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Abstract 29 

This paper investigates the ultimate strength, stiffness, and failure modes of pultruded fibre-30 

reinforced polymer (PFRP) single bolted connections subjected to tension.  An experimental 31 

programme of 72 PFRP connections was conducted.  The parameters of the test specimens include 32 

plate thickness, bolt diameter, edge distance, end distance and loading angle.  A total of 10 different 33 

failure modes, including three new combinations of the failure modes were reported.  The 34 

mechanics reasoning for those new failure modes were discussed.  The strength, stiffness and 35 

failure modes were interpreted combinedly for determining the effective geometry.  The test results 36 

were correlated with currently available design guidelines and existing literature for formulating 37 

the minimum geometry limitations.  A new geometric ratio is proposed for connection 38 

characterisation. The appropriateness of the current design standards for minimum geometry is 39 

evaluated.  40 

Keywords: PFRP plates; Bolted connections; Structural behaviour; Combined failure modes; 41 

Geometric Limitations for design. 42 

1. Introduction43 

Structures built on/near water create more challenges for engineers than the conventional areas. 44 

One of the common problems is the corrosion of steel components in structures which will create 45 
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a negative impact on the long-term durability of the structures.  An effective solution is to use a 46 

fibre-reinforced polymer (FRP) composite (made of basalt, carbon, glass, or fibre with epoxy, 47 

polyester, or vinyl ester resin) as a structural material; and it is becoming common in the recent 48 

years due to high strength-weight ratio and corrosion resistance.  Novel shapes, connection 49 

methods, and associated design methods were developed recently [1-9].  Despite the advantages, 50 

the practical application of Pultruded FRP (PFRP) structural members is restricted owing to limited 51 

research on structural systems with joints.  Several studies have been carried out on individual 52 

PFRP structural members and reported the applicability for construction; however, some studies 53 

on PFRP systems indicated that there are some critical limitations on the connection design and 54 

reported the unsatisfactory performance [10-11].  The PFRP systems are connected by bolts; due 55 

to their anisotropic material properties; the failure modes of the PFRP connections are critical and 56 

govern the design strength.  This investigation deals with the physical characteristics of glass PFRP 57 

plate single bolted connections.      58 

The main impediment to the wider applicability of the PFRP structures is the unavailability of 59 

consistent/reliable design guidelines (CNR 2008; ASCE 2010; EU 2016, and CEN/TS 2020) [12-60 

15], particularly for the minimum requirements for bolting connection geometries. For example, 61 

the end distance (e1) should be equal to 2.5 times the diameter of the bolt (db) as per ASCE (2010) 62 

[13] and CEN/TS (2020) [15] while the CNR (2008) [12] and EU (2016) [14] recommends 4db.  63 

Moreover, the recent experimental research by Martins et al. [16], indicated that the 64 

recommendation of the current design codes (CNR 2008; ASCE 2010; EU 2016 and CEN/TS 2020) 65 

[12-15] for end distance (e1) is not adequate, even 4db, as it is leading to undesirable sudden shear 66 

out failure.  Martins et al. [16] also found that a minimum 8db end distance is required for achieving 67 

bearing failure in PFRP connections.  In addition, the current design guidelines have the 68 
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inconsistent minimum limitations for the material characteristics for the PFRP plate elements; (i) 69 

fibre volume fraction shall not be less than 30% as per ASCE 2010 [13] and 15% as per EU 2016 70 

[14]; (ii) fibres in the longitudinal direction shall not be less than 30% [13]; (iii) fibre orientation: 71 

minimum of two directions separated by a minimum of 30 degrees [13]. 72 

Even after several comprehensive research by Abd-El-Naby and Hollaway [17], Rosner and 73 

Rizkalla [18-19], Turvey and Cooper [20], Prabhakaran et al. [21], Turvey [22], Yuan and Liu [23], 74 

Wang [24], Turvey [25], Turvey and Godé [26] and Coelho and Mottram [27], the unavailability 75 

of the design specifications indicates the complications involved in the PFRP connection failure 76 

interpretation due to variability of material characteristics.  Therefore, the design standards for 77 

PFRP connections should also include strict and consistent minimum geometric limitations, 78 

material characteristics such as fibre orientation, volume/weight fraction, and material properties 79 

as a variable rather than specifying the range of material characters.  Therefore, single bolt 80 

connection tests on PFRP plates were conducted in this investigation.  The connection stiffness 81 

and strength were correlated with failure modes for achieving minimum geometric limitations.   82 

1.1 Present Investigation 83 

This investigation focused on the structural behaviour and physical characteristics of glass PFRP 84 

single bolted connections.  In particular, bolted connections in PFRP structures connected by a 85 

plated element were investigated for failure mode examination.  PFRP plates with a single bolt 86 

were tested under tension loading.  The parameters which affect the strength and stiffness of the 87 

PFRP plates such as fibre orientation (loading angle), the thickness of the PRFP plate, end distance, 88 

edge distance, the width of the plate, and diameter of the bolt were investigated.  The ultimate load, 89 

initial stiffness, bearing stress, and failure modes of the PFRP single bolted connections with 90 

respect to the various parameters were reported.  The appropriateness of the minimum 91 
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requirements for bolt connection geometries in the current guidelines [12-15] and existing 92 

literature [16-27] is verified.  Finally, some preliminary suggestions for bolt connection geometries 93 

of PFRP plates were summarised.   94 

2. Experimental Programme 95 

2.1 Materials  96 

The PFRP plates used in the tests were made from E-glass fibre products manufactured by the 97 

Habel Youze FRP company, China.  Tensile tests were conducted for longitudinal (0° - member 98 

axis/pultrusion direction), transverse (90°), and diagonal (45°) directions of PFRP plates to obtain 99 

the mechanical properties. The testing procedures of ASTM D3039/D3039M [28] were followed 100 

for the tensile coupon tests and determination of material characteristics such as tensile modulus 101 

