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Abstract
This research investigated the bond strength and toughness of a range of widely used commercially available synthetic Type 2 structural fibres and compared these against novel dove tailed (DT) synthetic Type 2 structural fibres.  Synthetic fibres tend to be made from low modulus materials when compared to steel crack control products and they suffer a greater diameter reduction and increase in length when compared to steel; for an equal load.  Diameter reduction of fibres in concrete causes de-bonding and eventual failure. DT fibres are designed to offer additional bond when a diameter reduction occurs under load.
Fibres were cast into concrete cubes to a depth of half their length and pulled out recording load and extension to ultimate failure.
The findings showed large degrees of toughness were available when using dove tailed fibre technology, The DT fibres transferred less bond stress at the point of the initial pull out prior to the dove tailed feature of the fibre taking effect. The dovetailed fibre under test provided additional grip through the contraction of the internal faces of the dovetail features when under load.

Further work is needed to determine the optimum DT fibre diameter and aspect ratio that may provide increased bond stress whilst retaining large degrees of toughness.
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1.0
Introduction

There is an extensive variety of Type 2 synthetic fibres classified within BS EN 14889 – 2, each are available for the adoption by the designer/contractor. Each fibre size and profile has different load bearing and strain characteristics. This makes choosing a correct fibre type for a specific function difficult without precise test data. Atkinson [1] suggests that all fibre reinforcement materials have different properties and these differences should be carefully evaluated before products are incorporated into the design. 
Fibres when used as a reinforcement material in concrete rely upon the bond, which is derived as a function of the material strength and the type of frictional grip provided by the fibres. Fibres have various bond strengths [2], however all fibre materials such as steel, glass fibres and polymers of varying modulus suffer from a cross sectional area reduction when under load and this in turn breaks the bond between the fibre and the surrounding concrete, reducing the ability of the fibre to transfer a sustained load. The cross sectional area reduction and elongation is particularly pronounced for synthetic Type 2 fibres as the Poisson ratio is typically 0.45.
This paper examines a Type 2 polypropylene structural dove tailed profile novel fibre that is not commercially available at present (Protected with IP rights). The fibre uses dovetail features to provide additional grip between the cement and the fibre when a load is applied. The dove tailed fibre theoretically works where other fibres progressively lose their bond, the DT fibre provides extra bond strength as the load is applied. 
A simple, normal pull out test was used to replicate the fibre performance across the rupture plane in concrete. The variables tested were limited to half the fibre length embedded, all fibres tested were normal to the applied load and the strain was constant for all tests. 

This paper investigates this phenomenon by comparing the dove tailed fibre against commonly used structural Type 2 fibres for bond strength and toughness.

1.1
Fibre use in concrete

Following the Concrete Society’s publication of Technical Report 65 [3], the acceptance and use of structural Type 2 macro synthetic fibres, as a suitable alternative to crack control steel fabric in ground bearing concrete floor slabs, has increased significantly throughout the UK [4]. Berge [5] suggests, the UK fibre reinforced concrete, has found favour in industrial floor slabs, where its improved impact resistance are beneficial when subject to high traffic loading. The use of structural fibres compared to steel fabric has many benefits such as a lower carbon footprint, less risk from a health and safety perspective when compared to the placing of steel fabric which has inherent health and safety issues such as sharp cut edges and it is a major trip hazard. When using fibres there are no issues with the correct positioning of steel fabric, and as a consequence less skilled labour is required to provide crack control with fibres.   When concrete is drying it shrinks, this ‘shrinkage’ causes macro and micro cracking. The cracking occurs due to the low tensile strength of concrete that cannot withstand the stresses of the shrinkage occurring throughout the curing period. This micro-cracking is prone to progressing into macro cracking when water evaporation in the plastic concrete creates uneven internal stresses between the top and bottom faces. It is also possible in set hardened concrete when thermal expansion and contraction are present and the frictional forces between the base and the underside of the concrete exceed the tensile capacity of the concrete floor slab. As the macro-cracking propagates it exposes the concrete and steel rebar to attack by aggressive media. 

