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The mechanical performance and structural behaviour of concrete pipes were evaluated
using the Three Edge Bearing Test (TEBT) as per the guidelines of ASTM C497 (Standard
Test Methods for Concrete Pipe, Manhole Sections or Tile) as shown in Fig. 2-1. A line load
was applied along the crown of the pipe using a displacement controlled universal materials
testing system (MTS). A rigid steel beam was attached to the loading system. The upper
bearing consisted of a 25 mm thick hard rubber strip attached to a rigid wood beam. Pipes
were supported along their longitudinal axis on a lower bearing system consisting of 25 mm
thick hard rubber strips attached to two rigid wood beams spaced at 50 mm apart. For each
tested pipe specimen, the vertical deflection of the crown toward the invert at pipe spigot was
recorded versus the load using linear displacement transducers (LVDTs). LVDTs were
positioned against the inner surface of the pipe crown and attached to supports fixed at the
bottom part of the pipe. In addition, concrete strain at the pipe invert at spigot (area of
maximum bending moment) was recorded using strain gauges mounted on the pipe inner

surface. The test setup and pipe instrumentation are shown in Fig. 3-1.

Load Vertical LVDT
at spigot

Crown

LVDT
Springline

Do
D
N

Strain guage

Invert Holding frame

Figure 3-1 Testing setup and pipe instrumentation.
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3.3 RESULTS AND DISCUSSION

3.3.1 Mechanical Characterization of DCSFRC Mixtures
3.3.1.1 Compressive Strength

Figure 3-2 illustrates the compressive strength of DCSFRC mixtures (Cs) with respect to that
of the control mixture without fibre (Cp) (Cs/Cp). Generally, the compressive strength
increased with the addition of steel fibres. The higher the fibre dosage, the higher was the
increase. For example, for mixtures incorporating Type B steel fibres, Cs/Cp increased by
about 14% as the fibre dosage increased from 20 to 60 kg/m®. At higher fibre content, more
fibres can resist crack formation in the longitudinal direction of the tested cylinders, then

resulting in higher compressive strengths (Yang, 2011).

Using a hybrid fibre system did not affect Cs of DCSFRC. Cs/Cp for mixtures
incorporating a hybrid system of fibres (Types A and B) was in between those for mixtures
incorporating fibre A or B individually at the same fibre content. For instance, at a fibre
dosage of 40 kg/m?3, C/C,, for mixtures incorporating Types A and B and a hybrid fibre was
1.06, 1.14, and 1.09, respectively.

It has been reported elsewhere (Ezeldin and Lowe, 1991, and Gao et al., 1997) that an
increase in the steel fibre content resulted in an increase in the compressive strength. For
mixtures with low fibre content (Vr < 1), an increase in the compressive strength up to 25%,
depending on the fibre type and content, can be found in the literature (Ezeldin and Lowe,
1991; Gao et al., 1997; Yao et al., 2003; Song and Hwang, 2004; and Nehdi and Ladanchuk,
2004). In addition, ACI Committee 544 (2009) documented an increase in the compressive
strength ranging from zero to 23% for concrete with a normal range of fibre content.
However, others (Beaudoin, 1990, and Johnston, 2001) reported that steel fibres had little to

no effect on the compressive strength of SFRC.

Generally, these discrepancies on the effect of steel fibres on the compressive strength
of concrete can be explained by the conflicting effects of fibres. Steel fibres addition arrests
the development of micro-cracks in concrete, thus possibly resulting in higher compressive

strength. Simultaneously, it can reduce workability and compactability of concrete, leading to
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Figure 3-2 Relative compressive strength (Cs/C,) with respect to fibre content.

perturbation of the matrix and possibly higher voidage, which in turn reduces compressive
strength. In addition to the fibre dosage, perturbation of the cementitious matrix will depend
on its ability to accommodate fibres (Neves and Fernandes, 2005). Unlike normal concrete,
zero-slump concrete relies more on vivid mechanical vibration for its consolidation and less
on its inherent flow properties. Since the detrimental effect of fibre addition on consolidation
by energetic mechanical vibration is less significant than that on conventional workability,
the positive effect of steel fibre addition on the compressive strength of DCSFRC can be

more significant than that observed in normal slump concrete.

