) was adopted at impact location compared to the away-from-194 

impact location. The impact zone was modelled by using 5 mm size elements and away-from-195 

impact zone was modelled by using elements of 10 mm size. A mesh sensitivity analysis was 196 

performed before selecting the above-mentioned mesh sizes. To avoid the excessive distortion 197 

of FRP and adhesive parts, the damage degradation parameter was set to 0.99 and element 198 

deletion was activated.   199 
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The cohesive element with finite thickness (0.1 mm) was placed between the steel tube outer 200 

surface and FRP layer inner surface. The tie constrain was used to establish contact between 201 

the steel tube, adhesive and FRP layer. The outer surface of the steel tube was attached with 202 

the inner surface of the adhesive layer. The inner surface of the CFRP layer was tied together 203 

with the outer surface of the adhesive layer. The general contact method was used to simulate 204 

the contact interactions between the outer surface of the impactor and FRP layer, adhesive layer 205 

and outer surface of steel tube. The normal behaviour of interaction properties was defined by 206 

“Hard” contact, and “Penalty” friction formulation was adopted to define tangential behaviour. 207 

A friction coefficient value of 0.5 was selected for this study and closely matched with the 208 

previous studies (Alam and Fawzia 2015; Alam et al. 2015a). 209 

Material models 210 

FRP 211 

The damage model of fibre-reinforced composites from the ABAQUS library was adopted to 212 

simulate the failure and damage of FRP materials. Due to the constitutive material behaviour 213 

of FRP laminates (elastic-brittle), the failure of these materials can initiate without any 214 

significant plastic strain. The “Lamina” type elastic properties definition was selected and the 215 

FRP failure behaviour was modelled using “Hashin” failure criteria (Hashin and Rotem 1973; 216 

Hashin 1980). The detail of the FRP layer modelling technique can be obtained from an earlier 217 

study (Alam et al. 2015a). The tensile mechanical properties of unidirectional CFRP and GFRP 218 

laminates were obtained through static tensile coupon tests. The tensile coupon specimens were 219 

fabricated and static tensile loading was applied as per ASTM D3039 (ASTM 2008). The 220 

standard deviation and coefficient of variation (COV) of material properties obtained from a 221 

set of three identical coupon specimens (three CFRP coupons for CFRP material properties and 222 

three GFRP coupons for GFRP material properties) are presented in Table 3. The manufacturer 223 

tested values were obtained from dry CFRP and GFRP (no epoxy saturated) tensile coupon 224 



10 

tests, whereas coupon tests in this study were conducted with the impregnated CFRP and GFRP 225 

laminates. Table 3 shows that the thickness of impregnated CFRP was significantly higher than 226 

the dry CFRP. Thus, the tensile strength and modulus values of tested FRP composites were 227 

much lower than the manufacturer tested values. Fig. 4 depicts the typical stress-strain 228 

relationships of CFRP and GFRP laminates from material testing. FRP laminates and adhesive 229 

layers were combined to represent two and three FRP layers in FE models. Thus, equivalent 230 

tensile strength and tensile modulus of the FRP layer were calculated using the following 231 

equations, as proposed in the literature (Al-Zubaidy 2012b; Fawzia et al. 2006): 232 

𝜎𝑒𝑞𝑢 (𝐹𝑅𝑃 𝑙𝑎𝑦𝑒𝑟) =
𝜎𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑠 × 𝑡𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑠 + 𝜎𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟 × 𝑡𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟

𝑡𝑒𝑞𝑢 (𝐹𝑅𝑃 𝑙𝑎𝑦𝑒𝑟)
 

(1) 

𝐸𝑒𝑞𝑢 (𝐹𝑅𝑃 𝑙𝑎𝑦𝑒𝑟) =
𝐸𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑠 × 𝑡𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑠 + 𝐸𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟 × 𝑡𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟

𝑡𝑒𝑞𝑢 (𝐹𝑅𝑃 𝑙𝑎𝑦𝑒𝑟)
 

(2) 