In recent years with the introduction of steel and synthetic Type 2 structural fibres, researchers and designers have been able to change the characteristics of fully cured concrete with regard to cracking, by allowing much better stress distribution with the creation of many micro cracks rather than fewer macro cracks and this has in turn facilitated lean design. The fibres help to control cracking much like reinforcing steel, only in 3D throughout the thickness of a structural element. The concrete mechanically binds to the fibres and the tensile stress of the shrinkage with the concrete during the curing period is redistributed and this largely eliminates early age visible cracking by creating micro cracking. 
For a fibre to be successful as reinforcement it must have the following attributes - be easily spread evenly throughout the mix, and should have sufficient bond with the concrete to transfer any tensile stresses across the concrete rupture plane. Thomas et al [6] suggest that synthetic fibres are not expected to bond to concrete chemically, therefore any anchorage must be mechanical. The fibres should be sufficiently stiff and have a suitable modulus of elasticity so as to limit cracking to acceptable limits and provide fracture toughness. They should also be sufficiently durable to provide service throughout the life of the concrete [7]. 
Martin [9] reviewed the case for Type 2 structural synthetic fibres and he suggested the adoption of synthetic fibres is well suited to the pre-cast segmental lining sector, which have been commercially used from 1990. Structural synthetic fibres that offered a real technical performance were the Barchip brand [9] and these were quickly adopted by the tunnelling industry in Japan in sprayed concrete linings for primary support, however the Australian mining industry currently use these for 90% of their underground work. Norway has used structural synthetic fibres in over 200 km of sprayed concrete linings where the use of steel reinforcement is avoided due to corrosion problems [9].  Clearly the use of fibres in the tunnelling industry is Worldwide and the market potential is great.
1.1.2
Fibre use in practice

Perry [10] reviewed the use of synthetic Type 2 macro fibres as used for the 62 million GBP (2006 – 2010) renovation of Blackpool’s (UK) sea defences. Revetment and insitu concrete works were carried out using the Type “A” fibre as used herein and these fibres presented no problems due to corrosion and has a design life of 100 years. The qualities of the synthetic fibres to perform well in a saline environment was self evident. 
The use of structural fibres in concrete can increase the pull out values of anchor bolts. Coventry et al [11] examined the pull out force required to cause cone shear failure to unreinforced structural concrete when resin anchor bolts were subject to an axial load. Anchor bolts were fixed in unreinforced plain and fibre concrete of different fibre dosages and type, allowing mix and performance comparisons to be made. The synthetic fibres used in Coventry et al’s work were the Type “B” as tested within this work. The findings showed that when compared to plain concrete, increased pull out loads can be transferred to the concrete with the use of fibre technology and synthetic fibres displayed a less explosive mode of failure.
2.0
Materials

Aspect ratio and fibre size makes a difference in performance when the fibres are added to the mix by the kilogram. For example there will be more small fibres per kilogram dispersed within the concrete matrix. The DT fibres performance is unknown and therefore three different diameters were tried to evaluate their relative performance. The fibres tested herein are different in size shape and material composition; three fibres are tested that make use of a DT fibre shape where the stretching and diameter change produces a gripping effect in the fibre dovetails and this permits greater stress transfer once the initial bond is broken. These fibres are referenced DT (Dovetail fibres). This DT fibre technology is compared against three different synthetic structural Type 2 fibres of various types, shape and cross sectional area. With regard to the circular fibres, the nominal diameters of the fibres are stated, not taking into account the undulations or dovetail features, both of which can provide additional load transfer beyond the first sign of fibre slippage when under load. The equivalent diameter of the fibre de as defined in BS EN 14889 -2:2006 was calculated using equation [1]. 
The mass, mf [g], and the developed length, ld [mm], of the fibre was determined. The mass was also determined to an accuracy of 0,001 g and the length to an accuracy of 0,01 mm. The equivalent diameter was computed from the mass and the developed length using the following formula with the nominal density of the fibre, ρ, 900 kg/m3 for polypropylene.
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[1]
The results were in keeping with the nominal diameter as used herein (2.0 mm).

A single fibre type was used that was rectangular, and the perimeter of the fibre was stated to allow calculations to be made with regard to bond stress.
2.1
DT fibre details

Polypropylene DT fibres were used at 1.2mm, 2.0mm and 2.3 mm diameter all of which were 60mm in length.  The design makes use of the contraction of the fibre material to enhance the fibre to cement paste mechanical bond when a tensile load is applied. The gripping effect is shown in Figure 1 when the polypropylene fibre is under load, and the black arrows indicate a gripping effect due to the Poisson effect. 
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Figure 1 - Cross sectional area of DT fibre under load. (Source Thomas et al [6])

Figure 2 shows the end detail of the DT fibre at x50 magnification. The dovetail fibre features are clearly visible on the Figure and as the inset deign detail by Thomas et al [6].
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Figure 2: 2mm DT fibre (Inset source Thomas et al 2011)

2.2 
Comparative fibre details
BS-EN14889 - 2 covers the classification of synthetic fibres and their manufacture, and divides polymer fibres into two main classes according to their physical form, these are Class 1a (<0.3 mm) monofilament and Class 2 (>0.3 mm) fibres, the latter of which are generally used when an increase in residual post crack strength is required.
Three different structural fibre types were used to compare against the DT fibres as well as to compare between themselves. The straight plane rectangular fibres (A) were composed of 90% polypropylene and 10 % polyethylene. They had a modulus of elasticity of 9.5 GPa, a tensile strength of 620 MPa, and a rectangular cross section of 1.5mm x 0.1 mm with a length of 40 mm, as shown in Figure 3 at x100 magnification.  

