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Abstract 
 
Thirty-six, four-point flexure tests on simply supported pultruded glass fibre reinforced polymer composite 
(GFRP) Wide Flange (WF) beams with mid-span bolted splice joints are described. The joints were fabricated 
with two and six pultruded GFRP splice plates. Three splice plate lengths were investigated and two bolt torques 
were used to tighten the bolts.  Each of the twelve splice joint combinations was subjected to three repeat tests 
up to the serviceability deflection limit. Their load versus deformation responses were shown to be linear and 
repeatable. During each test loads, support rotations, splice joint end rotations and mid-span surface strains were 
recorded for each mid-span deflection increment. T  rotational 
stiffnesses were derived from the test data. The variation of the stiffnesses with splice plate length, number of 
splice plates and bolt torque was also quantified. A simple analysis was developed for splice-jointed beams and 
was used to predict the transverse and rotational stiffnesses determined from the test data. It was shown that the 
transverse stiffnesses could be predicted to within 10%, provided a rigid-body rotational correction was applied. 
The correction also provided an estimate of .   
 
1. Introduction 
 
During the course of the past three decades a considerable volume of research literature has accumulated on the 
behaviour of bolted joints used in structures fabricated from pultruded glass fibre reinforced polymer (GFRP) 
composite components such as flat plate and open/closed section profiles. Most of the research literature may be 
sub-divided into two groups, namely bolted plate-to-plate tension joints and bolted flexural joints in frame 
structures. A summary of much of the early literature on the former group may be found in [1], and the more 
recent literature is reviewed in [2] and [3]. Likewise, much of the early literature on the second group is 
reviewed in [4] and a more up-to-date review may be found in [5]. Much of this research has contributed to the 
development of design guidance for these two groups of joints (see, for example, [6]  [8]). 
 
In sharp contrast to the aforementioned relatively extensive research literature on mechanically fastened tension 
and beam-to-column joints, research on both bonded and bolted splice joints is, to say the least, limited. Such 
joints are used to create end-to-end continuity between beam profiles via splice plates which may be 
mechanically fastened and/or adhesively bonded to their flanges and/or webs. In [9] flexural tests were reported 
on equal, two-span box-section beams in which continuity was provided by adhesively bonded pultruded GFRP 
plates at the interior support. The principal objective of that investigation was to demonstrate that pseudo-
ductility could be achieved during failure of the continuous beam by using a ductile adhesive within the splice 
joint. Somewhat later, experimental and analytical research on the flexural behaviour of single-span simply 
supported GFRP beams with pultruded GFRP bonded splice joints at mid-span was reported in [10] and [11]. In 

verse stiffnesses, the rotations recorded 
at the extremities of the splice joints in [10] enabled their rotational stiffnesses to be quantified. The analytical 
developments presented in [11] quantified optimal splice plate lengths and compared the relative effects of 
splice plate materials (GFRP versus CFRP) and their geometries on the transverse stiffnesses of such beams. 
 
Tests on simply supported single-span pultruded GFRP box- and WF-section beams with bolted splice joints at 
mid-span were reported in [12] and [13]. Although the focus of the latter research was predominantly on the 
fatigue behaviour of the beams, a few three-point static flexure tests were reported. The simply supported beams 
were 102 mm deep with 6.35 mm web and flange thicknesses. Their spans were 1.83 m and the thickness of the 
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splice plates were twice that of the web(s) and flanges of the beam sections. 9.5 mm diameter bolts, torqued to 
27.1 Nm, were used in the splice joints. An interesting feature was the unsymmtric staggered bolt layout used in 
the web splice plates; the reason(s) for adopting this bolt layout were not explained. A more recent investigation 
of single-span simply supported pultruded hybrid-fibre beams (GFRP webs and GFRP/CFRP flanges) with mid-
span splice joints was reported in [14]. The 250 mm deep beams were tested to failure in four-point flexure with 
spans of 3 m.  
of 10 mm diameter bolts. A novel feature was the serrated inner faces of the splice plates to enhance the strength 
of the adhesive bond in the bolted and bonded splice joints. The authors modelled their tests using a three-
dimensional, nonlinear ABAQUS [15] FE analysis and were able, for the most part, to demonstrate good 
agreement with their test results. In [16] a series of three-point flexure tests were reported on single-span, simply 
supported, pultruded GFRP beams with bolted pultruded GFRP splice joints of fixed length at mid-span. The 
primary focus of the test work was to explore the effect of increasing bolt torque on rviceability 
responses with respect to their major and minor planes of flexure. 
 
