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ABSTRACT

Several studies on tension lap splices have shown the improvement of bond strength using Ultra-high
performance Fibre Reinforced Concrete (UHPFRC). The bridging effect of fibres on cracks improves the
bond splitting strength substantially in comparison to normal concrete. This paper investigates the in-
fluence of fibre content on the strength of tension lap splice of reinforcing bars in UHPFRC without
additional transverse reinforcement. Different splice lengths and UHPFRC mixes were tested. Internal
strain measurements were used to capture the force transfer mechanism and the evolution of longitu-
dinal strain distribution and associated bond stresses. The bond performance is clearly related to the pre-
and post-cracking tensile capacity of UHPFRC. At a distance exceeding 2 d, from bar extremities, bond
stress distribution at failure displayed a quasi-constant value regardless of the lap splice length up 10 dp.
This reveals for short lap splices that the bearing action of all ribs along the splice length contributes
equally in resisting the applied force. This experimental program provides experimental results for
understanding the local force transfer mechanism in UHPFRC lap splice and contribute for further de-
velopments on bond in UHPFRC.

Bar slip

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In most practical circumstances, the ultimate bond strength of
lap splices is controlled by the member splitting strength due to the
bursting forces generated by the ribs of the deformed bars. Tensile
strength of concrete is of major importance in such a situation. The
development of new generation of concrete such as Ultra-High
Performance Fibre Concrete (UHPFRC) offers new solutions for lap
splice connections. UHPFRC are mainly characterised by their
outstanding ductile tensile properties [1] and extremely low
permeability [2]. The role played by splitting cracks in bond failure
of lap splice regions emphasizes the importance to control the
tensile hoop stresses surrounding lapped bars [3].

In absence of transverse reinforcement, the radial pressure
exerted by bar ribs is only balanced by the hoop stresses that
develop in the concrete cover surrounding the bars (Fig. 1b). The
resisting mechanism to anchor a reinforcing bar depends on the
tensile strength and post-cracking energy of concrete. With plain
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concrete, when hoop stresses reach the tensile strength of concrete,
failure occurs by splitting of the concrete cover due to the poor
post-cracking energy of unreinforced concrete, causing a sudden
drop in the bond resistance. Adding steel fibres in concrete greatly
increases the bond performance of deformed reinforcing bars,
especially with UHPFRC matrices. Comparison of typical normal
strength concrete (NSC) and UHPFRC direct tensile stress-strain
properties (Fig. 1a), illustrates that using UHPFRC increases the
maximum tensile strength by 2—4 times, provides the concrete a
strain-hardening behaviour after first cracking, and enhances
considerably the post-cracking behaviour. These outstanding ten-
sile properties generate high and quasi-uniform tensile stresses in
the concrete surrounding reinforcing bars (Fig. 1¢) that efficiently
counterbalance the radial bursting pressure, thereby providing a
much better bond performance for the same concrete cover.
Through the improvement of the tensile strength and ductility
of UHPFRC, several studies have shown that it is possible to
significantly reduce the splice length required to develop the yield
strength of reinforcement [4—11] and even reach reinforcing bars
ultimate strength [12]. These results allow developing new speci-
fications for connections that could have a particularly strong
impact on the design of precast concrete elements for bridges [13]
and buildings [9]. Using UHPFRC as a material joint connection
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Fig. 1. Concrete cover tensile stresses, (a) typical stress-strain curve, (b) Normal
Strength Concrete, (c) Ultra-High Performance Fibre Reinforced Concrete.

simplifies construction details, reduces on site labour work and
overall enhances connection durability. Other researchers [14,15]
have shown that the most promising retrofit solution for existing
bridge piers consists of simply replacing brittle normal concrete
cover by a UHPFRC cover all along the surrounding lapped bars at
the base of bridge piers. This technique allows eliminating seismic
deficiencies such as deficient lap splice reinforcement and stirrup
detailing by eliminating the brittle splitting mode of failure, cover
spalling and bar buckling [16], thereby allowing bars to reach
yielding and finally provide the desire seismic ductility to the
structural element. The aforementioned research programs were
mainly focused on a global perspective to quantify structural
element performance improvement conveyed by UHPFRC lap
splice.

The bond stress magnitude reached in these previously
mentioned researches varies between 10 and 20 MPa. These values
are however significantly lower than those reported on UHPFRC
obtained from pull-out tests in which bond stress values range
between 35 and 70 MPa [17—20], as discussed by Lagier and Mas-
sicotte [11]. Due to the presence of compressive struts between the
test support and reinforcing bar ribs, pull-out tests provide bond
strength that are not related to the bond mechanism encountered
in members in which both reinforcing bars and the surrounding
concrete are in tension, such as lap splices. Bond strength obtained
from pull-out tests are therefore not applicable for designing lap
slices. Despite the knowledge gained on the bond strength of
UHPFRC, to the authors' knowledge no experimental program has
yet been devoted to examine the local mechanisms in tension lap

splice with UHPFRC and the contribution of UHPFRC tensile
properties.

For improving the comprehension of bond mechanisms in
UHPFRC, an experimental research program was performed at the
local level by isolating the lap splice region. For determining the
contribution of UHPFRC only, no other reinforcement was provided
and the bars were surrounded by a constant thickness concrete
cover. The direct tensile lap splice testing procedure adopted pro-
vides a relatively simple approach to isolate lap splice zones and
enables to reproduce the state of stress obtained in large beam
specimens where concrete and steel are jointly subjected to direct
tension [21]. This specimen configuration imposes all the tensile
force transfer to occur through this isolated element.

