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Abstract

This paper presents background work leading to the development of thin structural
elements made of GFRC (Glass Fibre Reinforced Concrete) reinforced with FRP (Fiber
Reinforced Polymer) bars. Such thin structural elements are suitable for a variety of
applications such as cladding, security barriers, etc, but this paper focuses on their use
as permanent formwork. The first part of the paper deals with optimising the GFRC
section to achieve maximum flexural capacity at minimum weight. The second part
deals with the interaction between FRP and GFRC, in particular with the issues of bond.
The third part deals with the performance of a 3m span thin GFRC permanent formwork
panel system reinforced with FRP. Both experimental and analytical studies are
presented and it is concluded that FRP / GFRC thin structural elements can be designed
using section analysis which requires the appropriate use of material characteristics.
Keywords: FRP, GFRC, thin structural elements, permanent formwork, bond stress -

slip, skin and rib design

1. Introduction

Innovative, economical and efficient methods of construction are continuously being
sought by the construction industry. One particular area where there is still a lot of
scope for innovation is in the development of durable reinforced concrete (RC) thin
structural elements. However, the problem with thin concrete structural elements is that,
if unreinforced, they lack toughness and break easily during demoulding or

transportation.

There are two main alternatives to this problem. The first is to use conventional steel
reinforcement. However, the RC panel will then need to be at least 80mm thick due to
the requirement to provide cover in the steel for durability purposes. The second

alternative is to employ Glass Fibre Reinforced Concrete (GFRC) using short fiber



reinforcement such as Alkali Resistant glass fibres. This is already being used
extensively in many non-structural architectural concrete applications with typical
minimum thicknesses of 20-50 mm in which the panel is usually supported frequently
on a structural frame. A combination of the two alternatives is possible as demonstrated
by the hybrid permanent formwork developed for the large drainage system shown in
Figure 1 which utilises the “skin and rib” design concept [1]. In this particular
application the formwork has a primary structural function for only a short period of
time as the channel is backfilled with in situ concrete and, hence, there are no durability
concerns. When durability is a bigger issue (such as for cladding panels or bridge
permanent formwork) FRP reinforcement could be used as an alternative to

conventional steel reinforcement.

This paper deals with the development of thin concrete permanent formwork. The first
section introduces the main types of permanent formwork used today and discusses
their advantages and disadvantages. Following that a thin GFRC section is considered
and an optimisation exercise is undertaken to minimise weight for a particular span.
This helps to identify the span and maximum length of an unreinforced thin GFRC
element. Naturally, the next step is to reinforce the GFRC with FRP. Since no previous
work has been done in this field the initial investigations deal with the bond
characteristics. Finally, a thin FRP reinforced GFRC panel is tested and the paper

presents the results and analysis.

2. Permanent Formwork Systems
Currently, the three most common materials used in permanent formwork systems are
steel, precast concrete, and GFRC (Figure 2). In the development of a new concept for

permanent formwork, there are two major issues that need to be considered : (1) optimal



utilisation of the material (cost constraint), and (2) achieving longer unsupported spans

(technological constraint).

In the UK, steel decking is the most common permanent formwork system, especially
for multi-storey steel framed building construction, because it is light and easy to install.
Once in place, it requires very little additional connection to the frame and only small
amounts of additional bar reinforcement. There are, however, a number of
disadvantages with this system: (i) the profile of the decking is rolled from a steel sheet
of constant thickness, which does not necessarily lead to the optimal utilisation of the
material; (ii) it spans in one direction only, which limits the unsupported span length;
(ii1) the steel is not placed in the optimal position so the strength of the steel is not fully
utilised once the concrete hardens and composite action is established; and (iv) all steel
structures must also be protected against fire which adds significantly to the cost if

special finishes are required.

Precast concrete systems often offer an attractive and economic alternative to metal
decking by eliminating the need for fireproofing and any additional finishes for
durability. Nevertheless, due to the weight of such units, mechanised handling is
generally required. In addition, a topping layer of concrete is needed to tie the concrete

planks together. These can complicate and add cost to the installation.

