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ABSTRACT

This study investigates the bond behavior between ultra-high-performance concrete (UHPC) and reinforcing steel
subjected to elevated temperatures, with a focus on the influence of embedment length, concrete cover, and thermal
exposure. Using the beam-end test method in accordance with Eurocode recommendations, a series of specimens
were prepared with varying diameters (12 and 16 mm), embedment lengths (6d, 9d, and 12d (d: bar diameter)),
concrete cover depths (1d and 2d), and exposed to three temperature conditions: room temperature (25 °C), 300 °C,
and 600 °C. The results demonstrated that temperature has a substantial effect on bond performance. While mod-
erate heating (300 °C) sometimes enhanced bond strength due to post-curing effects, exposure to 600 °C caused
significant bond degradation, characterized by reduced load capacity and increased slippage. Longer embedment
lengths consistently improved bond strength across all temperatures, often shifting failure modes from pull-out to
steel rupture. Increased concrete cover provided better confinement and thermal protection, though its influence
was less dominant under severe thermal exposure. The findings contribute to a deeper understanding of the bond
mechanisms in UHPC-steel systems and offer practical insights for the structural design of UHPC elements in

thermally demanding environments, including fire-prone applications.
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INTRODUCTION

Concrete, a fundamental construction materi-
al, relies on reinforcing steel to compensate for its
low tensile strength. However, conventional rein-
forced concrete faces durability issues, particularly
steel corrosion, leading to high maintenance costs
and reduced service life [1, 2]. This has driven the
development of advanced cementitious compos-
ites like high-performance concrete (HPC) and
ultra-high-performance concrete (UHPC) [3].

HPC offers superior mechanical strength, dura-
bility, and reduced permeability, making it suita-
ble for demanding structures [4, 5]. Its economic
benefits stem from reduced material use and faster
construction [6-8]. UHPC, a more advanced class,
typically exceeds 120 MPa in compressive strength
and exhibits unique elastic-plastic characteristics
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under tension due to its dense microstructure and
often high steel fibre content [9]. Key distinctions
of UHPC include the absence of coarse aggregates,
low water-to-cement ratio, and optimized parti-
cle packing, resulting in exceptional strength and
durability [10, 11].

The bond between concrete and reinforcing
bars is crucial for composite action, transferring
forces and ensuring structural integrity [12]. This
interaction is facilitated by similar thermal expan-
sion coefficients, minimizing bond loss under tem-
perature fluctuations [13]. With increasing UHPC
adoption, understanding its bond behaviour at ele-
vated temperatures is critical. Existing research on
UHPC properties is extensive, but a knowledge
gap persists regarding its bond performance dur-
ing and after high-temperature exposure, which is
crucial for fire safety and structural integrity.
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This research aims to experimentally inves-
tigate the bond behavior of UHPC-steel systems
under varying elevated temperatures (room tem-
perature 25 °C), 300 °C, and 600 °C. Specific
objectives include quantifying the influence of
embedment length (6d, 9d, 12d) and concrete
cover (1d, 2d) on bond strength and failure
modes, analyzing load-slip characteristics, iden-
tifying critical temperature thresholds for bond
degradation, providing design insights for ther-
mally demanding environments, and developing
a predictive model for bond stress.

This study addresses a critical knowledge gap
concerning UHPC-steel bond performance under
elevated temperatures, vital for structural safety
in fire events. Findings will contribute to accurate
design guidelines for UHPC applications, par-
ticularly in fire-resistant construction. Identifying
influential parameters offers practical insights for
optimizing reinforcement detailing, enhancing
resilience, and extending service life. Ultimately,
this research provides essential data for the safe and
effective use of UHPC in demanding applications.

The study focuses on the experimental inves-
tigation of bond behaviour between deformed
reinforcing steel bars (12 mm and 16 mm diame-
ters) and UHPC. Parameters include embedment
lengths (6d, 9d, 12d), concrete cover depths (1d,
2d), and elevated temperatures (room tempera-
ture, 300 °C, 600 °C). The beam test method, con-
sistent with Eurocode, is used. UHPC mechani-
cal properties (flowability, compressive, tensile
strength) are characterized before studying the
bond stresses.

