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Effect of elevated temperature on pull-out behaviour of
4DH/5DH hooked end steel fibres
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Abstract

This paper presents the effect of elevated temperature on the bond mechanisms associated
with the pull-out behaviour of steel fibres. A series of pull-out tests have been performed on
4D and 5D hooked end steel fibres embedded in four different types of concrete, namely,
normal strength concrete (NSC), medium strength concrete (MSC), high strength concrete
(HSC) and ultra-high performance mortar (UHPM). At the age of 90 days, the specimens
were heated to target temperatures of 100, 200, 300, 400, 500, 600, 700 and 800°C
respectively. The influence of elevated temperature on the mechanical and thermal properties
of concrete was investigated. The results showed that the pull-out response of both fibres
does not vary significantly throughout 20-400°C temperature range, but within the
temperature range of 600 to 800°C, the pull-out strength decreases significantly for all
concretes. The comparisons between the two fibre types show that the mechanical anchorage
contribution provided by the SDH fibre is significantly higher than that of the 4DH fibre,
especially for higher strength concretes. The reduction in bond strength of both fibres after
elevated temperature exposure is found to correlate closely with the degradation in

compressive strength of the concretes.
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1. Introduction

Concrete structures are inevitably exposed to potential risks, such as earthquakes, explosion
and fire during their service lives. Fire represents one of the major hazards for high-rise
buildings, tunnels and other infrastructures [1,2]. Fire safety measures are one of the main
considerations in the design of structural members and complex infrastructures, such as

tunnels, where concrete is widely used as a primary construction material [3].

It is well established that the addition of randomly distributed steel fibres to a cementitious
matrix could improve significantly its tensile behaviour, ductility, impact and crack
resistances [4-7]. Although steel fibres may not offer any obvious advantage from a fire-
endurance point of view, it has been shown that steel fibres can be considered as an effective
way in delaying the spread of cracking, and hence potentially improve the performance of
concrete after exposure to high temperatures [8-10]. The main concern about the structural
performance is the condition of the constituent materials (i.e. steel fibre and concrete) and the
bond characteristics between them. At high temperatures, the mechanical and physical
properties of the concrete and reinforcing steel fibres, as well as the bond characteristics

between these materials, may deteriorate significantly [11].

The strength of steel fibre reinforced concrete (SFRC) under different levels of elevated
temperature can be quite variable, depending mainly on the fibre-matrix bond strength.
Therefore, understanding the bond characteristics between steel fibres and concrete after
exposure to high temperatures is paramount when quantifying SFRC behaviour, especially
for the most widely used hooked end fibres. The bond characteristics are commonly assessed
using the single fibre pull-out test, which provides the interfacial properties between the

fibres and the surrounding cementitious matrix [12].
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While the bond between steel fibre and matrix at room temperature has been a popular topic
for many years [e.g. 13-16], information on the bond characteristics after exposure to
elevated temperatures is very limited. In this context, a series of experimental pull-out tests
on two types of widely used hooked end steel fibres, namely 4D and 5D fibres were
performed in combination with four groups of cementitious mixtures with an initial
compressive strength ranging between 33 and 148MPa. The main objective of the research
programme is to investigate the bond-slip mechanisms of these fibres, and how they are
affected by exposure to prior elevated temperatures. The results are essential to a better
understanding of the effects of elevated temperature on the bond characteristics, thereby

allowing the post fire-resistance of SFRC to be predicted.

2. Experimental program

2.1. Materials

Four different concrete grades were investigated, namely normal strength concrete (NSC),
medium strength concrete (MSC), high strength concrete (HSC) and ultra-high performance
mortar (UHPM). All were prepared using two classes of Ordinary Portland Cement (i.e. CEM
IT 32.5R and CEM III 52.5N) according to European standard EN 197-1[17]. Silica fume,
ground quartz and fly ash were also used for the preparation of the MSC, HSC and UHPM
mixtures. The aggregates consisted of crushed granite with a maximum size of 10 mm. Two
types of sand were used. Coarse sand (0-4 mm) was used in the NSC, MSC and HSC mix
design and very fine sand (150-600 pm) was used in the UHPM mix design. A
superplasticizer TamCem23SSR was used to enhance the workability of the HSC and UHPM

mixtures. The mix proportions are given in Table 1.