(El), ultimate strength (Ft), and ultimate strain (ε).  Tensile coupons were cut from longitudinal 102 

(0°), transverse (90°), and diagonal (45°) directions, 4 coupons in each direction.  All the coupons 103 

had the same dimensions of 250 × 20 mm (length × width) [28-30].  The PFRP coupons were 104 

attached to the aluminium tab on both sides at the ends of the coupons for a firm grip during 105 

loading.  The bond length between the tab and PFRP coupon is according to the minimum 106 

suggested bond length described in Section 8.2.2.6 of ASTM D3039/D3039M [28].  The PFRP 107 

tensile coupon drawings for the tensile tests are shown in Fig. 1a.  The tensile coupon tests were 108 

conducted on an Instron universal testing machine. The stress-strain curves obtained from the 109 

tensile tests are shown in Figs. 1c-1e.  The tensile modulus (E) and ultimate strain (ε) of the PFRP 110 

plate were determined using strain readings obtained from the strain gauges attached on both sides 111 

of the coupon specimens.  The nominal interlaminar shear strength provided by the manufacturer 112 

was 25 MPa.  The mechanical properties obtained from the PFRP tensile coupons are summarised 113 

in Table 1.  114 
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The fibre weight fraction ratio and layer orientation arrangements of the PFRP were determined 115 

using burn-off tests according to ASTM D3171 [31].  The heat treatment was conducted in a 116 

furnace with the highest temperature of 500°C ± 5°C for 3 hours.  The heat treatment process is as 117 

per Selvaraj and Madhavan [32].  The weight of each sample before and after the burn-off test was 118 

measured using the digital balance with an accuracy of 0.001 grams.  The average fibre weight 119 

fraction ratio was found to be 50.56% and 56.86% for 8 mm and 9 mm thick PFRP plates.  This is 120 

consistent with the existing literature [29, 33, and 34] and according to the minimum requirements 121 

of the standards [13-15].  The fibre orientation reinforcement scheme of this PFRP plate is partially 122 

symmetric as shown in Fig. 1b; there are bi-directional fibre layers on both the top and bottom 123 

sides of the plate and one more bi-directional fibre layer on the mid thickness of the plate but 124 

thinner than the top and bottom layers; other fibres are unidirectionally oriented.  The fibre layer 125 

orientation arrangements were confirmed by weighing the fibres in the direction of pultrusion and 126 

bidirectional layer.   127 
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 128 
Fig.1. Mechanical properties and fibre architecture of PFRP: (a) Coupon dimensions for the tensile 129 
test; (b) Fibre alignment on the PFRP plate determined from burn-off test; (c) Stress-strain curves 130 
for 0-degree loading angle corresponding to the direction of pultrusion; (d) Stress-strain curves for 131 
45-degree loading angle corresponding to the direction of pultrusion; (e) Stress-strain curves for 132 
90-degree loading angle corresponding to the direction of pultrusion (labelling “8 mm - 0 d 1” 133 
means 8 mm thick PFRP plate loading at 0 degree and sample 1, similarly for others);  134 

Table 1. Material properties of the PFRP plates 135 

Thickness 
of the 
PFRP 

Sample 
number 

Tensile Modulus (E) (MPa)a Ultimate Strain 
(ε) % a 

Ultimate Tensile 
Strength (Ft) 

(MPa) a 
0° 45° 90° 0° 45° 90° 0° 45° 90° 

8 mm 

1 33516 8507 7640 1.06 0.50 0.75 352.0 35.3 27.6 
2 31031 8650 5929 1.27 0.53 0.93 394.5 37.6 29.8 
3 32877 8626 8672 1.01 0.46 1.51 330.0 36.8 33.9 
4 31539 10113 6548 1.38 0.57 0.62 436.8 39.5 27.8 

 
Mean 32241 8974 7197 1.18 0.51 0.95 378.3 37.3 29.8 
Std Dev 1152.83 761.89 1211.16 0.18 0.05 0.39 47.3 1.7 2.9 
COV 0.04 0.08 0.17 0.15 0.09 0.41 0.12 0.05 0.10 

9 mm 
1 34705 7640 7646 1.29 1.15 2.46 445.0 44.9 83.0 
2 33535 6886 6780 1.13 1.28 1.71 382.2 42.1 82.8 
3 35293 7264 6625 1.15 0.82 1.80 404.1 39.5 88.4 

0

10

20

30

40

50

0 0.005 0.01 0.015 0.02

Te
ns

ile
 st

re
ss

 (M
Pa

)

Strain (mm/mm)

8 mm - 45 d 1
8 mm - 45 d 2
8 mm - 45 d 3
8 mm - 45 d 4
9 mm - 45 d 1
9 mm - 45 d 2
9 mm - 45 d 3
9 mm - 45 d 4

0

20

40

60

80

100

0 0.005 0.01 0.015 0.02

Te
ns

ile
 st

re
ss

 (M
Pa

)

Strain (mm/mm)

8 mm - 90 d 1
8 mm - 90 d 2
8 mm - 90 d 3
8 mm - 90 d 4
9 mm - 90 d 1
9 mm - 90 d 2
9 mm - 90 d 3
9 mm - 90 d 4

(c)

(d) (e)

(a)

(b)

  

45 degree loading 90 degree loading

Aluminum tab
t

20 mm

250 mm

Bidirectional layers

Unidirectional fibers
(in the directional of pultrusion)



Page 8 of 30 
 

4 34141 8401 6855 1.34 0.62 1.71 448.4 39.3 86.1 

 
Mean 34419 7548 6977 1.23 0.97 1.92 419.9 41.4 85.1 
Std Dev 753.75 646.64 456.56 0.10 0.30 0.36 32.2 2.6 2.7 
COV 0.02 0.09 0.07 0.08 0.31 0.19 0.08 0.06 0.03 