To account for the effects of both the fibre dosage and aspect ratio, the compressive
strength of DCSFRC mixtures was expressed as a function of the fibre-reinforcing index as
shown in Eq. 3-1 (Harajli et al., 2002; Ou et al., 2012):

n I— i
RI,=>""V,, dL Eq. 3-1
f

where Vs is the fibre volume fraction in percentage and n is the total number of fibre types

used in the mixture. The effect of the reinforcing index on the DCSFRC compressive
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strength is illustrated in Fig. 3-3. Generally, no correlation was found between the DCSFRC
compressive strength and the reinforcing index. This behaviour is expected since the fibre
length (Lf) showed no effect on the compressive strength (Cs) of DCSFRC as reported in
Table 3-3. For example, at a fibre content of 60 kg/m®, mixtures incorporating different fibre
types, including A (L+ = 35 mm- hooked ends) and B (Lt = 60 mm- hooked ends), exhibited
Cs values of 49.7 and 54.0 MPa, respectively (i.e. only 8% difference ). Moreover, at the
same fibre content, the larger diameter fibre is preferred as it performs better under a
buckling failure mode, leading to higher compressive strength (Beaudoin, 1991).
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Figure 3-3 Effect of fibre reinforcing index on compressive strength and modulus of

elasticity of DCSFRC.

3.3.1.2 Splitting Tensile Strength

Figure 3-4 illustrates the splitting tensile strength of the tested DCSFRC mixtures (Ts) with

respect to that of the control mixture without fibre (Tp) (Ts/Tp). Regardless of the fibre type,
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increasing the fibre content led to higher splitting tensile strength. This can be attributed to
the presence of fibres in the matrix, which intersect, block, and arrest the propagation of
cracks (Song and Hwang, 2004). The increase in relative splitting tensile strength ranged
between 1.13 and 1.60. This range is in agreement with previous findings (Wafa and Ashour,
1992; Song and Hwang, 2004; Bentur and Mindess, 2007; Yazici et al., 2007; Mohan and
Parthiban, 2011).
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Figure 3-4 Relative splitting tensile strength (Ts/Tp) with respect to fibre content.

Mixtures incorporating Type B fibre exhibited the highest Ts/T, increase. This can be
attributed to its longer length, which is more effective at bridging micro-cracks. For mixtures
incorporating a hybrid fibre system (i.e. one third of the long fibres (Type B) was replaced
with shorter fibres (Type A)), the increase in Ts/Tp was not affected if compared with that of
mixture incorporating fibre B only. At a fibre content of 60 kg/m?, the increase in Ts/T, for
mixtures incorporating the Type B fibre or hybrid fibres was 60%. However, Ts/T, dropped
significantly when the hybridization ratio became 50:50 (i.e. from 1.60 to 1.24). This finding
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suggests the existence of a threshold limit in replacing long fibres with short ones, beyond

which fibre hybridization becomes inefficient.

In addition, Fig. 3-4 reveals that hooked end fibres were more effective in enhancing
the splitting tensile strength of DCSFRC mixtures than the crimped fibres. Type C and D
fibres had the same length and comparable aspect ratio (¢); however, Ts/Tp increased in the
range of 1.21 to 1.42 and 1.13 to 1.24 as the fibre dosage increased from 20 to 60 kg/m?,
respectively. This confirms that fibres with deformed ends are more effective than those with
deformations over their entire length. This is because crimped fibres will transfer stresses
through anchorage along its entire length, initiating crushing, and/or splitting of the matrix,

which reduces its effectiveness in stress transfer (Trottier and Banthia, 1994).

Figure 3-5 shows the effect of the reinforcing index, Rly on Ts. Unlike the case of
compressive strength, the tensile strength of DCSFRC mixtures increased linearly with the

increase of RIy. This is expected since Ts increases with the increase of both Vs and ¢.
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Figure 3-5 Effect of fibre reinforcing index on tensile strength and flexural strength of
DCSFRC.
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3.3.1.3 Modulus of Elasticity

Figure 3-3 shows the effect of RIy on the modulus of elasticity (Es) of DCSFRC mixtures. It
can be observed that Es fluctuated as the reinforcing index increased. The modulus of
elasticity of DCSFRC mixture was independent of the fibre length and shape. Moreover, for
the tested range of fibre dosage, Es was only marginally affected by the change in the fibre
dosage (i.e. + 10% compared to that of the control mixture without fibres) (Table 3-3). This
is in agreement with previous results (Chem et al., 1992; Jo et al., 2001). This behaviour is
expected since Es values were measured up to only 40% of the compressive strength (i.e.

prior to concrete cracking). Hence, fibres were not fully activated (Ou et al., 2011).

3.3.1.4 Flexural Strength

The flexural behavior of PC and DCSFRC mixtures was evaluated based on the first-peak
strength (f1), second-peak strength (f2) and residual strengths at deflection of L/600 (f Peoo)
and L/150 (f P 1s0) values. The following formula was used to calculate the flexural strength
at different points (Eq. 3-2):

PL

fo
bd?