The study is limited to specific bar diameters,
embedment lengths, concrete cover depths, and
three discrete temperature points. It focuses on static
loading after thermal exposure, excluding dynam-
ic or cyclic conditions. The influence of different
UHPC mix designs is not extensively explored, nor
are the effects of various cooling regimes.

BACKGROUND

UHPC is an advanced cementitious compos-
ite known for exceptional mechanical properties
and durability, achieved through high fine pow-
der content, low water-to-binder ratio, and often
steel fibres [10, 11]. UHPC is defined by its ultra-
high compressive strength, typically exceeding
120 MPa, allowing for slender structural elements
[9]. With steel fibres, it exhibits remarkable tensile

performance and strain-hardening behaviour, dis-
tinguishing it from brittle conventional concrete
[14]. UHPC’s thermal properties are crucial for
fire-prone applications. Its dense matrix and low
permeability influence its behaviour under elevat-
ed temperatures. Concrete undergoes physical and
chemical changes, including dehydration (above
100 °C), decomposition of C-S-H gel (above 300
°C), and significant strength reduction beyond
600 °C [15-17]. UHPC’s density can increase
spalling risk due to trapped steam pressure during
rapid heating [18, 19].

The bond between concrete and reinforcing
steel is a critical mechanism that enables rein-
forced concrete to function as a composite mate-
rial. This bond allows for the transfer of forces
between the two materials, ensuring their collab-
orative structural behaviour.

Fundamental bond mechanisms

The bond between concrete and reinforcing
steel is a complex phenomenon involving chemical
adhesion, friction, and mechanical interlock [20]:

e Chemical adhesion The cement paste adheres
to the surface of the reinforcing bars which
results from chemical and physical interac-
tions at the interface. However, this bonding
strength is relatively weak and can be break
under high stresses leading to reliance on
other mechanisms [21].

e Frictional resistance Once the chemical adhe-
sion is compromised, frictional forces devel-
op between the steel surface and surround-
ing concrete. These frictional forces increase
when the bar is subjected to compressive
stresses perpendicular to its surface, providing
resistance against slip [1, 21].

e Deformed bars This is the primary bond
mechanism. The ribs or lugs on deformed bars
provide mechanical anchorage against the sur-
rounding concrete [ 14, 22]. When tensile forc-
es are applied to the bar, the ribs bear against
the concrete, transferring stresses through
mechanical interlock, Figure 1 [6].

Bond failure mechanisms in reinforced
concrete

Bond is influenced by bar properties (diam-
eter, surface condition, yield strength), concrete
properties (compressive/tensile strength, mix
design), and environmental factors (temperature,
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moisture content) [31, 33, 35]. Elevated tempera-

tures degrade both concrete and the steel-concrete

interface due to dehydration, thermal expansion,
and material property changes [25, 26, 31]. Three
main bond failure mechanisms occur in rein-

forced concrete, Figure 2.

e Pull-out failure bar pulls out without signifi-
cant concrete cracking, common with short
embedment or well-confined concrete

e Splitting failure radial stresses exceed con-
crete tensile strength, causing longitudinal
cracks, prevalent with insufficient cover, Fig-
ure 2.

e Steel rupture occurs when bond capacity
exceeds steel tensile strength, leading to bar
yielding and rupture.

Bond between concrete and reinforcing bars
under elevated temperatures

Research shows bond strength generally
decreases with increasing temperature, influ-
enced by concrete type, bar diameter, embed-
ment, and confinement [23]. Moderate tem-
peratures (up to 300 °C) may not significantly
reduce, or even slightly enhance, bond due
to post-curing. However, severe degradation
occurs beyond 400-600 °C due to cementitious
phase decomposition and differential thermal
expansion [18, 24].

UHPC’s dense microstructure can offer bet-
ter fire resistance but risks spalling due to trapped
moisture [15, 17]. Steel fibres in UHPC can
mitigate spalling and improve residual mechan-
ical properties, positively influencing bond after
thermal exposure [8]. Studies by Xu et al. [23]
and others [25] confirm the benefits of fibres and
the need for experimental data on UHPC bond
behaviour under thermal loads.