The truss-plank type of formwork (Figure 2(c)), which relies on a steel space truss
partly embedded in a thin concrete slab, can span longer distances due to having an
effective load carrying system in the form of a steel truss. This type of permanent
formwork has potential economic advantages by providing speedy unpropped
construction and excellent controlled surface finishes. However, due to the development

of tensile strains induced in the precast concrete at the construction stage, the quality of



the surface can be affected by unsightly cracking. Strong connections are also required

between the top and bottom chords because shear strength is critical at the supports.

Thin-walled GFRC is already commonly used for a range of small elements like
channels, ducts and cladding panels, and, due to its light weight, has considerable
potential in the development of new permanent formwork solutions. However, in order
to deliver deflection control during construction, the overall depth of unsupported
GFRC formwork would have to be increased because the stiffness of GFRC is not as

high as that of steel.

Although the permanent formwork solutions mentioned above are relatively efficient in
their use of materials, the basic cost of materials could be reduced further by
introducing a new philosophy for design and optimisation. By adopting new materials,
such as FRP and GFRC, it is possible to design new systems for permanent formwork
for particular applications in the construction market. The first part of this paper deals

with section optimisation issues.

3. Optimum cross section for athin element as permanent formwork

The cost of permanent formwork is dominated by the amount of material used in its
manufacture. As conventional metal decking is invariably made from steel sheet of
constant thickness, the amount of material used is proportional to the total width of the
strip from which it is formed. Figure 3 shows cross-sections and dimensions of typical

profiles in common use.

In the following calculations, it is assumed that sections behave as normal thin walled
beams. To reduce deflections in the formwork, the second moment of area of the section
should be as large as possible. The second moment of area, I, and the weight of material
per unit area, W,,, of the trapezoidal section shown in Figure 3(a), are calculated using

the formula given by Rockey and Evans [2]:
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where p is the density of the sheet material. The section modulus per unit weight of a

given section is given by :
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where y,, is the distance from the bottom fibre to the neutral axis of the section.

The formulae in Egs. (1) - (3) do not consider the possibility of buckling and are limited
to an equal length of top and bottom plate. Because it is difficult to calculate the
moment of inertia for any arbitrary cross section, previous research by Timoshenko [3],
Hopkins [4], Lee et al [5], Chung [6], and Rajendran [7], has concentrated on standard
approaches using the summation method to evaluate the general section properties. In
order to investigate section properties of more complicated shapes, and in particular re-
entrant sections, Equation (1) - (3) were modified by using an approximate method
where the section is first discretized into a number of equal length segments. The
moment of inertia for the sections shown in Figure 3(b) and (c), were calculated using

Eq. (4) for re-entrant sections and Eqgs. (5) - (7) for sinusoidal sections.
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where m is the total number of segments; Au is the constant segment length; and Aly, is

the moment of inertia of a segment above the centroidal axis.

After comparing sixteen different cross-sectional configurations having uniform
thickness by Kim, et al. [8], the sinusoidal sections were shown to be the least efficient
in terms of, the moment of inertia per metre width, I’y,, followed by the trapezoidal
sections. The optimum solution is given by the re-entrant section which is almost twice
as efficient as the sinusoidal section. An additional and consequential problem of the
sinusoidal sections is that they are less able to control deflections. Kim, et al. (2004)
showed that these sections would require support at centres less than 2m if the
maximum deflection at the construction stage for a 200mm deep slab is to be
maintained at less than 1/250 (=0.004) of the span between props. Deflection will also
be the problem for GFRP sections under normal working loads and, hence additional
reinforcement would be required since the strength of GFRP would not be utilized in

such applications.

It can be concluded that GFRC sections of uniform thickness can be used as permanent
formwork for moderate depths and spans, but will be limited in their range of
applications by deflection and self-weight. Clearly, to increase the unsupported span,

GFRC sections will need to be reinforced.

4. Proposal for new elements made of FRP reinforced GRFC
To avoid problems of durability associated with steel rebars with little cover, thin
GFRC sections can be reinforced with FRP. This section examines the use of FRP

reinforcement in thin GFRC sections designed using the “skin and rib” approach [1].

There are several issues to consider when dealing with FRP in GFRC sections : (i) the
thickness of GFRC need not be constant; (ii) for practical purposes, the minimum

thickness of GFRC has to be at least Smm; and (iii) the controlling stress in GFRC is its



tensile strength since the compressive strength is much higher. Therefore, the FRP
reinforcement should be added to the tensile region and the amount of GFRC below the
neutral axis depth should be minimized to reduce weight. Two suitable sections proven
by Kim, et al. [8] to be best in terms of deflection control and capacity, respectively, are

shown in Figure 4.