Eq. 3-2

where f is the flexural strength (MPa), P is the load (N), L is the span length (457 mm), b is
the specimen’s average width at fracture (152 mm), and d is the specimen’s average depth at
fracture (152 mm). Eq. 3-2 is derived from the flexural stress equation f = M.y/l, where M is
the bending moment, y is the distance between the section centroid and the extreme fibre
subjected to either tension or compression, and | is the second moment of the area of the

section. In the case of a third point-loading flexural test, M = PL/6, y = d/2 and | = bd3/12.

Although Eqg. 3-2 is based on linear stress-strain distribution, which is no longer valid
after the first crack formation, the calculated values for residual and peak stresses can be
acceptable for the sake of comparison (ACI 544.4, 2009). Flexural results for different
mixtures are summarized in Table 3-4. Similar to splitting tensile strength results, the first

peak strength of DCSFRC mixtures (fis) increased linearly as the RIv (Fig. 3-5) and fibre
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dosage increased (Fig. 3-6) increased. This is because fis is directly proportional to both Vi
and ¢. This increase varied between 5% and 44% depending on the fibre length and shape.
Interestingly, increasing the fibre dosage from 20 to 40 kg/m?® resulted in higher first-peak
strength than that induced when the fibre dosage increased from 40 to 60 kg/m®. This
suggests that a fibre content of 20 kg/m? or less is insufficient to improve the flexural or post-
cracking behaviour of DCSFRC mixtures compared to that of the control mixture. This
observation was confirmed by load-deflection curves and residual strength results as

discussed below.
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Figure 3-6 Effect of fibre content on relative flexural strength.

3.3.1.5 Load- Deflection Curves

Figure 3-7 (a-d) shows the mid-span deflection of tested prismatic specimens versus the
applied load under the three-point bending test. Generally, the specimen’s deflection
increased linearly as the load increased until reaching the peak load. Thereafter, the load
dropped while the specimen exhibited a progressive deflection. Such load drop represented

the onset of cracking due to matrix failure. For control specimens, the test was terminated at
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the peak load since the specimen was broken into two pieces and no post-peak behaviour
could be recorded. Conversely, steel fibres in DCSFRC specimens started bridging the
developed cracks at this point. The deflection of DCSFRC specimens decreased as the fibre
dosage increased. Beyond the peak load, the main crack formed at mid-span started to widen

and move towards the top edge of the specimen.

However, specimens incorporating 20 kg/m? of fibre exhibited large instability regions
(i.e. abrupt increase in deflection accompanied by a reduction in load capacity) regardless
fibre type. Mixtures incorporating higher fibre dosage showed more stable behavior and
some exhibited a second peak load, f, after the initial peak (Figs. 3-7b and 3-7c), a
phenomenon known as deflection hardening (Naaman, 2003, and Kim et al., 2010). For
instance, for mixtures incorporating Type A fibre, the average residual load at a deflection of
(L/150) = 3.05 mm was 8.47, 18.95 and 29.41 kN for fibre dosages of 20, 40 and 60 kg/m?,
respectively. Therefore, a fibre content greater than 20 kg/m® was required to achieve stable

post-peak flexural behaviour.

Moreover, longer fibre length enhanced the post-peak behaviour and energy absorption
capacity of DCSFRC specimens greater than that of shorter fibres (Figs. 3-7a and 3-7b). For
example, at a fibre dosage of 40 kg/m?, the average residual load immediately dropped after
the first peak load to 25.82 kN and 33.20 kN at corresponding deflections of 0.71 and 0.42
mm for specimens incorporating Type A (Lf = 35 mm) and B (Lf = 60 mm) fibres,
respectively. Unlike specimens incorporating 60 kg/m3 of fibre A, specimens made with
similar dosage of fibre B exhibited a second peak load of 60.70 kN. Therefore, longer steel
fibres are recommended to achieve better post-peak flexural behaviour and higher energy
absorption capacity. Hybridization of two different fibre lengths in the same mixture was
found to improve the post-peak behaviour of DCSFRC specimens, leading to higher residual
loads at similar deflection (Fig. 3-7b). In addition, using fibres with different lengths can
better control the micromechanics of crack formation at different strain levels than single-
type fibres (Nehdi and Ladanchuk, 2004). This explains the comparable average second peak
load (60.7 and 60.13 kN, respectively) for mixtures incorporating fibre Type B alone and
hybrid fibre system (A (20 kg/m®) + B (40 kg/m?)).
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Figure 3-7 Representative load-deflection curves of DCSFRC specimens under three-
point bending test for different types of fibre: a) Type A, b) Type B and hybrid fibre
system (A+B), ¢) Type C, and d) Type D.