T bearing and friction
forces on bar

Y a R /a VRN
TN NS NS
/-

adhesion and friction forces
along the surface of the bar

Figure 1. Bond force transfer mechanism [1]
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RESEARCH METHODOLOGY

Experimental program

The experimental procedure included the
Specimen preparation by making plywood
moulds with internal dimensions of (800 % 180
% 100) mm according to RILEM [27]. The beam-
bond test procedure used in this study is based
on the guidelines outlined in the PN-EN 10080
standard [28]. The test procedure is outlined in
full detail below:

The study systematically investigated UHPC—
steel bond behaviour under varying temperatures
and geometric parameters using the Eurocode-
recommended beam test method [27].

Figure 3 give the dimensions of the UHPC
specimen used for the bond test. A full detail for the
auxiliary reinforcement is illustrated in Figure 5.

Deformed reinforcing steel bars of 12 mm
and 16 mm diameters were cleaned and prepared.
Embedment lengths were precisely controlled at
6d, 9d, and 12d.

Custom moulds ensured precise specimen
dimensions and accurate positioning of bars and
concrete cover depths (1d and 2d).

UHPC preparation

Materials used

The UHPC mixture was formulated using
locally sourced V-type sulphate-resistant cement,
which was laboratory-verified to meet the stand-
ards specified by Iraqi construction material reg-
ulations. Fine sand from Najaf, characterized by
a maximum particle size of 0.6 mm, was also
employed in accordance with the same nation-
al standards. High-purity quartz powder was
procured from Al-Nawafidh Company, based in
Najaf. The mix was reinforced with brass-coated
steel fibres measuring 13 mm in length and 0.22
mm in diameter, exhibiting a high tensile strength
of up to 2860 MPa. Additionally, MasterRoc MS
610 was utilized as a silica fume source, comple-
mented by MasterGlenium 51 as a high-range
water-reducing admixture (superplasticizer), and
reverse osmosis (RO) water was used for mixing
to ensure material purity.

Mixing proportion

A comprehensive series of experimental tri-
als was carried out involving different types of
cement, various mix proportions, and alternative
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Figure 2. Typical bond failure modes observed in the pull-out test: (A) original specimen, (B) pull-out failure
of the reinforcing bar, (C) concrete splitting failure, and (D) rupture of the reinforcing steel [26]

mixing techniques in order to determine the
optimal UHPC composition. The finalized mix
design, presented in Table 1, outlines the constitu-
ent material quantities per cubic meter of UHPC.

Mixing procedure

The UHPC mixing procedure was executed
in three distinct stages to ensure uniform dis-
persion and homogeneity of the constituents.
Initially, all dry components were blended for a
duration of 5 minutes. This was followed by a
wet mixing phase, during which water and the
superplasticizer were gradually introduced over
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approximately 30 minutes to achieve the desired
rheological properties. In the final stage, steel
fibres were incorporated into the mix, and blend-
ing was continued for an additional 10 minutes to
ensure even distribution. A schematic representa-
tion of the complete mixing sequence is illustrat-
ed in Figure 4.

Specimens details

A total of 27 specimens were prepared,
combining bar diameter, embedment length,
concrete cover, and temperature exposure as
detailed in Table 2.

Sleeve for debonding

P/2 Bonding zone

LVDT

P gl &+
650
o 800

Figure 3. Specimen set up during testing
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Table 1. Material proportions of UHPC mix
constituents
Material Quantity Unit Weight %

Cement 950 kg 37.06
Silica Fume 190 kg 7.41
Super Plasticizer 39.9 kg 1.56
Fine sand 840 kg 32.77
Quartz powder 210 kg 8.19
Water 176.7 kg 6.89
Steel Fibres 157 kg 6.12
Total weight 2563.6 kg 100%

Reinforcement details

A typical reinforcement for the specimen is
illustrated in Figure 5.

Casting and curing specimens

Each specimen was cast under controlled lab-
oratory conditions, with successive layers placed
over approximately 10 minutes to minimize the
presence of voids. The specimens remained in
their moulds for two days prior to demoulding.
Subsequently, a steam curing regime was applied
for a duration of 28 days to ensure optimal hydra-
tion and material performance.