Note: The test results E, ε and Ft are summarised with respect to the corresponding angle of 136 
loading 137 

 138 

2.2 Test Specimen Descriptions  139 

The bolt connection geometric dimensions are shown in Fig. 2, and they affect the strength, 140 

stiffness, and failure modes of the connection between the PFRP members.  The objective of this 141 

test programme is to investigate the various connection geometries to achieve bearing failure in 142 

the PFRP bolted connections.  Nevertheless, the minimum geometric dimensions suggested in the 143 

current design guidelines [12-15 and 35] for FRP were incorporated into the test programme for 144 

verifying its appropriateness.  The geometric configuration limitations from the design 145 

specifications are summarised in Table 2.  PFRP plates of thicknesses 8 mm and 9 mm were tested.  146 

In each PFRP plate, similar connection geometries were tested to investigate the various end-147 

distance-to-bolt-diameter-ratio (e1/db), plate width-to-bolt-diameter ratio (w/db), plate width-to-148 

plate-thickness ratio (w/t) and bolt-diameter-to-plate-thickness ratio (db/t).  The diameter of the 149 

bolt for the PFRP connections should not be less than the thickness of the plate and shall not be 150 

more than 1.5 times the thickness of the plate (t<db<1.5t) in accordance with the current design 151 

guidelines.  Therefore, the diameter of the bolt for PFRP plates is chosen as 8 mm and 12 mm for 152 

8 mm thick plates and 10 mm and 12 mm for 9 mm thick plates.  The bolt hole clearance is kept 153 

constant at 1.6 mm for all the bolt diameters for consistency as per ASCE and Strongwell [13 and 154 

35].  155 
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156 
Fig. 2. Bolt connection geometric dimensions 157 

158 
Table 2: Geometric configuration limitations relative to the bolted connections from 159 

currently available design codes 160 

Design 
guidelines 

Specified 
limit db do e1 e2 s1 and

s2 gs ls 

CNR [12] Min ≥ t db 4db 0.5S1 4db - - 
Max ≤1.5t ≥db+1mm NLS NLS NLS - - 

ASCE [13] Min 9.53 mm NLS 4db
a,d or  2db

b,c,d 1.5db 4db 2db 2.8db 
Max 25.4 mm db+1.6mm NLS NLS 12t NLS NLS 

EU [14] Min ≥ t db 4db 2db 4db 4db 2.8db 
Max ≤1.5t ≥db+1mm NLS NLS NLS NLS NLS 

CEN/TS [15] Min ≥ t do-db ≤ 1mm 30 mm or 2.5 db 
2db 4db 4db 2.8db 

Max ≤1.5t NLS NLS NLS NLS 
Note: a - Applicable to a single row of bolts in tensile load; b - Applicable to two or three rows of 161 
bolts in tensile load; c - All connections in compressive load; d - Minimum e1 may be reduced to 162 
2d when the connected member has a perpendicular element attached to the end that the connection 163 
force is acting towards; and NLS - No Limit Specified; Refer Fig. 2 for definition of symbols. 164 

165 

The current design guidelines [12-15] suggest that the end distance (e1) for the PFRP connection 166 

shall be a minimum of 2.5 times the diameter of the bolt for achieving bearing failure, despite that 167 

several researchers proved that the end distance shall be a minimum of 4 (or more) times the 168 

diameter of the bolt to avoid the undesirable shear out failure.  Therefore, for investigation, four 169 

θ

θ
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different end distances were considered in this study, from 2db to 8db. The connection geometry 170 

and dimensions of the samples are summarised in Table 3.  Further, the edge distance (e2) is varied 171 

from 1.5db to 2db for each end distance (e1) limit.  For all the above connection geometries (ratios 172 

e1/db, w/db, w/t, and db/t), the angle of loading is varied with respect to the direction of pultrusion.  173 

Three different loading angles were studied, 0 degrees (member longitudinal axis/pultrusion 174 

direction), 90 degrees (transverse), and 45 degrees (diagonal) totaling 72 test samples.  The 175 

nomenclature of the test specimen is as follows: thickness of the PFRP plate (t) / diameter of the 176 

bolt (db) / end distance (e1) / edge distance (e2) / angle of loading; for example, 8/8/2db/1.5db/0°.  177 

Table 3. Specimen dimensions and test results of PFRP single bolted connections 178 

Specimen 
nomenclature 

(w/t) / 
(e1/db) 

 

Initial 
Stiffness 
(kN/mm) 

Maximum 
Load (F) 

(kN) 

Bearing 
stress 
(Fbr) 

(MPa) 

Failure 
mode 

8/8/2db/1.5db/0 1.50 4.23 5.32 83.16 CL 
8/8/2db/1.5db/45 1.50 3.45 4.76 74.39 NT 45 
8/8/2db/1.5db/90 1.50 2.95 2.22 34.74 TS 

8/8/2db/2db/0 2.00 5.63 6.52 101.94 SO 
8/8/2db/2db/45 2.00 4.37 5.57 86.97 NT 45 
8/8/2db/2db/90 2.00 3.11 3.58 55.86 TS 
8/8/4db/1.5db/0  0.75 5.22 12.14 189.63 CL 
8/8/4db/1.5db/45 0.75 4.47 4.23 66.02 NT 45 
8/8/4db/1.5db/90 0.75 3.33 2.92 45.59 TS 

8/8/4db/2db/0  1.00 5.09 13.58 212.25 SO 
8/8/4db/2db/45 1.00 4.31 8.12 126.92 NT 45 
8/8/4db/2db/90 1.00 3.43 3.91 61.02 TS 
8/8/6db/2db/0  0.67 5.51 14.22 222.24 LS 
8/8/6db/2db/45 0.67 4.25 6.79 106.10 NT 45 
8/8/6db/2db/90 0.67 4.10 4.26 66.57 TS 
8/8/8db/2db/0  0.50 6.14 17.42 272.13 B+LS 
8/8/8db/2db/45 0.50 4.91 5.58 87.23 NT 45 
8/8/8db/2db/90 0.50 4.09 4.71 73.65 TS 