The main design issues concerning the development of such permanent formwork

include:

1) Bond. No previous studies have been reported on the interaction between GFRC &
FRP, hence a comprehensive understanding of this interaction is required before the

concept is accepted for further investigation.

2) Cover. GFRC is a good material for protecting reinforcement from the environment
and FRP reinforcement does not require the same level of protection as conventional
steel. Hence, the cover requirement can be relaxed provided that bond requirements can

be meet.

3) Deflections. Since GFRC is not that much stiffer than glass FRP, it is necessary to
increase the overall depth of its section to deliver better deflection control. Alternatively,

the element will need to be pre-cambered, to counter some of the permanent deflection.

4) Crack widths. The crack width limit used in bridge structures, required for the
protection of steel reinforcement, is normally less than 0.lmm. In the case of FRP

reinforcement this limit may be relaxed up to 0.5mm by ACI 440.1R-01 [9].

5. Experimental Programme
The experimental work on bond deals with both direct pull-out tests and splitting pull-

out tests. Standard pull-out tests are needed to determine the bond characteristics in well



confined conditions, whilst the splitting pull-out tests enable us to understand better the
bond behaviour in thin flexural elements.

5.1 Manufacture of pull-out specimen

The GFRC was made from Type I Portland cement, sand, and chopped glass fibres of
15mm maximum length. Mix 1 and Mix 2 were designed with different volume
fractions of fibres of 2% and 3%, respectively. The mix proportions were 0.35:1.0: 1.0
(water : cement : sand) by weight. Concrete test cylinders 100 dia x 200mm (six for
each GFRC mix) provided average compressive strengths, f.” of 54 MPa (Mix 2 — 24
days) and 66 MPa (Mix 1 — 40 days), respectively. The average tensile strengths at the
same age were determined to be 6 and 7 MPa, respectively, by using the Brazilian test
on three additional cylinders. Each pull-out specimen was cast with either 8mm square
Glass Fibre Reinforced Polymer (GFRP) bar, supplied by Eurocrete Ltd, (E=41GPa,
strength=900MPa) having a rough surface provided by a peel ply or 6mm diameter high
yield (460MPa) deformed steel bar. After casting, specimens were cured in 100 percent
humidity at ambient laboratory temperature for 24 or 40 days prior to testing.

5.2 Test specimens, variables and procedur es

The characteristics of the local bond stress-slip response of reinforcing bars in GFRC
were investigated by conducting 12 standard pull-out tests and 12 splitting pull-out tests
based on the international Round Robin Test [10] procedure for FRP bars in normal
unreinforced concrete.

Three specimens from each group were tested using a 500 kN capacity universal testing
machine, following the iRRT. Slip measurements were made using linear variable
differential transducers (LVDTSs) fixed on the surface of the cubes at both the loaded
and free ends. Measurements of load and displacement were taken every 2 seconds by a
computer controlled data acquisition system. Figure 5 shows details of the positioning

of the bar in the concrete cube and loading frame for both the standard pull-out and



splitting pull-out tests. A schematic representation of the test setup, giving relevant
dimensions, is shown in Figure 6.

5.3 Standard pull-out tests

In designing reinforced concrete members, it is assumed that no slippage will occur
between the bar reinforcement and the concrete when load is applied. If the bond
capacity between the two is exceeded, the concrete surrounding the reinforcement may
crush or split permitting the embedded bar to slip. The strength of reinforcing bar-to-
concrete bond is dependent upon a number of factors, with concrete compressive
strength, reinforcing bar diameter and spacing, and embedment length being the most
significant. Nominal bond strength is determined experimentally by the pull-out test,
which basically involves measuring the force needed to produce measurable slippage or
pull out of a bar embedded in concrete.

In the pull-out tests, the actual slip of the bar with respect to the concrete, 8., was
calculated by subtracting the elastic elongation of the unbonded portion of the bar, Al,

from the average slip measurements of three LVDTs, d,y, as shown in the following

equations.