The present paper develops the experimental investigation reported in [16] by changing the loading arrangement 
to four-point bending, so that the rotational stiffnesses of the splice joints may also be quantified. In addition, 
different splice plate lengths are considered in order to explore their effect on serviceability deformations. 
Furthermore, the test work is complemented by the development of an analysis for predicting the mid-span 
deflections of bolted splice-jointed pultruded GFRP beams. 
 
The structure of the paper takes the following form. First, the material properties of the pultruded GFRP beams 
and splice plates are presented. This is followed by descriptions of the splice joint layouts and the overall 
geometry of the splice-jointed beams. Details of the bolts and the bolt torques are then given. Thereafter, a 
description of the test setup, instrumentation and loading procedure follows. Sample results, which illustrate the 
repeatability/consistency of the test results, are presented. Then the main sets of test results, which quantify the 
effects of bolt torque, splice plate length and number of splice pla
splice joints  rotational stiffnesses, are presented. An analytical procedure, based on the Method of Transformed 

 for determining the mid-span deflections (and by implication the 
transverse stiffnesses) of the spliced beams is explained and comparisons of the predicted and experimental 
deflections are presented. Finally, the main conclusions of the investigation are summarised. 
 
2. Longitudinal elastic moduli of the pultruded GFRP beams and splice plates                 
 
152 x 152 x 6.4 mm (nominal dimensions) pultruded GFRP wide-flange (WF) beams were used in all of the 
spliced beam tests. Likewise, 6.4 mm thick pultruded GFRP flat plates were used in all of the splice joints. In 
both types of profile the fibre reinforcement was alternate layers of E-glass rovings and continuous filament mat 
(CFM), and the matrix material was a mixture of unsaturated polyester resin and filler (typically kaolin). In the 
WF profiles the rovings were in contact transverse to the pultrusion direction and in the plate profiles they were 
several millimetres apart in that direction. In consequence, the fibre volume percentage of the splice plates was 
lower than that of the beams and, therefore, their longitudinal elastic modulus was expected to be lower. 
 
 A number of tension coupon tests were carried out on rectangular coupons cut out of the web and flanges of the 
WF beam and the flat plate to determine their longitudinal elastic moduli. The average values of the longitudinal 
elastic moduli, determined from the coupon tests, confirmed that the beam profiles had the higher modulus. In 
Table 1 the average values of the beam and plate moduli  corresponding 
minimum values [18]. It is evident that ic modulus is nearly 14% greater than the plate
modulus and, moreover, th  moduli are only 84% and 69% of the beam and plate 
average moduli, respectively. 
 
3. Bolted splice plate details 
 
In this investigation, the differences between the splice joints are defined in terms of the number and length of 
the splice plates and the bolt torques. Three splice plate lengths were used, namely 210 mm, 410 mm and 610 
mm. Hence, the splice plate length to beam depth ratio ranged from 1.38 to 4.01. Furthermore, the span of the 
splice-jointed beams was 2.9 m, so that the splice plate length to span ratio ranged from 0.072 to 0.210. The 
s their length 
to width ratios were identical to their length to beam depth ratios. However, the splice plates bolted to the inner 
surfaces of th 68 mm wide, so that their length to width ratios ranged from 3.09 to 
8.97.  
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10 mm diameter stainless steel bolts were used to fasten the splice plates to the flanges of the pultruded GFRP 
beams. Web splice plates were not used. The bolt shanks were smooth and sufficiently long, so that there was no 
thread contact with the cylindrical surface of the bolt holes. The diameter of the smooth bolt shank was typically 
0.2 mm . Therefore, even though the nominal diameters of the bolts and 
bolt holes were identical, small hole clearances were unavoidable. One standard size washer (23 mm x 10.5 mm 
x 2 mm) was used under each bolt head and nut. Furthermore, a calibrated torque wrench was used to tighten the 
bolts to 3 Nm (finger-tight) or 20 Nm. 
 
Figure 1(a) shows half of a 610 x 152 x 6.4 mm outer splice plate with two columns of 10 mm diameter bolt 
holes and Figure 1 (b) shows half of a 610 x 68 x 6.4 mm inner splice plate with one column of 10 mm diameter 
bolt holes. The centre-to-centre distance between the bolt holes is 100 mm, except for the innermost pair of 
holes, for which the distance is 110 mm to accommodate the 10 mm gap between the beam ends within the 
splice joint. The half lengths of the 410 mm and 210 mm splice plates may be envisaged by shortening the 
diagrams in Figures 1(a) and (b) in turn by 100 mm and 200 mm and deleting the corresponding row(s) of bolt 
holes. 
 