Elevated temperature exposure

Specimens were exposed to 300 °C and
600 °C in a controlled furnace, with controlled

heating rates and holding times, then cooled natu-
rally before testing.

Testing apparatus and conditions

All experimental procedures were conduct-
ed in the Construction Materials Laboratory at
the University of Babylon. Bond tests used a
universal testing machine with a load cell and
LVDTs to measure load and slip at the steel-con-
crete interface, Figures 6 and 7. LVDTs and
load cell were calibrated. Tests continued until
complete specimen failure.

Failure mode identification

The failure mode for each specimen was
determined using three complementary methods.
First, direct visual observation during testing
allowed the identification of physical signs asso-
ciated with pull-out, partial slip, or steel rupture.
Second, continuous video recordings provided
a detailed record of the progression of defor-
mation and the exact moment of failure. Third,
the load-slip curves were examined to detect
characteristic behavioral patterns — such as the
onset of slip, sudden drops in load, or non-lin-
ear deformation — that distinguish between slip
failure, combined failure, and bar rupture. These
combined approaches ensured accurate and con-
sistent classification of the failure mechanisms
across all tested specimens.

water

= Cement, Silica Fume, Sand, and Quartz Powder all added
together and mixed for 4-5 minutes before adding of

-

» Water,and Superplasticizer; gradual addition which
requires about 30 minutes.

Steel Fiber
Addition

» Gradual addition of steelfiber with mixing about 10
minutes after the addition

Figure 4. Mixing process
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Table 2. Summary of test matrix and specimen coding

Specimen ID Diameter (mm) Cover (mm) Embedment length (mm) | Temp. exposed (°C)
12-1d-6d-RT 12 12 72 RT
12-1d-6d-300 12 12 72 300
12-1d-6d-600 12 12 72 600
12-1d-9d-RT 12 12 108 RT
12-1d-9d-300 12 12 108 300
12-1d-9d-600 12 12 108 600
12-1d-12d-RT 12 12 144 RT
12-1d-12d-300 12 12 144 300
12-1d-12d-600 12 12 144 600
12-2d-6d-RT 12 24 72 RT
12-2d-6d-300 12 24 72 300
12-2d-6d-600 12 24 72 600
12-2d-9d-RT 12 24 108 RT
12-2d-9d-300 12 24 108 300
12-2d-9d-600 12 24 108 600
12-2d-12d-RT 12 24 144 RT
12-2d-12d-300 12 24 144 300
12-2d-12d-600 12 24 144 600
16-1d-6d-RT 16 16 96 RT
16-1d-6d-300 16 16 96 300
16-1d-6d-600 16 16 96 600
16-1d-9d-RT 16 16 144 RT
16-1d-9d-300 16 16 144 300
16-1d-9d-600 16 16 144 600
16-1d-12d-RT 16 16 192 RT
16-1d-12d-300 16 16 192 300
16-1d-12d-600 16 16 192 600

A)

4¢ 8 top and bottom
100 /
$6 @50 c/c

| —4¢6

180

1d, 2d
o

10 concrete cover—=! L main bar 12 or 16

®B)

Figure 5. Reinforcing details of the specimen: (A) side view, (B) cross section
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Figure 6. Configuration used during specimen testing

Figure 7. LVDTs installation on both sides

EXPERIMENTAL RESULTS AND
INTERPRETATION

High temperature effect

Visual inspection showed minor surface
cracks at 300 °C due to water evaporation, but
overall matrix integrity remained, Figures 8 and
9. At 600 °C, significant degradation occurred,
including microcracking, spalling, discoloration,
and increased porosity, indicating substantial loss
of mechanical properties, Figure 10.

Presentation of test results

Bond test results are presented as load-slip
diagrams, highlighting maximum load capacity
and corresponding slip. Full results are illustrat-
ed in Table 3.

Beams with ‘12-1d-6d’ and (RT - 300-600 °C)

Figure 11 illustrates the relationship between
the applied load and the corresponding slip of the
reinforcing steel, recorded up to the point at which
a significant reduction in load was observed — an
indication of structural failure.