The main objective of this research is to determine the contri-
bution of UHPFRC to overcome splitting cracks. To meet the
objective, the actual bond stress distribution was obtained by in-
ternal strain measurement. This method is the only technique that
allows deducing the bond characteristics of steel-concrete interface
while maintaining the reinforcing bar surface devoid of any
instrumentation system. Through internal strain gauges, a fine
detail measurement of steel strain, stress and bond stress were
obtained.

In most design codes, semi-empirical statistical approaches
have been adopted to determine the bond strength of lap splice.
Although these equations are used to reflect the major parameters
controlling the strength of a lap splice, their application is restricted
to the field of experimental study for which they were derived.
Consequently, whenever a new material is introduced, such as
UHPFRC, these equations become totally unusable.

The present experimental program aims to provide rigorous and
comprehensive bond behaviour that would contribute to devel-
oping rational bond strength prediction in UHPFRC from funda-
mental understanding. Three UHPFRC mixes with different fibre
contents and tensile behaviour were selected to reflect a wide
spectrum of UHPFRC being available on the market. To some extent,
the results of this study can be transposed to other UHPFRC pre-
senting direct tensile behaviour similar to those tested in this
research project.

Finally, this study can constitute a useful database for further
researches to validate numerical bond simulations with tri-
dimensional detailed bond models with UHPFRC.

2. Experimental program
2.1. Specimen details

For most typical situations of anchorages and splices in rein-
forced concrete structures, the state of stress in concrete around
reinforcement is in tension. The classic pull-out test fails to simu-
late actual bond condition that occurs in most structural applica-
tion due to the lateral confining pressure induced along the
concrete-reinforcement interface. Using the specimen configura-
tion in which reinforcing bars and concrete are in tension is
fundamental to allow a direct identification of the mechanical
properties of the bond at the interface. The specimen configuration
adopted in this study consists of two pairs of lapped bars cast into a
UHPFRC prism that are pulled apart. This test specimen was first
adopted by Goto [22] to locally study the crack formation in the
concrete surrounding spliced bars, and later used in various studies
on bond [23—27]. This specimen configuration corresponds to the
local analysis of typical application of UHPFRC in structural mem-
bers in which the system mechanical strength is mainly governed
by the tensile bond performance of lap splice such as in joints be-
tween precast elements [13], in column jacketing [16], etc. For
isolating the contribution of UHPFRC tensile characteristics on bond
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performance, no transverse reinforcement was provided allowing
for the total splitting force generated in the lap splice to be resisted
only by the tensile stress developed in the UHPFRC cover. All the
specimens were deliberately configured to ensure that the rein-
forcing bars did not reach yielding prior to bond failure to allow
gathering data on the ability of different UHPFRC to control and
dissipate splitting crack opening due to splitting failure. The spec-
imen dimension and lap splice configuration were designed so that
the main splitting crack would occurs within the concrete cover
perpendicular to the specimen plane.

The main parameters of the study are the UHPFRC fibre content
and the splice length. Deformed 25 mm diameter bars were
selected. The specimen cross section was 85 mm thick and 285 mm
wide, with a concrete cover of 30 mm for all the specimens, typical
of existing structure detail. This corresponds to 1.2 bar diameter
(dp) for the bar size selected in this test series.

Three different UHPFRC were tested with 1, 2 and 4% of fibre
volume fractions, V. A total of 7 specimens were tested in the
experimental program. The notation system used to designate each
specimen allows identifying the two main parameters: “Fx-yD”, in
which “X” designates the fibre volume fraction in percent and “y”
the splice length in term of bar diameter. External and internal
reinforcing bars are denoted ER and IR respectively as illustrated in
Fig. 2a. Specimen front face (f1, f3) and side face (f2, f4) identifi-
cations are reported on Fig. 2b.

3. Materials, mix proportions and curing

The reinforcing bars were made of Grade 400 steel commonly
employed in North America and conformed to CSA standard [28]
requirements. Geometrical and mechanical properties obtained
from three samples tested in agreement with ASTM A370 [29] are
summarized in Table 1. The cross sectional area reported in Table 1
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Fig. 2. Details of test specimen.

Table 1

Detailed bar characteristics and properties.
Nominal diameter, dp, (mm) 25
Core diameter, D (mm) 234
Average rib depth, h; (mm) 1.7
Base rib width, a; (mm) 5.5
Top rib width, b, (mm) 25
Rib spacing, s, (mm) 17.0
Rib face angle, 0 (°) 49
Relative rib area, R; (-) 0.094
Cross-sectional area, A, (mm?) 484
Nominal Young modulus, Es (GPa) 200
Measured yield strength, f, (MPa) 460
Measure ultimate strength, f, (MPa) 659

represents the average measured value of the reinforcing bar.

The three concrete mixes summarized in Table 2 were devel-
oped in a previous project [30]. Fibre reinforcement consisted of
straight steel fibres (L = 10 mm, df = 0.2 mm), with a tensile
strength of 2600 MPa. Variation in steel fibre volume fraction was
compensated by adjusting the sand dosage without changing the
W/B ratio. Specimens were cast into wood forms and specific pre-
cautions were taken to ensure proper bar alignment. UHPFRC was
poured from one location at the centre of the front face f3 to
generate a rather random fibre orientation which is similar to
actual field conditions. This casting procedure also provides an
easily replicable method for all specimens. No vibration was
employed because the UHPFRC mixes displayed a self-
consolidating mixture allowing an excellent workability. Just after
casting, the forms were sealed with a plastic film. During the curing
process, specimens were placed on rollers to avoid any external
restraint. After demoulding at day one, specimens were subjected
to a six-day moist cure after which specimens were stored under
laboratory conditions until the testing day.