4. Splice joint layouts and fabrication details 
 
Figures 2(a), 2(b) and 2(c) show side elevations of 610 mm, 410 mm and 210 mm long six-plate bolted splice 
joints at the mid-spans of pultruded GFRP beams and Figure 2(d) shows their end elevations. The corresponding 
two-plate bolted splice joints may be envisaged by removing the splice plates from the inner surfaces of the top 
and bottom flanges in Figures 2(a)  2(c) and the splice plates from the inner surfaces of the top and bottom 
flanges in Figure 2(d). 
 
In order to simplify the fabrication of the splice joints and to minimise positioning errors of the bolt holes in the 
splice plates, it was deemed sensible to use templates. Hence, twelve bolt holes were drilled in one of the 610 
mm outer splice plates (see Figure 1(a)). This template splice plate was then clamped to outer surface of the 
flanges of the two half-beams with a 10 mm gap between their ends and two narrower 610 mm splice plates (see 
Figure 1(b)) were clamped to the inner surfaces of the flange on each side of the web. Then, using the outer 
template splice plate as a guide, twelve bolt holes were drilled through the flange and the inner splice plates. 
Twelve 10 mm diameter bolts were then inserted into the holes and torqued to 3 Nm. The process was then 
repeated for the other flanges of the two half-beams to complete the fabrication of the 610 mm six-plate splice 
joint. A similar fabrication procedure was used to fabricate the 410 mm and 210 mm long six-plate splice joints. 
Two-plate splice joints for each of the three lengths were obtained by undoing the bolts, removing the four inner 
splice plates, and then tightening the bolts to the required torque.  
 
5. Splice beam test setup, instrumentation, loading procedure and test matrix     
 
 As mentioned in the Introduction, a four-point flexural test configuration with the loading points outside of the 
ends of the splice joints was adopted, so that the transverse stiffnesses of the beams and the rotational stiffnesses 
of the splice joints could be determined for their serviceability limit deflections. The test configuration is shown 
in Figure 3. A dial gauge with a displacement resolution of 0.01 mm in contact with the centre of the lower outer 
splice plate at the mid-span position C was used to measure the deflections. Four clinometers attached at the 
level of the centre line of the web over the supports A and B and in line with the ends of the splice plates at D 
and E recorded the rotations at these locations. For small angles of rotation (less than 5o  
angular resolution was 0.001o. Four unidirectional strain gauges were bonded to the outer splice plates at mid-
span to record their outer surface tensile and compressive strains. The sensitive axis of each gauge was parallel 
to the longitudinal axis of the spliced beam; the gauge lengths and resistances were 10 mm and 120 ohms, 
respectively. Figure 4 shows the positions of the gauges on the central cross-section of a beam with a six-plate 
splice joint. The two loads were applied to the splice-jointed beams using a manually operated 50 kN capacity 
hydraulic jack. One end of a 10 kN capacity load cell was attached to the ram of the jack and its other end was 
attached to a steel loading beam which transmitted the loads to the top flange of the pultruded GFRP beam via 
circular cross-section steel rods at its ends. An image of the test rig is shown in Figure 5. 
 
The test procedure adopted was to increase the load gradually to produce 1 mm increments of deflection at mid-
span. Immediately after each displacement increment, the load was noted together with the rotations and strains, 
recorded by the four clinometers and four strain gauges, respectively. When the mid-span deflection reached 15 
mm loading was stopped and the beam was unloaded in 1 mm decrements with the load, rotations and strains 
recorded immediately after each decrement. This load  unload procedure was repeated three times for each of 
the twelve different splice-jointed beams. 
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Table 2 gives an overview of the test matrix adopted for this series of tests on pultruded GFRP beams with mid-
span bolted splice joints. 
 
6. Repeatability of the serviceability load  deformation responses 
 
As explained in Section 5, each load  unload test was repeated three times for each splice joint layout and bolt 
torque. In general, the loading and unloading  deformation responses were almost identical for each of the 
splice-jointed beams tested. Consequently, only the load  deformation responses are presented here to illustrate 
their repeatability and consistency. Load versus mid-span deflections for three tests on two splice-jointed beams 
with 410 mm long splice plates are shown in Figure 6. One of the beams had a two-plate splice joint with the 
bolts torqued to 3 Nm, and the other beam had a six-plate splice joint with the bolts torqued to 20 Nm. Both sets 
of load versus deflection responses are linear up to the deflection serviceability limit of 15 mm. There is a small 
difference between the Test 1 and Test 2 results, presumably due to bedding-in effects, but the Test 2 and Test 3 
results are essentially identical. Figure 7 shows the load versus rotation responses at the simple support labelled 
A (see Figure 3) and confirms their linearity and repeatability. However, as shown in Figure 8, the moment 
versus splice joint rotation response is only linear for the two-plate splice joint with its bolts torqued to 3 Nm. 
Nevertheless, for Tests 2 and 3 both responses are repeatable. 
 