5,=(8,+68,+68,)/3=5,+Al (8)
Al = FI, [(EA) )
5,=0, —Al=(5 +3,+6,)/3—FI, (EA) (10)

where 6, , 6, 83 = slip measurements of the three LVDTs ; 1, is the unloaded length
( see Figure 5); F is the applied pullout load; E represents the elastic modulus of the bar;
and A is the cross-sectional area of the bar.

The value of nominal bond stress was calculated as the recorded pull-out resistance
force on the bar divided by the nominal surface area of the embedment length of the bar

with the assumption of uniform bond stress distribution along the embedded length, as

10



shown in equation (11). In all cases, pull-out failure (F) was defined as the point of

maximum pull-out load.
= (11)

where C is the circumference (C = nd for round bars, C = 4d for square bar), d is the
diameter and L is the bonded length of the bar.

5.4 Splitting pull-out test

The splitting test is designed to give a more representative measure of the bond strength
when a bar, such as the ones shown in Figure 6, is near the boundary. In order to
investigate the splitting behaviour of reinforcing bars in GFRC concrete, 12 further pull-
out specimens were tested with the bar placed eccentrically following the same test
procedure as for the pull-out test. The configuration of the specimens is shown in Figure
6. In the splitting test, the load and displacement values were used to calculate the
corresponding nominal bond stress and slip in exactly the same way as for the standard
pull-out test.

6. Experimental Results

A summary of all the test results is presented in Table 1. From the standard deviation
values it is apparent that there is considerable variability in the test results, in particular
for Spcak -

6.1 Slip Characteristics

Typical slip characteristic curves can be seen in Figure 7 (a), for the standard pull-out
test, and Figure 7 (b), for the splitting test which show results for the average slip of the
loaded end, the slip of the free end and the difference between the two. It is clear that
slip at the loaded end starts at a very early stage, but the free end only slips at around
70% of Pmax. Hence, it appears that the debonding process is gradual, starting at the

loaded end and spreading towards the free end. After initial free end slip, there is still

11



additional resistance up to Ppax. At this load Opcac comprises slip due to rigid body
movement of the entire bar and slip associated with the cumulative deformation of the
bar along the embedded length. In Figure 7(a), curve 3 shows the net extension of the
embedded length. At Py, the rigid body deformations are small enough to be the result
of deformation of the resin rich layer of the bar surface.

Soon after Ppax, the resin rich layer of the surface appears to fail abruptly and the bar
pulls-out by several millimetres. The bar then locks again and frictional resistance
results in relatively good residual bond stress (around 43% of Tmax).

In the case of the splitting test, slip again begins at the loaded end. However, this time
bond failure occurs as a result of concrete splitting, as shown by the crack width
measurements in figure 7(b) (curve 4). The maximum bond stress is only about 27% of
Tmax- Lhis value depends not only on the depth of the cover, but also on the bar surface
and concrete cover characteristics.

6.2 Comparison between GFRC and plain concrete with enbedded FRP reinfor cement
Representative bond stress—slip curves for Smm GFRP bars in GFRC and concrete are
shown in Figure 8. Kim et al. [11] suggest from the Pull-out test results that the bond
strength of the GFRP reinforcing bar to GFRC is approximately 1.6 times that to plain
concrete. As seen in Figures 8 (a) & (b) the bond—slip characteristics of the GFRP bars
in the two materials are very similar. However, GFRC not only gives higher initial
strength but also higher residual strength. The splitting bond stress is also about 26%
higher in GFRC than in concrete, although the failure mechanism is the same.

6.3 Comparison of Steel & GFRP bar

From Figure 9 (a) & (b), it can be seen that steel reinforcement achieves much higher
pull-out and splitting strengths than the FRP bars. This may be partly attributed to the
fact that the steel bar diameter is smaller, having only 56 % of the area of the FRP bar.

However, from Figure 9 (a), it can be seen that the failure mode is somewhat different

12



from that for FRP, since initial slippage occurs suddenly and most likely without any
damage to the steel bar surface.

6.4 Comparison of Mix1 & Mix2

Figures 10 (a) - (d) show the results of bond stress versus slip for 6mm steel and 8mm
GFRP bars for two different mixes of GFRC. In the standard pull-out tests, the bond
strength for Mix 1 with the lower amount of fibre reinforcement is higher than for Mix
2 both for steel and FRP, but with very similar overall characteristics. It appears that the
higher compressive and tensile strength associated with Mix 1 due to its greater age at
the time of testing is more important than the lower percentage of glass fibre it
contained. This is surprising, since more fibre reinforcement in GFRC is expected to
provide higher tensile resistance to the splitting crack and lead to higher bond stresses in
the splitting test. Further investigations are needed to examine this effect further.