In addition to the fibre dosage and length, its shape was found to affect the flexural
behavior of DCSFRC specimens. As shown in Figs. 3-7c and 3-7d, while both fibres had
similar length and comparable aspect ratio, Type C fibres achieved better post-peak
behaviour and higher energy absorption capacity than that imparted by Type D fibres. For
instance, at a fibre dosage of 60 kg/m*, DCSFRC with Type C fibres achieved a second peak
load (P2 = 51.10 kN) equivalent to the first cracking load (P1 = 51.10 kN), while DCSFRC
specimens with Type D fibres did not exhibit such a behaviour. This can be ascribed to the
low stress transfer effectiveness of crimped fibre as explained earlier, in agreement with

previous study (Soroushian and Bayasi, 1991).
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Further analysis of the flexural behaviour of DCSFRC mixtures based on residual
strength is shown in Fig. 3-8. Residual strength represents the ability to sustain load after
first crack at different specific deflection values. Generally, residual strength results confirm
earlier findings: a fibre dosage of 20 kg/m® was unable to improve the post-peak behaviour;
and at higher fibre dosage, fibres with higher aspect ratio (especially Type B) maintained
higher residual strength at larger deflections. For example, for DCSFRC specimens
incorporating 60 kg/m? of fibre, the average residual strengths were 6.6 and 5.6 MPa for
Type B fibres (Lt = 60 mm- ¢ = 80), 6.2 and 4.6 MPa for Type C (Lf = 50 mm- ¢ = 50) and
4.9 and 3.8 MPa for Type A (Lf = 35 mm- ¢ = 65) fibres, respectively at a deflection of
(L/600) =0.76 mm and (L/150) =3.05 mm.
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Figure 3-8 Residual strengths at different deflections for DCSFRC mixtures with fibre
contents: a) 20 kg/m3, b) 40 kg/m3, and c¢) 60 kg/m3.
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The purpose of the preliminary study was to recommend a steel fibre type and dosage
to be used in the fabrication of full-scale DCSFRC pipes. Thus, the flexural performance, in
terms of first peak strength (fis) and the softening/hardening response in the post-cracking
stage, was used in ranking the various fibres investigated. The observed performance ranked
as follows: Type B fibres > Type C > Type A > Type D. Therefore, Type B fibres were
recommended for the full-scale production stage. However, SFRC pipes have a known issue
with fibres sticking out of the surface, especially at the spigot, which may potentially harm
pipe joints during installation. Therefore, the industry partner requested using short fibres
(Type A fibres) as well, especially in the fabrication of small size pipes (Di = 300 mm)
having a relatively smaller wall thickness (h = 69 mm). Thus, it was decided to use both

fibres A and B for the full-scale pipe production.

3.3.2 Mechanical Characterization of Full-Scale DCSFRC Precast Pipe
3.3.2.1 Failure Mechanism

Flexural failure was the governing failure mechanism for all tested full-scale precast pipes.
Such failure was characterized by the formation of longitudinal cracks at the inner crown and
inner invert, as well as on the outer spring-lines of the precast pipe (Fig. 3-9). Other failure
mechanisms associated with conventional precast concrete pipes reinforced with steel cages
(i.e. diagonal and radial tension) were not observed. DCSFRC pipes were capable to undergo
large vertical and horizontal displacements without collapsing. In fact, none of the tested
DCSFRC pipes collapsed during the testing. Tests were stopped due to excessive
deformation beyond the ultimate load, which was accompanied by very large crack widths (>
10 mm). Examining the opened crack zones showed that both failure mechanisms (fibre

pullout and rupture) had occurred (Fig. 3-10).
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Figure 3-9 Flexural failure mechanism: (a) cross-sectional cracks, and (b) longitudinal
cracks.

Figure 3-10 DCSFRC failure mechanism: (a) fibres pull-out, and (b) fibres rupture.

3.3.2.2 Cracking (Pcr) and Ultimate (Purr) Loads

The cracking and ultimate strength results for all tested pipes are summarized in Table 3-6.
The average coefficient of variation (COV) was about 1.49% and 2.17% for the crack and
ultimate loads, respectively. All tested pipes, including PC pipes, exhibited substantially
higher loads than the specified crack (P¢) and ultimate (Pur) strength for Class V pipes
(highest strength class) according to ASTM C76 (i.e. Per = 104 and Put = 130 kN). For
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instance, the average ultimate loads for DCSFRC pipes fabricated with 20 kg/m? of fibres
Type A, B, and hybrid A-B fibres were 362, 371, and 346 kN, respectively. This represents
an increase in the ultimate strength of the pipe of about 8% and 12.4% for fibre Type A,
10.8% and 15.2% for fibre Type B and 3.3% and 7.5% for hybrid A-B fibres compared to
that of the PC and RC pipes, respectively. This can be attributed to the enhancement of the
concrete tensile and flexural strengths due to fibres intersecting, blocking, and arresting the
propagation of cracks (Song and Hwang, 2004). This is in agreement with results of the
tested DCSFRC mixtures explained earlier.