8/12/2db/1.5db/0 2.25 5.63 9.41 98.06 CL 
8/12/2db/1.5db/45 2.25 3.64 6.59 68.65 NT 45 
8/12/2db/1.5db/90 2.25 3.39 4.47 46.58 TS 

8/12/2db/2db/0 3.00 5.84 9.56 99.61 SO 
8/12/2db/2db/45 3.00 4.92 8.32 86.66 NT 45 
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8/12/2db/2db/90 3.00 3.60 5.63 58.67 TS 
8/12/4db/1.5db/0  1.13 5.64 18.13 188.83 CL 

8/12/4db/1.5db/45 1.13 5.09 6.50 67.74 NT 45 
8/12/4db/1.5db/90 1.13 4.06 3.58 37.31 TS 

8/12/4db/2db/0  1.50 5.43 19.73 205.53 SO 
8/12/4db/2db/45 1.50 5.14 10.36 107.87 NT 45 
8/12/4db/2db/90 1.50 4.17 5.07 52.81 TS 
8/12/6db/2db/0  1.00 6.79 23.34 243.11 B+LS 
8/12/6db/2db/45 1.00 5.63 9.91 103.22 NT 45 
8/12/6db/2db/90 1.00 5.46 5.67 59.06 TS 
8/12/8db/2db/0  0.75 6.84 24.27 252.80 B+SO 
8/12/8db/2db/45 0.75 5.65 8.95 93.21 NT 45 
8/12/8db/2db/90 0.75 5.64 6.23 64.86 TS 
9/10/2db/1.5db/0 1.67 6.01 10.30 114.43 CL 

9/10/2db/1.5db/45 1.67 4.78 7.80 86.71 NT 45 
9/10/2db/1.5db/90 1.67 3.68 8.36 92.92 DL+TS 

9/10/2db/2db/0 2.22 5.64 10.90 121.12 SO 
9/10/2db/2db/45 2.22 4.61 8.61 95.62 NT 45 
9/10/2db/2db/90 2.22 4.99 9.79 108.82 DL+TS 
9/10/4db/1.5db/0  0.83 5.67 19.73 219.26 CL 

9/10/4db/1.5db/45 0.83 4.75 6.84 76.02 NT 45 
9/10/4db/1.5db/90 0.83 4.26 10.00 111.06 DL+TS 

9/10/4db/2db/0  1.11 6.77 22.00 244.41 SO 
9/10/4db/2db/45 1.11 5.18 12.20 135.58 NT 45 
9/10/4db/2db/90 1.11 4.18 10.99 122.16 DL+TS 
9/10/6db/2db/0  0.74 6.98 23.38 259.82 B+SO 
9/10/6db/2db/45 0.74 5.02 11.08 123.16 NT 45 
9/10/6db/2db/90 0.74 4.49 13.23 147.00 DL+TS 
9/10/8db/2db/0  0.56 6.99 23.39 259.94 DL+PB 
9/10/8db/2db/45 0.56 5.00 11.11 123.44 NT 45 
9/10/8db/2db/90 0.56 4.48 10.68 118.63 DL+TS 
9/12/2db/1.5db/0 2.00 6.47 13.66 126.52 CL 

9/12/2db/1.5db/45 2.00 3.77 9.23 85.49 NT 45 
9/12/2db/1.5db/90 2.00 3.92 10.02 92.75 DL+TS 

9/12/2db/2db/0 2.67 5.52 13.51 125.07 SO 
9/12/2db/2db/45 2.67 4.24 10.05 93.06 NT 45 
9/12/2db/2db/90 2.67 4.40 11.81 109.38 DL+TS 
9/12/4db/1.5db/0  1.00 6.71 18.66 172.74 CL 

9/12/4db/1.5db/45 1.00 5.25 8.28 76.68 NT 45 
9/12/4db/1.5db/90 1.00 4.63 10.77 99.77 DL+TS 

9/12/4db/2db/0  1.33 6.33 23.96 221.88 DL+PB 
9/12/4db/2db/45 1.33 4.25 14.79 136.90 NT 45 
9/12/4db/2db/90 1.33 5.30 13.79 127.72 DL+TS 
9/12/6db/2db/0  0.89 6.55 30.15 279.20 DL+PB 
9/12/6db/2db/45 0.89 5.61 13.90 128.68 NT 45 
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9/12/6db/2db/90 0.89 4.22 13.83 128.06 DL+TS 
9/12/8db/2db/0  0.67 7.57 30.63 283.63 B 
9/12/8db/2db/45 0.67 6.10 14.28 132.22 NT 45 
9/12/8db/2db/90 0.67 4.65 13.53 125.29 DL+TS 

B - Bearing; CL - Cleavage tension; DL - Delamination; NT 45 - Net tension at 45 degrees;  179 
PB - Partial Bearing; SO - Shear-out; LS - Longitudinal Splitting; TS - Transverse Split 180 

 181 

2.3 Experimental test setup 182 

The tensile test on PFRP plate single bolted connections is carried out using an Instron Universal 183 