Two types of commercially available Dramix hooked end steel fibres, namely 4DH and SDH

were used in the pull-out tests. These fibres have the same length (60 mm), diameter (0.9
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mm) and aspect ratio (//d = 65), but only differ in the hook geometry and tensile strength. The
geometrical properties of hooked end fibres are depicted in Fig. 1 and detailed in Table 2.

The ambient stress-strain curves obtained for the fibre tensile tests are shown in Fig. 2.

2.2. Sample preparation

The pull-out test specimens prepared were (100x100x100 mm) cubes for NSC, MSC and
HSC and 100 x 50 mm cylinders with a diameter of 100 mm and a height of 50 mm for the
UHPM specimens. For NSC, MSC and HSC specimens, each specimen consists of four
embedded fibres, while the UHPM specimens contained one embedded fibre. The fibre
embedment length was 30 mm, which is half the length of the fibre used in this investigation.
For each concrete mix, three additional 100 mm cubes were prepared in order to determine
the compressive strength and mass loss of the mixture. Immediately after casting and
vibration, the specimens were covered with a thin polyethylene film in order to minimise
moisture loss and left for 24 hours at room temperature. The specimens were demoulded after
24 hours and then cured for a further 28 days in the conditioning chamber, which was

controlled to have a temperature of 20 + 2°C and relative humidity of 95 + 5%. Thereafter

each test specimens was aged for 90 days before testing.

2.3. Heating scheme

At the age of 90 days, the pull-out and compressive strength specimens were placed in an
electrical high-temperature furnace. For the pull-out specimens, the free end of the steel fibre
was coated with intumescent coating for protection during the heating. The specimens were
then heated to a maximum target temperature of 100, 200, 300, 400, 500, 600, 700 and

800°C, at a heating rate of 20°C/min. The target temperatures were maintained for one hour
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following which the specimens were allowed to cool down naturally before being tested at

room temperature.

2.4. Test setup

The pull-out tests were performed on the cooled specimens using a specially designed grip
system, as illustrated in Fig. 3, which was attached to an Instron 5584 universal testing
machine. The grips were designed such that the forces applied to the fibre provided a true
reflection of the real situation experienced by fibres bridging a crack. The body of the
gripping system was machined in a lathe using mild steel and had a tapered end to allow the
insertion of four M4 grub screws (Fig. 3). These were then tightened around the steel fibre to
an equal torque to ensure an even distribution of gripping pressure and to minimise
deformation or breakage of the fibre ends. Two linear variable differential transformer
(LVDT) transducers were used to measure the distance travelled by the steel fibre relative to
the concrete face during testing (i.e. the pull-out distance). They were held in place using
aluminium sleeves on either side of the main grip body (Fig. 3). The LVDT’s had ball
bearings at the tips to allow for accurate readings on the face of the samples. The sample was
secured to the Instron base using clamps with riser blocks and M16 studs. The specimen was
positioned on a brass round disc to remove any discrepancies in the sample base and allow
for distortion. In all pull-out tests, a displacement rate of 10 pm/s was adopted. All specimens
were tested at an age of 90+2 days and the average value of three specimens was adopted,

both for the compressive strength and pull-out tests.
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3. Results and discussion

3.1. Mechanical and thermal properties of cementitious mixes at elevated temperatures

3.1.1. Compressive strength

It is well known that the compressive strength is usually used to determine the grade of the
concrete strength from which the mechanical properties of the concrete can be assessed. The
compressive strength of all mixes after exposure to various levels of elevated temperature are
summarized in Table 3 and shown in Fig. 4. Note that results are presented only for the
UHPM mix up to 400°C because explosive spalling occurred at higher temperatures (Fig. 5).
For NSC, MSC and HSC, no an explosive spalling occurred at any temperature except
spalling of small fragments from top surface of the specimens (Fig. 5). It can be seen from
Fig. 4 that after an exposure to relatively low levels of elevated temperature (<400°C),
increasing temperature results in a slight decrease in the compressive strength of NSC, MSC
and HSC, with an exceptional result at 200°C, showing a slight increase in compressive
strength owing to rehydration and moisture migration. By contrast, for the UHPM mix, the
compressive strength increased slightly following exposure to temperatures within the 100-

300°C range before dropping at 400°C.