Similar to the trend observed for DCSFRC beam specimens, the higher the fibre
content, the higher was the increase in ultimate load of the precast pipes regardless the fibre
type. For instance, increasing the fibre dosage from 20 to 40 and 60 kg/m?3 resulted in an
increase in the ultimate load by 4.1% and 24.1% for pipes fabricated with Type A (short
fibre), 6.0% and 41.5% for pipes fabricated with Type B (long fibre), and 5.5% and 34.4%
for pipes fabricated with hybrid fibres, respectively. Values shown in Table 3-6 reveal that
using longer fibres resulted in higher ultimate load compared to loads achieved when short or
hybrid fibres were used. Short fibres were less effective since they tended to slip out of the
matrix with less contribution to strength (Bentur and Mindess, 2007), which concurs with

earlier findings from DCSFRC beam specimens.

Table 3-6 Summary of the crack and ultimate loads of tested pipes

Pipe Per (KN) Puit (KN)

Pipel Pipe2 avg. COV Pipel Pipe2 avg. COV
PC 337 333 335 0.84 337 333 335 084
RC 318 316 317 0.45 318 328 322 219

SS20 360 360 360 0.00 364 360 362 0.78
SS40 355 364 360 1.77 366 388 377 413
SS60 391 398 395 1.25 473 481 477 119
SL20 372 366 369 1.15 372 369 371 0.57
SL40 355 355 355 0.00 393 392 393 0.18
SL60 384 388 386 0.73 531 519 525 1.62
SH20 336 355 346 3.88 336 355 346 3.88
SH40 370 350 360 3.93 374 35 365 3.49
SH60 362 350 356 2.38 448 482 465 5.17

Notes: wall type: C; wall thickness = 69 mm.
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Furthermore, it was observed that ultimate loads coincided with cracking loads for PC,
RC, and DCSFRC pipes fabricated with a fibre content of 20 kg/m3. This indicates that pipes
made with this fibre dosage exhibited a strain softening behaviour. DCSFRC pipes made
with higher fibre dosage, especially at 60 kg/m?3, exhibited a deflection hardening behaviour
since the pipes were able to sustain higher loads after first crack. In the case of DCSFRC

pipes with a fibre dosage of 40 kg/m3, Pyit was reached shortly after reaching the Per.

Generally, the findings reported above agree with previous studies (MacDonald and
Trangsrud, 2004; Haktanir et al., 2007; de la Fuente et al., 2012; and Abolmaali et al., 2012)
that steel fibres can be used to successfully replace regular reinforcement in precast concrete
pipes. The achieved ultimate loads are a function of the pipe size, pipe wall thickness, steel
fibres type and content, and the compressive strength of the original concrete mixture. D; of
400 mm was the nearest SFRC pipe size to be reported in the literature (Abolmaali et al.,
2012). The fibre content was 26 kg/m3 and the pipe wall thickness was 50 mm (Type B wall).
These pipes achieved ultimate loads from 129 to 150 kN, which is significantly lower than
the range of ultimate loads reported herein. This is due to the larger pipe diameter and lesser
wall thickness and fibre content used in Abolmaali et al. (2012).

3.3.3 Pipe Load-Deformation Curves
3.3.3.1 Effect of Fibre Content

Figure 3-11a shows the load versus deflection at the spigot’s crown curves for RC and
DCSFRC pipes. For all pipes, the vertical deflection at the crown increased linearly as the
applied load increased up to the proportionality limit. Thereafter, an instability region was
observed for all pipes except for DCSFRC pipes with a fibre dosage of 60 kg/m3, which
showed a deflection hardening behaviour instantly after reaching the proportionality limit.
For DCSFRC pipes incorporating 40 kg/m? of fibres, the instability region was smaller than
that of DCSFRC pipes with a fibre content of 20 kg/m?2. In addition, a hardening behaviour
was also observed at a fibre dosage of 40 kg/m3. This can be explained as follows: For all
DCSFRC mixtures there is a critical fibre volume Vs (rity, Which after matrix cracking, will

carry similar load to that carried by the composite before cracking (Hannant, 1978).
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3.3.3.2 Effect of Fibre Type

