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Abstract

Negative Poisson’s ratio (NPR) reinforcement offers a novel solution to the usual trade-off
between strength gains and ductility loss. Incorporating NPR into ultra-high-performance
concrete (UHPC) effectively overcomes the ductility limitations of structural elements.
However, the interfacial bonding between NPR reinforcement and UHPC is not sufficiently
studied, especially its patterns and mechanisms, impeding the application of the materials.
In this paper, the effects of nine design parameters (rebar type, prestrain, etc.) on the
bond performance of NPR-UHPC through eccentric pull-out tests are investigated, and a
quantitative discriminative indicator Kc for NPR-UHPC bond failure modes is established.
The results showed that when Kc ≤ 4.3, 4.3 < Kc ≤ 5.64, and Kc ≥ 5.6, the NPR-UHPC
specimens undergo splitting failure, splitting–pull-out failure, and pull-out failure, respec-
tively. In terms of bonding with UHPC, the NPR bars outperform the HRB400 bars, and the
HRB400 bars outperform the helical grooved (HG) bars. For the NPR bars, prestrain levels
of 5.5%, 9.5%, and 22.0% decrease τu by 5.07%, 7.79%, and 17.01% and su by 7.00%, 15.88%,
and 30.54%, respectively. Bond performance deteriorated with increasing rib spacing and
decreasing rib height. Based on the test results, an artificial neural network (ANN) model
is developed to accurately predict the critical embedded length lcd and ultimate embedded
length lud between NPR bars and UHPC. Moreover, the MAPE of the ANN model is only
53.9% of that of the regression model, while the RMSE is just 62.0%.

Keywords: negative Poisson’s ratio rebar; ultra-high-performance concrete; bond behavior;
critical anchorage length; bond failure mode; eccentric pull-out tests

1. Introduction
Ultra-high-performance concrete (UHPC) possesses superior mechanical properties

and crack control capabilities, exceptional durability, and good constructability [1–4]. As
an excellent cementitious material, UHPC has received widespread attention and has been
increasingly applied in engineering projects in recent years [5–8]. UHPC is particularly
advantageous for structures requiring a high strength-to-weight ratio, such as bridges, or
those needing superior corrosion resistance, such as marine structures [9–11]. Despite the
durability, strength, and crack control of UHPC on its own, existing rebar-reinforced UHPC
(R/UHPC) has shown undesirable behavior. According to existing studies, UHPC enters
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a softening phase due to the debonding and pull-out of steel fibers, which causes stress
concentration in the reinforcement. This often leads to rebar fracture, and R/UHPC flexural
components fail after the initiation of one or two localized cracks (e.g., Hasgul et al. [12],
Shao et al. [11], Gu et al. [13], Wang et al. [14], and Guo [15]). The R/UHPC members failed
to provide significant warning of failure, had poor ductility, and revealed drift ratios as low
as 1.8% (e.g., Yoo et al. [16], Shao et al. [11]).

Significantly increasing the reinforcement ratio or reducing the fiber volume fraction
(Vf) can improve the ductility of R/UHPC components [15]. However, this may also
lead to a series of adverse effects. Specifically, increasing the reinforcement ratio leads to
increased costs, a surplus load-bearing capacity of R/UHPC components, rebar congestion,
and heightened construction challenges. Decreasing the fiber volume fraction results
in premature cracking of R/UHPC components and challenges in crack control [14,15].
Therefore, the performance of currently used rebar (such as normal-strength (NS) rebar,
e.g., HRB400, and high-strength (HS) rebar, e.g., HRB635) appears to be mismatched with
that of UHPC.

Recently, a new type of high-ductility, high-strength, and corrosion-resistant rebar
referred to as meta steel with a negative Poisson’s ratio effect (named NPR rebar in this
study) was developed [17,18]. NPR rebar overcomes the contradiction between the high
strength and high ductility of conventional rebar [19,20]. The metallographic structures of
the NPR and HRB400 bars are shown in Figure 1. Table 1 shows the measured chemical
composition and content of the NPR and HRB rebars. Visibly, NPR rebars are austenitic
materials, and the HRB400 rebars comprise pearlite and ferrite. Austenite exhibits good
plasticity and high toughness, among other advantages. The Mn element content in the
NPR reinforcement is 20.2%, while in the HRB400 reinforcement, it is only 1.44%. The Mn
element is a stabilizer for austenite, enhancing its stability and allowing it to remain as
retained austenite at room temperature. During the tensile process, the retained austenite
in the NPR reinforcement undergoes continuous transformation-induced plasticity effects,
and the twin density gradually increases, endowing NPR steel with superior uniform
elongation [17,21]. The measured elongation before the fracture of the NPR reinforcement
is 26.0%, which is significantly greater than that of HRB400 (18.3%). The C element content
in NPR rebar is approximately twice that in HRB400 rebar. Research has shown that the C
element is the most effective component for increasing rebar strength [17,18]. The measured
yield strength f y of the NPR bars is as high as 689 MPa, and the ultimate strength f u is as high
as 1139 MPa. The difference between the ultimate strength and yield strength f u − f y for NPR
bars is 450 MPa, which is 3.33 times greater than that for HRB400 bars. This significant
f u − f y difference provides a safety margin for structural components, effectively counter-
acting issues related to stress concentration and the tendency of reinforcements to fracture
easily during the softening phase due to fiber debonding and pull-out, as well as the low
ductility of R/UHPC components. Research by Gu et al. [13] has demonstrated that at
the same reinforcement ratio ρss, the ultimate deformation of UHPC flexural components
reinforced with NPR steel is 3.27 times (ρss = 1.72%) and 1.71 times (ρss = 2.58%) that of
those reinforced with HRB400 steel.

From the above, it is evident that NPR bars are well matched with UHPC. There-
fore, conducting research on NPR reinforcement and UHPC can promote the engineering
application of UHPC and enhance the ductility of R/UHPC components. The bonding
performance is the foundation for these two materials to work together and withstand
loads together [22–24]. Bond performance plays a crucial role in the mechanical behavior
of R/UHPC components under static and dynamic loads, such as in the cracking, de-
flection, and hysteresis performance of flexural members, especially in controlling crack
width [25,26]. A low bond strength can result in wider cracks and may lead to sudden
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failure when the bond strength is insufficient, resulting in poor ductility. However, research
on the bonding between NPR and UHPC is almost non-existent, which is detrimental to
the engineering applications of UHPC.
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Figure 1. Metallographic structure of the NPR bars and HRB400 bars.

Table 1. Chemical composition and content of rebar (%).

Material Fe C Si Mn P S Ni Cr Cu

NPR 73.59 0.49 0.49 20.2 0.03 <0.01 0.01 3.65 0.02
HRB400 97.78 0.28 0.47 1.54 0.019 0.017 0.005 0.029 0.007

In summary, in this study, an in-depth investigation of the bond performance between
novel NPR bars and UHPC was conducted through eccentric pull-out tests, and quantitative
discriminative indicators for bond failure modes were established. Based on the test results,
a predictive model for the critical embedded length lcd and ultimate embedded length lud

between NPR and UHPC was developed using an artificial neural network (ANN). This
research can provide supplemental data for standards and lay the foundation for the design
and engineering application of R/UHPC structures.

2. Bonding Mechanism
The differences in the bonding mechanisms between UHPC and NC mainly lie in the

different matrices and the crack-arresting effect of the steel fibers, as shown in Figure 2a,b.
The packing density of UHPC significantly increases the tensile strength, enhances chemical
adhesion and interlocking, strengthens the concrete interlock between ribs, and delays the
propagation of splitting cracks. After the formation of internal oblique and radial cracks,
with increasing tensile load, the radial compressive stress is redistributed to the matrix due
to the presence of steel fibers [3], as shown in Figure 2a. At this stage, multiple microcracks
form, and the strain-hardening properties of the UHPC materials control the extension of
these microcracks, resulting in minimal or no decrease in the bond stress [27]. As the tensile
load further increases, the fibers are gradually pulled out, and splitting cracks gradually
develop along the direction of the rebar, which generally corresponds to the peak bond
stress state. Thereafter, fibers either effectively bridge cracks, leading to matrix crushing
around ribs and ductile pull-out failure, or permit progressive crack opening and brittle
splitting failure as shown in Figure 2c.
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3. Experimental Program
The sequence of the experimental process is shown in Figure 3.
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3.1. Rebar Material

The shape and mechanical properties of the rebars significantly affect bonding perfor-
mance. The shapes of the three rebars explored in this paper are shown in Figure 4. The
NPR and HRB400 rebars share similar geometrical shapes. However, the helical grooved
(HG) bars feature a continuous spiral shape without transverse ribs, influencing their
bonding mechanisms with UHPC. For a detailed discussion about HG bars, see the study



Materials 2025, 18, 3182 5 of 29

by Li et al. [30]. The measured mechanical properties of the rebar are shown in Figure 4,
and the corresponding characteristic parameters are listed in Table 2.

Figure 4. Rebar testing [31].

Table 2. Mechanical properties.

Type d (mm) Es (MPa) f y (MPa) εy f u (MPa) f u/f y εmax εu
Elongation

Till Fracture

NPR 16 189 689 5731 1139 1.65 257,173 260,254 28.10
HRB400 16 198 448 2363 583 1.30 136,315 182,590 18.70
HRB400 12 191 433 2348 602 1.38 135,927 193,196 19.80

HG 12.6 196 1386 9047 1471 1.06 38,734 76,379 7.74
Note: the unit of strain is µε; εmax is the maximum force elongation; and εy and εu are the yield and ultimate
strains of the reinforcement, respectively.

Notably, the NPR bars exhibit no necking in the fracture state, and their fracture
surface morphology markedly differs from that of the HRB400 and HG bars. This is mainly
due to the twinning effect [17]. The stress of NPR bars experiences a slow increase stage
before fracture. Their strength-to-yield ratio of 1.65 substantially surpasses the standard
limit of 1.25 specified by GB/T 228.1-2010 [32] and ASTM A706 [33]. The difference between
the ultimate strength and yield strength f u − f y for the NPR bars was 3.33 times that for
the HRB400 bars and 5.29 times that for the HG bars. The elongation before fracture for
the NPR bars is 26.0%, which is substantially greater than the 18.3% for the HRB400 bars
and 7.6% for the HG bars, surpassing the 15% threshold mandated by GB/T 228.1-2010.
Under tensile loading, the energy dissipation of NPR bars is approximately 2.8 times that
of HRB400 and 3.0 times that of HG. In summary, using NPR bars instead of traditional
mild steel as engineering structural steel has great advantages.