Further exposure to 400-800°C results in consistent decrease in the compressive strength of
NSC, MSC and HSC with the temperature increases. At 800°C, the compressive strength
retention of NSC, MSC and HSC were 33%, 42% and 47% of original values at ambient
temperature, respectively. The significant reduction in strength may be attributed to both the
physical and chemical transformation that takes place in concrete, resulting in decomposition

of calcium silicate hydrate (C-S-H) gel which leads to loss of binder property in concrete.
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3.1.2. Mass loss

Fig. 6 illustrates the mass loss as a percentage of the original ambient value (Mioss) for all
concrete mixtures after exposure to different levels of elevated temperature. The mass of each
specimen was measured before heating and again after cooling in order to determine the mass
loss ratio. As evident from the figure, for all mixtures the mass loss remained insignificant
(< 3%) until about 300°C, and then the loss increased substantially when temperatures change
from 300 t0 800°C. When temperature reached 800°C, the mass losses of NSC, MSC and
HSC were 11%, 10%, and 8%, respectively. It can be concluded that the compressive
strength of concrete does not have a significant influence on mass loss, e.g. HSC exhibits a

similar trend in mass loss to that of NSC.

3.2. Post-heating pull-out behaviour

3.2.1. Pull-out load-slip response of 4DH fibres.

The average pull-out load-slip curves of 4DH fibre embedded in NSC, MSC, HSC and
UHPM matrixes after exposure to different levels of elevated temperature (20-800°C) are
presented in Fig. 7. It can be seen that the pull-out behaviour of 4DH fibre embedded in all
four matrixes is generally characterized by a combination of two different mechanisms:
debonding and frictional pull-out. Once complete debonding has occurred at the fibre-matrix
interface, the fibre hook undergoes plastic deformation to straighten the fibre. So, once these

mechanisms are overcome, the pull-out process occurs under frictional resistance.

It can also be observed from Fig. 7a-d that the pull-out behaviour of the 4DH fibre embedded
in each mixture is similar, especially for the lower temperature range (i.e. 20-400°C).
However, there are some differences in the maximum pull-out load and pull-out work values.
In this temperature range, the maximum pull-out load of 4DH fibre from the UHPM is 54%,

35% and 15% higher than that of the fibre pulled from the NSC, MSC and HSC, respectively
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(Table 4). Another significant difference is that the residual pull-out load of the fibre pulled
from the NSC (Fig. 7a) is greater than those from other matrixes. This higher residual
response can be attributed to the fibre being pulled out without the occurrence of full
deformation and straightening of the hook. Also from Fig. 7d it is interesting to observe that
some of the curves exhibit abrupt load drop corresponding to a partial rupture of the fibre’s
hook portion. Nevertheless, as illustrated in this figure, the broken fibre continued to
withstand the stress transfer until the fibre completely pulled out; the hook at the other end of
the fibre remained intact. In the higher temperature range between 500°C and 800°C, there is
a significant change in the shape of the pull-out curves with increasing pre-temperature,

especially above 600°C, as the bond strength between the fibre and the concrete diminishes

considerably (Fig. 7a-c).

The results from the pull-out tests are also presented in Table 4, which includes the maximum
pull-out load (Puax), the corresponding slip at Puax (Smax), the maximum tensile stress induced
in the fibre (ormax) and the total amount of work done in the pull-out (W), which is
calculated as the area under the pull out load-slip curve for each concrete type at each
temperature. It can be seen that the Puax, 0fmax and Wiow of the 4DH fibres at ambient
temperature increases as the matrix compressive strength increases, as expected. At ambient
temperature, the highest levels of bond strength are found for the HSC and UHPM samples,
leading to significantly higher values for Puax, 0fmax and Wio compared with the other

mixtures.