7. Effects of splice joint geometry and bolt torque on transverse and rotational stiffnesses 
 
Straight lines have been fitted to the load versus mid-span deflection data plots of the thirty-six tests identified 
in Table 2. From the slopes of the lines, the transverse stiffnesses of the splice-jointed beams have been 
quantified, based on Test 3 and the average of Tests 1-3 data. The two sets of transverse stiffnesses are given in 
Table 3. The transverse stiffnesses for two-plate splice joints are shown plotted against splice plate length in 
Figure 9. It is evident that transverse stiffness increases as the length of the splice plates increases and  
increasing the bolt torque by a factor of about 6.7 does not produce a commensurate increase in transverse 
stiffness. Moreover, for the 3 Nm bolt torque the increase in transverse stiffness due to increasing the splice 
plate length from 210 mm to 410 mm is significantly greater than that by further increasing its length to 610 
mm, i.e. 39-42% compared to 7-8%. However, for the 20 Nm bolt torque, the corresponding increases in 
transverse stiffness due to increasing the lengths of the splice plates from 210 mm to 410 mm and from 410 mm 
to 610 mm are 31-33% and 17-18% respectively. 
 
A similar plot showing the effects of number of splice 
is shown in Figure 10. Perhaps the most striking feature is that the transverse stiffnesses of beams with two-
plate splice joints and bolts torqued to 20 Nm are nearly equal to the transverse stiffnesses of beams with six-
plate splice joints and bolts torqued to 3 Nm. Again, it is evident that increasing bolt torque and splice plate 
length in beams with six-plate splice joints also increases the transverse stiffness. For a bolt torque of 3 Nm the 
percentage increases in transverse stiffness due to increasing the splice plate length from 210 mm to 410 mm 
and from 410 mm to 610 mm are 25% and 13% respectively. The corresponding percentage increases for a bolt 
torque of 20 Nm are 22% and 15% respectively. 
 
In Figure 11 the percentage increases in transverse stiffness due to increasing bolt torque alone, and bolt torque 
and the number of splice plates are presented as a function of splice plate length. The percentage increases have 
been computed relative to the transverse stiffnesses of two-plate splice-jointed beams with splice plates of equal 
lengths and bolts torqued to 3 Nm. It is evident that the largest percentage increases in transverse stiffness are 
for the 210 mm (N = 6, T = 20 Nm) and 610 mm (T = 20 Nm) long splice plates, respectively. 
 
Moment versus splice joint rotation graphs have been plotted using Test 3 data obtained from the splice-jointed 
beam tests. Straight lines have been fitted to the data points to determine the rotational stiffnesses of the splice 
joints. In addition, secant stiffnesses have also been determined from the maximum load and deflection data 
points. Both sets of stiffnesses are given in Table 4. It is evident that there is very little difference between 
corresponding stiffnesses for the Test 3 data, despite the fact that Figure 8 shows some evidence of nonlinearity 
in the moment versus rotation response for the 410 mm long six-plate splice joint with its bolts torqued to 20 
Nm. 
 
In Figure 12 the effect of increasing the bolt torque from 3 Nm to 20 Nm on rotational stiffnesses (based on 
straight line fits to the test data) are shown for two-plate splice joints. The increases in stiffness are 53%, 42% 
and 65% for the 210mm, 410 mm and 610 mm long splice joints, respectively. The rotational stiffnesess 
obtained for all of the joints (again based on straight line fits to the test data) are shown in Figure 13. Unlike the 
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plice 
length. For the two-plate splice joint with its bolts torqued to 3 Nm, its rotational stiffness with 610 mm long 
splice plates is lower than with 410 mm long splice plates. For all of the other splice joints, their rotational 
stiffnesses increase as the number of splice plates, splice plate lengths and bolt torques increase. It is also 
evident that two-plate splice joints with 410 mm and 610 mm long splice plates and bolts torqued to 20 Nm 
have the same rotational stiffnesses as six-plate splice joints with equally long splice plates but with bolts 
torqued to 3 Nm. 
 
The final set of test results in Figure 14 show the percentage increases in splice joint rotational stiffness for 
different splice plate lengths as the bolt torque and the number of splice plates increases. It is significant that 
increasing the bolt torque of a two-plate splice joint from 3 Nm to 20 Nm  increases its rational stiffness by 
between 42% and 65% depending on the splice plate length, whereas adding four extra splice plates increases its 
rotational stiffness by between 101% and 156% for the same increase in bolt torque. 
 