Material characterisation specimens were submitted to the
same curing conditions. Properties were measured at 28 days and
on the day of the lap splice specimen testing. Compressive strength,
f'c and Young's modulus, E, were determined from 102 x 203 mm
cylinders according to ASTM C39 [31] and ASTM (469 [32],
respectively. Direct tensile strength was obtained from dog bone
specimens with a constant cross section of 100 x 50 mm over a
length of 300 mm. Dog bone specimens were produced using
several layers over the 50 mm thickness to obtain an appropriate
preferential fibre orientation parallel to the applied tensile force. A
minimum of three replicate samples for each batch were tested to
determine the average compressive strength and the mean
behaviour in tension. Young's modulus was obtained from one test
only. The main mechanical properties of the UHPFRC for each
specimen are reported in Table 3. Fig. 3 presents the idealised
average direct tensile curves behaviour of the dog-bone specimens
for the seven UHPFRC batches. Experimental response of the pre-
peak were simplified by a trilinear curve as proposed by Naaman
et al. [33]. Error bars on markers reflect the scatter between test
specimens of a same batch. These responses give the optimum
tensile strain-hardening behaviour for each mixes with a major
preferential orientation and must be considered as the upper limit
for each mix.

Results in Fig. 3 illustrate that fibre content affects the stress at
the beginning of the strain hardening behaviour, strain hardening
modulus (noted as E.y in Table 3) and the maximum tensile
strength (fiy). All fibre dosages exhibited a strain hardening
behaviour with a maximum strain before localisation of a macro-
crack (erm) ranging on average from 10 to 20 times the paste
cracking strain (erp). The hardening stage must be considered as an
equivalent pseudo-plastic phase characterised by very fine
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Table 2
Concrete mix design of UHPRFC for different fibre contents.
Ve (%) Fibres (kg/m>) W/B (-) Cement (kg/m?) S. F (kg/m?) Sand (kg/m?) Superplast. (kg/m?) Water (kg/m?)
1 78 0.20 1012 253 687 30 235
2 156 0.20 1011 253 660 32 234
4 312 0.20 1007 252 604 46 225
Table 3
Splice specimen properties and test results.
Specimen Ve (%) Is (-) f'c (MPa) E. (GPa) fem (MPa) €m (LM/m) Ecn (GPa) fs (MPa) U (MPa)
F1-5D 1 5 1323 36.7 5.66 1871 0.508 134 6.6
F1-10D 1 10 138.0 36.2 5.26 1879 0.316 283 7.0
F2-5D 2 5 119.6 37.8 8.27 3130 0.456 164 8.1
F2-10D 2 10 126.3 36.0 8.12 2655 0.412 345 8.5
F4-5D 4 5 115.5 320 12.79 2505 1.801 224 11.0
F4-8D 4 8 106.2 36.6 10.48 2013 1.321 350 10.8
F4-10D 4 10 115.1 36.8 13.04 2292 2.032 416 10.3
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Fig. 3. Idealised tensile properties of UHPFRC batches at 28 days.

microcracks. It is worth mentioning because the values of ¢, are of
the same order of magnitude as reinforcement yield strain, that
exceptional strain compatibility is expected between steel rein-
forcement and UHPFRC, leading to much better bond performance
than a conventional concrete.

3.1. General instrumentation

A total of eight transverse strain gauges per specimen (with a
50 mm gauge length) were installed on concrete surface at 1.25 dp,
from each end on the front faces of specimen (f1 & f3), perpen-
dicularly to the axis of the splice joint (see Fig. 2). This instru-
mentation was selected to determine the transverse strain
magnitude sustained by the UHPFRC cover related to the radial
pressure exerted by the ribs on concrete before splitting crack
localisation. A total of eight linear potentiometers were also
installed above the concrete strain gauge to measure the crack
opening during the post-peak behaviour following crack local-
isation. The loaded end and free end slip of the reinforcing bars
were measured by means of LVDTs mounted on a support block
attached to the steel reinforcement. The specimen faces were
painted in white to detect the onset of cracking on the specimen
surface.

3.2. Internal reinforcing bar strain measurement

The experimental procedure was aimed at better understanding
the bond stress distribution and the associated bond strength
mechanisms in UHPFRC. Detailed evaluation of bond strength and
bond performance is complex, as its magnitude is influenced by
several factors. The bar stress variation along the bars was achieved
with an internal groove in the reinforcing bar which enables
maintaining the continuity of contact between the outer surface of
reinforcement and concrete. Internal strain measurement was
performed because it is an efficient solution to provide realistic
bond behaviour without any disruption at the steel-concrete
interface [34—41]. This method is the only way to measure the
variation of the strain in reinforcement without interfering the
desired properties of interface.

From two milled half-bars, longitudinal 4 mm wide and 2 mm
deep grooves were milled in each half bar (see Fig. 4) to install
3 mm long strain gauges. Then, the two instrumented half bars
were joined together with epoxy glue. The two half bars were
intentionally milled with a 100 um precision to a plane located
0.3 mm above the centroid of the bar to obtain approximately the
same cross-sectional area As of the original bar. Depending on the
specimen length, the gauges were spaced at 11.5 or 23 mm centre-
on-centre along the splice length, with the first gauge positioned
within the first 10 mm. The gauges were placed alternately on the
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Fig. 4. Internal instrumentation, (a) half bar milled and grooved, (b) typical gauge arrangement of bar ER1, (c) wires at glued bar end.

upper and lower faces of the groove as shown in Fig. 4.

Gauges were also installed on each side of the groove on each
bar loaded end outside concrete to determine the applied load.
Reinforcing bar strains were recorded from the day of concrete
casting up to the tensile test. This allowed measuring bar stress that
developed during the curing period, as a direct consequence of
UHPFRC volumetric changes due to thermal variation, and autog-
enous and drying shrinkage, coupled with the beneficial effect of
the UHPFRC creep and relaxation under tensile stress at early age
considering the elastic modulus variation in time.