The effect of the fibre type on the load-deflection curves at the spigot’s crown for DCSFRC
pipes is illustrated in Fig. 3-11b. The strain softening branch of the load-deflection curve for
the SL40 specimen started at a deflection of 3.0 mm, while for both the SS40 and SH40
specimens, it started at 1.50 mm. The use of longer fibres extended the hardening region
compared to those of the short and hybrid fibres as it required higher pullout energy
(Beaumont and Aleszka, 1978). In addition, the behaviour of pipes reinforced with hybrid
fibres (0.50:0.50) is comparable to that of the pipes reinforced with short fibres (i.e. similar
residual loads at the same deflections) (Fig. 3-11b). This indicates that the behaviour of
hybrid fibre specimens was governed by the failure of the short fibres since they would slip
out of the matrix before the longer fibres. Furthermore, as the fraction of the longer fibre was
increased in the hybrid system from 0.50 to 0.67, the softening branch of the average load
deflection curve of the SH60 pipes was slightly improved and the residual loads obtained
were higher than those of SS60 pipes at the same deflection (Fig. 3-11c). However, the
softening branch for both the SS60 and SH60 pipes started at a deflection of 1.5 mm, which
indicates that short fibres still governed the ultimate load capacity of the pipes. These
findings suggest that the hybrid fibre system used herein did not result in significant
synergetic effects and the improvement in the post-peak behaviour of the pipes was

dependant on the fraction of long fibres used in the composite.

3.3.4 Post-Cracking Behaviour Analysis

The post-cracking strength (PCS) analysis proposed by Banthia and Trottier (1995) was
adopted in this study to characterize the post-cracking behaviour of DCSFRC pipes. In this
method, the load—displacement curve is converted into an equivalent flexural strength curve
using simple energy equivalence. The generated post-cracking strength PCS can be used in
comparative assessment and design, especially for serviceability considerations (Banthia and
Sappakittipakorn, 2007).

The post-cracking strength at any point is calculated using the following equation:



S7

Eqg. 3-3

where, Epost IS the post-peak energy at any deflection ¢ (i.e. area under the load-deflection
curve between dpeak and ), dpeak IS the vertical deflection at the first peak load, L is the
specimen span = (zDil2), b is specimen width = 2450 mm and h = pipe wall thickness. In this
study, for PCS calculations, deflection points were selected in the deflection range of 0.0 to
5.0 mm. Average PCS values for DCSFRC pipes are shown in Fig. 3-12. The first point on
the PCS curve was obtained by replacing the term (Epost/d- Weax) With the first peak load on
the load deflection curve.

Figure 3-12 Post cracking strength PCS at different deflection values for
DCSFRC pipes.

The trends of PCS curves shown in Fig. 3-12 are generally in agreement with the
previously discussed load deflection responses. For the same fibre type and at the same

deflection (0), an increase in the fibre content resulted in an increase in the post-crack
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strength. For instance, the average PCS values were 8.76, 15.21, and 20.65 N/mm? at a
deflection of 3 mm, and 8.15, 15.29, and 20.15 N/mm? at a deflection of 5 mm for SL20,
SL40, and SL60, respectively (Fig. 3-12). In addition, at the same fibre content and
deflection, pipes incorporating the long fibres exhibited higher PCS values than that of
similar pipes made with short or hybrid fibres. For example, at a fibre content of 20 kg/m?,
the average PCS values were 4.49, 7.83, and 8.76 N/mm2 at 3 mm deflection and 4.45, 7.01,
and 8.15 N/mm? at 5 mm deflection for SS20, SL20, and SH20 pipes, respectively.

It was found that any enhancement to the post-cracking behaviour due to fibre
hybridization appeared to be related to the inclusion of the long fibres only (i.e. short fibres
had no synergetic effect). A synergy evaluation according to Banthia and Soleimani (2005)

was performed using the following formula (Eq. 3-4):

P CS Hybrid —mix

-1 Eq. 3-4
PCS a

Synergy=
2

sin gle— fibre—mix

where, PCS hybrid-mix IS the PCS value of the tested hybrid pipe at a certain deflection (J), and
Y PSC single-fibre-mix IS the summation of the PCS values of tested single-fibre pipes at the same
deflection. A positive value indicates the existence of a synergetic effect and vice versa. No

synergy effect was observed for the selected deflection limits as shown in Table 3-7.

Table 3-7 Fibre synergy assessment at various deflections

Fibre Synergy
Pipe Content atl mm at3mm at5mm
(kg/m3)
SH20 20 -0.33 -0.41 -0.44
SH40 40 -0.52 -0.52 -0.52

SH60 60 -1.00 -0.53 -0.12
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3.3.5 Strain Measurements