[image: image4.jpg]Mag WD HV Spot
100x/10.0 mm|20.0 kV| 5.0





Figure 3 – Fibre A – end detail and profile
The indented/crimped fibres (B) are 50 mm x 0.941 mm nominal diameter polyethylene macro-monofilament Type 2 fibres that have a melting temperature of 164 °C which is displayed in Figure 4 at x100 magnification.
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Figure 4 – Fibre B polyethylene fibre showing end and fibre profile details
The crimped fibre (C) was composed of polypropylene had the following physical properties: specific gravity 0.91, fibre length 50 mm x 1.183 mm nominal diameter, elastic modulus 3500 N/mm2, and a melting temperature of 175 °C as shown in Figure 5 at x100 magnification.  Fibre C was manufactured from the same polypropylene material source as the DT fibres, for purposes of comparison.  
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Figure 5 – Fibre C polypropylene fibre, end and fibre profile detail
3.0
Test methodology

Williamson [8] suggests fibres are prone to balling and this was closely monitored within the sample production to ensure this phenomenon did not occur.  Concrete was batched to the C35 mix design as shown in Figure 6 using a rotary drum mixer. The mix design was created to ensure there was sufficient paste to fully coat the fibres, and in particular, to fill the flutes on the DT fibres. The mix design also used small coarse aggregate to allow for ease of embedment of the fibres. The cubes were manufactured to BS 1881 : Part 108 : 1983 using 150 mm moulds. Consistency of the six batches was monitored using a slump test as BS EN 12350 – 2:   2000 and the slump values ranged between 50 and 80 mm using a water cement ratio of 0.5.  Aggregates were tested for grading characteristics to BS 812: Part 103: 1985 for the mix design.  Six fibres of each type were cast into the cube at 50mm centres with half of the fibre protruding to enable a pull out test to be carried out.  The cubes were cured in a water filled tank at 20°C  for 28 days prior to the pull out test using a load/displacement apparatus (Figure 7) and prior to the compressive test to determine the compressive strength of the concrete in accordance with BS EN 12390-3:2002.
Figure 6 illustrates the mix design and displays the comparative test methodology.









Figure 6 – Manufacturing chart/test program
The pull out test was used to determine the point at which the fibre started to lose its mechanical bond.  The Lloyds apparatus displayed load and extension which would indicate the maximum load and the type of fibre failure (Pull out or break). Examining the initial slip/extension replicates the point at which macro and micro cracking occurs and the fibre starts to transfer post crack tensile forces. Strain was examined to determine the type of failure and the ultimate degree of toughness available from each fibre type. The maximum load was determined and the differential between the initial slippage and maximum load established the extent of the DT fibre effect.

The method to test for individual fibre pull out values was achieved using plane jaw clamps with a Lloyds load/strain apparatus as shown in Figure 7, using a strain rate of 1min/mm. The rate of strain was sufficiently slow to allow the first initial movement of the fibre to be observed. The fibres were marked at the fibre/concrete surface intersection to determine the embedded fibre length and the first point of slippage or the first elastic movement of the fibre.
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Figure 7. - Pull out testing arrangement of Lloyds testing apparatus
The clamping method, as displayed in Figure 7, ensures a parallel grip of the fibres and a normal axial pull out force, avoiding the potential for any nipping or angled frictional bond which would skew the results. 
4.0
Results
4.1
Compressive strength

The compressive strength was taken at 28 days following the fibre pull out tests, and the average compressive strength was 38.1 N/mm2 with a standard deviation of 1.87. The concrete used herein is representative of a C35 characteristic design strength concrete.

Compressive strength of concrete will affect the pull out values of the fibres due to the degree of bond available. The fibre bond is dependant upon the strength of the concrete surrounding the embedded fibre. The characteristic design strength used herein is representative of a medium strength structural concrete which is widely used in industry.  If a high strength concrete is used the fibre concrete may transform from a quasi ductile material into a brittle material [9] and the fibres will snap rather than pull out and this is beyond the scope of this work.  
4.2
DT fibres tests
4.2.1
DT fibre stress/strain/elasticity dimensional change test  
To evaluate the Poisson effects of a narrowing fibre under load, individual 2.0mm DT fibres were  clamped into a Lloyds load/extension apparatus and the fibres were extended (1min/mm) to failure. Load, extension, diameter, gap change in the DT fibre flutes running parallel along the fibre were recorded. The fibres were prepared as Figure 8 which provided a gauge length of 36mm between the jaws of the apparatus. 