Testing machine.  The length of the test sample is 160 mm and the width of the PFRP plate is 184 

decided based on the edge distance (e2) as shown in Fig. 3a.  One end of the PFRP plate is attached 185 

with aluminium plates on both sides for a bond length of 50 mm to grip with the universal testing 186 

machine.  The test setup is shown in Fig. 3b.  The test setup is developed such that the bolt is pulled 187 

by the steel plates from either of the sides and the failure will occur only on the FRP plate.  The 188 

tensile load was applied at a constant displacement rate of 0.8 mm/minute.  The loading was 189 

applied until the failure of the FRP plate.  The fully threaded stainless-steel rods were used for 190 

simulating the bolts in the FRP connections.  In the conventional PFRP connections, the 191 

connecting components, for example, the web cleats are laterally restrained by a beam on one side 192 

and free on the other side, however, in the present investigation the PFRP plates were tested 193 

without any lateral constraints so that the failure mode can freely occur.  Furthermore, the 194 

tightening of the bolt with torque may lead to crushing of the PFRP plate, therefore, to eliminate 195 

the influence of torque and washer on failure modes, the threaded rods were not tightened with the 196 

PFRP plates [27 and 36].   197 

3. Test results 198 

The failure modes, ultimate load, initial stiffness, and bearing stress of the PFRP single bolted 199 

connections are summarised in Table 3 and Figs. 4-6.  According to the current design guidelines 200 
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[12-15] and the existing literature [23-27 and 36], the PFRP plates were generally subjected to four 201 

different failure modes, namely net tension, shear-out, bearing, and cleavage tension.  However, 202 

in the present investigation, both distinctive (individual failure mode) and new combinations of 203 

failure modes were observed.  In some cases, the failure mode has changed after the load drop (in 204 

the load-displacement plot) at the end of the loading curve; such failure modes were also 205 

considered distinctive.  The failure mode is termed as combined only when two failure modes have 206 

occurred simultaneously.  A new distinctive failure mode called longitudinal splitting (LS-sudden 207 

longitudinal crack from the edge of the bolt hole to the plate end) of the PFRP plate was observed. 208 

In the present investigation, a total of ten different failure modes were observed in PFRP single 209 

bolted connections as shown in Fig. 4.  Out of the ten failure modes, four of them were 210 

interactive/combination of two failure modes.  The term ultimate load (kN) means, the peak 211 

strength value in the load versus displacement graph [16].  The initial stiffness (kN/mm) means 212 

the initial slope of the load versus displacement graph.  The deformation of the bolt hole in the 213 

connection is used in the load versus displacement graphs in Figs. 5a and 5d.  Based on the 214 

literature [27] and design guidelines [12-15], the criterions used for classifying the failure modes 215 

are: (i) bearing - large deformation (progressive) parallel to the loading direction; (ii) splitting - 216 

longitudinal crack from the edge of the hole to the plate end; (iii) shear-out - caused by shear 217 

stresses and occurs along shear-out planes on the hole boundary in the loading direction; (iv) net 218 

tension - crack propagations transverse to the loading direction; (v) cleavage tension – a 219 

combination of net tension and shear-out failure; (vi) transverse split - almost same as net tension 220 

but happens in 90 degree fibre loading; (vii) delamination - separation of top and bottom bi-221 

directional layer in the PFRP plate. The failure modes observed in the present investigation and 222 

the mechanics reasoning for them are described in the following sections. 223 
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 224 
Fig. 3. (a) Dimensions of the test sample; (b-c) Test setup for single bolt connection test 225 

 226 
Fig. 4. Various failure modes were observed in the PFRP single bolted connection tests 227 
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3.1 Combined failure modes in PFRP connections 228 

Four of the failure modes observed from the present PFRP bolted connection tests were a 229 

combination of two individual failure modes due to the material and fibre orientation 230 

characteristics.   One of the combined failure modes was bearing and shear-out which was observed 231 

in the previous investigation [36] as well.  In the bearing and shear-out combination failure (B+SO 232 

see Fig. 4b), the bearing occurs first and then the shear-out occurs followed by a sudden load drop.  233 

The conventional cleavage failure mode is also a combination of shear-out and net-tension; 234 

however, three new combination failure modes were observed in the present investigation.  Those 235 

new combined failure modes were delamination and partial bearing (DL+PB see Fig. 4c), bearing 236 

and longitudinal splitting (B+LS see Fig. 4d), and delamination and transverse split (DL+TS see 237 

Fig. 4i). The reasoning for the three combined failure modes is given as follows.    238 

Delamination and partial bearing (DL+PB): The delamination (in other words, it can be noted as 239 

a net tension failure of a top and bottom bi-directional layer in the FRP plate followed by layer 240 

debonding) and bearing occur simultaneously, then the delamination extended along the full length 241 

of the member with the increase in bearing as shown in Fig. 4c.  The delamination is between the 242 

bidirectional layer and fibres oriented in the direction of pultrusion.  The delamination failure is 243 

perhaps attributed to inadequate thickness and bonding of the top and bottom bi-directional layers.  244 

This delamination and partial bearing failure occurred in the specimens with less than 80 mm end 245 

distance of 9 mm thick PFRP plates (specimens 9/10/8db/2db/0 with 80 mm edge distance, 246 

9/12/4db/2db/0 with 48 mm edge distance, and 9/12/6db/2db/0 with 72 mm edge distance - Table 247 

3).  Although it is a combination of bearing, this failure mode should be regarded as an undesirable 248 

failure mode as the delamination is propagating for an entire length or width of the PFRP element 249 

leading to a reduction of thickness.  The reduction of thickness for a portion of the PFRP element 250 
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may certainly lead to a sudden collapse of the entire structure. To avoid this failure mode, the 251 

thickness of the bi-directional layer on the top and bottom sides of the PFRP may be increased.  252 

The minimum thickness limitation for this bi-directional layer may be included in the design 253 

guidelines after further research to avoid delamination failure.  254 

Bearing and longitudinal splitting (B+LS): Bearing and longitudinal splitting failure mode is again 255 

an undesirable failure mode, though it is a combination of bearing.  The splitting of the PFRP plate 256 

began to occur with small bearing deformation as shown in Fig. 4d. The longitudinal splitting 257 

failure with a combination of bearing occurred only in 8mm thick PFRP plates (8/8/8db/2db/0 - 258 