8. Analytical predictions of transverse deflections and rotations of splice-jointed beams 
 
In [10] and [11] the first author used the Method of Transformed Section orems [17] to develop 
formulae for predicting the deformations of pultruded GFRP beams with bonded splice joints. He demonstrated 
that, in general, the formulae provided reasonably good predictions of the mid-span deflections and support 
rotations up to the serviceability deflection limit, though the rotational stiffnesses of the bonded splice joints 
were predicted with significantly lower accuracy. In the light of the foregoing, the authors have used this 
approach to predict the serviceability deformations of pultruded GFRP beams with bolted pultruded GFRP 
splice joints, the details of which are given in the following sections. 
 
9. Method of transformed sections for bolted splice joints 
 
The Method of Transformed Sections [17] is used to convert a multi-material cross-sectional shape into an 
equivalent single material cross-sectional shape. The choice of which material the other materials should be 
transformed to is arbitrary. Here the GFRP splice plates and the steel bolts are transformed to equivalent GFRP 
WF beam material. This is achieved by modifying the width of the splice plates and the equivalent widths of the 
bolts by the ratio of their elastic moduli to the WF beam c modulus. Therefore, the width of 
the splice plates reduces (see Table 1) and that of the bolts increases. As the bolts have circular cross-sections, 
these have been transformed to equivalent rectangular cross-sections, i.e 7.58 mm x 10 mm. Sketches of the 
original and transformed cross-sections of a six-plate bolted splice joint are shown in Figures 15(a) and 15(b), 
respectively. The transformed section for a two-plate splice joint may be envisaged by removing the inner splice 
plates and reducing the depth of the bol  transformed cross-section by the thickness of the inner splice plate. 
 
The transformed section enables the second moment of area of the multi-material cross-section to be calculated 
for use in c -Area Theorems [17]. It is convenient to set up the second moment 
of area expression for the transformed cross-section of the bolted splice joint, shown in Figure 15(b), in terms of 
the cross-section contributions of the WF beam, the transformed cross-sections of the outer and inner splice 
plates and the bolts, all with respect to the major flexural axis. These contributions (and the definitions of their 
second moment of area symbols) are given in Table 5. Hence, the transformed second moment of area I of the 
six-plate bolted splice joint cross-section, depicted in Figure 15(b), may be expressed as, 
 

1 2 3s wo wi b b bI I I I I I I         (1) 
 
and the transformed second moment of area of the splice joint cross-section between the bolts is, 
 

s wo wiI I I I           (2) 
 
Likewise, the transformed second moments of area of the corresponding cross-sections of a two-plate bolted 
splice joint are obtained by setting 3 0wi bI I  in Equation (1) and 0wiI  in Equation (2), respectively.  
 

-Area theorems 
 
The first of Mo -Area theorems enables the angle between the tangents at two points on the 
deflection curve of a loaded beam to be determined. The second theorem enables the length of the vertical line 



  

Main Text  final version.doc 

6 
 

drawn from the second tangent point to the point where the first tangent intersects the line to be determined. The 
theorems are used to calculate slopes/rotations and deflections of beams. Further details of the application of the 
theorems are given in [17]. 
 

 theorems to the pultruded GFRP splice jointed beam shown in Figure 3, it is necessary 
first to set up the bending moment diagram and then scale it by dividing by the product of the elastic modulus 

and the second moment of area, i.e. create what is commonly referred to as an 
M

EI
-diagram (where M is the 

bending moment and E  is the longitudinal elastic modulus of the WF beam). The bolted splice-jointed beams 

considered here have a vertical axis of symmetry at mid-span. Therefore, it is only necessary to set up the
M

EI
-

diagram for half of the beam. However, because the beam is non-uniform along its length the resulting 
M

EI
-

diagram is also non-uniform. The 
M

EI
-diagram for a pultruded GFRP beam with a 610 mm long bolted splice 

joint at mid-span is shown in Figure 16. Nine separate areas, 1 9iA i , are identified corresponding to the 
unspliced, spliced and bolted spliced zones of the half-span. The equations for each area are given in Table 6 
and the rotation at the support B (see Figure 3) is given as, 
 

9

1

i

B i
i

A            (3) 

 
-span deflection, the distances iG of the centres of 

the areas ( 1 9)iA i  from the support B must be determined. These distances are given in Table 7. Hence, 

-span deflection C  is given as, 
 

9

1

i

C i i
i

AG                         (4) 

 
The support rotations B  and the mid-span deflections C  for the pultruded GFRP beams with 210 mm and 
410 mm long bolted splice joints at mid-span may be calculated using Equations (3) and (4) by setting up tables 
similar to Tables 6 and 7, but for corresponding reduced numbers of areas and centre of area distances. 