[image: image8]
Figure 8 – Prepared DT fibre sample

The results of the load/extension test are displayed in Table 1. They show a 44% reduction in flute/DT gap reduction prior to failure. The DT flutes close up from 0.356mm to 0.152mm under ultimate load.
	Load
	Extension
	Diameter
	DT gap
	Stress
	Strain

	Newtons
	mm
	mm
	mm
	N/mm2
	

	0
	0
	1.965
	0.356
	0.000
	0.000

	0.107
	0.503
	1.959
	0.305
	0.034
	0.014

	0.1653
	1
	1.945
	0.279
	0.053
	0.028

	0.167
	1.5
	1.925
	0.254
	0.053
	0.042

	0.957
	2
	1.889
	0.246
	0.305
	0.056

	0.2286
	2.513
	1.864
	0.212
	0.073
	0.070

	0.269
	3.001
	1.735
	0.203
	0.086
	0.083

	0.31
	3.51
	1.726
	0.178
	0.099
	0.098

	0.342
	4.02
	1.703
	0.152
	0.109
	0.112

	0.35
	4.39
	
	
	0.111
	0.122


Table 1 – Load extension fibre data

Figure 9 displays the relationship between strain and the flute width reduction. The flute width reduction increases the post load bond strength by contracting around the cement paste.
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Figure 9 – DT Flute gap versus strain
The failure mode was observed to be longitudinal splitting of the fibres.
4.2.2
DT fibres pull out tests

Failure modes were sudden, snapping at small strain values depending upon the angle across the rupture plane or they were displaying signs of gradual slippage between the concrete and the fibre interface at much larger strain values. The average load/deflection of the DT fibres is shown in Figures 10 to 12 and Tables 2 to 4, displaying the pull out data and stress carried per fibre. The data displays a decreasing bond capacity/stress as the fibre diameter increases, but it also shows a progressive pull out of the fibres whilst transferring load. This quality may be a positive consideration when designing structures in seismic locations or where energy absorption is required such as blast resistance. From the initial pull out force, the Figures 9 - 11 display a general tendency towards strain hardening characteristics as the  maximum load is approached. This reflects the mechanical effect of the dove tailed fibre gripping the concrete as the load is applied. The effect is observed with all of the DT fibres. All the DT fibres failed by pull out mode and the stress bond was calculated from the initial pull out and not the maximum load. The toughness was evaluated by measuring the area under the load/deflection curve and this was expressed as a dimensionless toughness indices derived from the load in Newtons and the extension in mm as Eq [2].
Toughness = 
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Figure 10 – Average load deflection – Fibre type DT 1.2 mm

Figure 10 displays the elastic nature of the fibre material. Strain hardening occurs following the initial slippage of the fibre under load. Following the maximum load occuring there was a gradual reduction in load transfer until pull out failure occurred.

The difference between the initial pull out force and the maximum load as displayed in Table 2 is an indication of the dove tail effect, which creates aditional load transfer when the fibre is under load. An additional load of 27.3 N was transferred during a pull out load application, when measured from the initial slip load.
	DT 1.2 mm diameter

	Test number
	Cube ref
	Pull out force of 1st point of failure  (N)
	Maximum load (N)
	Fibre diameter (mm)
	Embedded fibre length
(mm)
	Area of contact mm2
	Stress (bond) (N/mm2)

	1
	1.1
	220.059
	220.059
	1.2
	34
	128.18
	1.717

	2
	1.2
	274.657
	274.657
	1.2
	34.25
	129.12
	2.127

	3
	1.3
	112.920
	171.424
	1.2
	34.4
	129.68
	0.871

	4
	1.4
	187.560
	211.471
	1.2
	35.4
	133.45
	1.405

	5
	1.5
	107.091
	176.166
	1.2
	26.53
	100.02
	1.071

	6
	1.6
	270.399
	282.719
	1.2
	32.34
	121.92
	2.218

	Average
	195.448
	222.749
	
	
	
	1.568

	SD
	73.726
	47.391
	
	
	
	0.551


Table 2 – DT 1.2 mm fibre data

Figure 11 and Table 3 display the load/extension performance of the DT 2.0mm fibre. Figure 10 displays a strain hardening effect following the point of initial pull out of 30.73 N to the maximum load. The residual load continued for an additional 4mm when compared to the 1.2mm fibre.
Using the net cross sectional area of fibre a maximum average load (222.749N) divided by equivalent area (0.7mm2) equates to 318.2N/mm2 which is the stress achieved without breaking. If the full dove tailed perimeter is used to transfer the force then the average bond stress is reduced by 36.2% making the stress 1.097 N/mm2. 
[image: image12.png]Average Load Deflection - Fibre type DT 2.0 mm