Figure 3-13 shows the average strain measured at the pipe inner invert at spigot at different
loading stages. The measured strain at the pipe invert was always positive (i.e. tensile strain)
and increased as the load increased until the first crack formation. Subsequently, the gauge
would either rupture (in most cases) or give a very low reading as an indication of stresses
redistribution at the invert. The measured strain at 130 kN (required ultimate load Put) was
around 60 pe for all tested pipes. This value is less than the tensile strain of plain concrete at
cracking (i.e. 80-200 pe) (Gopalaratnam and Shah, 1985; and Belarbi and Hsu, 1994),
indicating that the material was in the elastic range at this loading level. In addition, the
presence of steel fibres did not affect the strain at the concrete surface for this loading level.
This is because steel fibres were not contributing to the strength at this stage since they are
only mobilized near the initiation of the first crack. At the cracking stage, it seems that there
was an increasing trend in the strain at P¢r as the fibre content increased, regardless of the
fibre type. This likely due to the increase of composite deformability due to the increase in
the fibre content (Nataraja et al., 1999, Dhakal et al., 2005, Boulekbache et al., 2012).
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Figure 3-13 Average strain measured at the inner pipe invert at spigot at the required
ultimate load (Purt = 130 kN) and at the cracking load Pe;.
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3.4 SUMMARY AND CONCLUSIONS

This chapter explored the mechanical properties of DCSFRC mixtures made with different
types and dosages of steel fibres. Laboratory results on small specimens were further
confirmed through full-scale production and testing of DCSFRC precast pipes. The following

conclusions can be drawn based on the experimental findings:

e The engineering properties of DCSFRC mixtures were improved as the fibre dosage
was increased. Consequently, DCSFRC precast pipes incorporating higher fibre

content exhibited higher ultimate and post-cracking strengths.

e The reinforcing index, RIy can be utilized for comparing the splitting tensile and
flexural strengths of different DCSFRC mixtures, while it showed no defined
correlation with the compressive strength and modulus of elasticity.

e A fibre dosage of 20 kg/m® was found to be insufficient to provide a significant
improvement in the mechanical properties of DCSFRC.

e Type B fibres induced the best flexural performance of DCSFRC specimens among
all fibres investigated herein. Type D fibres were the least effective at enhancing the

flexural strength and the post-peak behaviour of DCSFRC.

e Using a hybrid fibre system improved the mechanical properties of the DCSFRC with
respect to a mixture fabricated with one type of fibre at the same fibre content. The
improvement in DCSFRC mechanical properties induced by hybridization depended

mainly on the amount of long fibres in the mixture rather than a synergetic effect.

e Dispersed steel fibres can be used instead of regular steel reinforcement in precast
concrete pipes depending on the target pipe strength, pipe diameter, steel fibres type

and dosage.

e The reinforcement specified for Class V 300 mm diameter pipes in ASTM C76 could
be achieved by a steel fibre dosage of 20 kg/m3.
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Details of the test setup and pipes instrumentation were given earlier in Section 3.2.3.
In addition, the horizontal deformation of the spring-lines were recorded using two LVDTSs.
LVDTs were positioned against the upper and the two sides of the inner surface of the pipe
and attached to supports fixed at the bottom part of the pipe at the spigot section.
Furthermore, strains on the concrete surface at critical points (e.g. invert, inside of spring-
lines, outside of spring-lines, etc.) were recorded using strain gauges mounted on the pipe

surface at spigot. The test setup and pipe instrumentation are shown in Fig. 4-2.

Load

Crown

LVDT

Springline

Figure 4-2 Test setup and pipe instrumentation.

4.3 RESULTS

4.3.1 Failure Mechanism and Cracking Pattern

All tested SFRC pipes exhibited a flexural failure mechanism, which was characterized by
the occurrence of longitudinal cracks at the crown, invert, and spring-lines, as shown in Fig.

4-3. Other failure mechanisms typically associated with conventional concrete pipes
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The synergy analysis was explained earlier in Section 3.3.4. No synergy effect was
observed for the selected deflection limits for mixtures used in the fabrication of the 450 and
600 mm diameter pipes as shown in Table 4-4. It was found that any enhancement to the
post-cracking behaviour due to fibre hybridization appeared to be related to the inclusion of

the long fibres only (i.e. short fibres had no synergetic effect).

Table 4-4 Fibre synergy assessment at various deflections

Fibre Synergy
Pipe Content at3.0mm at5mm at10 mm
(kg/m3)
SH4520 20 -0.56 -0.49 -0.47
SH4530 30 -0.48 -0.48 -0.51
SH4540 40 -0.49 -0.51 -0.51
SH6020 20 -0.47 -0.51 -0.49
SH6030 30 -0.51 -0.48 -0.49
SH6040 40 -0.49 -0.50 -0.48

Note: hybridization ratio = 0.5:0.5

4.3.6 Strain Measurements for 450 mm Diameter Pipes

Figure 4-12 illustrates the strains measured at the inner invert (SG #1), the inner spring-lines
(SG #2) and the outer springs (SG #3) of the 450 mm diameter pipes at the ultimate D-Load
(175 D) for Class V pipes, and at the ultimate load Pu:. Figure 4-12a indicates that the
measured strains on the concrete surface corresponding to the ultimate D-Load level at the
inner invert and outer spring-lines were positive (i.e. tensile strains). SG #1 and SG #3

readings increased with increasing load until the formation of the first crack.