With heating to 100°C and above, all four matrixes experienced loss in pull-out strength with
temperature. The maximum pull-out load (Pnax7) normalised by the corresponding ambient
value (Pmax) for all mixtures with increasing temperature is presented in Fig. 8, whilst the

corresponding maximum tensile stress induced in the fibre (o7max), Which is found identical to
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that of the Puax, 1s also shown in Fig. 8. It can be clearly seen that the maximum pull-out load
in all four matrixes is similar within the temperature range of 20 to 400°C. For NSC, the Ppux
initially remains constant up to 300°C and then slightly reduces up to 400°C. The Ppax of
MSC also remains constant at 100°C initially before decay at 200°C and then regains to
maximize at 300°C. The P of the HSC decreases at 100°C initially and then maximizes at
200°C before remains constant between 300 and 400°C. In the case of UHPM, P4y increases
up to 200°C initially and then gradually reduces leading to explosive spalling at 500°C. The
enhancement of bond strength in UHPM up to 200°C may be attributed to accelerate the
pozzolanic reactions, improving packing density and reducing the pore size which improves
the fibre-matrix interfacial properties. In this temperature range (i.e. 20-200°C), as stated
before, the pull-out load dropped suddenly for slip less than 5 mm indicating that the fibre
ruptured internally at its hook. This represents ofmav/ous of around 0.97-1.0 (where ous =1500
MPa is the ultimate tensile strength of the steel fibre), which reflects full activation of the
mechanical bond i.e. the fraction of UTS absorbed by hinge formation.

At a temperature greater than 400°C the pull-out strength drops consistently with increase in
temperature. The loss of bond strength in each concrete matrix almost followed a similar
trend up to 700°C. Once the target temperature reaches 800°C, the Puq of NSC, MSC and

HSC was only 52%, 25% and 31% of its original Pu.. value at ambient temperature,
respectively. This sharp degradation of pull-out strength can be attributed to the
decomposition of concrete due to complete dehydration and progression of micro and macro

cracks, which had adverse effect on the compressive strength.

For NSC, MSC, HSC and UHPM, the quadratic relationship between the relative maximum

pull-out load P4y 7/ Pnax and the temperature T can be expressed as Eq. (1).
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0.98 +3.52 x 107*T — 1.29 x 107°T?, NSC

PraxT _ OmaxT _ | 0.96 +4.44 X 1074T — 1.67 x 107°T?, MSC
Prax  Omax | 0.99 +4.56 x 107*T —1.78 x 107°T2, HSC ’
0.99 +4.70 x 107*T — 2.21 x 107°T?, UHPM

20°C < T <800°C; (1)

where, P, gy r and Py, represent the maximum pull-out load at elevated temperatures and
maximum pull-out load at room temperature and T elevated temperature
correspondingly 0,4, 7/ 0 may 15 the ratio of maximum pull-out stress between elevated and
ambient temperature. As can be seen from Fig. 8 that the proposed empirical relations by Eq.
(1) fit well with test data and the correlation coefficient R? for NSC, MSC, HSC and UHPM

were 0.96, 0.96, 0.95 and 0.97, respectively.

3.2.2. Pull-out load-slip response of 5DH fibres.

The average pull-out load-slip curves obtained from the pull-out test of SDH fibre embedded
in NSC, MSC, HSC and UHPM under different exposure temperatures (20-800°C) are
presented in Fig. 9a-d. It can be seen that the pull-out curves of 5DH fibre for all four
matrixes are similar to the corresponding curves of 4DH fibre (Fig. 7a-d), even at higher
temperatures, although with higher maximum pull-out load, slip capacity and total pull-out
work values, particularly for HSC and UHPM. It should also be noted that the SDH fibre
pulled from all matrixes did not exhibit abrupt load drop or fibre rupture during the pull-out

process.