Extension mm

250
200

o =}
n S
= =

SUOIM3N - peo

50





Figure 11 – Average load deflection – Fibre type DT 2.0 mm

	DT 2.0 mm diameter

	Test number
	Cube ref
	Pull out force of 1st point of failure  (N)
	Maximum load (N)
	fibre diameter (mm)
	Embedded fibre length
(mm)
	Area of contact mm2
	Stress (bond) (N/mm2)

	1
	2.1
	172.346
	172.346
	2
	27.07
	170.09
	1.013

	2
	2.2
	230.167
	230.167
	2
	34.2
	214.88
	1.071

	3
	2.3
	178.897
	178.897
	2
	35.33
	221.98
	0.806

	4
	2.4
	87.975
	187.975
	2
	32.65
	205.15
	0.429

	5
	2.5
	240.619
	290.621
	2
	38.85
	244.10
	0.986

	6
	2.6
	188.190
	222.552
	2
	38.17
	239.83
	0.785

	Average
	183.032
	213.760
	
	
	
	0.848

	SD
	54.280
	68.322
	
	
	
	0.236


Table 3 – DT 2.0 mm fibre data

Figure 12 and Table 4 display the load/extension performance of the DT 2.3 mm fibre. Figure 11 displays a strain hardening effect following the point of initial pull out, there is a 45.4 N increase in load transfer to the maximum load. The load transfer to failure displayed the highest extension of all the DT fibres as tested 207% more than the 1.2mm fibre and 144% more than the 2.0mm fibre. Using the net cross sectional area of fibre a maximum average load (213.760N) divided by an area (1.8 mm2) equates to 118.75N/mm2 which is the stress achieved without breaking. If the full dove tailed perimeter is used to transfer the force then the average bond stress is reduced by 17.6% making the stress 0.699 N/mm2. 
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Figure 12 – Average load deflection – Fibre typre DT 2.3 mm

	DT 2.3 mm diameter

	Test number
	Cube ref
	Pull out force of 1st point of failure  (N)
	Maximum load (N)
	Fibre diameter (mm)
	Embedded fibre length
(mm)
	Area of contact mm2
	Stress (bond) (N/mm2)

	1
	3.1
	171.945
	212.884
	2.3
	33.51
	242.13
	0.710

	2
	3.2
	173.876
	296.562
	2.3
	29.86
	215.76
	0.806

	3
	3.3
	144.847
	148.730
	2.3
	34.69
	250.66
	0.578

	4
	3.4
	203.861
	251.830
	2.3
	38.39
	277.39
	0.735

	5
	3.5
	210.348
	266.980
	2.3
	35.49
	256.44
	0.820

	6
	3.6
	124.049
	124.049
	2.3
	29.16
	210.70
	0.589

	Average
	171.488
	216.839
	
	
	
	0.706

	SD
	33.239
	68.350
	
	
	
	0.104


Table 4 – DT 2.3 mm fibre data

The load transfer from the point of initial slippage to maximum load increased with an increasing fibre diameter. Using the net cross sectional area of fibre a maximum average load (216.839N) divided by equivalent area (2.3mm2) equates to 94.27 N/mm2 which is the stress achieved without breaking. If the full dove tailed perimeter is used to transfer the force then the average bond stress is reduced by 20% making the stress 0.563 N/mm2. 
4.3
Commercial fibres

To compare DT fibre performance, three commercially available fibres were tested under identical test procedures.  The average load/deflection of the A, B and C fibres are shown in Figures 12 to 14 and Tables 5 to 7 show details of pull out data and stress carried per fibre.
Figure 12 and Table 5 display pull out data from the plane rectangular fibre type A. Despite the fibre not having any crimped surface finish or dove tail features it still displayed a strain hardening effect following the initial pull out, achieving an additional load transfer of 14.8 N. This load transfer value could be attributable to the fibre breaking apart and creating anchor friction within the concrete when under tensile force.
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Figure 12 – Load deflection – Fibre Type A.
	Fibre A

	Test number
	Cube ref
	Pull out force of 1st point of failure  (N)
	Maximum load (N)
	Fibre perimeter (mm)
	Embedded fibre length
(mm)
	Area of contact mm2
	Stress (bond) (N/mm2)

	1
	4.1
	40.752
	48.539
	3.2
	20
	64.00
	0.637

	2
	4.2
	33.045
	51.802
	3.2
	20
	64.00
	0.516

	3
	4.3
	31.266
	47.865
	3.2
	20
	64.00
	0.489

	4
	4.4
	29.087
	29.087
	3.2
	20
	64.00
	0.454

	5
	4.5
	29.568
	57.444
	3.2
	20
	64.00
	0.462

	6
	4.6
	42.027
	59.867
	3.2
	22.94
	73.41
	0.573

	Average
	34.291
	49.101
	
	
	