3.2. UHPC Material

The test involved four different fiber volumes Vf of UHPC, i.e., Vf = 0%, 0.5%, 1.2%,
and 2.2%. The mix proportions of the UHPC and the parameters of the steel fibers are listed
in Table 3.

Table 3. Mixture proportions of UHPC (kg/m3) and parameters of steel fibers [31].

Cement Silica Fume Quartz Powder Beads Quartz Sand Water Superplasticizer

797.0 71.0 200.9 31.7 1002.6 198.1 8.2
Diameter (mm) Length (mm) Aspect ratio Young’s modulus (GPa) Tensile strength (MPa) Density (kg/m3)

0.2 16 80 200 2500 7850
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The compressive strengths for these various Vf UHPC mixtures are depicted in Figure 5a.
Concurrently, the tensile stress-strain curves are presented in Figure 5c. These data indicate
that the UHPC with Vf = 0.0% experiences a nearly vertical drop in tensile stress imme-
diately following initial cracking. Similarly, UHPC with Vf = 0.5% and 1.2% exhibited
significant strain-softening characteristics, especially for UHPC with Vf = 0.5%, for which
the tensile strength suddenly decreased by 32% after initial cracking. The UHPC material
with Vf = 1.2% did not show a sudden decrease in tensile strength after initial cracking
but decreased slowly with increasing tensile strain. However, the UHPC with Vf = 2.2%
exhibited typical strain-hardening behavior with an ultimate tensile strength of 9.18 MPa
and an ultimate tensile strain of 2527.99 µε.
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3.3. Eccentric Pull-Out Design

To prevent the occurrence of lateral compressive stresses within the UHPC in com-
pressed areas, the cracking of the UHPC was restricted, and the true bond strength was
overestimated. Furthermore, to maintain the same cross-sectional reinforcement arrange-
ment as in the actual structural components, eccentric pull-out tests are used. Figure 6
presents the specimen design.

Figure 6. Specimen design (units: mm) [31].

In the specimen, a nonbonded zone of 100 mm in length (>6d) is established at the
loading end using a polyvinyl chloride (PVC) tube to minimize the impact of the end
restraint effects. Moreover, to prevent splitting failures at the ends of the embedment
length, another 100 mm nonbonded zone is arranged at the free end. The cross-sectional
dimensions and reinforcement of the eccentric pull-out specimen mirror those of the
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reinforced UHPC beam components. Further investigations into NPR-reinforced UHPC
beams are detailed in Long’s research [34].

3.4. Test Process and Test Setup

The test process is shown in Figure 7A. In order to avoid interference in determining
the influence of design parameters on bond performance due to differences caused by the
casting direction of steel fibers, all the specimens were cast parallel to the direction of the
embedment rebar. This ensures that the measured bond strengths represent a conservative
estimate. Shao’s [1] research demonstrated that UHPC cast perpendicular to the direction
of rebars exhibits enhanced fiber bridging capabilities across the crack plane, which can
increase the bond strength by 9–26%.
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Figure 7. Test process and test setup details. (A) Test process [31]; (B) Test setup.

Figure 7B presents a schematic of the test setup. Two linear variable differential
transformers (LVDTs) were arranged at the loading end and the free end. A displacement-
controlled loading protocol was adopted for the test. For specimens with HRB400 and NPR
rebars, the loading rate was set at 0.6 mm/min. For specimens with HG bars, the loading
rate was set to 0.9 mm/min due to their large slip, which was usually greater than 45 mm.
Notably, the displacement measured by the LVDT at the loading end includes the plastic
deformation of the rebars, which overestimates the actual slip, potentially exceeding the
true slip amount by more than double. Therefore, the slip reported in this study is based
on the displacement measured by the LVDT at the free end.

3.5. Test Matrix

Table 4 presents the test matrix. Here, d is the rebar diameter, ld is the anchorage
length, c is the UHPC cover depth, and ss is the hoop spacing. A bond length of 3d was
selected as the control group because shorter bond lengths (less than 3d) exhibit high data
scatter due to containing an insufficient number of ribs [35], while at greater bond lengths,
the reinforcement within the UHPC would reach its yield state, thereby compromising its
representativeness.
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Table 4. Test matrix.

No. Rebar
Type d ld ld/d c c/d Vf ss

Curing
Time

Transverse
Rib Shape Pretension

A NPR 16 16 1 20 1.3 2.2 75 28 Standard 0
RR NPR 16 32 2 20 1.3 2.2 75 28 Standard 0
B NPR 16 48 3 20 1.3 2.2 75 28 Standard 0
C NPR 16 64 4 20 1.3 2.2 75 28 Standard 0
D NPR 16 80 5 20 1.3 2.2 75 28 Standard 0
2 NPR 16 96 6 20 1.3 2.2 75 28 Standard 0
E NPR 16 48 3 10 0.6 2.2 75 28 Standard 0
F NPR 16 48 3 35 2.2 2.2 75 28 Standard 0
G NPR 16 48 3 50 3.1 2.2 75 28 Standard 0
H NPR 16 48 3 20 1.3 0 75 28 Standard 0
I NPR 16 48 3 20 1.3 0.5 75 28 Standard 0
J NPR 16 48 3 20 1.3 1.2 75 28 Standard 0
K NPR 16 48 3 20 1.3 2.2 0 28 Standard 0
L NPR 16 48 3 20 1.3 2.2 110 28 Standard 0
M HRB400 16 48 3 20 1.3 2.2 75 28 Standard 0
14 HRB400 16 96 6 20 1.3 2.2 75 28 Standard 0
O HG 12.6 37.8 3 20 1.6 2.2 75 28 Standard 0
P HRB400 12 36 3 20 1.7 2.2 75 28 Standard 0
5 NPR 16 48 3 20 1.3 2.2 75 3 Standard 0
6 NPR 16 48 3 20 1.3 2.2 75 7 Standard 0
7 NPR 16 48 3 20 1.3 2.2 75 14 Standard 0
8 NPR 16 48 3 20 1.3 2.2 75 21 Standard 0

9 NPR 16 48 3 20 1.3 2.2 75 28
Reduce rib
height to

half
0

10 NPR 16 48 3 20 1.3 2.2 75 28
Increase rib
spacing to

double
0

11 NPR 16 48 3 20 1.3 2.2 75 28 Standard 185
12 NPR 16 48 3 20 1.3 2.2 75 28 Standard 200
13 NPR 16 48 3 20 1.3 2.2 75 28 Standard 221
R NPR 16 16 1 20 1.3 0.5 75 28 Standard 0
S NPR 16 32 2 20 1.3 0.5 75 28 Standard 0
T NPR 16 64 4 20 1.3 0.5 75 28 Standard 0
U NPR 16 80 5 20 1.3 0.5 75 28 Standard 0
V NPR 16 48 3 10 0.6 0.5 75 28 Standard 0
W NPR 16 48 3 35 2.2 0.5 75 28 Standard 0
X NPR 16 48 3 50 3.1 0.5 75 28 Standard 0
Y NPR 16 48 3 20 1.3 0.5 0 28 Standard 0
Z NPR 16 48 3 20 1.3 0.5 110 28 Standard 0

4. Test Results
4.1. Crack Pattern and Failure Mode

When the circumferential and axial stresses exceed the tensile strength of UHPC,
radial and internal diagonal cracks form. Due to the dense internal structure, low porosity
and fiber reinforcement of UHPC, its bonding strength is significantly better than that of
NC, which is approximately 4–5 times greater than that of NC [10]. Therefore, the UHPC
matrix between the ribs of most specimens in this study is completely sheared and crushed
into powder (see Figure 8c), resulting in pull-out failure (see Figure 8c). In view of the
restraining effect of c and ss and the fiber bridging effect, the radial crack reaches the surface
of the specimen to form a small splitting crack (with a measured width < 0.3 mm), which
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ultimately causes splitting–pull-out failure, as shown in Figure 8b. In contrast, the splitting
crack extends to the surface and causes the peripheral UHPC to disintegrate, resulting in
splitting failure, as shown in Figure 8a. Splitting failures were observed in specimens K and
Y, both without a stirrup (ss = 0). The specimens without fibers (such as H) did not show
the bursting failure pattern (UHPC split into multiple pieces and flew to all sides) described
in Chang’s [20] study, which was mainly due to the effect of hoop restraint. Additionally,
due to the lower strength of the HRB400 rebars, a failure mode of rebar fracture occurred in
the experiment, as shown in Figure 8d. Figure 8 illustrates the typical failure modes, and
Table 5 summarizes the failure modes of the specimens.

Figure 8. Failure modes.

For specimens E and V with a cover thickness of 10 mm (c/d = 0.63), designed
splitting failure did not occur. However, under the same d, ld, and Vf conditions, the
center pull-out specimen (no hoops) with c = 12 mm (c/d = 0.75) experienced splitting
failure [36]. Moreover, Sun et al. [8] suggested that the minimum value of UHPC cover
c should be the larger value between 20 mm and d. Deng et al. [36] suggested that the
minimum value of c should be the larger value between 10 mm and d for UHPC plate
components and that the larger value should be between 15 mm and d for the UHPC beam
and column components. Neither Sun nor Deng’s recommendations accounted for the
impact of stirrup confinement [8,36]. Integrating these findings, our study concludes that
a minimum UHPC cover of c/d > 1 is necessary to avoid splitting failure in non-hoop
specimens. And a minimum UHPC cover c/d ≥ 0.63 is sufficient to prevent splitting
failures in hoop confinement (ρss ≥ 1.14) specimens.

The UHPC specimens were cut after the test so that the contact interface between
the matrix and the NPR bar could be observed. Figure 9a shows that the UHPC between
the ribs was crushed into powder and smoothed, and the UHPC key between the ribs
was sheared off. This indicates that the NPR-UHPC bond has fully developed and that
bond failure is positively correlated with the shear strength of the matrix. Moreover, Deng
et al. [37] examined engineered cementitious composite (ECC) specimens and noted that
the concrete keys between the ribs remained intact, with no broken matrix observed, as
shown in Figure 9b. This phenomenon suggests that the failure of the ECC specimens
results from the insufficient tensile strength of the matrix [37].