64 mm end distance and 8/12/6db/2db/0 - 72 mm end distance - see Table 3), and may be attributed 259 

to the inadequate width of the PFRP plate resulting from edge distance (2db) to distribute the force 260 

and thickness of the bidirectional layers.  The top and bottom bi-directional layers were not 261 

sufficiently confining the unidirectional fibres from splitting.  It should be noted that the PFRP 262 

plate connection with an end distance of 96 mm (8db) (8/12/8db/2db/0) did not fail in longitudinal 263 

splitting failure, but failed in bearing and shear out failure with higher deformation of 15.6 mm 264 

(Figs. 5a and 5c).  This indicates that the inadequate confining effect of the bidirectional layer as 265 

a result of less thickness necessitates a larger end distance (e1) up to 8db to overcome the 266 

longitudinal splitting failure and achieve bearing failure.  267 

Delamination and transverse split (DL+TS): The transfer split is obvious due to the angle of 268 

loading (90 degrees perpendicular to the pultrusion direction) but the combination of delamination 269 

throughout the length (as shown in Fig. 4i) once again indicates that the inadequacy of the fibre 270 

orientation pattern particularly the bonding between unidirectional fibres and bidirectional layers. 271 

It should also be noted that the delamination and transverse split combined failure occurred only 272 

in all the 9 mm thick PFRP plates (12 specimens with 90-degree loading – Figs. 4i, 5e, and 5f) 273 
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while the 8 mm thick plates with similar geometry configuration failed in distinctive transverse 274 

split (12 specimens) failure as shown in Figures 4i and 4j and Table 3.  This indicates that the 275 

thickness of the top and bottom bidirectional layers on the PFRP plates should be increased with 276 

an increase in the overall thickness (t) of the plate.  The design specifications may suggest the ratio 277 

of the thickness of the bidirectional layer to the total thickness (t) rather than the percentage of 278 

fibre in the longitudinal direction alone [13].   279 
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 280 
Fig. 5. Response of PFRP plate for different angles of loading with respect to the direction of pultrusion: (a) Load-displacement response 281 
with 2db end distance; (b-c) Failure modes of PFRP plates with 2db end distance; (d) Load-displacement response with 8db end distance; 282 
(e-f) Failure modes of PFRP plates with 8db end distance.283 
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The above observations and interpretations pertaining to the combined failure modes of PFRP 284 

connections indicate that the material characteristic limitations such as fibre orientation, and 285 

thickness of the bi-directional layers or percentage of fibres in transverse direction shall be 286 

included as a variable in conjunction with the minimum geometric dimension requirement for 287 

connection.   288 

3.2 Influence of geometric dimensions on the structural behaviour of connections 289 

3.2.1 Effect of edge distance (e2) 290 

An adequate edge distance (e2) is required with a combination of other geometric dimensions to 291 

overcome the undesirable failure and to achieve the failure mode which can exhibit larger 292 

deformation (warning) before ultimate failure.  Two different edge distances (e2) were used in the 293 

present study as per the current design guidelines; (i) 1.5 times the diameter of the bolt as per 294 

ASCE [13]; (ii) 2 times the diameter of the bolt as per CNR 2008, EU 2016 and CEN/TS 2020 295 

[12,14 and 15].  The variation in edge distance was studied with two PFRP plate thicknesses (t), 296 

two different bolt diameters (db), two end distances (e1 = 2db and 4db), and three different loading 297 

angles.  The failure mode of the PFRP plate single bolted connections for an edge distance of 1.5db 298 

is cleavage failure (CL) which has been changed to shear-out (SO) failure after increasing the edge 299 

distance to 2db.  This indicates that the 1.5db edge distance was insufficient to distribute the load 300 

and led to net tension failure on one side of the bolt as shown in Fig. 4f in all the variable 301 

parameters.  This change in failure mode from cleavage to shear-out increased the ultimate loading 302 

capacity of the single bolted connection with a range of 11.5% (compare 9/10/4db/2db/0 and 303 

9/10/4db/1.5db/0 in Table 3) to 28.4% (compare 9/12/4db/2db/0 and 9/12/4db/1.5db/0 in Table 3).  304 

Based on this observation, the rest of the specimens with higher-end distances (6db and 8db) were 305 

tested with 2db edge distances.  306 
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3.2.2 Effect of angle of loading with respect to the direction of pultrusion  307 

The influence of fibre orientation with respect to the angle of loading is an important parameter 308 

for the structural behaviour of PFRP members, particularly for the connections as members are 309 

connected from various angles.  In the test programmme, test parameters of the PFRP specimens 310 

(e1, e2, db, t) were kept constant and only the angle of loading is changed (0 degree, 45 degree and 311 

90 degree) for comparing the test results.  The results indicated that loading parallel to the direction 312 

of pultrusion (0 degree) had the highest stiffness and ultimate load compared to 45 degree and 90 313 

degree loading as shown in Figs. 5a and 5d.  To be precise, the difference in stiffness between the 314 

specimens of 45 degree and 90 degree with respect to 0 degree is 15.1% (compare 8/12/2db/2db/0 315 

with 8/12/2db/2db/45 in Table 3) and 38.4% (compare 8/12/2db/2db/0 with 8/12/2db/2db/90 in 316 

Table 3).  This difference in stiffness with respect to the angle of loading did not change much 317 

even after increasing the end distance (e1) from 2db to 8db.  This indifference in stiffness even after 318 

increasing the end distance to 8db is perhaps due to the fact that stiffness typically depends on the 319 

bearing thickness of the material.  However, there is a significant difference between the ultimate 320 

load of the bolted connections with corresponds to the change in angle of loading and increase in 321 

end distance from 2db to 8db as shown in Table 3.  The significant increase in ultimate load after 322 

changing the edge distance may be attributed to the presence of longitudinal fibre in the direction 323 

of loading.  It should be noted from Table 3 that for some specimens in 9 mm thick PFRP plate, 324 

the 90 degree loading had a higher ultimate load and initial stiffness compared to the 45 degree 325 

loading, this may be attributed to the change in failure mode from transverse split (TS) (8 mm 326 

plate) to a combination of delamination and transverse split (DL+TS) in 9 mm plate.  A more 327 

detailed discussion about the increase in ultimate load with respect to the increase in end distance 328 