	0.522

	SD
	5.687
	10.911
	
	
	
	0.071


Table 5 – Type A Fibre data

The load/stress transfer of the Type A fibres is comparatively small when viewed against the other fibres tested but these fibres have between thirteen and thirty seven times less mass than the range of the DT fibres used herein and therefore there are many more Type “A” fibres per kilogram. When the performance of the total number of fibres are considered for an equal weight of fibres, then Type A fibres display a potential for good performance per kilogram.
Figure 13 and Table 6 display the load pull out data from the Type B fibre pull out test. Figure 13 displays a strain hardening effect following the point of initial pull out and there is a 33.5 N increase in load transfer to the maximum load.  Sudden failure occurred at an average extension of 3.61mm. Since the A fibres failed, the nominal ultimate tensile strength is the average maximum load 49.101N divided by the area of fibre 0.15mm2  which equates to 327.34N/mm2. 
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Figure 13 – Load Deflection – Fibre Type B
	Fibre B

	Test number
	Cube ref
	Pull out force of 1st point of failure  (N)
	Maximum load (N)
	Fibre diameter (mm)
	Embedded fibre length
(mm)
	Area of contact mm2
	Stress (bond) (N/mm2)

	1
	5.1
	154.603
	195.675
	0.941
	25.5
	75.38
	2.051

	2
	5.2
	126.962
	126.962
	0.941
	25.5
	75.38
	1.684

	3
	5.3
	153.460
	214.893
	0.941
	25.5
	75.38
	2.036

	4
	5.4
	95.477
	139.948
	0.941
	25.5
	75.38
	1.267

	5
	5.5
	126.297
	154.069
	0.941
	25.5
	75.38
	1.675

	6
	5.6
	135.037
	161.420
	0.941
	25.5
	75.38
	1.791

	Average
	131.973
	165.495
	
	
	
	1.751

	SD
	21.783
	33.573
	
	
	
	0.289


Table 6 – Type B – Fibre data

Figure 14 and Table 7 display the load pull out data from the Type C fibre pull out test. Figure 14 displays a strain hardening effect following the point of initial pull out and there is a 34.4 N increase in load transfer to the maximum load.  Sudden failure occurred at an average extension of 4.55mm. Since the B fibres failed, it was possible to calculate the nominal ultimate tensile strength is the average maximum load 165.495N divided by the area of fibre 0.6955mm2 which equates to 237.9N/mm2
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Figure 14 – Load deflection – Fibre Type C

	Fibre C

	Test number
	Cube ref
	Pull out force of 1st point of failure  (N)
	Maximum load (N)
	Fibre diameter (mm)
	Embedded fibre length
(mm)
	Area of contact mm2
	Stress (bond) (N/mm2)

	1
	6.1
	111.142
	164.321
	1.183
	22.75
	84.55
	1.315

	2
	6.2
	89.673
	137.326
	1.183
	22.75
	84.55
	1.061

	3
	6.3
	95.281
	134.828
	1.183
	22.75
	84.55
	1.127

	4
	6.4
	84.892
	107.184
	1.183
	22.75
	84.55
	1.004

	5
	6.5
	103.561
	133.561
	1.183
	22.75
	84.55
	1.580

	6
	6.6
	110.459
	123.672
	1.183
	22.75
	84.55
	1.306

	Average
	99.132
	133.482
	
	
	
	1.332

	SD
	10.930
	22.413
	
	
	
	0.129


Table 7 – Type C Fibre data
The combined fibre pull out, load/extension is displayed in Figure 15. The relative performance of the individual fibres is apparent. The extension shown is a varying combination of slippage and elasticity. Less slippage is apparent in fibres B and C.  All of the DT fibres exhibited the highest load transfer following the initial slippage. The DT fibres had an extra 5mm of embedded fibre compared to fibres B and C and 10mm more than fibre A.  Comparing the maximum load of the best performing commercial fibre (B) against the maximum load of each of the DT fibres allowing a normalisation of the load values of 17% to account for the embedded differential fibre length and the increased performance of the DT fibres was 15%, 10.4% and 11.5% respectively for 1.2, 2.0 and 2.3 mm fibres. The smaller diameter DT fibre transferred the highest load.  Since the C fibres failed the nominal ultimate tensile strength is the average maximum load 133.48N divided by the area of fibre 1.099mm2 = 121.42N/mm2.
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Figure 15 – Combined load extension 
The DT fibres were originally 60mm long and using elongation and slippage as a measure to calculate strain, the relative strain values are; 0.16, 0.232 and 0.335 for 1.2, 2.0 and 2.3 mm fibres. Type A fibres were 40mm in length, Type B and C were 50mm in length and the relative strain values were; 0.196, 0.072 and 0.091. The slippage of Type A fibres was greater than B and C due to the smooth surface, hence the increased strain value.  Juxtaposing the lowest strain value (Fibre B) against the highest strain value (DT 2.3) there is a 465% differential. These are important parameters to be considered for the designer.
4.4
Comparative bond strength