304

Beams with ‘12-2d-6d’ and (RT - 300-600 °C)

Figure 12 presents the load—slip behaviour
of the reinforcing steel in the tested specimens,
capturing the response up to the point of failure.
Increasing cover to 2d for 6d embedment speci-
mens led to higher capacities. The 300°C speci-
men achieved 122.7 kN with slip and steel frac-
ture. Room temperature and 600°C specimens
failed by pull-out, with 600 °C showing reduced
strength (68.5 kN).

Beams with ‘12-1d-9d’ and (RT — 300-600 °C)

Figure 13 illustrates the relationship between
the applied load and the slip between the reinforc-
ing steel and the surrounding concrete for the tested
specimens. 9d embedment significantly enhanced
bond strength. Room temperature showed minimal
slip and steel rupture (115.6 kN). The 300 °C spec-
imen reached 130.2 kN with no slip. Even at 600
°C, load was considerably higher (90.6 kN) than
6d embedment, failing by pull-out.

Beams with '12-2d-9d’ and (RT — 300-600°C)

Figure 14 illustrates the relationship between
the applied load and the corresponding pull (slip)
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Figure 9. Cracks after exposing to 300 °C

for specimens with an embedment length of 9d
and a concrete cover of 2d. For 9d embedment
and 2d cover, increased cover further influenced
bond, especially at elevated temperatures. The
600 °C specimen showed improved load capacity
in comparison with 1d cover.

Beams with ‘12-1d-12d” and (RT - 300-600 °C)

With 12d embedment, room temperature and
300°C specimens typically failed by steel rupture.
Significant load capacities were maintained even
at 600°C, Figure 15.

Beams with ‘12-2d-12d" and (RT - 300-600 °C)

2d cover and 12d embedment generally result-
ed in highest bond strengths and often led to steel
rupture, even at elevated temperatures exhibited
near rupture results, Figure 16.

Beams with ‘16-1d-6d’ and (RT — 300-600 °C)

For 16 mm diameter bars, similar trends were
observed, with a significant bond strength drop at
600 °C, Figure 17.

Beams with “16-1d-9d” and (RT - 300-600 °C)

Increasing embedment length to 9d for 16mm
bars improved bond performance across all tem-
peratures, Figure 18.

Beams with ‘16-1d-12d" and (RT - 300-600 °C)

With 12d embedment, 16mm bars also
showed robust bond behaviour, often leading to
steel rupture, Figure 19.

Discussion of key findings

The experimental investigation into the
bond behaviour between UHPC and reinforcing
steel at elevated temperatures has revealed sev-
eral important insights with direct implications
for structural performance, fire resistance, and
design practices. This discussion highlights the
most significant findings and interprets their rel-
evance within the context of current knowledge
and design needs.

Thermal exposure has a distinct threshold effect

Moderate temperature (300 °C) often
maintained or slightly improved bond, possi-
bly due to post-curing [29, 30]. Conversely,
600 °C caused significant bond deterioration,
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Figure 10. Spalling after exposing to 600 °C
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Figure 11. Load — slip diagram for specimens of (12-1d-6d)

LOAD (kN)

SLIP (mm)
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Figure 12. Load — slip diagram for specimens of (12-2d-6d)
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Figure 14. Load — slip diagram for specimens of (12-2d-9d)
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Figure 15. Load — slip diagram for specimens of (12-1d-12d)

indicating it exceeds the UHPC-steel inter-
face’s thermal resilience [31]. This is critical
for fire-resistant design. At 300 °C, some spec-
imens maintained or even slightly improved
their bond strength compared with room tem-
perature because moderate heating can act
as a post-curing stage, promoting continued
hydration and partial drying of capillary pores
without yet causing severe C—S—H or Ca(OH):
decomposition [32]. This leads to a denser

matrix and a stronger interfacial transition zone
(ITZ) around the ribs, enhancing adhesion, fric-
tion, and mechanical interlock; similar trends
of stable or slightly improved mechanical/bond
behaviour up to about 300 °C have been report-
ed for high-performance concretes and UHPC
by Aslani and Samali [25] (bond at elevated
temperature) and in thermal reviews by Zhang
et al. (2020) [16], Liang et al. (2022) [33], and
Ashteyat et al. (2025) [17].
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Figure 16. Load — slip diagram for specimens of (12-2d-12d)
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Figure 18. Load — slip diagram for specimens of (16-1d-9d)