(e1) is discussed in the following sections of this paper.   329 
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The failure modes are also changed after changing the angle of loading as shown in Fig. 5.  All the 330 

specimens with 45 degree and 90 degree loading failed in net tension, transverse split, and 331 

delamination, which were typically regarded as undesirable failure modes for PFRP connections. 332 

While the specimens with the angle of loading parallel to the direction of pultrusion (0 degree) 333 

have a desirable failure mode (bearing) when adequate end distance (≥8db) is provided.  The 334 

previous investigations [18] with the same parameters indicated that the change in angle of loading 335 

also varied the failure mode, but the pattern of the loading curve remains the same.  However, in 336 

the present study, the pattern of the loading curve also changed concerning the change in failure 337 

mode as shown in Fig. 5a and 5d.  The load-displacement curves of the 45 degree and 90 degree 338 

specimens were linear till the ultimate load and sudden drop of more than 50%, whereas for the 0 339 

degree, the load drop is not significant and with adequate end distance (Fig. 5 d - 8/12/8db/2db/0° 340 

versus 8/12/8db/2db/45° and 8/12/8db/2db/90°).  The load-displacement curve of a 0 degree 341 

specimen is initially linear, followed by a markedly non-linear pattern with successive small load 342 

reductions and increases until reaching 15 mm of displacement (see curves 8/12/8db/2db/0° and 343 

9/12/8db/2db/0° in Fig. 5d).  The non-linear loading curve with resistance for a displacement 344 

magnitude (15 mm) higher than the diameter of the bolt is considered to be the desired failure 345 

mode as it shows a warning before ultimate failure.   346 

3.2.3 Effect of end distance (e1) in combination with plate width (w) 347 

To analyse the variation of failure mode and ultimate load with regards to the end distance, the 348 

failure loads of the connections were compared with the e1/db ratio in Fig. 6.  This was compared 349 

for two different bolt diameters in two different thicknesses of the PFRP plates.  The comparison 350 

indicates that the strength of the connection did not increase significantly after 4db and up to 8db, 351 

but the failure mode, improved from brittle nature to progressive damage with an adequate warning 352 
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sign.  To quote precisely, only specimens with an end distance of 8db had failed in bearing failure 353 

or in combination with bearing failure as shown in Figs. 6e-6h.  Nevertheless, no meaningful 354 

conclusion can be drawn based on the comparison of the e1/db ratio and ultimate load for the overall 355 

connection geometric dimensions due to the presence of various parameters.   356 

The PFRP connections should have a progressive failure and exhibit prior warning before ultimate 357 

failure; to achieve this, the connecting element should have an adequate width, thickness, and 358 

deformable distance along the direction of loading.  Existing literature indicates that the end 359 

distance and width of the plate are the most influential factor that determines the failure modes of 360 

the PFRP connections.  However, various literature has suggested different limits of end distance 361 

(e1) for achieving progressive damage growth with prior warning to failure.  To be specific, Rosner 362 

and Rizkalla [18] suggested an e1/db ratio of 5, Lee et al [36] suggested an e1/db ratio of 4, and the 363 

comprehensive review article by Coelho and Mottram [27] suggested that the e1/db ratio of 5 with 364 

w/db ratio of 7.  More recently, the latest experimental research article by Martins et al [16] found 365 

that the e1/db ratio beyond 8 exhibited bearing failure with a warning of 15 mm (average) 366 

deformation along the loading direction. These inconsistent conclusions from various articles 367 

pertaining to the end distance (e1) impede the development of reliable design specifications for 368 

PFRP structures.   369 

 370 



Page 23 of 30 
 

 371 
Fig. 6. Response of PFRP plate for different end distances from 2db to 8db: (a) Load versus e1/db 372 
response for 8 mm plate and 8 mm bolt diameter; (b) Load versus e1/db response for 8 mm plate 373 
and 12 mm bolt diameter; (c) Load versus e1/db response for 9 mm plate and 10 mm bolt diameter; 374 
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(d) Load versus e1/db response for 9 mm plate and 12 mm bolt diameter; (e-h) Failure mode of 375 
PFRP plate with 8db end distance with various thickness and diameter of bolts  376 

 377 

A comprehensive study conducted by Coelho and Mottram [27] concluded that plate thickness (t), 378 

end distance (e1), and width of the plate (w) should be combined to formulate single parameter to 379 

determine the complete characterisation of the PFRP connection.  Therefore, in the present 380 

research, a new parameter combining plate slenderness (w/t) and e1/db ratio is proposed for 381 

determining the appropriate connection geometry for achieving progressive damage and prior 382 

warning before ultimate failure.  A relatively similar approach was used by Rosner and Rizkalla 383 

[19] for developing a failure criterion equation for the bearing strength of PFRP connections.  384 

However, the equation by Rosner and Rizkalla [19] needs revision as the minimum e1/db ratio 385 

proposed was 5, whereas the results from the recent and present study indicated that a minimum 386 

e1/db ratio should not be less than 8 for achieving bearing failure.  Therefore, the bearing stress 387 

(F/t*db) and (w/t)/(e1/db) ratio were compared for determining the appropriate overall connection 388 

geometric dimensions.   389 
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Fig. 7. (a) Variation of bearing strength of PFRP plate with (w/t)/(e1/db) ratio; (b) Bearing to 391 
tensile strength ratio with (w/t)/(e1/db) ratio 392 