Here 𝜎𝑒𝑞𝑢 (𝐹𝑅𝑃 𝑙𝑎𝑦𝑒𝑟), 𝐸𝑒𝑞𝑢 (𝐹𝑅𝑃 𝑙𝑎𝑦𝑒𝑟),  𝑡𝑒𝑞𝑢 (𝐹𝑅𝑃 𝑙𝑎𝑦𝑒𝑟)are tensile strength and tensile modulus, 233 

and thickness of equivalent FRP layer, 𝜎𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑠 and 𝜎𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟 are tensile strengths 234 

of FRP laminates and adhesive layers obtained from the material testing, 𝐸𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑠 and 235 

𝐸𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟 are tensile moduli extracted from stress-strain relationships of material testing, 236 

𝑡𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑠, and 𝑡𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟 are thicknesses of FRP laminates and adhesive layer. The 237 

material properties of the FRP layer were also calibrated to consider the effect of combined 238 

longitudinal and hoop layers. The bidirectional properties of FRP materials were initially 239 

approximated for FE modelling. Sensitivity analysis was performed for every model containing 240 

bidirectional FRP, to obtain material properties. The bidirectional tensile strengths of two-layer 241 

CFRP and two-layer GFRP materials used in FE modelling were 600 MPa and 390 MPa, 242 

respectively. No attempts were made to consider the dynamic material properties of the 243 

equivalent FRP layer. Although previous studies showed enhancement of strength and elastic 244 

modulus under high strain rate tensile coupon tests of FRP materials (Al-Zubaidy 2012b; Zhang 245 
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2016), the strain rate effect was negligible in the case of CFRP strengthened concrete-filled 246 

steel tubular (CFST) columns as reported in Alam et al. (2015a).   247 

Adhesive 248 

A thin epoxy adhesive layer was modelled for all the specimens to simulate FRP debonding 249 

from the steel surface (Figs. 2 and 3). The cohesive elements were deployed to model the 250 

adhesive zone with traction-separation law. The details of cohesive zone modelling can be 251 

found elsewhere (Alam et al. 2015a). The material properties of epoxy adhesive were tested by 252 

Kabir et al. (2016d) as listed in Table 3. The strength, mode I and II elastic stiffness and fracture 253 

energy properties provided in Kabir et al. (2016d) were used for adhesive modelling in this 254 

work (Table 3). 255 

Steel 256 

The elastic-plastic behaviour of steel material was modelled by an isotropic classic metal 257 

plasticity model. The standard deviation and COV of mechanical properties of steel material 258 

were obtained through testing of five identical coupon specimens according to AS 1391 (AS 259 

2007). Table 3 lists the yield stress, modulus of elasticity and tensile strength results obtained 260 

from steel coupon tests. The strain rate of steel material was considered by adopting the 261 

Cowper-Symonds power law relation with multiplier factor of 40.4-1 and exponent of 5 (Jones 262 

1997). 263 

Model validation 264 

The transverse impact simulation was performed to validate the FE models by comparing the 265 

structural responses and failure modes of bare and strengthened FE models with test results. 266 

Good agreements between lateral displacement-time curves were noticed for all the test 267 

specimens, as shown in Fig. 5. Both peak and residual displacements from FE analyses were 268 

well matched with the corresponding test curves. A comparison of peak lateral displacements 269 
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of tests and FE results is presented in Table 4. The maximum percentage of error was only 6% 270 

with mean and COV being 1.02 and 0.03, respectively. Good agreements between tests and FE 271 

results confirmed that FE models were capable of capturing dynamic responses of bare and 272 

FRP wrapped CHS tubular members under transverse impact. The comparison of failure modes 273 

of bare and two-layer longitudinally wrapped specimens are displayed in Fig. 6. Good matching 274 

of local and global deformation patterns was noticed between the test specimens and the FE 275 

models. 276 

Full-scale column and vehicle model 277 

Detail of FE model 278 

The validated FE models of bare, two-layer (first layer in the hoop direction and second layer 279 

in the longitudinal direction) and three-layer (first layer in the longitudinal direction, second 280 

layer in the hoop direction and third layer in longitudinal direction) CFRP strengthened 281 

specimens were extended to full-scale CHS column models, as shown in Fig. 7. The outer 282 

diameter, wall thickness and length of validated CHS members were increased to 355.6 mm, 283 