The initial gradients of SDH fibre curves embedded in all matrixes are similar to each other.
However, the post-peak behaviour of the SDH fibre pulled from the NSC and MSC (Figs. 9a
and b) is significantly different from those of the HSC and UHPM (Figs. 9c and d). The post-
peak behaviour of the fibre pulled from the NSC and MSC exhibit additional peak points and

more variability, while the curves corresponding to HSC and UHPM show relatively
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smoother and lower residual pull-out strength. These differences may be attributed to the
frictional effect of coarse aggregate, together with the remaining irregularities due to
incomplete deformation and straightening of the hook in the NSC and MSC (Fig. 10a), which
ultimately increase the residual pull-out strength. While the lower residual strength of SDH
fibre pulled from HSC and UHPM can be attributed to the high level of deformation and
straightening of the hook, which leads to the fibre pulled out under relatively low frictional

resistance (Fig. 10b).

Table 5 summarizes the pull-out test results including the maximum pull-out load (Ppax), the
corresponding slip at Puax (Smax), the maximum tensile stress induced in the fibre (o/max) and
the total amount of work done in the pull-out (W), which are calculated as the average of
three tests at each temperature. It can be seen that, as expected, as the compressive strength of
the matrix increases (i.e. from NSC to MSC, HSC and UHPM), both the maximum pull-out
load and the pull-out work done also increase significantly. After exposure to elevated
temperature, there is a gradual decrease in both Pua and Wiew With increasing temperature
for all concrete types. Fig. 11 shows the variation in maximum pull-out load at elevated
temperature (Pnax,7) normalised by the corresponding values at ambient temperature (Ppax)
with increasing temperature. The corresponding maximum tensile stress ratio induced in the
fibre (o7max), Which is geometrically identical to that of the load ratio Py, is also shown in
Fig. 11. It is apparent that there was no significant change in maximum pull-out load within

the temperature range of 20 to 400°C, but a subsequent gradual decrease in Puax When the
temperature exceeds 400°C. For NSC, there is an increase in Pyuq between 20 and 300°C and
then gradually decreases with temperature up to 800°C. The Puax of MSC slightly reduced at
100°C and remained almost constant between 200 and 400°C before it reduced sharply in the
temperature range of 400-800°C. The P of HSC increased linearly until 300°C, then

gradually decayed up to 500°C and finally sharply decreased in the temperature range of 500-
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800°C. It can be concluded that the Pqx loss in all three concretes (i.e. NSC, MSC and HSC)
follows an almost similar trend at high temperatures. Their Pnq. was sharply reduced at a
similar way above 400°C, especially for MSC and HSC. At 800°C, the Pua of NSC, MSC
and HSC were only 45%, 25% and 16% of its original Pn. value at ambient temperature,

respectively. In the case of UHPM, there is reduction in Ppq at 100°C initially, and then Pax

regains to maximize at 200°C and finally decays sharply up to 400°C.

For NSC, MSC, HSC and UHPM, the quadratic relationship between the relative maximum

pull-out load P4y 7/ Pnax and the temperature T is given by Eq. (2).

P max,T __ Umax,T _

0.95 + 9.05 x 107*T — 2.35 X 107°T2, MSC,20°C < T < 800°C

1.05 —2.56 x 107°T — 1.06 X 107°T?2, NSC,
2)
0.99 +8.87 x 107*T — 2.55 x 107°T2, HSC

P max Umax

Where, Py, 1 and B4, represent the maximum pull-out load at elevated temperatures and
maximum pull-out load at room temperature and T elevated temperature. It can be seen in
Fig. 11 that the curves proposed by Eq. (2) fit well with test data, except that for UHPM. The
fit to UHPM was not considered over this temperature range with its 500°C temperature limit.
For NSC, MSC and HSC, the correlation coefficient R> were 0.90, 0.96 and 0.94

respectively.