3.3. Test set-up and test procedure

Steel bars were fixed to a rigid steel beam system via threaded
rods and couplers to ensure that both spliced bars were subjected
to the same displacement. The rigid beam system was installed into
a 12 MN servo-hydraulic digitally controlled testing frame. Load
was applied by displacement control of the two top bars at a con-
stant loading rate of 5 kN/min in the linear stage behaviour. During
the test, all the measurements were recorded at the frequency of
1 Hz.

4. Results and discussion
4.1. Mode of failure

All specimens failed by splitting of concrete cover perpendicular
to the lap splice plane before reinforcement yielding, following the
common approach [42] adopted to predict the maximum splice
strength as a function of splice length according to the confinement
provided in the lap splice region. Because no transverse rein-
forcement was provided, the bond strength obtained is directly
attributed to the confinement provided by the UHPFRC cover. This
allows to properly examine the incident of the different tensile
characteristics of UPHFRC such as tensile strength, strain-hardening
and fracture energy for controlling bond strength and splitting
failure. Results and discussions focus mainly on the lap splice
behaviour until reaching the failure load.

The basic force transfer mechanism from one lapped bar to the
other through UHPFRC occurs mostly from bearing of the bar ribs
on the concrete contact surface [43]. In this test series, inspection of
the concrete condition at the interface of deformed bar imprint did
not reveal any sign of concrete crushing on the rib front in UHPFRC
up to failure [44]. During the first loading step, the concrete cover
counterbalances the radial bursting pressure with hoop tensile
stresses that remain inferior to the paste tensile strength (fip,) that is
significantly higher than for normal strength concrete. Beyond this
step, multiple fine microcracks, not visible to the naked eye unless

revealed by techniques such as watering concrete surface, form on
the concrete surface at the loaded end of the splice in the region
where maximum radial pressure is exerted by the ribs. In the tests
those fine cracks were only visible on the concrete surfaces around
the strain gauges locations (see location Fig. 2) due to the cracking
of the transverse strain gauges adhesive, as shown in Fig. 5a.
Moreover, although not visible, it is expected that small internal
cracks would normally form in the vicinity of the ribs as for normal
concrete. However at this stage, the strain hardening characteristics
of UHPFRC control the opening of these fine cracks and efficiently
counterbalance the radial bursting pressure thereby allowing
increasing of the bond strength.

The first visible fine splitting cracks occurred around 75—85% of
the ultimate load and were mainly observed at the ends of internal
bar (IR) as shown in Fig. 5b. The combination of the radial pressure
from the ribs with the effect of lapped bar eccentricity, induces the
highest tensile stresses at this location. The splitting crack growth
revealed that crack opening was larger on the concrete surface than
in the vicinity of the bar (see Fig. 5c and d). The test set-up and
specimen configuration provided an excellent observation of the
splitting crack initiation directly from the end face of the
specimens.

The longitudinal cracks progressed towards the centre along the
lap splice through the concrete cover on the front faces (f1, f3) of
the specimens. The higher the fibre content, the more efficient the
fibre bridging effect contributed to control crack opening and
propagation, enabling the lap splices to reach higher bond strength
before failure. Fig. 6 illustrates surface concrete cracking patterns at
ultimate load (Face f1 only) of each test specimen of 5D and 10D
series for the three fibre contents and with the differentiation be-
tween fine and macro-cracks.

When the longitudinal cracks began to localise some cracks
slightly grew oblique due to the external bars tendency to move
outward. After reaching the maximum load, fibres in the matrix
started to pull-out, allowing a softening bond failure. The failure
was smooth and ductile. After peak load, the bond strength
decreased gradually due to the splitting crack propagation. This
softening behaviour can be attributed to fibre bridging effect.
Detailed study on the splitting crack opening behaviour on similar
specimen with UHPFRC can be found in Lagier et al. [11]. All spec-
imens show an outstanding damage tolerance during post-cracking
propagation without any spalling of concrete (see Fig. 5d).

4.2. Bond strength

Table 3 summarises the results of the tested specimens at ulti-
mate load. Maximum bar stress and average bond strength values
are reported. The average bond-stress u at failure is determined by
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assuming that bond is constant over the splice length, according to:

= Ak M

B 7Tdbls

u

where f; is the bar stress and I the splice length.
From this experimental program all specimen with 4% fibre
content showed a very similar average bond stress slightly superior

to 10 MPa. This indicates that there is no drastic loss of effectiveness
of the bond strength by doubling the splice length within the
parameter range considered. Increasing the amount of fibres has a
positive effect on the bond strength. As expected, using higher fibre
dosage increases UHPFRC tensile properties and allows developing
more important hoop stress in the surrounding concrete to coun-
teract the outward pressure from ribs. For a given splice length of 10
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dp, an increase of the volume fraction from 1% to 2% and 4% led to a
considerable increase of the ultimate bond stress of 22% and 47%
respectively. The test results indicate that UHPFRC with 4% fibre
content steel stress over 400 MPa was reached, close to yielding.
Then, the splice length required to develop the bar yielding can be
considerably reduced compare to current design requirement. In a
previous study carried out by the authors [11], a 4% fibre dosage
was found to be sufficient to achieve reinforcement yielding for a
splice length of only 12 dp. However reaching yielding is not the
sole criteria and providing a ductile lap splice failure mode would
necessarily lead to a safer and more efficient design, which was
entirely achieved using high fibre content UHPFRC. More detailed
information about post-cracking behaviour on similar specimens
can be found in Lagier et al. [11].