12.7 mm and 4000 mm, respectively, to represent a typical ground floor level column of low-284 

rise buildings or car parks. The outer diameter-to-wall thickness ratio and slender ratio (kL/r) 285 

of full-scale column was calculated as 28. Here k is the effective length factor and assumed as 286 

0.85 (AS 1998); in the case of bottom end fixed condition and the top end is left free to move 287 

vertically, L is the overall length of the column and r is the radius of gyration of the column 288 

section. The design axial capacity of the column was found lower than the squashing load 289 

(PSquash= As × fy). Here, As is steel area and fy is yield stress of steel material. Thus, possible 290 

failure mode of full-scale column was expected as global buckling failure subjected to uniaxial 291 

compression. Bottom and top end plates were modelled as rigid elements to apply the boundary 292 

conditions and axial loading of the columns. Reference points were introduced to both rigid 293 
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end plates to apply boundary conditions. In ABAQUS, a reference point controls the motions 294 

or rotations of rigid body and the relative positions of associated nodes and elements remain 295 

constant during the analysis (SIMULIA 2011). The boundary conditions were applied at 296 

bottom and top ends of column models to represent typical CHS columns in low-rise buildings 297 

or car parks. Fixed support was assigned at the bottom of the columns by restraining 298 

translations and rotations in all three directions. The top end reference point was only allowed 299 

to translate in Y axis and rotate around Z axis to allow axial shortening of column due to lateral 300 

impact loading (Fig. 7(a)). A simplified vehicle model of a Chevrolet C2500 pick-up was 301 

modelled to simulate a realistic vehicle model, as shown in Fig. 7. The weight of the vehicle 302 

was considered as 1840 kg, which is similar to the actual weight of an empty Chevrolet C2500 303 

pick-up (Al-Thairy and Wang 2014). The vehicle mass was kept the same (1840 kg) for all the 304 

analyses as the effect of vehicle mass is not a focus of this study. According to Eurocode 1 Part 305 

1.7 (CEN 2006), the impact force is approximately proportional to the square root of the vehicle 306 

mass. The model validation process involved validation of vehicle frontal deformation and 307 

impact force characteristics compared to actual vehicle frontal crush test results and previous 308 

FE results (Alam et al. 2016). Thus, the mass-spring model is capable of capturing frontal 309 

deformation and impact force properties of full-scale vehicles. The bilinear impact force-310 

vehicle crush distance behaviour of the simplified vehicle model was simulated by using initial 311 

and final stiffnesses of vehicle front k1 and k2, respectively. The value of k1 was calculated from 312 

the equation proposed by Al-Thairy and Wang ( 2014) whereas k2 value was kept the same as 313 

Alam et al. (2016). The detail of the modelling and model validation process of this mass-314 

spring vehicle can be found in a recent study by the authors (Alam et al. 2016). It should be 315 

noted that the current bilinear vehicle model is only valid for the column diameter used in this 316 

study. For different vehicle types and column diameters, the bilinear model needs to be 317 

calibrated using the relevant vehicle crush test results and column geometric information. The 318 
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design axial capacity of a full-scale column was calculated according to AS 4100 (AS 1998). 319 

Different mesh sizes were adopted in different zones of column models to predict the behaviour 320 

of members subjected to transverse vehicular impact. The mesh sensitivity study was 321 

performed to select the suitable mesh sizes in impact location and away from impact location.  322 

Fine mesh with mesh size 10 mm along the length of the columns was adopted up to 1000 mm 323 

length of the columns from the bottom end, as shown in Fig. 7(b). The rest of the column length 324 

was modelled using 50 mm mesh size along the length up to the top end. The vehicle front 325 

bumper was kept at a height of 800 mm, which is nearly similar to the front bumper of a real 326 

vehicle. 327 

Application of axial static load 328 

The axial preloading was applied to the rigid body top end plate of the columns as concentrated 329 

loading in a separate quasi-static analysis step in ABAQUS/Explicit. The axial static preloading 330 

was applied to simulate the realistic service static loading of a column. The smooth amplitude 331 

function was used to apply the static load as shown in Fig. 8. Table 5 presents the axial loads 332 

with percentages of design axial capacity applied as service static loads to the columns. The 333 

applied axial load was varied between 25-50% of the axial capacity of the bare CHS column. 334 