From the bond tests it can be concluded that, due to improved bond characteristics, it is
possible to design FRP GFRC elements with reduced cover requirements. Now that this
has been established, thin GFRC elements with FRP reinforcement will be examined
further in the following section.

7. Analysis of FRP reinforced GFRC

To enable direct comparisons to be made with the work on GFRC cross sections
presented earlier, the same basic dimensions of the elements have been adopted here.
This means that the depth of the unit has been kept at 110mm and the thickness of the
GFRC generally maintained at 10mm. A cover of 10mm all around the FRP bar has also
been assumed. The FRP bar used as reinforcement is an 8mm square GFRP bar having
elastic modulus E = 41 GPa and strength around 900 MPa. Typical cross sections for
section types M13 and M5, taken from Kim, et al. [8], are shown in Figure 11.

To simplify the problem, the following are some of the assumptions adopted for the

purposes of this section analysis.
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1. Plane sections remain plane after bending, i.e. a linear strain distribution is
assumed through the cross section.

2. There is perfect bond between the GFRC and the reinforcing FRP bars.

3. No tensile stress is carried by the concrete below the neutral axis.

4. GFRC behaves in compression like conventionally reinforced concrete.
The dead (D) and live (L) ultimate load combination used in BS8110 [12] is 1.4 D + 1.6
L. This leads to a design ultimate load of 10.8 kN/m® which has been used to calculate
the corresponding stress in the GFRP bar. Figures 12 and 14 compare the stress in the
GFRP rebar for different span lengths and for various element widths (W) ranging from
200 - 368 mm and 120 - 360 mm, for section type M13 and M5, respectively. It shows,
as expected, that the smaller the width, the lower the stress in the GFRP rebar. In terms
of capacity, the maximum span length for such permanent formwork is almost 4m. As
can be seen from Figure 13 dealing with normalised deflection and capacity, for a
similar unreinforced section (in case of W = 250mm, section type M13) with a GFRC
strength of 6 MPa, the maximum span length is just over 1m. On the other hand, for
section type M5 in Figure 15 (W = 300mm), the span lengths of up to 3m can be
achieved.
Though the increase in capacity is spectacular the deflections and crack widths need to
be examined as well. At the moment there are no design recommendations of GFRC
reinforced with FRP so the recommendations by ACI committee 440 [9] for FRP
reinforced concrete have been used. As far as deflections and cracking are concerned
the ACI proposes the following equations (12) — (14) for deflection, & , the effective
moment of inertia on cracked section, I, and crack widths in FRP reinforced members,
o , respectively.

4
§=L for distributed load, &= -2
48E]

384E1

(3L2 —4s? ) for four point load (12)
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where w is the distributed load, P is the total service concentrated load divided into two
concentrated load P/2 each applied at a distance s from the support, and L, E and I are

the span length, elastic modulus and second moment of the bar respectively.

3 3
ML'V ML'V
I”’EZ(MJ ﬁdlg{l—(MuJ ]1”31g (13)

where M., is the cracking moment, M, is the applied moment and Reduction coefficient,

E.
B, =a, {E—'/wtl} , (o, = bond dependent coefficient; Ef, E; = modulus of elasticity of

fiber and steel, respectively), and I, is the gross moment of inertia, and I, is the moment

of inertia of transformed cracked section.
2.2
a):E—ﬂkbf,-%/ch (14)
!

where 3 is the ratio of the distance from the neutral axis to the extreme tension fibre to
the distance from the neutral axis to the centre of the tensile reinforcement, ky, is the
bond-dependent coefficient, fr is the stress in the FRP reinforcement in tension, d. is the
thickness of the concrete cover measured from extreme tension fibre to the centre of the
bar, and A is the effective tension area of concrete, defined as the area of concrete
having the same centroid as that of tensile reinforcement, divided by the number of bars.
Equation (13) is only valid for M, > M,,. The factors oy, and k;, reflect the weaker bond
characteristics of some FRP bars. However, from the reported tests on the bond
characteristics, the authors consider that these factors are unnecessary for FRP bars
embedded in GFRC. The modified equations were used to determine the deflections and
crack widths for the FRP reinforced GFRC section shown in Figure 16. It is evident,
that even though the capacity of this section is adequate for spans of up to 4m, at that
span it would exceed both the deflection and crack width limits. In fact, type M13
section is only capable of spanning 2.60m before the crack width limit of 0.5mm is