The rotation at one end of the splice joint may be evaluated using the areas of the 
M

EI
-diagram which extend 

over the half-length of the splice joint, i.e. 3 9A A (see Figure 16), in Equation (3). This rotation may then be 
used to estimate the rotational stiffness of the splice joint. 
 
11. Comparison of analytical and experimental rotations and deflections 
 
The formulae for iA  in Table 6 and iG  in Table 7 together with Equations (1) - (4) have been used to 

determine the values of B  and C corresponding to the Test 3 maximum loads of the twelve tests on spliced 
jointed beams (see Table 2). It was found that the predicted support rotations and mid-span deflections 
significantly under-estimated the values recorded in the four-point bending tests (counting from the left, see the 
last column in Table 8 and columns 5 and 7 in Table 9). This outcome was not altogether surprising, despite the 
fact that the Method of Transformed Sections combined with Moh -Area theorems had been shown 
to give reasonably accurate predictions for  rotations and deflections of pultruded GFRP beams with mid-span 
bonded splice joints (see [10] and [11]). 
 
On further reflection, it was felt that the presence of small clearances (of the order of 0.2 mm) in the bolt holes 
must have allowed relative movement (slip) to occur at the interfaces between the splice 
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flanges. However, the analysis assumes full interaction (zero slip) between the flanges and splice plates and is, 
therefore, over- s predictions, it was postulated that by applying the 
difference between the measured and predicted rotations at the support B as a rigid-body rotation to one half of 
the beam it might produce a meaningful deflection correction that could be added to the calculated mid-span 
deflection to produce a more accurate estimate of the experimental mid-span deflection (see Figure 17). 
Moreover, if the same rigid-body rotation was applied to the half-depth of the beam, it might also provide a 
meaningful estimate of half of the total slip between the flanges and the splice plates (see also Figure 17). Table 
9 includes both the uncorrected and corrected mid-span deflections and compares them with the deflections 
recorded in the splice-jointed beam tests. In addition, the estimated slip displacement along each half of the 
splice joint is also given for each test. It is evident that the corrected mid-span deflections are, with two 
exceptions, always within 10% of the experimental values. Moreover, the slip displacements appear plausible 
given the 0.2 mm possible clearances between the bolt shanks and the cylindrical surfaces of the bolt holes. 
Even though reasonable estimates of the mid-span deflections of the splice jointed beams have been obtained by 
adding the deflection corrections derived from the rigid-body rotations of the half-beam illustrated in Figure 17, 
it must be appreciated that the magnitudes of these rotations are unknown a priori. Consequently, unless a 
method for determining the additional rigid-body rotation can be developed, the present approach cannot be 
used as a stand-alone method for predicting the mid-span deflections of splice-jointed pultruded GFRP beams. 
 
The same approach was also used to predict the rotational stiffnesses of the bolted splice joints, but, 
unfortunately, it did not give reasonable predictions. 
 
12. Concluding remarks   
 
A total of thirty-six four point bending tests have been carried out on simply supported pultruded GFRP beams 
with bolted pultruded GFRP splice joints at their mid-spans. The splice-jointed beams were loaded up to the 
serviceability deformation limit. Repeat testing showed that, generally, the mid-span deflections, support 
rotations and splice joint rotations were consistently linear and repeatable. 
 
The effects of three splice joint properties, namely the number of splice plates, their lengths and the bolt torque, 
on the transverse stiffnesses of the splice-jointed beams and the splice joint rotational stiffnesses were 
investigated in the tests. It was shown that the transverse stiffness of the two and six-plate splice-jointed beams 
increased as the splice plate lengths increased from 210mm to 610 mm. The transverse stiffnesses were, as 
expected, greater for the six-plate than the two-plate splice joints. Furthermore, it was shown that increasing the 
bolt torque from 3 Nm to 20 Nm increased the transverse stiffness, but not in proportion to the increase in bolt 
torque. It was also observed that, as the bolt torque and/or the number of splice plates increased, the transverse 
stiffness tended to increase linearly as the splice plate length increased. Percentage increases in transverse 
stiffness for two- and six-plate splice-jointed beams with 20 Nm bolt torques have been quantified relative to 
those of beams with two-plate splice joints and their bolts torqued to 3 Nm. 
 