Generally, columns are designed to resist typical service load of 40-50% of their axial 335 

capacities. Thus, the maximum applied axial preloading was 50% of the design capacity of the 336 

CHS column. The numerical simulation of axially preloaded columns under vehicular impact 337 

loading was conducted in two steps. During the first step of analysis, axial loading was applied, 338 

using the smooth amplitude function available in ABAQUS, during the lower natural period 339 

(0.025 s) of the bare column as shown in Fig. 8 to achieve required axial preloading. At time 340 

t=0.025 s, impact loading step was started and the simplified vehicle impacted axially 341 

preloaded columns. For more details about the axial load application process, readers are 342 

referred to the early studies of the authors (Alam and Fawzia 2015; Alam et al. 2015a). 343 
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Performance assessment of strengthened columns 344 

Three columns: S-B (bare), C-HL (two-layer) and C-LHL (three-layer) were considered in an 345 

impact collision simulation of this study. A hoop layer was introduced in both two- and three-346 

layer strengthened columns due to the advantages of improved structural performance observed 347 

in the experimental tests. In this performance assessment study, it was assumed that the 348 

columns were external ground-floor columns of a low-rise building in a typical suburb or 349 

central business district (CBD) area in Australia, with expected vehicle speed between 40 km/h 350 

to 60 km/h. Figs. 9-11 show the axial load-time responses of bare and strengthened columns 351 

subjected to different design axial capacities and vehicular speeds. With 25% design axial 352 

loading all columns exhibited stability by successfully carrying the applied axial load subjected 353 

to 40 km/h, 50 km/h, 55km/h and 60 km/h, vehicular speeds, respectively. Fig. 10(d) shows 354 

that FRP strengthening was effective to prevent failure of three-layer FRP strengthened 355 

columns subjected to 60 km/h impact velocity at 40% of design axial load. Bare and two-layer 356 

FRP strengthened columns were found failed with drop of axial loading under same loading 357 

configuration. Bare and three-layer strengthened columns showed stability with 50% design 358 

axial loading and subjected to 50 km/h impact velocity but the two-layer strengthened column 359 

failed with gradual dropping of axial loads, as shown in Fig. 11(b). Thus, the two-layer CFRP 360 

strengthening column performed worse than the bare specimen (Fig. 11(b)) when axial loading 361 

increased to 50% design axial load and impact velocity increased to 50 km/h. This could be 362 

due to the excessive debonding failure of two-layer CFRP wrapping, which occurred within a 363 

very short time after impact with an increased axial loading and impact velocity. Experimental 364 

tests of CFRP strengthened CHS and CFST members under lateral impact showed that with 365 

the increase of impact velocity, effectiveness of the two-layer CFRP strengthened member 366 

reduced due to CFRP debonding at impact location (Alam et al. 2017(b), (c)). In order to avoid 367 

such premature failure, it is recommended that at least three-layer CFRP be applied in 368 
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strengthening CHS members subjected to lateral impact loading. At 50% design axial loading 369 

all three columns failed when impact velocity increased to 55 km/h and 60 km/h, respectively 370 

(Fig. 11 (c) and (d)).  371 

It has been observed that during an impact event, sudden change in axial loading time histories 372 

was noticed during the early stage of impact loading, as shown in Figs. 9-11. Axial force and 373 

axial shortening time histories of three-layer FRP strengthened column with 40% design axial 374 

load and 50 km/h impact velocity are plotted in Fig. 12 to understand such rapid change. During 375 

the first 0.025 s of analysis, axial load and axial displacement (shortening) increased almost 376 

linearly as initial preloading was applied, using the smooth amplitude function in ABAQUS. 377 

From 0.025 s to 0.075 s of analysis time, axial displacement was nearly constant. This is 378 

because, during the early stage of vehicle-column collision, the vehicle front bumper deformed 379 

rapidly to allow crushing of the front bumper before reaching the stiffer part (engine box) 380 