 393 

Figure 7a shows the variation of bearing strength (Fbr) versus (w/t)/(e1/db) ratio and corresponding 394 

failure modes.  The introduction of a new parameter resulted in (w/t)/(e1/db) ratios ranging from 395 

0.5 to 3 for 72 test results.  The representation of bearing strength with the new connection 396 

dimension ratio clearly shows the change in the failure mode trend with an increase in the 397 

(w/t)/(e1/db) ratio.  The trend visibly shows that the undesirable failure modes such as cleavage, 398 

shear-out, transverse split, net tension 45˚, and delamination combined with transverse split 399 

exhibited low bearing stress in comparison with desirable failure modes (see Fig. 7a).  It should 400 

also be noted that the failure modes of specimens with loading angle 45 degree and 90 degree are 401 

transverse split, net tension 45˚, and delamination combined with transverse split indicating 402 

underperformance as their bearing strength is less than 150 MPa (see Fig. 7a).  It can also be noted 403 

that the variation in (w/t)/(e1/db) ratio from 0.5 to 3 (from larger width - higher end distance to 404 

narrow width - smaller end distance) for loading angle 45 degree and 90 degree did not influence 405 

the bearing strength and failure mode as shown in Fig. 7a.  It indicates that the PFRP plates that 406 

are loaded not parallel to the unidirectional fibres requires much higher width and end distance 407 

[18].  For further investigation, the ratio to the bearing strength (Fbr) and ultimate tensile strength 408 

(Ft) are used with varying (w/t)/(e1/db) ratios for specimens loaded parallel (0 degree) to the 409 

unidirectional fibres as shown in Fig. 7b.  The comparison indicates that the specimens with a 410 

(w/t)/(e1/db) ratio less than 0.75 have failed in combination with bearing failure and higher Fbr/Ft 411 

ratio.  This indicates that the newly introduced connection dimension ratio is appropriately 412 

characterising the connections based on its dimensions.  The Fig. 7b indicates that the bearing 413 

strength of the PFRP plates which achieved bearing failure is less than the ultimate tensile strength 414 
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of the plate, the maximum Fbr/Ft ratio is 0.72.  This result is not matching with the conclusions of 415 

Rosner and Rizkalla [18-19] whose Fbr/Ft ratio is 1.84 for bearing failure. This incomparable result 416 

may be attributed to the difference in fibre weigh ratio and orientation reinforcements of the PFRP 417 

plates.  418 

This investigation has addressed one of the six future research directions proposed by Coelho and 419 

Mottram [27] after a comprehensive review work.  This article further exposed the following 420 

design implications that also leads to future research: 421 

1. Current test results indicated that the fibre architecture of the PFRP plates (thickness of the 422 

bidirectional layer and ratio to the fibres in each direction) is one of the most influential 423 

parameters in connection behaviour as the failure mode is based on the thickness of the material. 424 

2. The significant difference in Fbr/Ft ratio with bearing failures indicating that the future 425 

connection characterisation strategies might consider including the material properties of the 426 

PFRP plate as an influential parameter.  427 

3. The combination of failure modes requires a comprehensive research programme to get 428 

appropriate insight of the problem. Furthermore, a new guideline is required to define the 429 

failure mode with specific damage tolerance limit.  430 

4. Conclusions   431 

The mechanical behaviour of PFRP single bolted connections was studied experimentally.  The 432 

main objective of this investigation was to determine the appropriate overall connection geometric 433 

dimensions to achieve the failure mode, which can exhibit larger deformation (progressive damage) 434 

before ultimate failure.  It was also endeavored to verify the appropriateness of the minimum 435 

connection geometry limitations suggested in the existing design guidelines [12-15].  The 436 

connection tests were conducted with various parameters such as the thickness of the PFRP plate, 437 
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edge distance, end distance, width, bolt diameter, and angle of loading.  The structural response of 438 

the connections is interpreted with the failure modes for the complete characterisation of the PFRP 439 

connections.  The following conclusions can be drawn from the experimental results: 440 

1. A total of ten different failure modes were observed in the tests including three new combined 441 

failure modes.  The mechanics reasoning for such combined failure modes is elaborated.  The 442 

interpretations and observations pertaining to the combined failure modes of PFRP connections 443 

indicate that the material characteristic limitations such as fibre orientation, the thickness of 444 

the bi-directional layers, and the percentage of fibres in the transverse direction shall be 445 

included as a variable in conjunction with the minimum geometric dimension requirement for 446 

connections.   447 

2. The minimum edge distance (e2) for the PFRP connection should be 2db; this is consistent with 448 

the CNR 2008, EU 2016, and CEN/TS 2020 [12, 14, and 15] and inconsistent with the ASCE 449 

pre-standard [13]. It is determined that when the angle of loading is 45 or 90 degree with the 450 

direction of pultrusion, the PFRP plate has less strength and exhibit undesirable failure mode. 451 

3. The bearing failure with progressive damage was achievable only when the end distance (e1) 452 

was equal to 8db.  This result is inconsistent with the recommended minimum geometric 453 

dimension limitations of the current standards [12-15], which suggest a minimum e1/db ratio 454 

of 4.  Relatively similar (e1 ≥ 8db) recommendations were proposed in the recent study [16].  455 

4. Finally, a new parameter combining plate slenderness (w/t) and (e1/db) ratios is proposed for 456 

the complete characterisation of the PFRP connections.  The comparison of the (w/t)/(e1/db) 457 

ratio with the failure modes indicates that most of the FRP connections with a (w/t)/(e1/db) 458 

ratio less than 0.75 have failed in combination with bearing failure with a warning.   459 
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However, the above recommendations are applicable for the (w/t)/(e1/db) ratio of 0.5 to 3 and 460 

regard to the failure modes summarised. Future research may be focused on combining the fibre 461 

orientations, volume fractions, and layer thickness with the minimum geometric dimension 462 

limitations for connections.     463 
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