Fibres are used in concrete by weight addition to a concrete mix.  The relative weight of the fibres will determine the number of fibres that are available to transfer post crack loading. Using the DT fibres as a benchmark, Tables 8, 9, and 10 display the bond strength for an equal weight of A,B and C fibres. The comparison between each fibre type highlights the relative bond/stress performance when compared to the DT fibres
	Fibre type
	Weight of 1 fibre (g)
	Number of fibres  to equal one 1.2 mm DT fibre weight
	Relative unit weight bond performance of the fibres compared to DT 1.2 mm fibres (N/mm2)

	Fibre A
	0.005
	13.2
	6.89

	Fibre B
	0.031
	2.13
	3.73

	Fibre C
	0.031
	2.13
	2.84

	DT 1.2 mm
	0.066
	1.00
	1.568


Table 8: Bond strength for equal weight of fibres added
	Fibre type
	Weight of 1 fibre (g)
	Number of fibres  to equal one 2.0mm DT fibre weight
	Relative unit weight bond performance of the fibres compared to DT 2.0 mm fibres (N/mm2)

	Fibre A
	0.005
	18.8
	9.814

	Fibre B
	0.031
	3.03
	5.310

	Fibre C
	0.031
	3.03
	4.035

	DT 2.0 mm
	0.094
	1.00
	0.848



Table 9: Bond strength for equal weight of fibres added
	Fibre type
	Weight of 1 fibre (g)
	Number of fibres  to equal one 2.3mm DT fibre weight
	Relative unit weight bond performance of the fibres compared to DT 2.3 mm fibres (N/mm2)

	Fibre A
	0.005
	37
	20.39

	Fibre B
	0.031
	5.97
	10.45

	Fibre C
	0.031
	5.97
	7.95

	DT 2.3mm
	0.185
	1.00
	0.706


Table 10: Bond strength for equal weight of fibres added
The DT fibres do not perform as well as the comparative A, B and C fibres at the point of initial pull out, when bond stress was the criterion. However the DT fibres significantly outperformed the A, B, and C fibres with regards to toughness as shown in Figure 16.  The DT fibres provided a greater differential between initial pull out and final load when the fibre diameter was increased. The strain hardening effect is due to the contraction of the DT flutes which create an additional bond after the initial slippage.  The fibres have additional surface area when compared to circular fibres of an equivalent diameter. The additional area for 1.2mm, 2.0mm and 2.3mm fibres is 1.989, 1.91 and 1.71 times the circular fibre diameter. 
4.5
Toughness

The toughness values, when compared against the bond stress must be viewed in light of the mode of failure of the A, B, and C fibres. The DT fibres all failed by pull out and none of the fibres snapped, whereas all but two of the A, B, and C fibres failed by snapping at some point in the pull out process. The mean values of ultimate failure are comparatively displayed in Figure 16.
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Figure 16 – Toughness Indices of fibre types
When the toughness values are analysed with regard to relative fibre weight; fibre A displays the greatest toughness due to the number of fibres available per unit weight of fibres added to a concrete mix. Due to the high aspect ratio of fibre A, their performance may be difficult to control due to the likelihood of the fibres remaining elongate within the mix. Based on the Columb theory, type A fibres are most likely to deform. Some deformation of the fibres may be beneficial with regard to the angle of the fibre crossing the rupture plane [12]. The fibre pull out angle variation, from the original plane, due to displacement caused by the concrete cracking may assist in the transfer of load, due to the friction created at the edge of the rupture plane. 

4.6
Post Pull Out Fibre Analysis

One aspect of the additional bond strength discovered between the initial pull out and the maximum load may be attributable to fibre deformation under stress, which effectively creates a plug of material that anchors the fibre into the concrete. The deformation is displayed in Figures 17 to 18.
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Figure 17 – DT fibre after pull out
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Figure 18 – Fibre A after pull out
All the fibres as tested displayed frayed edges from the cement fibre interface zone when they were subjected to a normal load.