The effects of bolt torque and number of splice plates on the rotational stiffness of the splice joints as the length 
of the splice plates increased have been quantified. In addition, the percentage increases in the rotational 
stiffnesses of two- and six-plate joints with the higher bolt torque were also quantified relative the two-plate 
joint with bolts torqued to 3 Nm. As for the transverse stiffness, the greatest percentage increase in rotational 
stiffness was for the 210 mm long splice joint. 
 

theorems have been presented. Equations for the contributions to the overall second moment of area of the 

transformed section of the splice joint have been given. In addition, the 
M

EI
-diagram for the right hand half of 

the spliced beam has been presented and equations for its component areas and the corresponding centre of area 
distances from the right hand support have also been given. In the final part of the analysis equations for the 
rotation at the right hand support and the mid-span deflection have been presented. These equations have been 
used to predict the support and splice joint rotations and mid-span deflection for the maximum load applied in 
third repeat test on each of the splice-jointed beams. 
 
The predicted deformations have been compared with the corresponding measured deformations. It has been 
shown that both the support rotations and the mid-span deflections were significantly under-estimated, as also 
were the splice joint rotations. However, it has been demonstrated that by applying the difference between the 
predicted and the experimental support rotations as a rigid-body rotation to the half-span beam the resulting 
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mid-span deflection may be added to the under-estimated calculated deflection to give a more accurate estimate 
of the experimental deflection. This approach gave deflections generally within 10% of the measured values. 
The same rigid- s depth at mid-span also provided an estimate of the 
relative movement (slip) between the splice plate(s) and the flange for half of the splice joint. However, the 
accuracy or otherwise of this relative movement remains to be established. 
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drawing) 

 
 
 

 
Table 1 

 
Average elastic longitudinal tension moduli of pultruded GFRP beam and splice plate material 

 
Profile  Type Longitudinal Elastic 

Modulus 
[GPa] 

Wide Flange Beam 
(152 x 152 x 6.4 mm) 

20.57 
17.2* 

Flat Plate 
(6.4 mm thick) 

18.1 
12.4* 

          *Value given in the Strongwell Design Manual [18] 
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Table 2 

 
Test matrix for four-point flexure tests on simply supported pultruded GFRP beams with bolted mid-span splice 

joints 
 

Length of Splice 
Plates 
[mm] 

Number of Plates 
in Splice Joint 

Bolt Torque 
 

[Nm] 

Number of Repeat 
Tests 

 
210 

2 
 

3 
20 

3 
3 

6 3 
20 

3 
3 

 
410 

2 
 

3 
20 

3 
3 

6 3 
20 

3 
3 

 
610 

2 
 

3 
20 

3 
3 

6 3 
20 

3 
3 
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Table 3 
 

Transverse stiffnesses of simply supported pultruded GFRP beams with bolted mid-span splice joints loaded in 
four-point flexure 

 
Splice Joint 

Length 
[mm] 

Number of 
Splice Plates 

Bolt Torque 
 

[Nm] 

Transverse Stiffness 
(Test 3 Data) 

[kN/mm] 

Transverse Stiffness 
(Tests 1  3 Average Data) 

[kN/mm] 
210 

 
2 3 

20 
0.229 
0.284 

0.217 
0.272 

6 3 
20 

0.308 
0.362 

0.284 
0.356 

410 2 3 
20 

0.319 
0.371 

0.308 
0.363 

6 3 
20 

0.386 
0.441 

0.371 
0.433 

610 2 3 
20 

0.342 
0.437 

0.334 
0.425 

6 3 
20 

0.437 
0.505 

0.419 
0.505 
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Table 4 
 

Splice joint rotational stiffnesses of simply supported pultruded GFRP beams with bolted mid-span splice joints 
loaded in four-point flexure 

 
Splice Joint 

Length 
 

[mm] 

Number of 
Splice Plates 

Bolt Torque 
 
 
 

[Nm] 

Rotational 
Stiffness 

(Test 3 Data) 
 

[Nm/mrad] 

Rotational Secant 
Stiffness 

(Test 3 Data) 
 

[Nm/mrad] 
210 2 3 

20 
0.125 
0.191 

0.131 
0.190 

6 3 
20 

0.246 
0.320 

0.250 
0.325 

410 2 3 
20 

0.235 
0.334 

0.235 
0.328 

6 3 
20 

0.332 
0.473 

0.325 
0.465 

610 2 3 
20 

0.224 
0.369 

0.227 
0.372 

6 3 
20 

0.371 
0.515 

0.379 
0.519 
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Table 5 
 

Formulae for the second moment of area components of the transformed bolted-splice joint cross-section 
 

WF Beam 
 

sI  

Outer Splice 
Plates 

 

woI  

Inner Splice 
Plates 

 

wiI  

Bolts in 
Outer Splice 

Plates 

1bI  

Bolts in WF 

Flanges 

2bI  

Bolts in Inner 
Splice Plates 

3bI  

3 (
12

wh w t h

 