exceeded and 2.60m before it exceeds the deflection limit of L/250. For the type M5
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section, the maximum span is just 2.55m and 2.7m in terms of the crack width and
deflection limits, respectively. But, the latter section needs more concrete volume (5
times more) than type M13 and, hence, is less economic.
There are three main options to increasing the performance of the section with regard to
deflection and crack width.

a) decrease the strain in the FRP bar by increasing the amount of reinforcement

b) increase the depth of the cross-section

¢) provide an intermediate support
To predict the shear capacity, ACI Committee 440 [9] equation (15) and RILEM TC

162 [13] equations (16) — (19) are used.

_ prE; Jf.b,d
9B 6

Where p, = flexural reinforcement ratio, Er = modulus of elasticity of the FRP,

(15)

p, =factor for concrete strength, f,'=compressive strength of concrete, b, =width of

the web, and d = distance from extreme compression fibre to centroid of tension

reinforcement.
Vc = Vcd + Vfd + de (16)
V. =[0.12k(100p, £, )" +0.155,, |- b,d (17)

A . .
Where k=1+ 1/% <2, p = 5 Yd <2% ,As = area of tension reinforcement, b, =

w

minimum width of the section over the effective depth, o, = A—“’ , and Ngq =longitudinal

.
force in section

Vi =0Tk kit yb,d (18)
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h, \(h,
Where & s =1+ n[b_fJ[ij <1.5, hy = height of the flanges, b= width of the flanges, by,

w

. b, -b, 200
= width of the web, n= ; <3,k =1+ 7£2,and Ty =012fr 4
s

4
Vit =20.9df 4 1+ cota)sina (19)

where s = spacing between the shear reinforcement measured along the longitudinal
axis, « =angle of the shear reinforcement with the longitudinal axis, and f),, = design
yield strength of the shear reinforcement.

8. Overall system of FRP reinforced GFRC

8.1 Experimental analysis

To validate the design assumptions, two GFRC panels (Type M13) reinforced with
GFRP were manufactured for experimental testing as shown in Figure 17. These panels
(L30G3, L30G2) were 3000mm long provided with 8mm square GFRP rebars and were
reinforced with 3% and 2% of chopped glass fibre, respectively. The concrete mix used
in the analysis is given in Table 2. The average compressive strength of GFRC,
obtained by testing 100mm cubes in British Standard [14] at 28 days after casting, was
61.4 MPa and 69.8MPa for L30G3, L30G2, respectively. The average splitting tensile
strength of cylindrical specimens, determined by splitting tests on 150 mm diameter x
300 mm long cylinders in British Standard [15] at 28 days after casting, was 7.0 MPa
and 6.2MPa for L30G3, L30G2, respectively.

The panels were tested simply supported over a span of 2880mm, and loaded by two
concentrated line loads placed at equal distance from the support (960 mm for L30G3
and 740 mm for L30G2), as shown in Figure 18. Displacement measurements were
taken by LVDTs, at location indicated in Figure 18. The load was applied at a slow pace
(initially 1 kN/min) by means of hydraulic jack in displacement control. Deflection and

load values were monitored by means of a data acquisition system.
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L30G3 was tested monotonically to failure. Failure occurred due to shear in the webs
located in the shear span. The shear cracks were visible and opened widely before
failure, hence though failure was abrupt it was not unexpected. After observing the fibre
distribution along the failure surface of L30G3, it was noticed the direction of casting
may have influenced the fibre orientation. Hence, it was decided to reduce the shear
span for L30G2, so as to amplify the shear load in the shear span. It was also decided to
apply a load cycle just after cracking and a load cycle at 8 kN. Figure 19 shows the
large deflection achieved during loading as well as the cracks developed in the central
region. Cracking started in the pure bending moment zone, but as the load was
increased, shear stress induced inclined cracks to failure.