4.3. Longitudinal steel strain and equivalent bond stress
distribution

Experimental results presented in Table 3 can be better under-
stood and interpreted from the bond stress distribution. Fig. 7
shows an example of the strain distributions in the reinforcing
bars (ER1, IR1, ER2, IR2) and the associated bond stresses along the
specimen length for specimen F4-10D. The various loading levels
are identified by different sets of markers corresponding to the
experimental acquisition of strain gauges inside the reinforcing bar.
From these experimental data point, a fourth degree polynomial
curve fitting was applied (see Fig. 7a and c) to adequately describe
the steel strain distribution. The second ordinate in Fig. 7a and c
shows the equivalent tensile stress in the bar. The loading level at
0% reflects the initial state of stress that corresponds to the end of
the curing period due to the restrained shrinkage effect.

The close spacing of gauges (11.5 or 23 mm) inside the bars
allowed capturing a very detailed strain distributions in the bar and
provides an accurate determination of the associated bond stress
distribution and its evolution under loading. Based on the equi-
librium of forces, the bond stress between strain gauges can be
calculated as follows:

- EsAs €441 — &
Tj = I —

wdp Vi1 —Yi

The bond stress calculation was performed according to each
bar longitudinal axis with the axis origin located at the bar free end
(Fig. 2).

This relationship indicates that the bond stress distribution is
directly proportional to the gradient of deformation between two
strain measurement points. Bond stress is consequently very sen-
sitive to a small variation of strain. Thus, the bond stress was
determined directly as the derivative of the smoothed curve which
results in a third degree bond curve, as presented in Fig. 7b and d.

Unlike tests conducted on normal concrete [38] and high
strength concrete [26], there are very small discrepancies and ir-
regularities between consecutive experimental measurements in
UHPFRC specimens. No abrupt rise in the reinforcement strain
related to the onset of transverse crack appears up to failure due to
the pseudo plastic phase with a large strain capacity offered by
UHPFRC (>2000 um/m). In this context, the use of internal strain
measurement is particularly relevant and its interpretation is
greatly facilitated. Although the data smoothing method used has
certain limitations close to the ends of the splice lengths according
to the selected degree of the polynomial curve and due to the stress
distribution irregularity, the use of a third degree bond relationship
reproduces adequately the bond stress distribution along lapped
bars and bond stress evolution during the loading stages.

In all specimens the force difference at ultimate load between
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the two pairs of lapped bars was less than 10%, except for the
specimen F2-5D in which a force difference of 12% was measured.
As expected, steel strains are larger at the loaded end of the bars
and reduce progressively towards the unloaded end, where bars are
at zero strain. For all the specimens, the bars remained elastic
because all tests were designed to have a splitting failure in the
UHPFRC before yielding of reinforcing bars.



E Lagier et al. / Cement and Concrete Composites 74 (2016) 26—38 33

In the early loading stages, the initial stress condition due to the
restrained shrinkage had a significant influence on the steel stress
transfer distribution. At a loading level F; = 25%, the active bond
stress was spread over approximately half of the available splice
length. Fig. 7b and d shows that higher bond stresses developed
close to the loaded end of the bars at the beginning of the tests
while low bond stresses were mobilised in the specimen middle
zone. As loading increased, the bond stress distribution spread over
the entire splice length.

A steep steel strain gradient developed at the spliced bar free
end over a short distance, a feature specific to lap splices [3]. It il-
lustrates that force transfer takes place over a short distance at the
lap ends. It is characterised by a peak in bond stress distribution
presents at the free end. As the load increases, the maximum local
bond stress increases together with the average value. For high
applied load (>50% F;), the steel strain amplitude close to the
loaded end progressively flattens due to the progressive degrada-
tion of the interface. Consequently the maximum bond stress that
occurs near the loaded end in the early stages moves inward as the
applied load increases whereas bond stress decrease to zero at the
loaded end due to the splitting cracks, which initiated at =80% F;
mostly at the internal reinforcing bar (IR) where the bond stress is
maximum. Then, up to failure, the splitting cracks propagated along
the spliced bar and the peak of bond stress at free end increase
continuously to become the maximum local bond stress at ultimate
load.

The influence of restrained shrinkage, splice length and fibre
contribution can be analysed and compared at the local scale
through the difference in steel stress and the bond stress distri-
bution. Fig. 7 shows that the strain distribution and its evolution
during loading are comparable between the two pairs of lapped
bars. Therefore, only one side of the lap splice specimen will be
selected and presented in the following sections. The selected side
is the one for which the splitting crack was opened the most at
ultimate load, namely bar side ER1/IR1 for specimens F4-10D, F4-
8D, F2-10D, F1-10D and bar side ER2/IR2 for specimens F4-5D, F2-
5D, F1-5D.

4.4. Influence of restrained shrinkage

Due to a low water/binder ratio and high cement content,
UHPFRC is particularly sensitive to autogenous shrinkage during
the hydration process [45]. Concrete shrinkage in reinforced con-
crete members is always restrained by the reinforcing bars, which
generates tensile stresses in the surrounding concrete. Early age
cracks may arise when the tensile stresses in the concrete due to
the restrained shrinkage become higher than the tensile strength of
concrete at that age.

Fig. 8 shows the evolution of the total strain measurement in the
reinforcing bars inside the specimen during the curing period for
gauges located at the centre of the specimen for series 10D, and
11.5 mm away from the centre for the test series 5D. The total strain
represents the average strain measurement of the 4 bars at the
same location. A gross reinforcement ratio of 8% is present in the
specimens. The strain and associated compressive stresses devel-
oped in the bars are the direct consequences of UHPFRC shrinkage
coupled with its viscous response under tensile stress at early age.