Table 5. Test results.

No. τcr scr Pu τu su τr sr σsm
Failure
Type

A 46.26 0.08 42.29 52.59 0.50 9.68 9.79 210.34 Pull-out
RR 44.93 0.09 81.32 50.56 0.62 15.37 11.82 404.44 Pull-out
B 40.30 0.12 119.23 49.42 0.80 15.89 12.17 593.00 Pull-out
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Table 5. Cont.

No. τcr scr Pu τu su τr sr σsm
Failure
Type

C 36.32 0.13 143.55 44.62 1.16 16.52 12.69 713.94 Pull-out
D 35.80 0.14 173.30 43.10 1.51 21.72 13.64 861.92 Pull-out
2 31.28 0.17 179.39 37.18 1.77 20.47 13.77 892.22 Pull-out
E 30.75 0.09 108.64 45.03 0.61 14.71 11.46 540.31 Pull-out
F 41.50 0.14 124.84 51.74 0.95 17.12 15.13 620.90 Pull-out
G 47.20 0.18 130.27 53.99 1.11 19.65 17.99 647.86 Pull-out

H 31.77 0.05 98.39 40.78 0.23 12.25 9.57 489.34 Splitting +
Pull-out

I 34.99 0.09 100.37 41.60 0.58 13.12 11.45 499.18 Splitting +
Pull-out

J 36.46 0.10 110.22 45.68 0.70 14.86 11.83 548.17 Splitting +
Pull-out

K 29.58 0.08 84.47 35.01 0.42 0.00 9.36 420.13 Splitting

L 37.44 0.10 103.99 43.10 0.70 13.10 10.15 517.20 Splitting +
Pull-out

M 37.28 0.12 108.71 45.06 1.52 23.52 7.74 540.67 Pull-out

14 120.12 597.44 Rebar
failure

O 23.02 0.24 61.83 41.33 2.76 10.18 19.86 495.87 Pull-out
P 43.82 0.03 67.94 50.06 2.11 25.09 9.81 600.69 Pull-out
5 32.85 0.07 98.40 40.78 0.57 10.94 11.44 489.40 Pull-out
6 34.53 0.09 101.16 41.93 0.60 11.91 11.63 503.14 Pull-out
7 38.38 0.10 112.95 46.81 0.65 14.69 11.80 561.78 Pull-out
8 39.91 0.11 117.47 48.69 0.74 15.62 11.93 584.25 Pull-out
9 38.64 0.10 112.15 46.48 0.60 14.09 11.11 557.79 Pull-out

10 38.75 0.24 120.38 49.9 1.43 15.03 14.37 598.72 Pull-out
11 38.00 0.09 113.19 46.91 0.74 14.85 11.52 562.96 Pull-out
12 35.63 0.08 109.95 45.57 0.67 14.26 11.04 546.85 Pull-out
13 31.57 0.06 98.96 41.01 0.56 12.19 10.38 492.17 Pull-out

R 41.89 0.04 37.53 46.66 0.19 5.90 8.04 186.65 Splitting +
Pull-out

S 36.52 0.07 70.54 43.86 0.42 12.47 10.62 350.86 Splitting +
Pull-out

T 31.11 0.11 116.72 36.28 0.73 13.84 8.57 580.54 Splitting +
Pull-out

U 29.82 0.13 140.96 35.05 1.08 14.05 12.78 701.06 Splitting +
Pull-out

V 27.16 0.05 88.07 36.50 0.48 12.38 9.51 438.02 Splitting +
Pull-out

W 37.30 0.11 113.85 47.19 0.84 15.12 12.41 566.26 Pull-out
X 41.60 0.16 121.29 50.27 0.93 17.67 14.99 603.24 Pull-out
Y 25.56 0.03 76.29 31.62 0.28 0.00 7.74 379.46 Splitting

Z 31.43 0.06 89.35 37.03 0.42 11.93 8.72 444.40 Splitting +
Pull-out
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4.2. Quantitative Discrimination of the Bond Failure Modes of NPR-UHPC

To determine the bond failure mode of NPR rebar-reinforced UHPC specimens, the
overall constraint parameter Kc is used as the discrimination index to characterize the failure
type. Kc reflects the parameter that characterizes the overall constraint capability [38]. For
UHPC specimens, Kc can be considered as a combined constraint parameter determined
by the hoop, UHPC cover, and steel fibers, and its corresponding calculation equation is
as follows:

Kc = λkρss +
c
d
+ λsf = λk

Ass

bss
+

c
d
+ Vf

lf
df

(1)

where λk represents the conversion coefficient; ρss is the area ratio of the stirrup area; λsf is
the fiber characteristic parameter, λsf = Vf(lf/df); lf/df is the aspect ratio of the fibers; lf and
df are the fiber length and diameter, respectively; b is the specimen cross-sectional width;
when there is no hoop, λkAss/bss = 0; and Ass is the area of the hoop through the splitting
plane, as shown in Figure 10a.
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Figure 10b shows the variation in the failure modes of each specimen with Kc. As
shown in Figure 10b, with increasing Kc, the failure mode of the specimen changes from
splitting to splitting–pull-out and then from splitting–pull-out to pull-out. The correspond-
ing critical values are 4.3 and 5.6 determined in this study for the NPR-reinforced UHPC
specimens, respectively. In other words, when Kc ≤ 4.3, the NPR-reinforced UHPC spec-
imens undergo splitting failure. When 4.3 < Kc < 5.6, they experience splitting–pull-out
failure. When Kc ≥ 5.6, they exhibit pull-out failure.

4.3. Measured τ-s Curves

Figure 11 shows the measured τ-s curves. Figure 11 demonstrates that despite vari-
ations in parameters significantly influencing the τ-s curves, the overall stages of the τ-s
curves for each specimen remain consistent. Figure 12 depicts an ideal schematic relation-
ship extracted from the test results, which is believed to be suitable for reproducing the τ-s
developing process. The movement of the rib is shown in Figure 12. The τ-s developing
process can be categorized into five distinct phases.

(1) Elastic phase OA (<0.68 τu)
In the initial loading phase, chemical adhesion is the predominant mechanism resisting

the slippage of the rebars. As the tensile load increases, the loading end first breaks through
the limitation of chemical adhesive force, and slip occurs, and the slip penetrates from the
loading end to the free end. At this stage, the free end remains securely bonded, with the
bonding forces predominantly composed of chemical adhesion and static friction. Due
to the weak interlocking effect in the initial stage, the shear stress and strain along the
surface of the rebars are in the elastic stage [30], and the matrix is basically not damaged.
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The weak slip at the loading end is mainly caused by the elastic deformation of the matrix
(see Figure 12), so the slip is small. The bond stress-slip relationship during this initial
phase is considered to be in the elastic stage. Microcrack initiation occurs when the tensile
stress applied to the rib-front matrix reaches the elastic limit tensile strength of UHPC
(approximately 0.4–0.6 τu) [24], and the bond stress-slip relationship enters Stage II.
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(2) Initial crack propagation phase AB (0.68–0.90 τu)
Under increasing tensile stress, slip progresses toward the free end, as chemical adhe-

sion abates, and the friction resistance transitions from the static phase to a progressively
decreasing dynamic phase [10]. At this stage, the bond resistance, comprising both kinetic
friction and interlock, is predominantly governed by the latter. The increase in compression
between the steel bars and matrix induces inclined microcracks at the crest of the ribs. The
microcracks widen and progressively extend toward the specimen’s surface (see Figure 12).
The growth rate of the bonding stress decreases compared to that of the OA phase, while
the growth rate of the slip accelerates. The bonding stress-slip curves begin to deviate from
the linear elastic stage OA, and this bonding behavior continues until the tensile stress
reaches the ultimate tensile strength of the UHPC at the top of the rib (approximately 0.83
τu). At this point, the matrix remains largely intact, and mechanical interlock dominates
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the bond mechanism. Like elastic phase OA, the unloading process fully closes the rib-crest
microcracks [39], leaving negligible residual slip.
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(2) Initial crack propagation phase AB (0.68–0.90 τu) 

Under increasing tensile stress, slip progresses toward the free end, as chemical ad-

hesion abates, and the friction resistance transitions from the static phase to a progres-

sively decreasing dynamic phase [10]. At this stage, the bond resistance, comprising both 
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(3) Stabilized crack propagation phase BC (0.68–1.0 τu)
With continued tensile loading, compression between the steel bar and the surround-

ing matrix intensifies. The inclined microcracks initiated during the AB stage continue to
propagate and widen, while additional inclined microcracks appear. At the free end, the
sliding becomes more pronounced. The rate of the bond stress growth decelerates relative
to that in the AB phase as the slip rises rapidly. The τ-s relationship exhibits increasingly
nonlinear behavior until reaching its maximum bond stress τu (point C) [10]. The high
tensile strength of the UHPC matrix and the confining effect of steel fibers mitigate the crack
propagation, enabling the interlock and dynamic friction mechanism to remain operative
and thereby achieving a higher bond strength [39]. The average τu between NPR and
UHPC specimens reported in this paper is approximately 43 MPa.

(4) Unstable crack propagation phase CD (su − sr)
Beyond τu, continued loading triggers the development of numerous unstable microc-

racks, accelerating damage accumulation. The matrix ahead of the ribs undergoes severe
crushing (see Figure 12), permitting significantly greater slip than prior to τu. Consequently,
interlocking forces are reduced to the point of ineffectiveness against tensile stresses, lead-
ing to a gradual decline in the bond stress. This behavior manifests as pronounced softening
of the bond stress–slip curve.

(5) Residual stage DE (>sr)
As the loading continues, the concrete keys within the ribs are nearly completely

sheared off, with ongoing rebar movement reducing them to a powder, thereby nearly
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abolishing the interlocking mechanism. Steel fibers lose their bridging functionality. The
dense matrix filling the spaces between the ribs creates dynamic friction as the rebar is
pulled out. Consequently, the primary source of residual bond strength is this residual
dynamic friction, which prevents the bond stress from decreasing to zero and maintains a
relatively stable bond stress at approximately 0.31τu until the rebar is fully pulled out from
the UHPC.

Table 5 summarizes the test results. Among them, (τcr, scr) corresponds to point B in
Figure 12. Here, Pu is the peak load (kN), and σsm is the rebar’s maximum average stress.