At 600 °C, bond loss becomes significant
due to severe thermal degradation of the UHPC
matrix, including advanced dehydration, C—S—-H
decomposition, and substantial porosity increase,
which reduce the confinement around the bar
and promote microcracking and spalling [34]. In
addition, differential thermal expansion between
steel and UHPC severely damages the ITZ, so
that adhesion, friction, and mechanical interlock
are strongly diminished, leading to the sharp
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reduction in bond capacity observed in this study
— a behaviour consistent with the critical temper-
ature range (400-600 °C) for bond and matrix
breakdown reported by Aslani and Samali (2013)
[25] and the UHPC high-temperature reviews of
Zhang et al. (2020) [16], Amran et al. (2023) [19],
and Ashteyat et al. (2025) [17].

The temperature-dependent trends observed
in this study are broadly consistent with recent
investigations on UHPC-steel bond under
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Figure 19. Load — slip diagram for specimens of (16-1d-12d)

Table 3. Summery of the experimental results

ID Max Load (kN) Max bond strength (MPa) Slip (mm) Failure mode
12-1d-6d-RT 105 38.683 46.2 SLIP
12-1d-6d-300 105.7 38.941 64.3 SLIP
12-1d-6d-600 42.8 15.768 20.2 SLIP
12-1d-9d-RT 102.6 37.799 45.9 SLIP
12-1d-9d-300 122.7 45.204 6.1 COMPINED
12-1d-9d-600 68.5 25.236 31.2 SLIP
12-1d-12d-RT 115.6 28.392 9.3 COMPINED

12-1d-12d-300 130.2 31.978 0.6 STEEL RUPTURE
12-1d-12d-600 90.6 22.252 19.9 SLIP
12-2d-6d-RT 129.6 31.831 6.5 COMPINED
12-2d-6d-300 140.6 34.533 0.2 STEEL RUPTURE
12-2d-6d-600 95.3 23.407 39 SLIP
12-2d-9d-RT 141.2 26.010 0.1 STEEL RUPTURE
12-2d-9d-300 138.8 25.568 0.2 STEEL RUPTURE
12-2d-9d-600 129.1 23.781 39.8 SLIP
12-2d-12d-RT 129.3 23.818 0 STEEL RUPTURE
12-2d-12d-300 131.1 24.150 23 COMPINED
12-2d-12d-600 134.6 24.794 30.1 SLIP
16-1d-6d-RT 176.7 36.618 64 SLIP
16-1d-6d-300 179.6 37.219 50 SLIP
16-1d-6d-600 79.1 16.392 40.2 SLIP
16-1d-9d-RT 206.9 28.584 40.2 SLIP
16-1d-9d-300 219.9 30.380 10.1 COMPINED
16-1d-9d-600 133 18.375 40.2 SLIP
16-1d-12d-RT 215.9 22.371 0.1 STEEL RUPTURE
16-1d-12d-300 234 24.246 0.5 STEEL RUPTURE
16-1d-12d-600 163.8 16.972 54.9 SLIP

elevated temperatures. Pokorny et al. (2020) [30]
reported that the bond between prestressing rein-
forcement and UHPC remained stable or slight-
ly improved at moderate temperatures before
degrading significantly at higher levels, which

aligns with the present findings of maintained
or enhanced bond performance at 300 °C and
marked deterioration at 600 °C. Similarly, Tang
et al. (2022) [29] showed that high-temperature
exposure modifies the local bond-slip response
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between UHPC and reinforcing bars, leading to
reduced bond strength and increased slip, compa-
rable to the larger slips and shift to pull-out fail-
ure observed here at 600 °C.