32

12
sow h t

 

32

6
siw h t h

 

3
1 2

6
bw h t

 

3
2

6
bw h h

 

3
1 2

6
bw h t h

 
 

Note: 1 2, , ,st s st bs s
so o si b b b b

b b b b

E E E EE E
w w w w w w w

E E E E
 where bE , sE  and stE  are 

the longitudinal elastic moduli of the WF beam, the splice plates and the steel bolts respectively. ow , iw  and 

bw are the widths of the outer splice plate, the inner splice plate and the equivalent transverse width of the bolt, 
respectively. 
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Table 6 
 

Areas iA  of the 
M

EI
-diagram in Figure 16 

1A  2A  3A  4A  5A  6A
 

7A
 

8A
 

9A  

2

4 b s

Wa

E I
 

2 b s

Wab

E I
 

0.045
2 b s wo

Wa

E I I
 

1

0.01
2 b s wo wi b

Wa

E I I I I
 

0.9
2 b s wo

Wa

E I I
 

4A
 

5A
 

4A
 

0.05
2 b s wo

Wa

E I I
 

Note: bE is the longitudinal elastic modulus of the WF beam. 
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Table 7 
 

Distances in metres of the centres of the areas 1 9iA i from the support B in Figure 16 
 

1G  2G  3G  4G  5G  6G  7G  8G  9G  

2
3
a

 
2
b

a  
0.0225 0.05 0.1 0.15  0.2  0.25  0.28  

Note: a b  
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Table 8 

Comparison of experimental and predicted rotations at the simple support B 
Splice 
Plate 

Length 
[mm] 

Number 
of 

Splice 
Plates 

Bolt 
Torque 

 
 
[Nm] 

Total 
Load 

 
 
[kN] 

2
A B

av  

(Test 3 ) 
[rad] 

Predicted  

B  
 

[rad] 

B

av

 

 
[%] 

210 2 
 

6 

3 
20 
3 
20 

3.32 
4.07 
4.31 
5.38 

0.01349 
0.01383 
0.01377 
0.01483 

0.00633 
0.00776 
0.00810 
0.01011 

46.7 
56.1 
58.8 
68.2 

410 2 
 

6 

3 
20 
3 
20 

4.69 
5.44 
5.60 
6.49 

0.01414 
0.01456 
0.01479 
0.01513 

0.00842 
0.00978 
0.00978 
0.01133 

59.5 
67.2 
66.1 
74.9 

610 2 
 

6 

3 
20 
3 
20 

5.07 
6.35 
6.33 
7.46 

0.01316 
0.01379 
0.01368 
0.01403 

0.00856 
0.01071 
0.01019 
0.01202 

65.0 
77.7 
74.5 
85.7 
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Table 9 

Comparison of experimental and predicted (with/without slip correction) mid-span deflections of simply 
supported pultruded GFRP beams with mid-span bolted splice joints 

 
Splice 
Plate 

Length 
[mm] 

Number 
of Splice 

Plates 

Bolt 
Torque 

 
 
 

[Nm] 

Total 
Load 

 
 
 

[kN] 

Mid-Span 
Deflection 
(Theory  
No Slip) 

 
[mm] 

Mid-Span 
Deflection 
(Theory  
With Slip) 

 
[mm] 

Mid-Span 
Deflection 

(Test) 
 

 
[mm] 

With Slip 
Deflection/ 

Test 
Deflection 

 
  

Estimated 
Slip in 
Half 

Splice 
Joint 
[mm] 

210 2 
 

6 
 

3 
20 
3 

20 

3.32 
4.07 
4.31 
5.38 

5.76 
7.06 
7.32 
9.13 

16.47 
16.14 
15.80 
16.18 

15.00 
15.00 
15.00 
15.00 

1.098 
1.076 
1.053 
1.079 

0.544 
0.461 
0.431 
0.358 

410 2 
 

6 

3 
20 
3 

20 

4.69 
5.44 
5.60 
6.49 

7.47 
8.67 
8.54 
9.89 

16.01 
15.82 
16.03 
15.56 

15.00 
15.00 
15.00 
15.00 

1.067 
1.055 
1.069 
1.037 

0.434 
0.363 
0.381 
0.288 

610 2 
 

6 

3 
20 
3 

20 

5.07 
6.35 
6.33 
7.46 

7.41 
9.28 
8.62 
10.17 

14.30 
13.88 
13.39 
13.17 

15.00 
15.00 
15.00 
15.00 

0.953 
0.925 
0.893 
0.878 

0.350 
0.234 
0.265 
0.153 
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