5. Discussion
5.1. Effect of the Rebar Type

Figures 11 and 13 show the effect of rebar type on bond performance. As shown in
Figure 11, when ld is 6d, the HRB400 bar fractures, while the NPR bar yields, and its σsm

reaches 892.22 MPa. Table 5 shows that at ld = 3d, the HRB400 bar yields (σsm = 540.67 MPa),
whereas the NPR bar does not yield (σsm = 593.00 MPa). The slope of the rising section of
specimen B is greater than that of specimen M during initial loading. This indicates that the
initial bond stiffness between NPR and UHPC is greater than that between HRB400 and
UHPC. The τcr and τu of specimen B (NPR) are larger than those of specimen M (HRB400).
The larger τu is mainly due to two reasons. On the one hand, during the initial loading
phase, there is no slip between the UHPC and rebar. Rebar with higher yield strength
possesses relatively greater resistance to slippage, thus experiencing a longer initial period
of shared loading with UHPC and consequently exhibiting higher bond stress [5]. This
is also the reason why the τcr of specimen B is greater than that of specimen M. On the
other hand, as the tensile load increases, the HRB400 bar yields and enters a plastic phase,
where the rebar elongates and thins [8], which reduces the contact area with the matrix,
and the interlocking and friction forces decrease. Conversely, under the same tensile load,
the NPR rebar remains in the elastic stage. The contraction due to the Poisson effect has a
lesser impact on the bond stress, resulting in greater frictional and interlocking forces [5].
Due to the high yield strength of rebar, the slip caused by the elongation of rebar under
strain permeation decreases. Therefore, the su of specimen B is significantly less than that
of specimen M. Specifically, the su for specimen B is 0.80 mm, while for specimen M, it is
1.52 mm. After approximately 6 mm, the rate of the descending phase of specimen B is
significantly greater than that of specimen M, mainly because after 6 mm, specimens B
and M underwent shearing of the interlocking teeth. In specimen M, when the shearing of
interlocking teeth occurs, the steel fibers continue to provide tensile bridging within the
matrix, leaving a rough shear surface due to numerous fibers remaining within the bond
length. Conversely, in specimen B, most fibers are either pulled out or sheared off when the
interlocking teeth are sheared [20], resulting in fewer residual fibers within the bond length
and a notably smoother shear surface compared to specimen M.
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As shown in Figures 11 and 13c,d, the bond–slip characteristics of the HG bars are
significantly different from those of the HRB400 bars. Specifically, compared to specimen P
(HRB400), the bond stiffness in the rising section of specimen O (HG) is significantly smaller,
and the bond stress at different characteristic points is significantly smaller, while the
corresponding slip is significantly larger. Compared with specimen P, the τu of specimen O
decreased by 17.43%, and su increased by 31.02%. Notably, for specimen P, su also contains
the slip generated by the elongation of the rebar since the HRB400 rebar of specimen P has
yielded (σsm = 600.69 MPa). In contrast, the HG steel bars in specimen O (σsm = 495.87 MPa)
remain in the elastic phase. Therefore, in reality, the su of specimen O is significantly greater
than that of specimen P by more than 29.06%. When the slip reaches approximately 20 mm,
the bond–slip curve of specimen O does not continue to decrease but instead exhibits a
continuous wave-like curve with gradually decreasing amplitudes. The wavy curve is due
to the unique spiral groove shape of the HG rebar.

In conclusion, the NPR rebar is superior to the HRB400 rebar, and the HRB400 rebar is
superior to the HG rebar in terms of bonding with UHPC.

5.2. Effect of Pretension Strain

The effect of the rebar stress-strain relationship on bond performance depends on
a combination of the stress conditions and material properties. Typical medium- and
large-scale tests performed on ductile members and sub-assemblages result in significant
changes in bond behavior due to rebar yielding [28]. In contrast, most previous bond–slip
tests have been set up to ensure that the rebar stays within the elastic range. Only a few
studies have examined the bonding of rebar when it is in the inelastic range [28]. In this
study, significant reinforcement yielding occurred in specimens D and 2 with anchorage
lengths of 5d and 6d, respectively. Moreover, the characteristic uniform tensile elongation
properties of NPR bars occur in the inelastic range, which is significantly different from
the local necking that occurs in HRB400 bars in tension. Furthermore, the ultimate tensile
strain of the NPR bars is approximately double that of the HRB400 bars.

To explore the bond behavior after rebar yielding, specimens 11, 12, and 13 were
prestressed with pretension forces of 185 kN (corresponding strain of 5.5%), 200 kN (strain
of 9.5%), and 221 kN (strain of 22.0%), respectively, before casting. Figure 14a,b show the
longitudinal elongation and cross-sectional diameter d variation in the NPR rebar under
different pretensions. Figures 11 and 14 show the effect of pretension strain on bond
performance.
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As shown in Figures 11 and 15, with increasing pretension, the initial bonding stiffness
remains basically consistent, while the bonding stress and slip under different states
gradually decrease. Specifically, τu decreased by 5.07%, 7.79%, and 17.01% sequentially. su

decreased by 7.00%, 15.88%, and 30.54% sequentially. There is a significant deterioration in
the bonding properties of the rebar after yielding. This change is attributed to the inelastic
contraction of the ribs, which decreases the mechanical interlock and the interface friction
force. The effect of Poisson’s ratio can be visualized from the fact that when the tensile
strain is large, the reinforcement yields and “softens”, and Poisson’s ratio v significantly
exceeds 0.25 in the elastic state. The v values of the NPR bar were as high as 0.46, 0.44,
and 0.42 at pretension forces of 185 kN, 200 kN, and 221 kN, respectively. Figure 14c
illustrates the reduction in the effective rib height due to the uniform elongation of the
rebars, resulting in a decrease in bond strength.

Materials 2025, 18, x FOR PEER REVIEW 17 of 30 
 

 

0.4

0.6

0.8

1.0

1.2

N
o
rm

o
li

ze
d
 τ

Pretension force

 τcr

 τu

 τr
0 185kN 200kN 221kN

 
0.4

0.6

0.8

1.0

1.2

N
o
rm

o
li

ze
d
 s

Pretension force

 scr

 su

 sr

0 185kN 200kN 221kN
 

(a) Variation in τ (b) Variation in s 

Figure 15. Effect of pretension strain. 

5.3. Effect of the Rib Height of the NPR Bars 

Figures 11 and 16 show the effect of rib height on bond performance. Compared to 

specimen B, specimen 9 demonstrated the same initial bond stiffness but exhibited de-

creased bond strength and slip values. Specifically, τu decreased by 5.94%, and su de-

creased by 24.50%. These changes are attributed to the reduction in rib height, which re-

sults in a decrease in the depth of interlocking teeth, leading to susceptibility to shear 

failure of the interlock teeth. 

0.6

0.8

1.0

1.2

N
o
rm

o
li

ze
d
 τ

 τcr

 τu

 τr

Standard Half height

Rib type  

0.6

0.8

1.0

1.2

N
o
rm

o
li

ze
d
 s

 scr

 su

 sr

Standard Half height

Rib type  
(a) Variation in τ (b) Variation in s 

Figure 16. Effect of rib height. 

5.4. Effect of the Rib Spacing of the NPR Bars 

Figures 11 and 17 show the effect of rib spacing on bond performance. Compared to 

specimen B, the increase in the rib spacing in specimen 9 allows more UHPC to fill be-

tween the ribs, enhancing the shear area of the UHPC between the ribs. However, this 

does not improve the bond performance as expected. In contrast, although it has essen-

tially no effect on the bond stress (consistent with the findings of Chang [20]), it signifi-

cantly reduced the bonding stiffness before reaching τu and increased su (increased by 

79.65%), which is unfavorable for bonding performance. 

0.90

0.95

1.00

1.05

1.10

N
o
rm

o
li

ze
d
 τ

 τcr

 τu

 τr

Standard Double spacing

Rib type  

0.9

1.2

1.5

1.8

2.1

N
o
rm

o
li

ze
d
 s

 scr

 su

 sr

Standard Double spacing

Rib type  
(a) Variation in τ (b) Variation in s 

Figure 15. Effect of pretension strain.

5.3. Effect of the Rib Height of the NPR Bars

Figures 11 and 16 show the effect of rib height on bond performance. Compared
to specimen B, specimen 9 demonstrated the same initial bond stiffness but exhibited
decreased bond strength and slip values. Specifically, τu decreased by 5.94%, and su

decreased by 24.50%. These changes are attributed to the reduction in rib height, which
results in a decrease in the depth of interlocking teeth, leading to susceptibility to shear
failure of the interlock teeth.
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5.4. Effect of the Rib Spacing of the NPR Bars

Figures 11 and 17 show the effect of rib spacing on bond performance. Compared to
specimen B, the increase in the rib spacing in specimen 9 allows more UHPC to fill between
the ribs, enhancing the shear area of the UHPC between the ribs. However, this does not
improve the bond performance as expected. In contrast, although it has essentially no effect
on the bond stress (consistent with the findings of Chang [20]), it significantly reduced
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the bonding stiffness before reaching τu and increased su (increased by 79.65%), which is
unfavorable for bonding performance.
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5.5. Effect of the Embedment Length ld
Figures 11 and 18 show the effect of ld on the bond performance. Fcr increases slightly

with ld, but τcr decreases gradually after averaging. This is mainly because the bond stress
is transferred from the loaded end to the free end, and a larger ld means a longer transfer
path for the bond stresses [36]. With increasing ld, the peak load Pu increases significantly,
and the decreasing phase after τu becomes relatively flat, exhibiting good bond ductility.
This is mainly due to the increase in ld, which allows more ribs to interlock with the UHPC,
thereby restricting the decrease in bond stress. As ld increases, su gradually increases,
while τu gradually decreases, indicating that within the range of ld < 6d, the weakening
effect of uneven stress distribution on bond stress is greater than the strengthening effect
of interlocking. Furthermore, integrating the bond equilibrium equation τ + d

4
dσs
dx = 0

along the anchorage length yields τ = σs(0) d
4ld

(σs(0) is the rebar stress at the loading end),
which once again demonstrates the inverse relationship between τu and ld. Both τr and sr

increase with increasing ld. This is because, for specimens experiencing splitting–pull-out
and pull-out, when the slip is sufficient, the concrete teeth between the ribs are completely
sheared or crushed, and the shear keys between the ribs and concrete are almost exhausted,
resulting in the basic disappearance of interlocking. In this state, τr is mainly generated by
friction. A larger ld implies more contact between the ribs and the matrix, thus leading to
greater friction. The σsm for specimen C (ld = 4d, Vf = 2.2%, c/d = 2.2) is 713.94 MPa. The
σsm for specimen U (ld = 5d, Vf = 0.5%, c/d = 2.2) is 701.06 MPa. This indicates that the
critical embedded length is 5d for c/d = 2.2 and Vf = 0.5% and 4d for c/d = 2.2 and Vf =
2.2%.
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Figure 18. Effect of ld: (a,b) under Vf = 2.2% and (c,d) under Vf = 0.5%.