5.0
Conclusion

The findings showed large degrees of toughness were available when using dove tailed fibre technology, however the DT fibres transferred less bond stress at the point of the initial pull out. All fibres displayed additional load bearing capabilities following the initial movement under load. Tables 8 – 10 show the relationship between fibre diameter and bond stress performance for relative fibre weights. The pull out performance of the fibres based upon bond stress decreases with an increasing fibre diameter. The larger diameter synthetic fibres displayed a significant amount of toughness at the expense of initial bond strength. The dove tail bond effects were discovered when the post initial pull out performance was compared with the maximum pull out values, and the DT features accounted for the increased pull out values. The DT fibres outperformed all of the other fibres with regard to final load carrying capacity.
All of the fibres that displayed a high degree of bond strength, failed at a small strain values by snapping and displayed little toughness or ability to withstand large deformations. The DT fibres had significantly greater degrees of toughness that may be of use to the designer, depending upon the design brief.
Further work is needed to determine the optimum DT fibre diameter and dosage that may provide increased bond stress with large degrees of toughness. A longer fibre would provide a greater surface area to transfer the pull out stress. If the fibre length could equate the tensile strength of the fibre to the maximum bond stress, then an optimum structural use of DT fibres could be achieved.  To normalise the aspect ratio of DT fibres against fibre Type A; DT 1.2, DT 2.0 and DT 2.3 would have to be increased in length by 2.4, 6.8 and 8.69 times and this is a suggestion for future research. The fibres need to be tested with a wider range of concrete strengths to determine the effect when the concrete strength is increased. The optimum fibre dose and concrete strength will depend upon the design requirements.
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6.0
References

[1]
Atkinson T, (2010), “Fibres – the traditional method of reinforcement”, Concrete, September, Vol 44, Issue 8, The Concrete Society, UK 

[2]
Richardson A E, 2005, “Bond Characteristics of Structural Polypropylene fibres in Concrete with regard to post crack strength and durable design”?, Structural Survey, Vol 23, Issue No 3, August, MCB UP Ltd, UK, pp 210 – 223

[3]
The Concrete Society, (2007), “Guidance on the use of macro-synthetic-fibre-reinforced concrete”, Technical Report 65, The Concrete Society, UK 

[4]
Brookfield T, (2012), “The use of Macro Polypropylene fibres in ground bearing floors”, Concrete, April, Vol 46, Issue 4, The Concrete Society, UK 

[5]
Berge B, (2010), “Fibre reinforced concrete”, Concrete, May, Vol 44, Issue 4, The Concrete Society, UK 

[6]
Thomas W M, Thomas R L, Paglia C, Ralph B, Fenn R, (2011), “Evaluation of novel fibre reinforcement by punch testing”, Concrete, June, Vol 45, Issue 6, UK

[7]
Richardson A E, 2007, A comparative study of post crack flexural toughness with A142 fabric steel reinforcement and structural polypropylene fibres in medium strength concrete beams, International Conference on “Advances in cement based materials and applications in civil infrastructure – (ACBM – ACI)”, Lahore Pakistan, December 12 – 14.

[8]
Williamson  N, (2011), “Steel-fibre–reinforced Concrete Floors”, Concrete, April, Vol 45, Issue 4, The Concrete Society, UK 

[9]
Martin G, (2012), “The case for Structural Synthetic Fibres”, Concrete, May, Vol 46, Issue 5, The Concrete Society, UK 
[10]
Perry B, (2006), “Synthetic Macro Fibres Storm to the front of Coastal defence Innovation”, Concrete, November, Vol 40, Issue 10, The Concrete Society, UK 
[11]
Coventry K, Richardson A E, Chris Mc Intyre, Balaji Aresh,  (2011), “Pullout Performance of Chemical Anchor Bolts in Fibre Concrete”, Fibre Concrete 2011– 6th International Conference, September 8/9, Czech Technical University, Prague, Czech Republic

[12]
Hannant D J, (1998), “Durability of polypropylene fibres in Portland cement based composites: Eighteen years of data”, Cement and Concrete Research, Vol. 28, No 12, 1809 –1817, Elsevier Science Ltd.
Standards used:

British Standards Institute, BS 812
: Part 103: 1985 Sampling and Grading of Aggregates, London: British Standards Institute.
British Standards Institute, BS 1881 : Part 108 : 1983, Making Test Cubes, London: British Standards Institute.
British Standards Institute, BS EN 12350 – 2: 2000, Testing Fresh Concrete – Part 2. Slump Test, London: British Standards Institute.
British Standards Institute, BS EN 12390-3: 2002,  Compressive Strength of Test Cubes, London: British Standards Institute.
British Standards Institute, BS EN 14889, Fibres for Concrete, Polymer Fibres – Definition, specification and conformity, BSI, London, 2006
Total word count 4700 without abstract and referenced work
DT flutes





Mix design


400kg CEM 1 cement (42.5 N)


40 kg silica fume


731kg coarse sand (<4mm)


1057kg 10 to 12mm crushed angular aggregate


0.5 – Water/cement ratio
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