8.2 Discussion of results

a) Load - deflection

The load deflection curves for both specimens are shown in Figure 20(a). The figure
also shows the load deflection curve predicted by the ACI 440 equation (13). The
predicted curves are exceptionally good and demonstrate that the ACI deflection
equations are also appropriate for thin GFRC reinforced FRP. To enable a better
comparison between the two specimens, the moment resistance versus normalised
deflection curves are shown in Figure 20(b). The deflections are normalised to eliminate
the difference in the position of the load. As it can be seen, there are no major
differences in the deflection response between L30G3 and L30G2 even though they
have a different amount of glass fibre reinforcement. Furthermore, there was no
evidence of bond slip between GFRP and GFRC which confirms that thin concrete
elements can be achieved if the concrete is reinforced with fibres.

b) Flexural capacity

The flexural capacity of the panels can be estimated by using the ACI440 equation or

simple section analysis (SA1). The predictions from these two approaches are shown in
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Table 3, together with the experimented results. It is evident that these approaches
underestimate the flexural capacity. Hence, a more sophisticated section analysis was
undertaken, first by taking into account the stress-strain characteristics for GRFC in
compression as measured from experiments (SA2) and by using the stress-strain
potential in the tensile region of GFRC (SA3). The results from these analyses are also
shown in Table 3. Since the specimens failed in shear, it can be assumed that their full
flexural capacity is higher than achieved experimentally. That means that only SA3
predicts the capacity adequately. To confirm the validity of this analysis, the strains in
the flexural reinforcement at the failure load obtained in the experiments was calculated
and is shown in the table in parentheses. These predictions are close to the experimental
values, and hence confirm that this type of analysis is appropriate for FRP reinforced
GFRC.

c¢) Shear capacity

The determination of the shear capacity of thin concrete sections is not easy since there
are no codes of practice or recommendations dealing with such elements. Hence the
shear capacity is predicted by first assuming that only the web is effective in resisting
shear (web only) and then an equivalent rectangular section is considered (transformed).
Initially, the ACI 440 equation (15) for FRP RC are used as shown in Table 4, but the
results are very conservative. Then the equations (16) — (19) for GFRC proposed by
RILEM TC 162 [13] are used. Here, the equations are modified to account for the FRP
reinforcement by multiplying the reinforcement ratio by Eprp / Egeel. This approach is
used extensively in European recommendations for FRP RC design guidelines -
European Committee for Standardization [16] and Institution of Structural Engineers
[17]. The RILEM approach appears to be more suitable for thin FRP reinforced GFRC,
even though the results are still very conservative for the case of L30G3. It should be

noted that L30G3 failed due a horizontal crack developing just above the flexural
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reinforcement in the web. This mode of failure is not usually found in RC elements and
may require a more direct check in thin GFRC elements.

10. Conclusions

Pull-out tests showed that the bond between the GFRP reinforcement and GFRC was
approximately 60% greater than that for GFRP reinforcing bars embedded in plain
concrete. Based on the results of these tests, the local bond stress—slip relationships
predicted bond failure by pull-out and the volume of glass fibres in the GFRC matrix
appeared to have no effect on the maximum bond strength and bond—slip response and
practically no influence on the splitting bond resistance. It is concluded that thin GFRC

element can be developed with GFRP reinforcement.

Equations for the optimum design of uniform thickness GFRC sections have been

developed for use of these sections as permanent formwork.

FRP reinforced GFRC sections have a higher capacity than GFRC sections, but
unpropped span lengths are restricted by the occurrence of large deflections and crack

widths.

In order to predict the actual service load deflection based on the experimental results,
simple empirical methods such as using the modified ACI 440 code were shown to be
very accurate.

In terms of capacity, FRP / GFRC thin structural elements can be designed using a more
sophisticated section analysis (SA3) that considers the stress-strain characteristics of
GFRC in tension and compression. In terms of shear capacity, the RILEM
recommendation, modified to account for FRP, were shown to offer the least
conservative estimates of resistance, but further research is required to determine the

web shear resistance.
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LIST OF TABLES