On Fig. 8, time t begins when concrete is placed in the moulds.
The first effect of the restrained shrinkage by the bars begins the
first day of hydration between 12 h and 18 h depending on the
specimen. During the curing period, only autogenous and thermal
shrinkage are present. At the end of the wet curing period (day 7),
the contribution of drying shrinkage adds up, visible on Fig. 8 by a
clear change in the average steel strain gradient. The difference of
kinetics evolution of the steel strain over the curing period for a
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Fig. 8. Steel strain and stress evolutions at mid length for series 5D and 10D
specimens.

given splice length is explained by the difference in temperature in
the laboratory during the maturation period. Indeed, a temperature
difference in the laboratory of 10 °C between specimens cast during
the summer (F1-5D and F1-10D) and winter periods (F4-5D and F4-
10D) was noted.

First, the longer the splice length, the more important the steel
strains, and consequently the higher the cracking potential. After
24 days, for shorter specimens (series 5D), the influence of the fibre
content on the total restrained shrinkage is minor. For longer
specimens (series 10D), a fine transverse crack appeared near the
centre during the curing period. In this case, specimens with higher
fibre content exhibited a lower reduction of the steel strain and
finer cracks, which opening was better controlled by the higher
number of fibres crossing this early fine transverse crack.

In term of concrete stress, the average shrinkage stress in
UHPFRC, o, can be calculated based on the equilibrium of forces
between reinforcing bar and the net concrete area. At 24 days, a
maximum tensile stress of 4.0 MPa was reached for specimen 10D-
F4.

4.5. Effect of splice length

Fig. 9a shows the steel stress distribution of internal bars
designated IR for specimens with different splice lengths and fibre
dosage of 4%. The steel stress distribution is plotted at the end of
curing just before loading and for a given steel stress of
fs = 160 MPa in the reinforcing bars, corresponding to loading level
Fr = 155 kN before splitting cracks were initiated.

At this loading stage the splice length does not particularly affect
the rib mobilisation to develop a given stress. Thus, for all the
different splice length, the distance required to develop any given
stress at this stage was relatively similar. Fig. 9b shows the distri-
bution of the associated bond stress along the splice length. With a
decrease of splice length, the peak of local bond stress increases in
the specimen. This observation is also valid for the peak of bond
stress visible at the free end.

Fig. 9c shows the steel stress and strain distribution in the same
bar when the ultimate load of the specimen was reached. First of all,
as expected, the longer splice was able to carry a greater load, with
the ability to mobilise all ribs within the lap length. As the strain
increased in the reinforcing bar, the formation of splitting cracks in
the vicinity of the loaded ends affects appreciably the steel stress
distribution. At each bar loaded end the strain amplitude eventually
flattened, more or less pronounced according to the splitting crack
growth and its opening along the bar. At the other end, however, a
steep steel strain gradient is noticeable over a short length.
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Fig. 9. Steel strain and stress, and equivalent bond stress distribution along the spliced bars IR; (a)&(b) before loading and f; = 160 MPa, (c)&(d) at ultimate load with UHPFRC 4%.

At ultimate load, the peak value of the bond stress at free end
varies according to the state of bond degradation in front of the ribs
from the loaded end, as seen in Fig. 9d. The steel strain distribution
in UHPFRC displayed a quasi-linear increase of strain associated to a
more or less uniform bond stress, except for over a distance varying
from 1 to 2 dp at each extremity. This directly implies that all ribs
along the splice length evenly participated in resisting the total
applied load. It is interesting to note that the strain gradient in this
portion of the splice length is relatively similar for the 3 specimen
lengths. As shown on Fig. 9d, bond stress values vary within a
narrow range, between 10.5 and 12.5 MPa. Hence, unlike high
strength concrete, doubling the splice length from 5 dy, to 10 dp in
the UHPFRC led to an increase of bond strength due to the contri-
bution of each bar rib along the splice. This is attributed to the
action of fibres that efficiently bridged the longitudinal cracks and
provided a considerable confinement improvement.

4.6. Effect of fibres

The steel stress distribution from 1 bar to the other and the
associated bond stress distribution of the lap splice series 5D and
10D are plotted in Fig. 10 and Fig. 11 respectively where the three
volume fraction of fibres are compared. For series 5D, Fig. 10 shows
experimental data before loading, for a steel stress f; = 100 MPa in
the reinforcing bars and at ultimate load. Fig. 11 shows experi-
mental data before loading, for a steel stress f; = 230 MPa in the
reinforcing bars and at ultimate load for series 10D. The 100 MPa
and 230 MPa values were selected to have a similar steel stress ratio
with respect to the ultimate load of test series 5D and 10D.

For series 5D, the tensile stress generated in the concrete during
curing due the restrained shrinkage is identical for the three fibre
volume fractions (Fig. 10a). For fs = 100 MPa, no splitting crack was
visible on the concrete surface. At this load level, it may be already
noted that from the loaded end of the reinforcing bar, a longer
distance is required for IR bar to develop 50% of fs along the splice
length. This indicates a possible decrease in bond performance at
the interface of the internal bars (IR), although no visible splitting
crack on the surface were observed.

For a given position along the splice, the stress in the bar is lower
with the larger amount of fibres. Thus, the offset between the stress
distributions of the internal bar according to the percentage of fi-
bres illustrates the increased performance of the steel-UHPFRC
interface with the increase of fibre content used. This observation
was also noted in the case of the 10D series (see Fig. 11a). At the end
of curing for specimens 10D-F1 and 10D-F2 (Fig. 11a), the measured
steel stress distribution was disturbed by the occurrence of trans-
verse shrinkage cracks. For specimens for which transverse
shrinkage cracking occurred during the curing period, the 0%
polynomial curve was not plotted. In this case, the bond stress
points in Fig. 11b were calculated directly from the experimental
data. However, the fine transverse cracks that formed during curing
have a limited influence on the steel strain distribution at higher
loading. None of these transverse cracks have had an impact on the
mechanical response and cracking to rupture.