After first crack formation, SG #1 either ruptured or gave a very low reading (positive
or negative) as an indication of stresses redistribution at the inside invert area. Similarly, with
loading increase, SG #3 either ruptured or indicated a redistribution of stresses at the outer
spring area. This can be ascribed to the fact that the bending moment at the invert section is
typically higher than that at spring-lines, resulting in higher stresses at the invert section. The

average measured strain values for SG#1 and SG#3 were less than 100 ue (<<concrete
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ultimate tensile strain = 900 to 1600 pe (Gopalaratnam and Shah, 1985)), indicating that the

material was well in the elastic range at such a loading level.
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Figure 4-12 Measured strain at concrete surface of 450 mm diameter pipes at inner
invert (SG #1), inner spring-line (SG #2), and at outer spring-line (SG #3) at (a)
ultimate required D-load = 194 kN and (b) at ultimate load Pu.
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Conversely, the reading of SG #2 progressed until the end of the test, indicating that a
concrete compression failure did not occur at the spring-lines. For instance, average SG #2
readings at Pyt for PC45 and RC45 pipes were -141 and -115 pe (which is significantly lower
than the concrete’s ultimate compressive strain = 3500 pe), respectively. After reaching Pur,
the PC45 pipe collapsed, while the RC45 pipe exhibited a deflection hardening behaviour
(Fig. 4-6). The maximum compressive strain measured at the inner spring-lines was 1360 pe
at P = 190 kN, before it started to decrease due to a reduction of residual strength induced by
yielding of the wire reinforcement.

A similar behaviour to that of the RC45 pipe was observed for the SFRC pipes;
however, the maximum measured compression strain was significantly higher than that of the
RC45 pipe. For instance, at a fibre content of 40 kg/m?3, the maximum strain readings for SG
#2 were -4447, -2112 and -4954 pe at P = 136, 172 and 204 kN for pipes incorporating
short, long, and hybrid fibres, respectively. These values are well below reported values for
maximum compressive strain for SFRC incorporating similar range of steel fibres (= 15000
ue) (Fanella and Naaman, 1985; Ezeldin and Balaguru, 1992; Nataraja et al., 1999).

SG #2 readings for SFRC pipes decreased due to reduction of the residual strengths
caused by fibres pullout and rupture. Figure 4-12b shows a pattern of increased compressive
strain at Put as the fibre content increased for all fibre types. This is ascribed to
improvements of the matrix deformability due to the addition of higher amount of fibres
(Nataraja et al., 1999; Dhakal et al., 2005; and Boulekbache et al., 2012).

4.3.7 Strain Measurements for 600 mm Diameter Pipes

Figure 4-13 displays typical strains measured at the inner invert (SG #1), inner spring-lines
(SG #2) and outer spring-lines (SG #3) of the 600 mm diameter pipes at the ultimate required
D-Load (175 D) for Class V pipes and at the ultimate load Put. The behaviour of the 600 mm
diameter pipes was comparable to that of the 450 mm diameter pipes. However, the 600-mm
diameter pipes with a fibre dosage of less than 30 kg/m? failed to reach the required ultimate
load (no reading reported in Fig. 4-13a). The average strain reading of SG #2 for SFRC pipes
at the required D-load was -260 pe, which is higher than that of the 450 mm diameter pipes
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(-84 pe). This is due to the larger pipe diameter, which dictates higher D-loads and bending
moments. Similar to 450 mm diameter pipes, Fig. 4-13b shows an increasing trend of

compressive strain at Py with increased fibre content.
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Figure 4-13 Measured strain at concrete surface of 600 mm pipes at inner invert (SG
#1), inner spring-line (SG #2), and at outer spring-line (SG #3) at (a) ultimate required
D-load = 258 kN, and at (b) ultimate load Puyt.
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4.3.8 Diametrical Deformation of 450 and 600 mm Diameter SFRC pipes

Figures 4-14 and 4-15 illustrate the cross-sectional deformations at the two load cycles
specified in EN 1916 TEBT for SFRC 600 mm and 450 mm diameter pipes, respectively.
Four loading points were selected, which correspond to the ASTM design load (140 D) and
Puit in the first loading cycle, and proof strength (140 D) and Ppost, max in the second loading
cycle. At the end of the first loading cycle, the vertical and horizontal deformations were
gaged to zero and considered as initial values for the second loading cycle in order to
compare the deformability of the pipe during the two cycles.
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Figure 4-14 Cross-section vertical and horizontal deformations of 600 mm SFRC pipes
with a) 20 kg/m?2and b) 40 kg/m? of Dramix 65/35 fibres, c) 20 kg/m?3, and d) 40 kg/m? of
Dramic 80/60 fibres.