Tablel. Summary of thetestsresults

Measured

Specimen Maximum Bond strength, DS tapcltgrd Slip at P DS tapd;trd Crack width at
Series nlc))tations load, Tmaxﬁavcragc eVl(? ton, 6pcak}wcmgc eV? ton, 85% of Pmaxa
Pmax average MPa) N mm 8 Wmax average mm
s oo ( (Mba) (mm) ) svrge(1)
I MIP6 15.9 28.2 1.14 2.99 2.26
Mi12 36.8 16.3 - 1.44 - )
I MI1P8 18.2 14.2 1.38 1.40 0.11
M8’ 10.8 8.5 - 0.82 - i
i M1S6 43 7.7 2.16 0.41 0.07 0.005
M12" 8.1 3.6 - 0.08 - 0.500
v M1S8 5.0 3.9 0.46 0.88 0.17 0.004
M8 4.0 3.1 - 0.03 - 0.027
\Y M2P6 14.0 24.8 3.39 2.23 1.91 -
VI M2P8 14.1 11.0 1.09 0.72 0.64 -
VII M2S6 2.8 4.9 0.84 0.48 0.12 0.001
VIII M2S8 4.9 3.8 1.30 0.25 0.06 0.001
* by Mischopoulos [18]
Ml P 6
6 = 6mm diameter steel rebar P = Pull-out M1 =Mix Design 1 (fibre = 2%
8 = 8mm square GFRP rebar S = Splitting f’[ M2 = Mix Design 2 (fibre = 3%
Table2. Proportions of GFRC mixturesin kg/m?
Mix Cement Fibre Water W/C Aggregate Super- Volume PFA
Sand
Code OPC Glass ) plasticizer Glass o
(#2 Sieve) contents(%)
L30G3 52.5 3.15 19.71 0.375 52.5 1.21 3 21.0
L30G2 52.5 2.10 19.71 0.375 52.5 1.21 2 21.0
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Table3. Measured and calculated ultimate load and strain in reinfor cement

Ultimate load, P, (kN) Strain in reinforcement (mm)
Exp.  ACI440 SAl SA2 SA3 Exp. SAl SA2 SA3
0.0136
L30G3 8.7 8.3 8.4 9.2 10.3 0.0103 0.0146 0.0159
(0.0107)
0.0153
L30G2 13.4 11.0 11.9 13.3 14.7 0.0112 0.0156 0.0176
(0.0133)
Notes) SA1 — Concrete no tension, SA2 — GFRC no tension, SA3 — GFRC with tension
Table4. Measured and calculated shear capacity
ACI 440 RILEM TC162
Exp.
P (web only) (transformed) (web only) (transformed)
Con. Fibre Con. Fibre
L30G3 43 0.8 1.6 1.8 0.6 2.6 1.2
L30G2 6.7 0.7 1.5 2.0 0.6 2.8 1.2
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(c) Pre-cast (Truss-plank) (d) GFRC

Figure 2. Existing permanent formwork systems

l__A_t_‘ Dt
* A, B, D = non-dimension| |
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latsal N7 N A ] latsa]

(a) Trapezoidal section (b) Re-entrant section

(c) Sinusoidal section

Figure 3. The dimensions of single profiles from typical sections
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(All dimensions in mm)
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Figure 4. FRP reinforced GFRC panels
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Figure 5. Details of the positioning of the bar and LVDT’s in the GFRC specimen and loading frame.

Debonded surface Pf

S I N PR
[P o |
(a) Pull-out test
e — iz 4
100 v
T ,A.fi B SR

e T SN

(b) Splitting test
Figure 6. Concrete cubes and the configuration of the specimens.
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Figure 7. Bond stress—slip response in GFRC (8mm GFRP bar)
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Figure 8. Bond stress—slip response in GFRC in GFRC and Concrete (8mm GFRP bar)
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Figure 9. Pull-out stress & slip response (comparison of Steel and GFRP)
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Figure 10. Pull-out stress & slip response (comparison of Mix 1 and Mix 2 with both

6mm steel bar & 8mm GFRP bar).
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Figure 12. Stress in GFRP (Type M13 - reinforced)
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Figure 13. Deflection and capacity (Type M13 - unreinforced)
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Figure 14. Stress in GFRP (Type M5 - reinforced)
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Figure 15. Deflection and capacity (Type M5 - unreinforced)
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Figure 16. Deflection and crack widths over typical FRP reinforced GFRC section
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Figure 18. Instrumentation and measurement points on panel L30G3 and L30G2
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Figure 20. The average measured load-deflection and moment resist relationships for

L30G3 and L30G2
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