In terms of bond stress distribution at low load level (Figs. 10b
and 11b), the observations are similar between the two series.
The maximum local bond stress is reached for specimens with the
highest fibre content. Indeed, for specimens 5D and 10D with 4%
fibre content, the bond strength is mainly mobilised in the first half
of the specimen while at free end low bond stresses were devel-
oped. In general, the decrease in the amount of fibres implies a
greater degradation of the bond near the loaded end. Consequently
the peak bond stress shifts inward the specimen. For specimens
with a splice length of 10 dp, this corresponds to a relatively uni-
form bond stress distribution after a distance of 2 dy from the
loaded end.

At the ultimate load of the 5D series (see Fig. 10c and d), the steel
stress distribution presents a clear uniform stress distribution at
the loaded end that can be directly related to the progression of the
splitting crack. On the opposite side, from the free end of the bar IR,
a very steep strain gradient forms over a short splice length. This
confirms a link between the bond stress degradation at the vicinity
of loaded end and the steep strain gradient in the reinforcing bar
noticeable at the free end. Nevertheless, as described in the mode of
failure section, the initiation of longitudinal cracks did not result in
failure of the specimens due to the performance of UHPFRC. Cover
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Fig. 11. Steel strain and stress, and equivalent bond stress distribution along the spliced bars; (a)&(b) before loading and f; = 230 MPa, (c)&(d) at ultimate load - Series 10D.

splitting occurred at load level around 75%—85% of the ultimate
load for all specimens. The splitting crack resulted in a progressive
decrease of the local bond stress at the loaded end. However, the
strain-hardening properties of UHPFRC surrounding the spliced
bars ensured an efficient splitting crack control and propagation
that allowed bond stress to be developed in the fracture process

zone. Moreover, for all specimens (Fig. 6), the main splitting crack
progressed more than half the splice length before observing a
decrease of the total bond strength.

In Fig. 10c and d and Fig. 11c and d bond degradation is visible
close to the end of the internal bar where the main splitting crack
propagated. This is evidenced through the plateau shown in the
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figures presenting the steel stress distribution near the end of bar IR
(Figs. 10c and 11d), more or less pronounced depending on the
opening of the splitting crack. Consequently, the equivalent bond
stress distribution for bar IR at this location shows a sharp decrease
to a zero bond stress (Figs. 10d and 11d). This bond stress degra-
dation increases for lower fibre volumes. At a distance of 1 db from
each bar loaded end, the decrease of bond stress between the bar IR
and bar ER varies from 58% to 29% with volume fraction from 1% to
4% respectively. Moreover, it is interesting to note that when a
splitting crack forms at the loaded end of a bar, the loss of bond
does not necessarily affect tensile force in the adjacent spliced bar
because the fibre action still ensures enough cohesion between the
two overlapping bars. This phenomenon is attributed to the ductile
behaviour of UHPFRC. Hence, in Fig. 10c, despite the presence of a
uniform strain at the loaded end of bar IR2 in series 5D, the per-
formance of UHPFRC allowed mobilising the bar ER2 at the same
location, where a gradual increase of strain was recorded.

At ultimate load, for short specimens (see Fig. 10d), the bond
stress distribution is relatively uniform over the splice length for
external bars, contrary to internal bars where the stress variation is
larger. It is clearly visible that the steel stress distribution of internal
reinforcing bar is not linear along the lap splice.

4.7. Steel stress ratio versus transverse concrete strain

In Fig. 12, the bar stress ratio (fs/fy) for the internal reinforcing
bars (IR) are plotted with respect to the transverse strain measured
on opposite face (f1 or f3) at 1.25 dy, from the loaded end of the lap
splice specimen (Fig. 2). The maximum stress fs max represents the
average stress of the four reinforcing bars. Curves are shown up to
peak load. Results of this analysis showed that the overall trans-
verse strain evolution with the increase in steel stress ratio in the

bar can be characterised mainly by two stages. The first stage, in
which the steel stress ratio increases significantly up to a certain
deformation (e, = 200 um/m), corresponds to the strain at the
limit of elasticity measured in direct tensile tests on UHPFRC.
Beyond this point, gain in strength continued until it reached the
maximum steel stress that can be developed according to the fibre
dosage with large inelastic strain in the UHPFRC. In this second
stage, for an equivalent transverse strain increment, higher fibre
content allows increasing the stress level developed by reinforcing
bars. This observation shows that the transverse strain evolution
during the bar loading is closely related to the tensile behaviour of
UHPFRC under direct tension. Fig. 12 emphasizes the participation
of the UHPFRC cover in tension around spliced bars to counter-
balance the radial bursting pressure generated by the action of ribs.
Similar results were obtained in lap splices with 35 mm bar
diameter [ 11]. For each test, despite the initiation of macro cracks at
the end of some face, which provoked the loss of strain gauge
reading and are marked by a cross symbol in Fig. 12, the UHPFRC
cover surrounding lap splice bars continues to contribute to an
increase in the maximum bond strength. As an example for spec-
imen 25-F2-10D, at a bar stress ratio above 0.63, two splitting
macro-cracks were initiated and progressed in bar IR1 face f1, and
in bar IR2 face f3. Though, transverse strains recorded on the
opposite face of cracks show that after this stress is reached,
UHPFRC continues to resist to the bursting force and ensure an
increase of steel stress in internal bars.

