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The effect of fibre type on pullout energy
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Summary (150-200 words)
The experimental results of different steel fibers pullout tests on concrete medium are presented and discussed. The influence of fiber embedment length on the fiber pullout behavior is studied. The role of the fibers type on the overall pullout behavior is also investigated by carrying out tests with straight fibers in order to separate the contribution of the frictional bond component. By using analytical model the experimental bond-slip relationships are described and the effect of fiber form on pullout energy is shown. 
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1 Introduction
Steel fiber reinforced concrete (SFRC) is a relatively recent composite material, which combines the benefits of concrete technology with the profits derived from the fiber addition to a brittle cementitious matrix. In the hardened state, the addition of fibers to brittle cementitious matrix contributes to the improvement of the impact resistance and the energy absorption capacity, since the fibers that bridge the cracks allow stress transfer between crack planes and retard the crack opening propagation [1].

In fiber reinforced concrete (FRC) material, the interface between fiber and cement paste is the weak link of its microstructure. Therefore, the study of the behavior of fiber-concrete interface is important for understanding the mechanical behavior of such composites [2]. The effectiveness of a given fiber as a medium of stress transfer is often assessed using a single fiber pullout test, where the load applied to the fiber is monitored as a function of the fiber displacement [3, 4]. In spite of the belief sometimes held, that no correlation exists between the behavior of a fiber in a single fiber pullout test and its behavior in a real composite material, single fiber pullout tests provide relevant information for the development of new advanced materials with optimized properties [4]. In addition, although there is not an ideal test or model to fully predict the mechanical behavior of steel fiber reinforced concrete a single pullout test can help to understand the overall behavior of composite material under action of tensile stresses. 

The aim of this study is the investigation of pullout behavior of different types of steel fibre, determination of the effect of fibre length and type on maximum pullout load and pullout energy. 
2 Concrete mixture and test specimens 

The pullout tests on single steel fibers were performed using prismatic concrete specimens. The dimensions of the specimens were 40×40×~60 mm. Four cubic specimens with an edge length of 100 mm accessed the compressive strength of the concrete. The average value of the compressive strength, at the fiber pullout testing age, was 22.4 MPa with a coefficient of variation of 2.2 %.
The experimental program presented is comprised of five groups of pullout tests each consisting of six specimens. To assess the influence of the fiber embedded length (lemb) on the pullout response, series of tests with 15 and 25 mm of lemb were tested. Fibers had a length of 50 mm, a 0.75 mm diameter or cross section 2.8×0.6 mm and a yield stress of 1100 MPa.
3 Test equipment
The pullout tests were performed on a hydraulic Zwick/Roell material testing machine with a capacity of 400 kN. To acquire the applied force with more accuracy, a HBM S9 load cell with a capacity of 50 kN was attached to the machine test frame. The single-sided specimen was mounted in an aluminium frame attached to the support, and the protruding part of the steel fiber is fastened by a wedge grip, which allowed a secure hold.
For the measurement of the fiber pullout displacement, three LVDT's were used. To exclude displacement deformations at the grip, the LVDT's were fixed at the upper ring and touching the bottom surface of a plate fixed to the fiber. The internal displacement transducer of the testing machine performed the closed-loop displacement control with speed rate of 1.0 mm/min.
4 Fiber pullout behaviour

In Fig. 1 the average pullout load-displacement curves for the tested series are shown. The pre-peak parts of the pullout-displacement curves consist of a linear and non-linear part. The first one is associated with the elastic bonding, whereas the nonlinear part starts with the micro cracking of the interface, corresponding to the debonding process and straightening of fibres. For smooth fibers the non-linear part of the ascending branch has relative small amplitude, since it starts very close to the peak load. In case of smooth fibers, after the peak load is attained a sudden drop is observed, which corresponds to an abrupt increase of damage at the fiber-concrete interface. Note that fiber-concrete friction is the main mechanism of the pullout behavior. The post-peak load decay in the case of hooked, headed and crimped fibers was not so abrupt than in case of smooth fibers, since with the increase of the displacement the fiber mechanical anchorage starts to become progressively mobilized.
In general, for each type of fiber analysed the configuration of the pullout load and slip displacement curve was similar regardless the fiber embedded length. The peak load Fmax, the displacement at peak load δmax and the dissipated pullout energy increased with lemb. The maximum pullout load Fmax increases proportionally to the embedment length lemb except in the case of headed fibres, where the friction of the fiber surface is insignificant.
	[image: image2.emf]0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 0.5 1 1.5 2 2.5 3 3.5

Force, kN

Displacement, mm

S (25mm)

S (15mm)


	[image: image3.emf]0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.5 1 1.5 2 2.5 3 3.5

Force, kN

Displacement, mm

H (25mm)

H (15mm)



	[image: image4.emf]0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.5 1 1.5 2 2.5 3 3.5

Force, kN

Displacement, mm

CR (25mm)

CR (15mm)


	[image: image5.emf]0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3 3.5

Force, kN

Displacement, mm

CF (25mm)

CF (15mm)




Fig. 1 Average pullout load-displacement curves for smooth (S), hooked (H), crimped round (CR) and crimped flat (CF) fibers with embedded length of 25 and 15 mm
5 Analytical modelling of pullout response of fibers
In order to determine the fiber pullout energy the parameters of the load-displacement relationship that best fitted the experimental pullout load-displacement curves of all series were obtained. On the basis of average experimental bond curves shown in Fig.1 the parameters of analytical relationships were obtained by using minimization procedure:
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N 
is the number of points on the experimental and analytical curves.
The approximation of experimental curves was performed by using two different relationships for the ascending and the descending branches. To estimate the fractural toughness of FRC the pullout energy of fibers was determined. The energy was determined by the equation (2). The results are presented in Tab. 1.
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In expressions (2) typical experimental characteristics Fmax and δmax were used. Unknown coefficients α, β, γ were determined by using minimization procedure (1). 
Tab. 1 Pullout energy (Nmm) for each type of fiber and embedded lengths of 25 and 15 mm
	Displacement
	S(25)
	S(15)
	H(25)
	H(15)
	CR(25)
	CR(15)
	CF(25)
	CF(15)
	FE(25)
	FE(15)

	0.1 mm
	9
	6
	10
	3
	20
	10
	8
	7
	12
	11

	0.5 mm
	25
	18
	100
	27
	176
	111
	116
	114
	110
	78

	1.0 mm
	37
	29
	233
	78
	437
	291
	383
	345
	295
	208

	2.0 mm
	56
	52
	536
	211
	1015
	636
	1170
	836
	818
	587

	3.5 mm
	81
	88
	984
	389
	1868
	1066
	2671
	1475
	1687
	1376


Types of fibers: smooth (S), hooked (H), crimped round (CR), crimped flat (CF), flat ended (FE)

6 Conclusions
The complete fiber pullout was observed for aligned smooth, hooked, headed and crimped fibers. The pullout load increased almost linearly until peak load for smooth fibers. The pullout response of hooked, headed and crimped fibers is nonlinear because influenced by the straightening of the fibre and damaging of concrete. The pullout toughness was computed by integrating average load-displacement curves up to slips of 0.1, 1.0, 2.0 and 3.5 mm. Maximum peak load was observed for crimped flat and headed fibres, maximum toughness characteristics - for crimped fibres.
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