(Alam et al. 2016). At time t=0.075 s, the rate of axial displacement increased sharply as the 381 

vehicle engine box contacted with the column. It can be noted that high fluctuation in axial 382 

load time history was recorded during this time (Fig. 12). Such rapid variation in axial load 383 

response was stabilised after time, t=0.175 s as the vehicle separated from the column at this 384 

time.  The column axial deformation was in downward direction until the separation of the 385 

vehicle from the column. Thus, there was no vertical upward movement of the column to cause 386 

a sudden drop in axial load level. The deformation behaviours of bare and FRP strengthened 387 

columns are shown in Fig. 13 at time t=0.085 s during large axial load variation. The contours 388 

in all the failure mode figures are von Mises stress distribution and the stress unit is in N/m2. 389 

All three columns were found stable with no large lateral displacement despite local inward 390 

buckling due to vehicular impact. The large variation in axial load response of columns within 391 

a very short period of time may be contributed by the impact force from the moving vehicle 392 

and excitation of the system in a vertical direction. Similar phenomena in axial load time 393 
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responses during the early stage of impact loading were recorded in experimental tests of 394 

axially loaded concrete filled double skin tube specimens subjected to lateral impact loading 395 

(Aghdamy et al. 2016). 396 

The deformation behaviours of bare and CFRP wrapped columns subjected to 60 km/h 397 

vehicular velocity are shown in Fig. 14. Both bare and two-layer CFRP strengthened columns 398 

have shown large local deformation with formation of plastic hinges at impact location and 399 

bottom support at time t=0.16 s with static loading of 40% design axial capacity. The three-400 

layer CFRP wrapped column only showed inward local deformation at impact location with no 401 

significant deformation at bottom support at time t= 0.16 s (Fig. 14). At time t=0.175 s, the 402 

member failure of bare and two-layer CFRP strengthened columns was more prominent with 403 

further lateral displacement and axial shortening. On the other hand, the three-layer CFRP 404 

strengthened column exhibited no further deformation and carried axial service load (40% 405 

design capacity) successfully at t=0.175 s. The deformations of bare and two-layer 406 

strengthened columns continued with the increase of analysis time. But no further lateral 407 

deformation was noticed for the three-layer strengthened column. Fig. 10(d) also confirms this 408 

observation, as axial load carrying capacities of bare and two-layer strengthened columns 409 

dropped at impact time t=0.175 s while the three-layer strengthened column continued to carry 410 

applied axial load after the end of the vehicle impact collisions. Thus, CFRP strengthening 411 

improved the vehicular impact resistance capacity of the full-scale CHS column with service 412 

static loading. CFRP cracks, debonding, and matrix fracture failure were noticed at impact 413 

location and bottom support of strengthened columns. 414 

Effect of load eccentricity 415 

In a practical situation, full-scale columns experience axial load eccentricity. To investigate the 416 

effect of axial load eccentricity of bare and CFRP strengthened CHS columns, the position of 417 
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concentrated load was varied, as shown in Fig. 15. The eccentricities E1, E2 and E3 were 22 418 

mm, 44 mm and 66 mm, respectively, from the centre at the impact side of the plate. Similarly, 419 

E4, E5 and E6 were located at the opposite side of impact with the distance of 22 mm, 44 mm 420 

and 66 mm, respectively, from the centre of the plate. The axial load eccentricity was 421 

considered on both sides of the impact, to observe the effect of both positive and negative 422 

moments on the behaviour of impacted columns due to axial load eccentricity. Eccentricity for 423 

tubular columns is normally described as the ratio of eccentricity (e) to the outer diameter of 424 

the tube (D), i.e. (e/D). The e/D ratio in this study varies from 0.06 to 0.19. The level of 425 

eccentricity selected in this study belongs to low-to-medium level according to the definition 426 

in previous studies by Han et al. (2003) where e/D varied from 0 to 0.3 and Moliner et al. 427 