4.8. Bond-slip response of spliced bars
Bond stress slip curves are plotted in Fig. 13 in which the free

end slip s is the average value of the two internal reinforcing bars,
IR1 and IR2. The bond stress-slip curve from all tests series follows
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the same basic shape. All the series show a nearly identical initial
stiffness that is practically independent of the fibre content: first a
very steep rise in bond strength with minor end slip, until splitting
crack initiates around 80% of the ultimate bond strength, and then a
splitting crack propagation phase in which the bond stress kept
increasing as bar slip increased until a peak bond strength was
reached. Free end slip did not exceed 0.05 mm at peak load for all
5D and 10D series. Beyond this point, the bond strength capacity
decreased gradually with a further progression of slip.

The homogeneity of UHPFRC matrix provided by small aggre-
gate size, high compactness and high binder content, gives a
considerable improvement of the bond performance at the bar
interface especially, in front of each rib. After failure, bond-slip
behaviour is typically marked by a net increase of loaded end slip
with the progression of splitting cracks. At this stage, contrary to
normal concrete, a gradual bond stress reduction occurred,
controlled by fibre action.

Cairns and Plizzari [46] proposed a slip criteria at the free end
that should not be exceeded to ensure adequate structural perfor-
mance of a lap splices. According to his recommendation, slip at the
unloaded end should be less than 0.1 mm for a developed steel
strain of ¢ = 0.002 at the loaded end of nominally confined lap
splices. The maximum strain in specimen F4-10D exceeded that
value while the corresponding free end slip value was of 0.045 mm,
which is more than two times smaller the proposed criteria. Hence
this study shows that very short lap splice in UHPFRC with 4% of
fibre volume fraction can easily fulfil the proposed requirement.

5. Conclusion

In this study, direct tension lap splice tests were carried out to
assess the bond strength and bond stress distribution in specimens
embedded in UHPFRC. Specimens were designed to fail by bond
splitting before reaching the yield strength of the reinforcing bars.
The investigation objectives were to determine the contribution of
UHPFRC with different fibre contents and variable lap splice length
on the performance of reinforced concrete member lap splices, and
to evaluate the bond splitting behaviour with the only confinement
provided by UHPFRC cover. Test results indicated that confinement
with UHPFRC is an extremely promising solution with high po-
tential for the enhancement of bond performance in splice regions.
From the results and analysis of the seven tests with three different
splice lengths and fibre contents, the following conclusions can be
drawn.

1 Internal strain measurement, which was implemented in this
study, was an extremely effective way of measuring longitudinal
strain distribution along lap splice. Through this method, it has
been possible to obtain refined information without disturbing
the interface area between steel and concrete. It has proven that
it was an effective procedure to obtain bond stress distribution
in UHPFRC. Since no transverse cracks developed through the
section up to failure, the bond stress was not disturbed by other
cracks than longitudinal splitting crack.

2 Steel stress distribution can be characterised mainly by three
sections. At free end, a steep gradient is being developed over a
short distance, characteristics of force transfer between spliced
bars. On the opposite, at loaded end as the load increased to
splitting failure, steel stress amplitude reaches a maximum
value and the distribution becomes progressively flattened due
to progressive degradation of the interface. Between the 2 bar
extremities, steel stress distribution displayed a quasi linear
increase of stress regardless of the lap splice length used.

3 Bond stress distributions are associated to steel stress variation
and consequently characterised by three stages, two local peaks
at free and loaded ends, and a quasi-constant bond stress dis-
tribution between these two regions. Before splitting crack is
visible (<80% Fy), peak bond stress was always noted close to the
loaded end. As the load increase, first peak bond stress move
inwardly, and the peak bond stress at loaded end reached a
maximum value, which magnitude is related to the splitting
crack propagation from loaded end.

4 For a given position inside the lap splice, the steel stress
developed in the bar is lower with a greater fibre contents used
in the UHPFRC.

5 The evolution of transverse strain measured on the concrete
surface close to the end of splices with respect to the evolution
of the bar force of lap splice specimens emphasise the contri-
bution of UHPFC tensile properties in its strain hardening stage
to counterbalance the radial bursting pressure. Maximum splice
strength capacity is clearly related to the inelastic capacity and
strain hardening performance of UHPFRC. Fibres play a key role
in increasing the maximum strength of lap splice specimen.

Moreover, in term of global performance, average bond stress
superior to 10 MPa was obtained for all specimens with 4% of fibre
dosages. Specimen F4-10D was able to develop a steel stress over
400 MPa close to the bar yielding with free end slip of 0.045 mm for
a developed steel strain of e; = 0.2%, that is less than two times the
slip limit criterion introduced by Cairns and Plizzari [46]. Theses
observation shows the potential of reduction splice length required
to reach design criteria.

In the case of a structural members sensitive to shrinkage crack
formation at early age due to high reinforcement ratio, large contact
surface with old concrete, etc., higher amounts of fibres control
efficiently the progression of the transverse crack. In this test series
4% by volume was sufficient whereas 2% was not. Brithwiler and
Denarié [47] recommended a minimum of 3% for thin repairs to
avoid restrained shrinkage cracks.

As stated by CEB-FIP 2000, “For the time being, standard bond
tests must be considered of limited value, and any new reinforcing
materials need to be tested for bond performance in structural el-
ements under conditions representative of practice”. The only ul-
timate bond strength cannot be stated to provide enough
information on the bond performance. This study has attempted to
explore in a more comprehensive way the bond performance of lap
splice in UHPFRC. The specimen configuration and test arrange-
ment used in this study allowed a reasonable representation of
bond condition in real situation. Both reinforcing bars and concrete
are subjected to tension, the most common situation in structural



38 E Lagier et al. / Cement and Concrete Composites 74 (2016) 26—38

applications. This experimental program constitutes a unique and
useful database reference for FE modelling of bond with UHPFRC.
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