Embedment length is the most influential
mechanical parameter

Longer embedment lengths consistently
enhanced bond strength, distributing stress and
often leading to steel rupture. At 600 °C, 12d
embedment still showed high performance,
emphasizing its necessity in fire-exposed envi-
ronments. Increasing the embedment length from
6d to 9d and 12d generally enhanced bond per-
formance by providing a larger surface area for
stress transfer, delaying slip, and often shifting
the failure mode from pull-out at 6d to combined
failure or steel rupture at 9d—12d, especially at
room temperature and 300 °C. This behaviour
is evident in specimens such as 12-1d-6d ver-
sus 12-1d-9d and 12-1d-12d, and in 16-1d-6d
versus 16-1d-9d and 16-1d-12d, where longer
embedment lengths developed higher bar forces
and much smaller slips, indicating a more fully
developed bond.

However, the increase in “average bond
stress” with embedment length is not propor-
tional and can even appear to reduce at longer
lengths, because the average bond stress is cal-
culated by dividing the maximum bar force by
the product of bar perimeter and embedment
length. Once the bond becomes strong enough
for the bar to approach yielding or rupture, the
steel capacity rather than the bond controls the
maximum load, so further increases in embed-
ment mainly redistribute bond stress and change
the failure mode, rather than producing a linear
gain in average bond stress.

Steel rupture in specimens such as
12-1d-12d-300, 12-2d-6d-300, 12-2d-9d-RT/300
and 16-1d-12d-RT/300 occurred because the
UHPC-steel bond capacity exceeded the tensile
capacity of the reinforcing bars, so the failure
mode changed from bond-controlled to steel-con-
trolled. This is mainly due to the combination of a
dense, high-strength UHPC matrix, long embed-
ment lengths (9d—12d) that mobilise a large bond
surface, and adequate cover (especially 2d) that
prevents premature splitting and maintains con-
finement, allowing full stress transfer into the bar.

Microstructurally, the strong ITZ in UHPC
limits slip and microcracking around the ribs,
so adhesion, friction and mechanical interlock
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develop almost fully until the bar yields and
finally ruptures. Similar behaviour — steel rup-
ture instead of bond failure when bond strength
in high-strength or UHPC systems exceeds bar
capacity — has been reported in ACI 408R-03
[35] and in bond studies on high-performance
concretes at elevated temperatures by Aslani and
Samali [25] and Xu et al [23].

Concrete cover enhances bond strength but has
diminishing returns at high temperature

Increased concrete cover improved confine-
ment at room temperature and 300 °C [36]. How-
ever, its effect was less pronounced at 600 °C,
suggesting its protective role diminishes as the
UHPC matrix degrades. Design should pair opti-
mized embedment with adequate cover.

Effect of bar diameter on bond behaviour

In this experimental program, increasing the
bar diameter from 12 mm to 16 mm generally
led to higher maximum bar forces but slightly
lower average bond stresses, because the larger
bars develop greater tensile forces while the bond
capacity per unit surface does not increase propor-
tionally. This trend is visible in the summarized
results, where 16 mm bars (e.g. 16-1d-6d-RT/300)
carry higher loads than 12 mm bars with the same
embedment length, yet the calculated bond stress
(load divided by perimeter x length) is of similar
magnitude or marginally lower, especially after
exposure to elevated temperatures.

Mechanically, larger bars require more bond
force to anchor the higher steel stresses, and the
surrounding concrete must provide greater con-
finement to prevent splitting and pull-out, so any
thermal damage or microcracking in UHPC has
a more pronounced effect on the effective bond
stress of 16 mm bars. Similar observations have
been reported in the literature on bond at elevat-
ed temperatures, where increasing rebar diam-
eter tends to reduce bond strength per unit area
and steepen the post-peak bond—slip response, as
highlighted in analytical models by Aslani and
Samali (2013) [25] and in recent experimental
studies on bar diameter effects in post-fire and
elevated-temperature bond behaviour

In terms of bond and slip, the 16 mm bars
generally exhibited larger slip at failure than the
12 mm bars under comparable embedment and
temperature, particularly at 600 °C, showing
that once thermal cracking reduces confinement,
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larger diameters are more prone to progressive
pull-out and greater interface deformation even
when their average bond stress per unit surface is
similar or slightly lower.

Deviations highlight complex interactions

Minor inconsistencies underscore the com-
plex, multi-parameter nature of bond behaviour.
Holistic design considering cover, embedment,
bar diameter, and thermal conditions is essential.