(2015) where e/D varied from 0.13 to 0.31. Fig. 16 shows the effects of load eccentricity on 428 

the axial load responses of a bare column subjected to 50 km/h and 60 km/h impact velocities, 429 

respectively. The applied axial loads were changed from 40% to 50% of the design axial 430 

capacity of the bare column. It can be seen in Fig. 16(a) that the bare column showed stability 431 

by successfully carrying the axial service loading without a sudden drop of axial loading at E0, 432 

E1, E2, E3, E4, E5 and E6 eccentricity when the axial load was 40% of design axial capacity. 433 

With the increase of design axial capacity to 50%, the bare column failed at E1, E2 and E3 434 

eccentricity but showed stability at E0, E4, E5 and E6 eccentricity (Fig. 16(a)). Thus, bare CHS 435 

columns were shown vulnerable when axial load eccentricities were at the same side of impact 436 

loading. This is because the moments produced due to impact force and axial load eccentricity 437 

were both in the same direction, which contributed to the failure of the CHS column. However, 438 

moment produced due to eccentricities E4, E5 and E6 was opposite of the moment produced 439 

due to vehicular impact loading. Thus, axial load eccentricity on the opposite side of impact 440 

loading aided in controlling the failure of the columns due to lateral impact. With the increase 441 

of vehicle velocity to 60 km/h, the bare CHS column failed with catastrophic collapse at both 442 
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40% and 50% design axial loading as shown in Fig. 16(b). The effect of axial load eccentricity 443 

on three-layer CFRP strengthened columns, subjected to 50 km/h and 60 km/h impact 444 

velocities, are shown in Fig. 17. The CFRP strengthened column has shown stability in all 445 

eccentric loading conditions subjected to 50 km/h vehicular impact, as depicted in Fig. 17(a). 446 

This indicates the significant improvement of impact resistance capacity of CFRP strengthened 447 

CHS columns by preventing failure at E1, E2 and E3 axial load eccentricities (Fig. 17(a)). 448 

CFRP strengthening was also effective with the increased impact velocity to 60 km/h as the 449 

40% design axially loaded column showed stability at axial load eccentricities of 22 mm and 450 

44 mm, opposite to the impact side. No effect of CFRP strengthening was noticed with axial 451 

preloading of 50% of design capacity and impact velocity of 60 km/h (Fig. 17(b)). 452 

Table 6 lists residual axial capacities and average peak lateral displacements at impact location 453 

of bare and strengthened columns, with 50% design axial loading and 50 km/h vehicle speed. 454 

The residual axial capacities and peak lateral displacements of stable columns were of average 455 

value between 0.15 s to 0.3 s analysis time. Figs. 16 and 17, show that axial loads of stable 456 

columns were almost constant between 0.15-0.3 s analysis time. The residual axial capacities 457 

and peak lateral displacements of collapsed columns were obtained from 0.18 s analysis time. 458 

This is because it was found that the axial loads dropped suddenly during this time, indicating 459 

failure of the member (Fig. 16(a)). High lateral displacements and lower axial capacities of 460 

bare columns with eccentricities E1, E2 and E3 were due to the failure of the members 461 

subjected to vehicular impact. FRP strengthening significantly reduced the maximum lateral 462 

displacement to 21 mm for FRP strengthened columns with eccentricity E3. It was found that 463 

the lateral displacement of stable strengthened columns with eccentricities E4, E5 and E6 were 464 

higher than the bare counterparts. This could be due to the change of section properties of FRP 465 

strengthened members at impact location. From the experimental tests, it was noticed that the 466 
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local deformation of FRP strengthened members were different than the bare members (Alam 467 

et al. 2017c). 468 

The deformation behaviour of eccentrically loaded bare and strengthened columns have been 469 

displayed in Figs. 18 and 19.  The failure of a bare CHS column was evident at E1, E2 and E3 470 

eccentricities at 50% design axial capacity and 50 km/h impact loading as presented in Fig. 18. 471 

However, CFRP strengthening of such a column under the same axial static and impact loading 472 

configurations helped to avoid column failure (Fig. 19). However, additional considerations 473 

(e.g. concrete filling, safety barrier) are required to prevent failure of strengthened CHS 474 

columns (Fig. 17(b)) with 50% of design capacity and vehicle speed 60 km/h or higher. The 475 

suitability of such systems should be investigated extensively prior to recommendations. 476 