Notably, with increasing ld, a decreasing pattern in τu has been observed by most
researchers [2,10,40,41]. This finding was also observed in Rao’s [40] study on high-strength
concrete and ribbed bars, Alkaysi’s [41] research on UHPC with smooth bars and epoxy-
coated ribbed bars, and Khaksefidi’s work [10] on UHPC with ordinary (f y = 499.8 MPa)
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and high-strength (f y = 600.3 MPa) rebars. Furthermore, Khaksefidi [10], Yoo [2], and
Yuan [42] studied NC, high-strength concrete, ultra-high-strength concrete, and UHPC.
However, in some investigations, contrary results have been reported [10]. The decrease in
τu can be attributed to the increasingly pronounced uneven distribution of bond stress with
increasing ld. Since these studies all adopted average bond stresses, specimens with larger ld
values exhibited lower τu values. Furthermore, due to the influence of the reinforcement’s
Poisson effect, as ld increases, the contact area between the rebar and the matrix decreases
after yielding, leading to a decrease in τu. The increase in τu can be summarized as follows:
since the bond stress is significantly influenced by interlocking, a larger ld implies that more
ribs participate in pull-out, resulting in an increased bond strength τu. If the strengthening
effect of interlocking outweighs the weakening effects of uneven stress distribution and
Poisson’s ratio, then τu and ld exhibit a positive correlation; otherwise, they demonstrate a
negative correlation.

5.6. Effect of Stirrup Spacing ss

Figures 11 and 19 show the effect of ss on the bond performance. The confinement
effect of the hoop is mainly reflected in two aspects. On the one hand, the stirrup can
effectively limit the cracking of the cover and increase the residual strength of UHPC [43].
On the other hand, after the cover cracks, the radial tensile stress is partially transferred to
the stirrups, with the bond stress being jointly supported by the steel fibers and stirrups.
Therefore, at a slip of 10 mm (corresponding to the spacing of the ribs), specimens with
higher stirrup ratios demonstrated better bond strength retention. Specifically, specimen
Z with a ρss of 1.14% and specimen I with a ρss of 1.68% maintained strengths τ/τu of
approximately 0.31 and 0.38, respectively. The final bond stresses in specimens undergoing
split–pull-out and pull-out failure are mainly composed of friction. The friction tends to a
constant value due to hoop restraint [43], and the friction is positively correlated with the
restraint level (i.e., ρss). This can also be seen in the increase in τr in specimens L, B and
Z, I. As shown in Figures 11 and 19, the effect of ss on bonding performance follows the
same pattern at different Vf. With decreasing ss, i.e., an increase in the hoop restraint, the
initial bond stiffness of the specimen remains basically the same, the bond stress and slip
in different states both increase gradually, and the bond ductility after τu also increases
gradually. At Vf = 0.5%, τu increased by 17.12% and 31.55%, while su increased by 47.89%
and 102.71%. At Vf = 2.2%, τu increased by 23.11% and 41.16%, while su increased by
66.59% and 88.63%.
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5.7. Effect of Curing Time

Within 28 days, the strength of the UHPC increases with increasing curing age. Hence,
the effect of curing age on bonding performance is essentially the effect of UHPC strength
on bonding performance. Figures 11 and 20 show the effect of curing time on bond
performance. From these figures, it can be observed that the bond stress and slip under
different conditions gradually increase. Among these, su increased by 5.06%, 8.47%, 13.00%,
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and 7.88%, while τu increased by 2.81%, 11.65%, 4.00%, and 1.51%, respectively. The
reasons for the aforementioned changes are the increase in curing age, which enhances the
strength of the UHPC, thereby improving chemical adhesion and interlocking. Moreover,
the strength of the interlocking teeth of the matrix between the ribs increases, delaying
the occurrence of internal splitting cracks in the matrix and thus improving bonding
performance [36].
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5.8. Effects of the Steel Fiber Volume Vf

Figures 11 and 21 show the effect of Vf on the bond performance. As Vf increases,
splitting cracks on the specimen surface become narrower, and the failure modes shift from
splitting to pull-out (such as for specimens H, I, and J) to pull-out (such as for specimen
B). With increasing Vf, the bond stress and slip in different states both increase gradually,
and the bond ductility after τu also increases gradually. Specifically, with increases in Vf

from 0% to 0.5%, 1.2%, and 2.2%, τu increases by 2.01%, 9.81%, and 8.19%, respectively,
and su increases by 151.40%, 20.90%, and 14.37%, respectively. The increase in τu and su

with increasing Vf can be explained through the bridging effect of steel fibers [27,39].
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5.9. Effect of the UHPC Cover Depth c

Splitting cracks appeared on the surface of specimen V, and as c increases, the crack
width significantly decreases. The appearance of splitting cracks is due to the lack of
restraint. As c increases, the restraining effect increases, inhibiting the development of
internal radial cracks and thereby gradually reducing the width of the splitting cracks [8,36].
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The variation in splitting cracks can also be introduced by the theory of thick-walled
cylinders.

Figures 11 and 22 show the effect of c on the bond performance. The results indicate
that with increasing c, the bond stress and slip in different states both increase gradually,
and the bond ductility after τu also increases gradually. Specifically, with increases in c
from 10 mm to 20 mm, 35 mm, and 50 mm, τu increases by 13.96%, 13.44%, and 6.53%,
respectively, and su increases by 19.44%, 45.39%, and 10.75%, respectively. The growth rate
of τu decreases with increasing c, indicating that the enhancing effect of increasing c on
τu gradually diminishes, which is consistent with the findings of Shao et al. [1,11]. The
increase in τu with c can be explained by using a simplified theoretical derivation. It is
assumed that when the specimen develops splitting cracks, the splitting plane extends to
the bottom of the rebar, and the UHPC at the splitting plane is still in the strain-hardening
stage. From the approximate balance between the UHPC resistance to splitting cracks,
represented by 2f tcld, and the bond force πdldτu, it can be derived that τu = 2f tc/πd [24].
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We further explore the influence of confinement on the bond stress and slip. Figure 23
shows the variations in τcr, τu, and su with respect to the confinement parameter Ks (1.7 <
Ks < 6.7). As shown in Figure 23, there is a positive correlation between the specimen bond
stress, slip, and Ks.
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6. Critical Embedded Length lcd and Ultimate Embedded Length
lud Models

The anchorage, lap, and extension of reinforcements in concrete should consider the
ultimate limit state. The minimum anchorage length required to reach the ultimate limit
state is defined as the critical embedded length lcd. In other words, lcd is the bond length
at which the loaded end of the rebar has reached the yield state f y while the free end
remains no slip to prevent the rebar from pulling out before yielding and failing to utilize
the strength of the rebar [44]. With the further increase in bond length, the rebar yields and
enters the strain-hardening stage, the bond stress of the specimen can still grow slowly until
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reaching the ultimate tensile strength of the rebar f u, and the corresponding bond length is
the ultimate anchorage length lud [10,44]. The bond length in practical structural design is
typically maintained between lcd and lud, thereby achieving optimal utilization of the total
capacity of both reinforcing steel and concrete materials. The lower bound lcd guarantees
that structural strength requirements are satisfied, while the upper bound lud maximizes
economic efficiency, since any bond length exceeding lud offers no further benefit.

Thus, the anchorage length corresponds to the maximum rebar stress σsm. By setting
σsm equal to f y and f u, respectively, we obtain the values of lcd and lud. The following sec-
tion employs regression models and ANN models to establish computational frameworks
for σsm, aiming to achieve precise prediction of σsm.

6.1. Multiparameter Regression Model for σsm

Using the values measured in the previous section together with those reported by
Guo [15] and Chang [20] (see Table 6), we developed a multiparameter regression model
for the prediction of σsm. Expressed in the functional form of Equation (2) and presented
explicitly in Equation (3), this model incorporates the effects of ld/d, c/d, λsf, ρss, and f cu.
By substituting σsm = 690 MPa into Equation (3), the lcd can be determined for any set of
design parameters. Likewise, substituting σsm = 1139 MPa yields the lud for those same
parameters.

σsm√
fcu

= (x1 + x2 ×
d
ld
)(x3 + x4 ×

c
d
)(x5 + x6 ×

lf
df

Vf)(x7 + x8 ×
Ass

bss
) (2)

where x1, x2, x3, x4, x5, x6 x7, and x8 are the regression parameters calculated by Matlab
2024a Deeplearning Toolbox as follows:

σsm√
fcu

= 8.310 × 10−2(1.166 − d
ld
)(7.225 +

c
d
)(10.250 +

lf
df

Vf)(5.779 +
Ass

bss
)R2= 0.85 (3)

Table 6. Specimen design of Guo’s [15] and Chang’s [20] studies.