3.3. Difference in the pull-out behaviour of 4DH and 5DH fibres

To further understand the influence of the hook geometry and elevated temperature on the
pull-out response, a comparison of two fibres pulled from a different matrix were made. The
comparison of the maximum pull-out load between the two hooked end fibres after exposure

to various levels of elevated temperature (20-800°C) are plotted in Fig. 12. It is evident that

the pull-out behaviour of the SDH fibre embedded in all matrixes is similar to that of the



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

corresponding 4DH fibre, but different in their Puaand Wi values. It can be seen from Fig.
12 that as the compressive strength of the matrix increases, both the maximum pull-out load
and pull-out work increase significantly for both fibres. Also from Fig. 12a it is interesting to
observe that the maximum pull-out load of 4DH fibres from the NSC is higher than the
corresponding values of the 5DH fibres for all temperatures. This behaviour may be
attributed to the fact that the SDH fibre requires high energy (i.e. high matrix strength) to
straighten the hook having a high mechanical anchorage compared to 4DH fibres. With the
further increase in compressive strength from NSC (fc=33MPa) to MSC (f-=54MPa) and HSC
(f=71MPa), the maximum pull-out load of SDH fibre increased much more than that of 4DH
fibres (Figs. 12b and c). This indicates that good bond between steel fibre and matrix due to
high mechanical interlocking and high matrix strength is necessary to straighten the hook.
However, this effect has a short duration since both fibres behave similarly especially at
higher temperatures (i.e. above 600°C). Comparing the two fibres embedded in UHPM (Fig.
12d), the maximum pull-out load of 5DH is also higher than that of the 4DH fibres and it

maximized at 200°C for both fibres in which SDH fibre is more effective.

The comparison of the total pull-out work between the two hooked end fibres after different
peak temperatures (20-800°C) is plotted in Fig 13. It can be observed that there is no clear
variation between the two fibres in total pull-out work of NSC with different elevated
temperatures (Fig. 13a). The highest Wil observed for 4DH fibre after heating to 500°C
which is almost two times higher than the others (Table 4). This inconsistency may be a
result of the variability in the deformation required to straighten the hook. As the MSC as an
example, the mechanical anchorage contribution provided by the SDH fibre gave rise to a
significant increase in the Wioal compared to 4DH fibre (Fig. 13b), although the Wiotal of
SDH fibre was greatly reduced for specimens heated to temperatures greater than 400°C.

Similar to the MSC, the Wit of SDH fibre in HSC is also slightly higher than that of the
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4DH fibres up to 600°C, but Wi values for both fibres reduced considerably between 700
and 800°C (Fig. 13c). It is noteworthy that since the concrete strength of NSC, MSC and
HSC does not significantly change up to temperature of 500°C (Fig. 4). Therefore, the Wiotal
of both fibres does not vary considerably. The higher values of Wil for both fibres at high
temperatures may also be attributed to the presence of coarse aggregate in concrete together
with the curvatures remaining at the fibre end. In case of UHPM, the Wil for SDH fibre
specimens is much higher than the corresponding values of 4DH fibre up to 300°C. The lower
values of Wil of the 4DH fibre can be attributed partly to the sudden load drop due to a

partial fibre rupture in the 4DH geometry (Fig. 13d).

4. Discussion
Here we consider the most effective combination of matrix strength and fibre geometry for

the various elevated temperatures investigated.

1) In the range of 20-400°C:

Due to the high mechanical anchorage of the 4DH fibre compared with its tensile strength
(furs = 1500 MPa), the rupture of this fibre is more likely to occur in a matrix of high strength.
That is, the fibre rupture tends to occur when the fibre with high mechanical anchorage and
relatively low tensile strength is combined with very high matrix strength. This indicates that
the mechanical anchorage contribution of 4DH fibre can be fully effective if fibre rupture is
prevented. Therefore, the tensile strength of 4DH fibre has to increase in parallel with the
strength of its anchorage. Only in this way can the fibre resist the forces acting upon it. On
the basis of these considerations, it is believed that increasing the tensile strength of the 4DH
fibre would effectively prevent fibre rupture and capitalize the end hook anchorage strength

to the maximum degree.
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For the SDH fibres, the following observations apply:

1) The complete deformation of fibre hook embedded in the NSC matrix did not occur.
Rather only low level of deformation and straightening of the hook have been observed (Fig.
10a).