Conclusion 477 

In this study, FE numerical models of bare and FRP wrapped CHS columns were developed 478 

and validated with the experimental test results for reduced-scale models. The validated FE 479 

models were extended to full-scale CHS building columns to investigate the effects of CFRP 480 

strengthening subjected to vehicular impacts. The key findings and observations of this work 481 

are summarised below: 482 

1. Three-dimensional FE models of bare and FRP wrapped CHS steel members were 483 

developed to perform lateral drop hammer impact simulation. 484 

2. A good match for lateral displacement-time curves between FE and tests results were 485 

found as maximum peak lateral displacement variation was only 6% of test result. The 486 

failure modes of FE models also agreed well with the test specimens. 487 

3. Bare and two-layer CFRP strengthening with hoop-longitudinal wrapping 488 

configuration showed almost similar impact resistance capacities subjected to 489 

Chevrolet C2500 pick-up impact loading. However, three-layer CFRP strengthening 490 
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with longitudinal-hoop-longitudinal wrapping configuration exhibited improved 491 

impact resistance capacity compared to the other two types of column. 492 

4. The failure behaviour of bare and two-layer CFRP strengthened columns showed that 493 

the CHS column failed with large local deformation at impact point and bottom support. 494 

CFRP debonding failure, matrix crack and fracture and CFRP damage at impact 495 

location were observed in CFRP strengthened columns. Three-layer CFRP 496 

strengthening reduced local deformation at both impact point and bottom support thus 497 

improved the section capacity under impact loading. 498 

5. CFRP strengthening was effective for the columns with axial load eccentricity 499 

subjected to 50 km/h and 60 km/h vehicular impact loading. Three-layer CFRP 500 

strengthening successfully prevented failure of the bare column at 40% and 50% of 501 

design axial capacities of the bare CHS column, considering different load 502 

eccentricities. 503 

The numerical simulations presented in this study show that FE analysis can be applied 504 

successfully to investigate or design FRP strengthening system for tubular columns to prevent 505 

failure due to vehicular impact. The outcomes of this work can be used as a reference for 506 

selecting FRP wrapping scheme and orientation to maximise utilisation of such a system in 507 

field practice. The findings presented in this paper are based on the FE analysis results obtained 508 

from low-rise building columns and medium size vehicle impact. More work with different 509 

vehicle and column (e.g. bridge piers, high-rise building columns) types and sizes are required 510 

to develop design guidelines or specifications for practical application of such a strengthening 511 

system to tubular columns.  512 
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Table 1 Details of impact test 722 

Specimen ID Outer diameter, 

𝐷 (𝑚𝑚) 

FRP 

layers 

FRP type Impact 

velocity (m/s) 

FRP bond 

length (mm) 

S-B-V1 114.5 - - 3.3 - 

C-L-V1 117.5 1 CFRP 3.3 1.3 

C-LL-V1 119 2 CFRP 3.6 1.3 

C-LL-V2 117.5 2 CFRP 3.3 1.3 

C-HL-V1 117.5 2 CFRP 3.3 1.3 

C-LLL-V1 120.5 3 CFRP 3.3 1.3 

C-LHL-V1 120.5 3 CFRP 3.3 1.3 

C-HLH-V1 121 3 CFRP 3.3 1.3 

G-LL-V1 117.5 2 GFRP 3.3 1.3 

G-HL-V1 117 2 GFRP 3.3 1.3 

GC-LL-V1 117.5 2 GFRP+CFRP 3.3 1.3 

C-LL975-V1 119.0 2 CFRP 3.3 1 

C-LL650-V1 119.5 2 CFRP 3.3 0.7 

 723 

  724 
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Table 2 Thicknesses of FRP plates and adhesive layer used in FE modelling 725 

Number of layers 𝐷𝑜(mm) 𝑡𝑤𝑟𝑎𝑝𝑝𝑖𝑛𝑔 (mm) 𝑡𝐹𝑅𝑃 (mm) 𝑡𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 (mm) 