From No. ld/d c/d Vf (%) lf/df b (mm) ss (mm) Curing
Day

f cu
(MPa) f t (MPa) σsm

(MPa)

[20]

NPR-H-3d 3 4.2 2.5 72.7 150 null 28 153 11.5 659.04
NPR-L-3d 3 4.2 2 72.7 150 null 28 139 8.3 545.28
NPR-S-3d 3 4.2 1 72.7 150 null 28 128 7.2 516.96
NPR-N-3d 3 4.2 0 72.7 150 null 28 86 4.7 355.68
NPR-H-4d 4 4.2 2.5 72.7 150 null 28 153 11.5 739.52
NPR-H-5d 5 4.2 2.5 72.7 150 null 28 153 11.5 807.4
NPR-H-6d 6 4.2 2.5 72.7 150 null 28 153 11.5 890.4

NPR-H-3d-30 3 1.9 2.5 72.7 150 null 28 153 11.5 552.96
NPR-H-3d-40 3 2.5 2.5 72.7 150 null 28 153 11.5 571.56
NPR-H-3d-50 3 3.1 2.5 72.7 150 null 28 153 11.5 607.56

[15]
F1-HP16-4D82 4 5.1 1 80 180 null 28 139 7.7 787.68
F2-HP16-4D82 4 5.1 2 80 180 null 28 145 9.6 817.28

However, as Figure 24 shows, its predictions exhibit large specimen-specific errors.
Consequently, the regression model derived from the test data requires further improve-
ment. Previous studies have proven that machine learning algorithms can predict the
mechanical indexes of cementitious materials with simplicity and accuracy [45–55]. ANNs
can capture complex, nonlinear relationships between design parameters and bond behavior
without relying on predefined equations, making them adaptable to diverse datasets [56–59].
Moreover, ANNs also address the limitations of the regression approach—insufficient accu-
racy, limited applicability, and high parameter sensitivity—by uncovering latent patterns
that regression may miss. Numerous studies report R2 values above 0.9 when using ANNs
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to predict bond strength between reinforcement and concrete [56–58], and comparisons
with other machine learning techniques confirm that ANNs deliver superior predictive
performance [56–58]. For example, Li et al. [57] assembled a database of 557 bond measure-
ments for rebars in UHPC and evaluated nine machine learning models (four linear, five
nonlinear), finding that the ANN achieved the highest accuracy. In light of these existing
findings, the ANN can predict mechanical indexes for rebars in UHPC with simplicity and
accuracy [56–59]. Therefore, this paper employs an ANN to predict σsm for NPR rebar in
UHPC, thereby establishing a computational model capable of accurately determining lcd

and lud.
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6.2. ANN Model for σsm

6.2.1. Establishment

The elaborate details of ANN can be found in the work by Yuan, Xiong, Li et al. [42,56,57].
The activation functions of Tanh were adopted in the hidden layers and output layer to
introduce nonlinearity and adjust the output appropriately. The parameters were first
normalized to accelerate the speed of gradient descent [59]. The loss functions of mean
squared error (MSE) and the SGD (Stochastic Gradient Descent) optimizing method are
then introduced. After inputting data, the model first undergoes forward propagation,
where inputs pass through the network to generate predictions. Then, backpropagation
adjusts the weights to minimize the loss by calculating gradients and updating the weights
accordingly. This cycle repeats for several epochs [58]. The detailed establishment process
of the ANN model can be referred to in references [42,59,60].

Database

Given the scarcity of NPR’s bond–slip data with UHPC, limited to this study, Chang’s
study [20], and Guo’s study [15], an approach similar to that of Yoon et al. [59] was adopted
to satisfy the data volume requirements of the ANN. First, feature engineering is performed,
after which Equation (3) is applied with the introduction of noise to mitigate overfitting,
enlarging it to 241 training samples [59]. For a full description of the approach, refer to
Yoon’s study [59]. Interval statistics for both the validation and training sets are displayed
in Figure 25.



Materials 2025, 18, 3182 23 of 29

Materials 2025, 18, x FOR PEER REVIEW 23 of 30 
 

 

σsm for NPR rebar in UHPC, thereby establishing a computational model capable of accu-

rately determining lcd and lud. 

0 5 10 15 20 25 30 35 400

200

400

600

800

1000


s
m

Serial number of test data

 ANN model

 Regression model

 Experimental values

 
0 5 10 15 20 25 30 35 400.0

0.1

0.2

0.3

0.4

0.5 Fig Way Mape Stv

 ANN 0.048 0.044

 Fit 0.088 0.099


sm

 c
a
lc

u
la

te
d

 e
rr

o
r

Serial number of test data

   

 
(a) Results comparison (b) Error comparison 

Figure 24. Comparison of the results. 

6.2. ANN Model for σsm 

6.2.1. Establishment 

The elaborate details of ANN can be found in the work by Yuan, Xiong, Li et al. 

[42,56,57]. The activation functions of Tanh were adopted in the hidden layers and output 

layer to introduce nonlinearity and adjust the output appropriately. The parameters were 

first normalized to accelerate the speed of gradient descent [59]. The loss functions of 

mean squared error (MSE) and the SGD (Stochastic Gradient Descent) optimizing method 

are then introduced. After inputting data, the model first undergoes forward propagation, 

where inputs pass through the network to generate predictions. Then, backpropagation 

adjusts the weights to minimize the loss by calculating gradients and updating the 

weights accordingly. This cycle repeats for several epochs [58]. The detailed establishment 

process of the ANN model can be referred to in references [42,59,60]. 

Database 

Given the scarcity of NPR’s bond–slip data with UHPC, limited to this study, 

Chang’s study [20], and Guo’s study [15], an approach similar to that of Yoon et al. [59] 

was adopted to satisfy the data volume requirements of the ANN. First, feature engineer-

ing is performed, after which Equation (3) is applied with the introduction of noise to 

mitigate overfitting, enlarging it to 241 training samples [59]. For a full description of the 

approach, refer to Yoon’s study [59]. Interval statistics for both the validation and training 

sets are displayed in Figure 25. 

0 50 100 150 200 250

200

400

600

800

1000

1200   Training set

 Validation set


sm

Database  
200 400 600 800 1000 1200

0.00

0.06

0.12

0.18

0.24

F
re

q
u

e
n

c
y

sm

  sm

 
(a) Distribution (b) Interval statistics 

Figure 25. Database.  Figure 25. Database.

Input and Output

The established ANN model utilizes several input variables, including Ass, b, ss, ld, d,
Vf, lf, df, f cu, c, and curing time t. The output variable is σsm. Pearson correlation analysis
was conducted to assess whether input variables require dimensionality reduction [57]. The
resulting correlation matrix is depicted in Figure 26, with the relevant formula provided in
Equation (4). As indicated in Figure 26, the highest observed correlation coefficient R2 is
0.097, suggesting that dimensionality reduction is unnecessary.

r =

n
∑

i=1

(
Xi − X

)(
Yi − Y

)
√

n
∑

i=1

(
Xi − X

)2
√

n
∑

i=1

(
Yi − Y

)2
(4)

where Xi and Yi represent the different input parameters, respectively; X and Y are the
mean value of the specific different input parameters.

Figure 26. Heatmap of R2.

Evaluation Indicators

The accuracy of the ANN model is assessed using the R2, the mean absolute percentage
error (MAPE), and the root mean square error (RMSE). The calculating formula is as follows:

R2 = 1 −

n
∑

i=1
(Xcalc − Xtest)

2

n
∑

i=1

(
Xtest − Xtest

)2
(5)
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MAPE =
100%

n

n

∑
i=1

∣∣∣∣Xcalc − Xtest

Xtest

∣∣∣∣ (6)

RMSE =

√
1
n

n

∑
i=1

(Xcalc − Xtest)
2 (7)

where Xtest represents the test value; Xtest represents the mean of test values; Xcalc repre-
sents the calculated values; and Xcalc represents the mean of the calculated values.

Modeling

A two-layer ANN model was developed using the backpropagation (BP) algorithm.
The network configuration consists of four hidden nodes, with the tanh activation function
applied, as specified in Equation (8). The learning rate is set to 0.01. The gradient descent
method is employed for optimization to minimize the loss function. The batch training
procedure of the BP algorithm is illustrated in Figure 27. Additionally, Figure 27 demon-
strates the process of constructing the ANN-based model to determine the σsm for UHPC
specimens reinforced with NPR bars.

tan h(x) =
2

1 + e−2x − 1 (8)
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Figure 27. ANN modeling [31].

In accordance with the previously outlined criteria, the neural network architecture
consists of an input layer with five neuron nodes, an output layer with four neuron nodes,
and two hidden layers. Both the input and output values are normalized to the range of −1
to 1, with a noise factor of 0.02, and the dataset comprises 280 samples. Among all ANN
models in gird search, the final selected ANN has the highest R2 and lowest MSE.

6.2.2. Verification

Figures 24 and 28 illustrate the comparison between the established ANN model,
including the regression model, and the experimental values, along with their respective
error analyses. Figure 28 presents the comparison of evaluation metrics. As shown, the
ANN model demonstrates the strong correlation between inputs and targets, closely match-
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ing experimental values with minimal error, indicating high predictive accuracy for σsm.
Compared to the regression model (see Equation (3)), the ANN model shows a significant
improvement in performance. The R2 for the ANN validation set is 0.966, substantially
higher than that of the regression model. Moreover, the MAPE of the ANN model is only
53.9% of that of the regression model, while the RMSE is just 62.0%. These results confirm
that the ANN model provides markedly higher prediction accuracy for σsm than the re-
gression model. In summary, the established ANN model is highly effective for predicting
σsm and can be used to predict the lcd and lud between the novel NPR rebar and UHPC. It
should be noted that the model’s reliability depends on the quality and representativeness
of its training data; extrapolation beyond the calibrated range, unaccounted variability in
material behavior, or data noise may introduce errors if directly applied to the practical
project, necessitating cautious validation before engineering deployment.
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6.2.3. Relative Importance

Feature importance measures the contribution of each input feature to the model’s
prediction results, highlighting the relevance of each feature to the target. It helps in under-
standing both the dataset and the model, supporting the design of structural components.
For the ANN, Shapley Additive Explanations (SHAP) theoretical computation is used
to assess the influence of input parameters on model outcomes [61], and the operational
principle is illustrated schematically in Figure 29a. The SHAP module was imported using
Python 3.12, and the results are presented in Figure 29b. As shown in Figure 29b, for
σsm, the bond length ld/d is identified as the most influential factor, with its importance
significantly exceeding that of the other parameters. This finding offers a new perspective
for future research on σsm.
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7. Conclusions
In this study, an in-depth investigation of the bond performance between novel NPR

bars and UHPC was conducted through eccentric pull-out tests. Based on the test results, a
bond characteristic prediction model between NPR bars and UHPC was developed using
an ANN, and a three-stage constitutive model was established. The main conclusions are
summarized as follows.

(1) Without stirrup confinement, c/d > 1 (Vf ≥ 2%) can be considered the minimum
cover thickness to prevent splitting failure. With stirrup confinement (ρss ≥ 1.14),
c/d ≥ 0.63 (Vf ≥ 0.5%) can be considered the minimum cover thickness to prevent
splitting failure.