2) The partial deformation dramatically increased with increasing the matrix compressive
strength.

3) The full deformation and straightening of SDH fibre hook only takes place when the fibres
are embedded in UHPM (Fig. 10b).

4) In all four matrixes, the SDH fibre is completely pulled out from the specimen without
any occurrence of the fibre rupture.

5) As a result of the 5SDH unique hook’s geometry and its high tensile strength a matrix with
high compressive strength is needed to ensure the full extent of hook anchorage, which
makes this type of fibre attractive for use in ultra-high performance cementitious composites.
6) Finally, the conclusion is drawn that the SDH fibre used in this study may only be fully
exploited as the reinforcement in UHPM.

2) In the higher temperature range between 400°C and 800°C:

For 4DH and 5DH fibres, the influence of concrete compressive strength plays an important
role on the pull-out strength when the temperature exceeds 500°C. It has been seen that these
two fibres embedded in MSC and HSC have quite similar values of P throughout the (600-
800°C) temperature range (see Figs. 12b and c). This indicates that both fibres have almost
similar bond strength when pulled from the matrix without their deformation and

straightening resulting from the concrete strength degradation.
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5. Conclusions

The effect of elevated temperatures on the bond mechanisms associated with the pull-out

behaviour of two types of hooked end steel fibres embedded in four different concrete mixes

was thoroughly investigated. Some specific conclusions can be drawn as follows:

1y

2)

3)

Temperature had a little influence on the compressive strength for all concrete
specimens heated up to 400°C. However, at temperatures higher than 400°C,
explosive spalling occurred for UHPM above 500°C, while the compressive strength
of NSC, MSC and HSC generally decreased with increasing temperature. Once the
temperature reached 800°C, the compressive strength of NSC, MSC and HSC was
only 33%, 42% and 47% of its original strength at ambient temperature, respectively.
The temperature induced degradation was related to the small mass loss. At the
greatest temperature of 800°C, the mass losses of NSC, MSC and HSC specimens
were 11 %, 10 %, and 8 % of their original values, respectively.

The pull-out behaviour of 4DH and 5DH fibres appeared to be affected by elevated
temperatures in a similar manor. The pull-out strength of both fibres did not vary
significantly throughout 20-400°C temperature range, but within the temperature
range of 500 to 800°C, the maximum pull-out load decreased significantly for all
concretes.

Pull-out strength was found to be strongly dependent on the hook geometry in which
the mechanical anchorage contribution provided by the hook increased with matrix
strength. The bond strength of 5SDH fibre was considerably higher than that of 4DH
fibre, except the case of NSC. However, the bond strength of both fibres diminished

gradually with increasing temperature and both fibres embedded in MSC and HSC
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exhibited comparable maximum pull-out load values in the 600-800°C temperature

range.
4) The reduction in pull-out strength of both fibres correlated very well with the

corresponding decrease in compressive strength of the matrix.
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732 Table 1
733  Mix design of mixtures
Matrix Cement  Silica Fly Quartz Aggregate Superplasticizer Water W/B
type fume ash (kg/m?)
(kg/m®)  (kg/m®) (kg/m®) (kg/m®) C.A F.A (kg/m®) (kg/m’®) ()
C.G.S F.G.S
6-8mm  0-4mm 150-600 pm
NSC 364* - - - 979 812 - - 200  0.55
MSC 350° - 107 - 660 1073 - - 205 045
HSC 480° - 45 - 850 886 - 6 210 0.40
UHPM 710° 230 - 210 - - 1020 30.7 127  0.11
734 @ Portland-limestone cement CEM II 32,5R
735  ®Portland cement CEM III 52.5 N
736
737 Table 2
738 The measured geometric properties of hooked-end fibres
Fibre type  fus(MPa) [r(mm) dr(mm) Hook length (mm) Hook angles (°)  Hook height(mm)
L; L Ly o B H; H,
4D65/60 BG 1500 60 0.90 298 2.62 3.05 - 35.1 33.8 437 2.20
5D65/60 BG 2300 60 0.90 2.57 238 257 256 279 305 2.96 1.57
739
740
741 Table 3
742 The results of compressive strength at elevated temperatures (20-800°C)
Temperature Compressive strength (MPa)
°0) NSC MSC HSC UHPM
20 33 54 71 148
100 31 52 69 151
200 32 57 72 152
300 30 53 66 155
400 29 50 64 140
500 25 45 62 -
600 18 35 42 -
700 13 31 38 -
800 11 23 34 -
749
750
751
752
753