Slip values varied notably between speci-
mens, even for similar bar diameters and embed-
ment lengths, because bond behaviour in UHPC
is highly sensitive to the governing failure mode
and the local cracking and confinement around
the bar, especially after thermal exposure. Speci-
mens with lower bond capacity (e.g. short embed-
ment or degraded matrix at 600 °C) failed by pure
slip (pull-out), where progressive debonding at
the UHPC-steel interface allowed large bar dis-
placement before failure, whereas specimens with
stronger bond (long embedment, higher cover, or
steel-rupture/combined failure) mobilised strong
adhesion, friction, and mechanical interlock,
reached high bar stresses with minimal pull-out,
and thus exhibited very small slip values. Conse-
quently, the scatter in slip mainly reflects differ-
ences in bond capacity and failure mode (pull-out
versus steel-controlled failure) rather than varia-
bility in material quality.

Implications for practice and design

Specimens that exhibited zero or nearly zero
slip at failure correspond to cases where the gov-
erning failure mode was steel-controlled rath-
er than bond-controlled. In these specimens, the
UHPC-steel bond was sufficiently strong to pre-
vent noticeable pull-out, so that the reinforcing bar
reached yielding and rupture with only negligible
relative displacement at the interface. This behav-
iour is associated with configurations providing
high confinement and a large, bonded surface, par-
ticularly those combining long embedment lengths
(9d-12d) with increased concrete cover (2d),
which enhance adhesion, friction and mechanical
interlock along the bar. Consequently, the very
small, recorded slip values in such cases reflect
a dominant steel-rupture failure mode within a
well-confined UHPC matrix, where bond capacity
exceeds the tensile capacity of the reinforcement.

Findings emphasize specifying appropri-
ate embedment lengths for thermal conditions,

recognizing the limited protective role of cover
alone under severe fire, and designing reinforce-
ment details for bond degradation. Leveraging
UHPC’s thermal resilience, with caution beyond
300 °C, is also important. This study contrib-
utes to a nuanced understanding of UHPC bond
behaviour in fire/high-temperature scenarios,
supporting reliable design recommendations.

CONCLUSIONS

The experimental findings highlighted sev-
eral key factors influencing the bond behaviour
between UHPC and reinforcing steel under ele-
vated temperatures. Temperature emerged as a
critical variable; while exposure to 300 °C some-
times preserved or marginally enhanced bond
strength, a significant reduction was observed
at 600 °C, where most specimens failed through
slippage or pull-out, indicating a loss of effective
bond beyond this thermal threshold. Embedment
length proved to be the most influential parame-
ter — extending embedment from 6d to 12d con-
sistently improved bond performance, reduced
slippage, and shifted failure modes from bond-re-
lated failures to steel rupture, even at elevated
temperatures. Concrete cover also contributed to
enhanced bond strength, particularly under ambi-
ent and moderate thermal exposure, by delaying
crack initiation and slippage. However, its effect
diminished at higher temperatures, especially
when adequate embedment was already pres-
ent. Failure modes were observed to evolve with
both temperature and specimen geometry: steel
rupture was predominant at room temperature,
mixed failure mechanisms became common at
300 °C, and pull-out failures were dominant at
600 °C, reflecting the progressive deterioration of
bond integrity under thermal stress. Additionally,
the results suggested complex interactions among
variables, as some specimens with thinner cov-
ers still performed effectively due to sufficient
embedment, while other anomalies were likely
influenced by local effects such as microcracking
or surface spalling.

Based on the overall comparison of all
parameters, the specimens that demonstrated
the highest bond performance were those com-
bining a 12 mm bar diameter with the longest
embedment length (12d) and the largest concrete
cover (2d), particularly at room temperature
and 300 °C. These configurations consistently
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developed the highest bond stresses and exhib-
ited steel-rupture failure modes, indicating that
the UHPC-steel bond capacity exceeded the ten-
sile capacity of the reinforcement. In contrast,
elevated temperatures of 600 °C significantly
reduced bond performance across all parameter
combinations. Accordingly, the optimal bond
behaviour in this study is achieved with the
combination (12 mm bar — 12d embedment — 2d
cover — RT/300 °C).
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