(2) For UHPC application, the modified constraint parameter Kc is proposed as the
discrimination index to characterize the failure type in this study. Kc is a combined
constraint parameter determined by the stirrups, cover depth, and steel fibers. When
Kc ≤ 4.3, the NPR-UHPC specimens undergo splitting failure. When 4.3 < Kc ≤ 5.64,
the NPR-UHPC specimens undergo splitting–pull-out failure. When Kc ≥ 5.6, the
NPR-UHPC specimens undergo pull-out failure.

(3) In terms of interfacial bonding performance of NPR with UHPC, the NPR bars out-
perform the HRB400 bars, and the HRB400 bars outperform the HG bars. The unique
characteristic of uniform elongation under high tensile strain causes the NPR bars to
undergo yield “softening”, which reduces their bonding performance with UHPC,
and this reduction is directly proportional to the tensile strain. For the NPR bars,
prestrain levels of 5.5%, 9.5%, and 22.0% decrease τu by 5.07%, 7.79%, and 17.01% and
su by 7.00%, 15.88%, and 30.54%, respectively. Increasing the rib spacing and reducing
the rib height are detrimental to bond performance.

(4) It is discovered that as ld increases, τu decreases, while su and τr increase, and better
bond ductility is exhibited after the peak point. Decreasing ss and increasing the
curing age, Vf, and c are beneficial for the bond behavior between NPR bars and
UHPC, enhancing τu and su, and showing better bond ductility after the peak point.

(5) A regression model considering the effects of ld/d, Ass/bss, Vflf/df, c/d, and f cu is
developed to predict the lcd and lud. Moreover, an ANN model is developed to
accurately predict the lcd and lud between NPR bars and UHPC. Further, compared to
the regression model, the ANN model exhibits a higher R2 value, lower MAPE and
RMSE, and a broader parameter applicability range.

Author Contributions: Validation, X.-L.R.; Formal analysis, C.-Z.X. and J.-Y.W.; Investigation, C.-
Z.X.; Resources, Z.X.; Data curation, X.-Y.M.; Writing—original draft, X.-L.R.; Writing—review &
editing, Z.X.; Visualization, X.-L.R.; Supervision, Z.X., C.-Z.X. and J.-Y.W.; Project administration,
C.-Z.X.; Funding acquisition, J.-Y.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (No. 52278271)
and Transportation Science and Technology Project of Shandong Province (No. 2022B73).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Zhao Xu, Chang-Ze Xu and Xue-Yuan Ma were employed by the
company Shandong Provincial Communications Planning and Design Institute Group Co., Ltd. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.



Materials 2025, 18, 3182 27 of 29

References
1. Shao, Y.; Tich, K.L.; Boaro, S.B.; Billington, S.L. Impact of fiber distribution and cyclic loading on the bond behavior of steel-

reinforced UHPC. Cem. Concr. Compos. 2022, 126, 104338. [CrossRef]
2. Yoo, D.Y.; Shin, H.O. Bond performance of steel rebar embedded in 80–180 MPa ultra-high strength concrete. Cem. Concr. Compos.

2018, 93, 206–217. [CrossRef]
3. Lagier, F.; Massicotte, B.; Charron, J.P. Experimental investigation of bond stress distribution and bond strength in unconfined

UHPFRC lap splices under direct tension. Cem. Concr. Compos. 2016, 74, 26–38. [CrossRef]
4. Ronanki, V.S.; Aaleti, S.; Valentim, D.B. Experimental investigation of bond behavior of mild steel reinforcement in UHPC. Eng.

Struct. 2018, 176, 707–718. [CrossRef]
5. Liu, J.H. Study on Uniaxial Properties of Ultra High Performance Concrete and Bonding Properties with High Strength Rebar.

Master’s Thesis, Chongqing University, Chongqing, China, 2020.
6. Jia, F.F. Experimental Study on Bond Properties Between Steel Bar and Reactive Powder Concrete. Ph.D. Thesis, Beijing Jiaotong

University, Beijing, China, 2013.
7. An, M.Z.; Zhang, M. Experimental research of bond capability between deformed bars and reactive powder concrete. China Railw.

Sci. 2007, 28, 50–54.
8. Sun, M.; Gao, R.; Chen, Y.; Gao, M. Experimental study of bond performance between high-strength rebar and reactive powder

concrete. Bridge Constr. 2016, 46, 18–23.
9. Sturm, A.B.; Visintin, P. Local bond slip behavior of steel reinforcing bars embedded in ultra high performance fibre reinforced

concrete. Struct. Concr. 2019, 20, 108–122. [CrossRef]
10. Khaksefidi, S.; Ghalehno, M.; De Brito, J. Bond behaviour of high-strength steel rebars in normal (NSC) and ultra-high performance

concrete (UHPC). J. Build. Eng. 2021, 33, 101592. [CrossRef]
11. Shao, Y.; Billington, S.L. Impact of UHPC tensile behavior on steel reinforced UHPC flexural behavior. J. Struct. Eng. 2022, 148,

04021244. [CrossRef]
12. Hasgul, U.; Turker, K.; Birol, T.; Yavas, A. Flexural behavior of ultra-high-performance fiber reinforced concrete beams with low

and high reinforcement ratios. Struct. Concr. 2018, 19, 1–14. [CrossRef]
13. Gu, J.B.; Wang, J.Y.; Lu, W. An experimental assessment of ultra high performance concrete beam reinforced with negative

Poisson’s ratio (NPR) steel rebar. Constr. Build. Mater. 2022, 327, 127042. [CrossRef]
14. Wang, J.Y.; Gu, J.B.; Liu, C.; Huang, Y.H.; Xiao, R.C.; Ma, B. Flexural behavior of ultra high performance concrete beams reinforced

with high strength steel. Struct. Eng. Mech. 2022, 81, 539–550.
15. Guo, Y.Q. Applied Basic Research on Reinforced Ultra High Performance Concrete (UHPC) Members Based on Tensile Regulation.

Ph.D. Thesis, Tongji University, Shanghai, China, 2023.
16. Yoo, D.Y.; Banthia, N.; Yoon, Y.S. Experimental and numerical study on flexural behavior of ultra-high-performance fiber-

reinforced concrete beams with low reinforcement ratios. Can. J. Civ. Eng. 2017, 44, 18–28. [CrossRef]
17. Gu, T.; Jia, L.-J.; Chen, B.; Xia, M.; Guo, H.; He, M.-C. Unified full-range plasticity till fracture of meta steel and structural steels.

Eng. Fract. Mech. 2021, 253, 107869. [CrossRef]
18. Shao, S.-W.; Shang, H.-S.; Feng, H.-B.; Wang, W.-Z. Study on the mechanical properties of NPR steel bars and the bonding

properties with marine concrete. Constr. Build. Mater. 2022, 316, 125721. [CrossRef]
19. De Cooman, B.C.; Estrin, Y.; Kim, S.K. Twinning-induced plasticity (TWIP) steels. Acta Mater. 2018, 142, 283–362. [CrossRef]
20. Chang, S.Y. Research on Bond Behavior Between High Performance Steel Bars and UHPC. Master’s Thesis, Tongji University,

Shanghai, China, 2023.
21. Cai, Z.H.; Ding, H.; Xue, X. Microstructural evolution and mechanical properties of hot-rolled 11% manganese TRIP steel. Mater.

Sci. Eng. A 2013, 560, 388–395. [CrossRef]
22. Hu, A.; Liang, X.; Shi, Q. Bond characteristics between high strength bars and ultra-high performance concrete. J. Xi’an Univ.

Archit. Technol. (Nat. Sci. Ed.) 2021, 53, 534–544.
23. Chen, Y.T. Experimental and Analytical Study of Bond Behavior of High Strength Reinforcing Steel in Ultra High Performance

Concrete. Master’s Thesis, Southeast University, Nanjing, China, 2020.
24. Gao, X.L. Experimental Study and Refined Numerical Simulation on Steel-UHPC Composite Structure. Ph.D. Thesis, Tongji

University, Shanghai, China, 2021.
25. Zhang, Z.; Li, S.S.; Zhu, P.; Shao, X.; Bu, G. Test on interface bonding behaviour between steel rebar and ultra-high performance

concrete. J. Hunan Univ. (Nat. Sci.) 2022, 49, 105–115.
26. Liang, R.; Huang, Y. Experimental study on bond performance between high strength steel rebar and ultra-high performance

concrete. J. Build. Struct. 2022, 43, 294–302.
27. Chao, S.H.; Naaman, A.E.; Parra-Montesinos, G.J. Bond behavior of reinforcing bars in tensile strain-hardening fiber-reinforced

cement composites. ACI Struct. J. 2009, 106, 897–906.

https://doi.org/10.1016/j.cemconcomp.2021.104338
https://doi.org/10.1016/j.cemconcomp.2018.07.017
https://doi.org/10.1016/j.cemconcomp.2016.08.004
https://doi.org/10.1016/j.engstruct.2018.09.031
https://doi.org/10.1002/suco.201700149
https://doi.org/10.1016/j.jobe.2020.101592
https://doi.org/10.1061/(ASCE)ST.1943-541X.0003225
https://doi.org/10.1002/suco.201700089
https://doi.org/10.1016/j.conbuildmat.2022.127042
https://doi.org/10.1139/cjce-2015-0384
https://doi.org/10.1016/j.engfracmech.2021.107869
https://doi.org/10.1016/j.conbuildmat.2021.125721
https://doi.org/10.1016/j.actamat.2017.06.046
https://doi.org/10.1016/j.msea.2012.09.083


Materials 2025, 18, 3182 28 of 29

28. Morris, G.J. Experimental Evaluation of Local Bond Behavior of Deformed Reinforcing Bars in Concrete Structures. Master’s
Thesis, University of Canterbury, Christchurch, New Zealand, 2015.

29. Kim, M.J.; Kim, H.G.; Lee, J.M.; Lee, Y.J.; Kim, K.H. A prediction model for bond deterioration in RC members. I: Bond stress-slip
behavior for splitting failure. J. Struct. Eng. 2018, 144, 04018002. [CrossRef]

30. Li, X.; Zhang, J.; Liu, J.; Cao, W. Bond behavior of spiral ribbed ultra-high strength steel rebar embedded in plain and steel fiber
reinforced high-strength concrete. KSCE J. Civ. Eng. 2019, 23, 4417–4430. [CrossRef]

31. Lu, B.-L.; Wang, J.-Y.; Rong, X.-L.; Chen, L.-B.; Chen, Z.-W. Bond performance of novel NPR rebar-reinforced UHPC under cyclic
loading. Constr. Build. Mater. 2025, 474, 140987. [CrossRef]

32. GB/T 228.1-2010; Metallic Materials–Tensile Testing—Part 1: Method of Test at Room Temperature. National Standard of The
People’s Republic of China: Beijing, China, 2010.