1 layer 117 1.4 0.7 0.1 

2 layers 118 1.8 1.5 0.1 

3 layers 121 3.1 2.3 0.1 

𝐷𝑜 = measured average outer diameter of wrapped specimens; 𝑡𝑤𝑟𝑎𝑝𝑝𝑖𝑛𝑔 =  measured 726 

impregnated FRP thickness; 𝑡𝐹𝑅𝑃 = equivalent FRP sheet thickness for FE models; 𝑡𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒 = 727 

net composite material thickness for FE models. 728 

  729 
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Table 3 Material properties of steel, CFRP, GFRP and adhesive. 730 

Properties Steel tube CFRPManu GFRPManu CFRPTest GFRPTest Adhesive 

(Kabir et 

al. 

2016d) 

Elastic Modulus 

(GPa) 

211 230 72 75 23 3 

Standard 

Deviation 

23.9 -- -- 2.1 1.7 -- 

COV (%) 11.3 -- -- 2.8 7.2 -- 

Tensile Strength 

(MPa) 

366 4900 3400 987 508 46 

Standard 

Deviation 

3 -- -- 55.8 20.2 -- 

COV (%) 0.8 -- -- 5.7 4 -- 

Yield Stress 

(MPa) 

317 -- -- -- -- -- 

Standard 

Deviation 

4.6 -- -- -- -- -- 

COV (%) 1.4 -- -- -- -- -- 

Thickness of 

FRP (mm) 

-- 0.2 -- 0.5 0.5 -- 

Standard 

Deviation 

-- -- -- 0.03 0.01 -- 

COV (%) -- -- -- 6.3 2.5 -- 

Mode I Fracture 

Energy (N/m) 

-- -- -- -- -- 1000 

Mode II 

Fracture Energy 

(N/m) 

-- -- -- -- -- 1250 

Mode I Elastic 

Stiffness 

(N/mm3) 

-- -- -- -- -- 2.8×1013 

Mode II Elastic 

Stiffness 

(N/mm3) 

-- -- -- -- -- 1.4×1013 

 731 

Note: CFRPManu= Dry CFRP properties obtained from manufacturer; GFRPManu= Dry GFRP 732 

properties obtained from manufacturer; CFRPTest= Epoxy cured CFRP laminate properties 733 

obtained from test; GFRPTest= Epoxy cured GFRP laminate properties obtained from test. 734 

  735 
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Table 4 Comparison of peak lateral displacement of tests and FE results 736 

Specimen ID 𝛿𝑝(𝑡𝑒𝑠𝑡)(mm) 𝛿𝑝(𝐹𝐸) (mm) 𝛿𝑝(𝑡𝑒𝑠𝑡)/𝛿𝑝(𝐹𝐸) 

S-B-V1 50.5 48 1.05 

C-L-V1 46.5 46 1.01 

C-LL-V1 39 39.5 0.99 

C-LL-V2 49 48 1.02 

C-HL-V1 39.5 37 1.07 

C-LLL-V1 41 41.5 0.99 

C-LHL-V1 38.5 38 1.01 

C-HLH-V1 41 40 1.03 

G-LL-V1 41.5 41 1.01 

G-HL-V1 44 44 1.00 

GC-LL-V1 45 43.5 1.03 

C-LL975-V1 40.5 42 0.96 

C-LL650-V1 43.5 41.5 1.05 

Mean  1.02 

COV  0.03 

 737 

  738 
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Table 5 Summary of axial loading application 739 

Applied axial load (kN) Axial capacity (kN) Percentage of axial capacity (%) 

940 3760 25 

1500 3760 40 

1880 3760 50 

 740 
  741 



33 

Table 6 Residual axial capacities and maximum lateral displacements of columns with 742 

various ecentricities 743 

Column ID Residual Axial Capacity (kN) Lateral Displacement (mm) 

B-E1 1579 281 

B-E2 1136 429 

B-E3 158 536 

B-E4 1902 5 

B-E5 1902 2.5 

B-E6 1902 2.5 

C-E1 1901 17.5 

C-E2 1901 19.5 

C-E3 1903 21.0 

C-E4 1902 12.0 

C-E5 1903 9 

C-E6 1901 6 

 744 