754
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758
759

760
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763

764

765

Table 4

Pull-out tests results of 4DH fibres at elevated temperatures (20-800°C)

Material property 20°C  100°C 200°C 300°C 400°C 500°C 600°C 700°C 800°C
Prax (N) 596 588 595 589 586 484 433 313 292
NSC 0fmax (MPa) 937 925 936 926 922 761 681 492 459
Smax(mm) 258 145 3.25 2.03 1.59  2.10 1.73  11.04 1433
Wi (N mm) 4154 3600 4968 4715 3789 7057 3127 2723 2445
Prax (N) 685 680 620 691 622 485 470 299 170
MSC 0fmax (MPa) 1077 1070 975 1087 978 763 739 470 267
Smax(Mm) 1.68 143 1.30 1.48 122 244 1.05 4.45 2.32
Wi (N mm) 3123 5043 3661 3593 3707 3402 3531 3024 1525
Prax (N) 797 779 840 766 759 656 426 272 245
HSC 0 max (MPa) 1254 1225 1321 1205 1194 1032 670 428 385
Smax(Mm) 1.76  1.11 1.57 1.53 .16  2.12 224 491 3.44
Wi (Nmm) 6210 4271 6756 6627 3809 4210 5917 2563 1419
Prax (N) 918 931 933 840 766 - - - -
Ofmax (MPa) 1444 1465 1468 1321 1205 - - - -
UHPM Smax(Mm) 1.55 142 1.57 1.58 1.59 - - - -
Wi (N mm) 4763 1922 7222 7540 6627 - - - -
Table 5
Pull-out tests results of SDH fibres at elevated temperatures (20-800°C)
Material property 20°C  100°C 200°C 300°C 400°C 500°C 600°C 700°C 800°C
Pra(N) 537 571 536 578 507 363 312 248 239
NSC 0max (MPa) 845 898 843 909 797 571 491 390 376
Smax(Mm) 233 1.78 2.11 1.35 132 2.66 1.30 1.54 1.94
Wi (Nmm) 4671 3862 4502 6553 4259 4417 3117 1781 1336
Prax(N) 819 799 843 844 828 693 507 275 205
MSC 0max (MPa) 1288 1257 1326 1327 1302 1090 797 433 322
Smax(mm) 225 1.61 1.75 1.19  2.04 1.51 1.32 2.25 1.20
Wi (N mm) 3645 6659 8874 9506 11679 4228 2287 1574 2211
Prax (N) 920 948 981 1005 890 798 427 263 147
HSC 0 max (MPa) 1447 1491 1543 1581 1400 1255 672 414 231
Smax(mm) 1.83 1.66  0.98 1.93 1.89 1.53 2.46 1.46 1.51
Wiow (N mm) 7384 4298 7547 6884 6098 5902 3199 1542 1742
Prax(N) 1181 1110 1323 1102 1005 - - - -
0 max (MPa) 1858 1746 2081 1733 1581 - - - -
UHPM Smax(Mm) 1.75  1.38 2.29 1.84 1.93 - - - -
Wi (Nmm) 7043 8610 12937 9694 6883 - - - -




766

767

768

769

770

771

772

773

774

775

776

777