33. ASTM A706; Standard Specification for Deformed and Plain Low-Alloy Steel Bars for Concrete Reinforcement. ASTM Interna-
tional: West Conshohocken, PA, USA, 2023.

34. Long, X.C.; Wang, J.Y.; Rong, X.L.; Lu, B.L.; Chen, L.B.; Chen, Z.W. Cyclic performance of novel NPR steel-reinforced UHPC
beams. J. Build. Eng. 2025, 103, 112181. [CrossRef]

35. Yoo, D.-Y.; Shin, H.-O.; Yang, J.-M.; Yoon, Y.-S. Material and bond properties of ultra high performance fiber reinforced concrete
with micro steel fibers. Compos. Part B Eng. 2014, 58, 122–133. [CrossRef]

36. Deng, Z.C.; Yuan, C.X. Experimental study on bond capability between high strength rebar and reactive powder concrete. China
Civ. Eng. J. 2014, 47, 69–78.

37. Deng, M.K.; Pan, J.J.; Sun, H.Z. Bond behavior of deformed bar embedded in Engineered Cementitious Composites under cyclic
loading. Constr. Build. Mater. 2019, 197, 164–174. [CrossRef]

38. Zhao, Y.; Lin, H.; Wu, K.; Jin, W. Bond behaviour of normal/recycled concrete and corroded steel bars. Constr. Build. Mater. 2013,
48, 348–359. [CrossRef]

39. Huang, L.; Chi, Y.; Xu, L.; Chen, P.; Zhang, A. Local bond performance of rebar embedded in steel-polypropylene hybrid fiber
reinforced concrete under monotonic and cyclic loading. Constr. Build. Mater. 2016, 103, 77–92. [CrossRef]

40. Rao, G.A.; Pandurangan, K.; Sultana, F.; Eligehausen, R. Studies on the pull-out strength of ribbed bars in high-strength concrete.
In Proceeding of the 6th International Association of Fracture Mechanics for Concrete and Concrete Structures Catania, Taylor &
Francis, Catania, Italy, 7–22 June 2007; pp. 295–301.

41. Alkaysi, M.; El-Tawil, S. Factors affecting bond development between Ultra High Performance Concrete (UHPC) and steel bar
reinforcement. Constr. Build. Mater. 2017, 144, 412–422. [CrossRef]

42. Yuan, J.; Graybeal, B.A. Bond Behavior of Reinforcing Steel in Ultra-High Performance Concrete; Federal Highway Administration,
Office of Infrastructure: Washington, DC, USA, 2014.

43. Lin, H.W. Experimental Study on the Bond Behaviour of Corroded Reinforced Concrete Under Monotonic or Repeated Loading.
Ph.D. Thesis, Zhejiang University, Hangzhou, China, 2017.

44. Rong, X.L. Research on the Synergistic Working Mechanism of NPR Reinforcement and UHPC and the Flexural Performance of
Their Reinforced Beams. Ph.D. Thesis, Tongji University, Shanghai, China, 2024.

45. Shafighfard, T.; Kazemi, F.; Asgarkhani, N.; Yoo, D.-Y. Machine-learning methods for estimating compressive strength of
high-performance alkali-activated concrete. Eng. Appl. Artif. Intell. 2024, 136, 109053. [CrossRef]

46. Pishro, A.A.; Zhang, S.; Huang, D.; Xiong, F.; Li, W.; Yang, Q. Application of artificial neural networks and multiple linear
regression on local bond stress equation of UHPC and reinforcing steel bars. Sci. Rep. 2021, 11, 15061.

47. Kong, Q.; He, C.; Liao, L.; Xu, J.; Yuan, C. Hyperparameter optimization for interfacial bond strength prediction between
fiber-reinforced polymer and concrete. Structures 2023, 51, 573–601. [CrossRef]

48. Zhang, Y.-X.; Zhang, Q.; Xu, L.-Y.; Hou, W.; Miao, Y.-S.; Liu, Y.; Huang, B.-T. Transfer learning for intelligent design of lightweight
Strain-Hardening Ultra-High-Performance Concrete (SH-UHPC). Autom. Constr. 2025, 175, 106241. [CrossRef]

49. Hemmatian, A.; Jalali, M.; Naderpour, H.; Nehdi, M.L. Machine learning prediction of fiber pull-out and bond-slip in fiber-
reinforced cementitious composites. J. Build. Eng. 2023, 63, 105474. [CrossRef]

50. Singh, R.; Arora, H.C.; Bahrami, A.; Kumar, A.; Kapoor, N.R.; Kumar, K.; Rai, H.S. Enhancing Sustainability of Corroded RC
Structures: Estimating Steel-to-Concrete Bond Strength with ANN and SVM Algorithms. Materials 2022, 15, 8295. [CrossRef]

51. Cavaleri, L.; Barkhordari, M.S.; Repapis, C.C.; Armaghani, D.J.; Ulrikh, D.V.; Asteris, P.G. Convolution-based ensemble learning
algorithms to estimate the bond strength of the corroded reinforced concrete. Constr. Build. Mater. 2022, 359, 129504. [CrossRef]

52. Gharah, T.A.T.; Nazari, Z.M. Artificial Intelligence, Machine Learning, and Deep Learning in Structural Engineering: A Scien-
tometrics Review of Trends and Best Practices. Arch. Comput. Methods Eng. 2022, 30, 115–159.

53. Su, M.; Zhong, Q.; Peng, H.; Li, S. Selected machine learning approaches for predicting the interfacial bond strength between
FRPs and concrete. Constr. Build. Mater. 2020, 270, 121456. [CrossRef]

54. Javad, M.M.; Mehdi, M.S. A New Multi-objective Artificial Bee Colony Algorithm for Optimal Adaptive Robust Controller
Design. IETE J. Res. 2019, 68, 1–14.

https://doi.org/10.1061/(ASCE)ST.1943-541X.0001966
https://doi.org/10.1007/s12205-019-2449-0
https://doi.org/10.1016/j.conbuildmat.2025.140987
https://doi.org/10.1016/j.jobe.2025.112181
https://doi.org/10.1016/j.compositesb.2013.10.081
https://doi.org/10.1016/j.conbuildmat.2018.11.200
https://doi.org/10.1016/j.conbuildmat.2013.06.091
https://doi.org/10.1016/j.conbuildmat.2015.11.040
https://doi.org/10.1016/j.conbuildmat.2017.03.091
https://doi.org/10.1016/j.engappai.2024.109053
https://doi.org/10.1016/j.istruc.2023.03.082
https://doi.org/10.1016/j.autcon.2025.106241
https://doi.org/10.1016/j.jobe.2022.105474
https://doi.org/10.3390/ma15238295
https://doi.org/10.1016/j.conbuildmat.2022.129504
https://doi.org/10.1016/j.conbuildmat.2020.121456


Materials 2025, 18, 3182 29 of 29

55. Liu, Y.; Wu, W.-Z.; Zhang, Y.-X.; Hou, W.; Zhang, H.; Peng, L.-G. Engineered/Strain-Hardening Cementitious Composites
(ECC/SHCC) for Resilient Cold-Region Infrastructure: A Critical Review of Freeze-Thaw Durability. Case Stud. Constr. Mater.
2025, 22, e04362. [CrossRef]

56. Xiong, Q.; Xiong, H.; Kong, Q.; Ni, X.; Li, Y.; Yuan, C. Machine learning-driven seismic failure mode identification of reinforced
concrete shear walls based on PCA feature extraction. Structures 2022, 44, 1429–1442. [CrossRef]

57. Li, Z.; Qi, J.; Hu, Y.; Wang, J. Estimation of bond strength between UHPC and reinforcing bars using machine learning approaches.
Eng. Struct. 2022, 262, 114311. [CrossRef]

58. Wang, K.; Li, J.; Li, L.; Deng, E.; Zhang, Y.; Li, Z. Machine learning to estimate the bond strength of the corroded steel bar-concrete.
Struct. Concr. 2023, 25, 696–715. [CrossRef]

59. Yoon, J.; Kim, H.; Ju, S.; Li, Z.; Pyo, S. Framework for rapid characterization of fresh properties of cementitious materials using
point cloud and machine learning. Constr. Build. Mater. 2023, 400, 132647. [CrossRef]

60. Xu, Z.; Xu, C.Z.; Rong, X.L. Bond performance and constitutive model of novel NPR rebar–UHPC system under monotonic
loading. Case Stud. Constr. Mater, 2025; under review.

61. Lundberg, S.M.; Lee, S.I. A unified approach to interpreting model predictions. In Proceedings of the 31st Conference on Neural
Information Processing Systems (NIPS 2017), Long Beach, CA, USA, 4–9 December 2017; pp. 4768–4777.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cscm.2025.e04362
https://doi.org/10.1016/j.istruc.2022.08.089
https://doi.org/10.1016/j.engstruct.2022.114311
https://doi.org/10.1002/suco.202300401
https://doi.org/10.1016/j.conbuildmat.2023.132647

	Introduction 
	Bonding Mechanism 
	Experimental Program 
	Rebar Material 
	UHPC Material 
	Eccentric Pull-Out Design 
	Test Process and Test Setup 
	Test Matrix 

	Test Results 
	Crack Pattern and Failure Mode 
	Quantitative Discrimination of the Bond Failure Modes of NPR-UHPC 
	Measured -s Curves 

	Discussion 
	Effect of the Rebar Type 
	Effect of Pretension Strain 
	Effect of the Rib Height of the NPR Bars 
	Effect of the Rib Spacing of the NPR Bars 
	Effect of the Embedment Length ld 
	Effect of Stirrup Spacing ss 
	Effect of Curing Time 
	Effects of the Steel Fiber Volume Vf 
	Effect of the UHPC Cover Depth c 

	Critical Embedded Length lcd and Ultimate Embedded Length lud Models 
	Multiparameter Regression Model for sm 
	ANN Model for sm 
	Establishment 
	Verification 
	Relative Importance 


	Conclusions 
	References

