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Abstract: This paper explores the effect of bonding size on the shear performance of ultra-high-
performance concrete (UHPC) and normal concrete (NC). The study includes two sets of direct
shear tests on a total of 16 Z-shaped UHPC-NC bonded specimens. The first set consists of eight
direct shear tests on the chiseled UHPC-NC interface with an average roughness of 4 mm (referred
to as series C), from the authors’ previous study. The second set involves eight direct shear tests
on the chiseled UHPC-NC interface with additional short shear steel rebars (referred to as series
CS) that possess identical roughness to the first set of tests. The study discusses the failure modes,
shear stress—slip behavior, and strain histories of the UHPC-NC interfaces with varying bonding
sizes and shear mechanisms. A finite element model incorporating the cohesive zone model for the
UHPC-NC interface was developed to gain insights into the shear bond evolutions. Our experimental
results show that the two sets of direct shear specimens exhibit similar size effects in the shear
stiffness, bonding strength, and interfacial slippage of the UHPC-NC interface. The use of shear
steel rebars mitigated the impact of interfacial size on the bond shear behavior, thereby enhancing
shear stiffness and reducing susceptibility to brittle damage. Numerical simulations indicate that
the shear stress inhomogeneity coefficients for the CS specimens with bonding heights of 100 mm,
200 mm, 330 mm, and 440 mm were 1.2%, 1.8%, 11.9%, and 17.4%, respectively. The findings of this
study provide valuable insights for optimizing UHPC applications in the repair and strengthening of
concrete structures.

Keywords: UHPC-NC interface; size effect; shear strength; direct shear test; cohesive simulation

1. Introduction

The deterioration of concrete bridges resulting from prolonged exposure to harsh envi-
ronments and overloads has become a prevalent problem recently [1-3]. A statistical analy-
sis of over two million concrete bridges worldwide indicates that over 34% are currently
classified as structurally deficient [4]. In response to this challenge, engineers have sought
to repair damaged and degraded concrete bridges by employing ultra-high-performance
concrete (UHPC) repair technology, aiming for efficient and durable restoration. UHPC of-
fers superior properties to normal concrete (NC), including ultra-high strength, toughness,
and impermeability [5,6]. However, creating a reliable bond between UHPC and NC is a
critical challenge in the repair process [7].

In engineering applications, two main interface treatments are used for the UHPC-NC
bond. The first treatment includes roughening the NC substrate surface with an average
depth of 2 to 4 mm, which has been employed in projects such as the Mud Creek Bridge
Deck Rehabilitation Project in the United States, where it has been effective in restoring
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functionality [8]. The second treatment involves implanting short steel rebars into the
roughened NC substrates to enhance bonding properties. This approach has been observed
in projects like Canada’s Mission Bridge Abutment Performance Improvement Project [9].
Both treatments have demonstrated favorable bonding properties with UHPC under shear-
dominated complex stress states [8,9]. However, in actual bridge rehabilitation projects,
diverse repair requirements and dimensions are often encountered. As the bond interface
size increases, assessing UHPC-NC bond performance becomes more complex due to
various uncertainties such as concrete surface defects (e.g., laitance, microcracks, and
unevenness), interfacial shrinkage stresses, and the influence of external load transfer at
the interface, particularly in large-scale repair projects [10,11].

The current research on the UHPC-NC bond mainly focuses on the bonding strength
of the two types of concrete. Mufioz et al. [12] conducted shear and tensile tests to examine
the interfacial bonding properties of UHPC and NC. The results showed that the UHPC-NC
bonding mechanical properties significantly exceed the recommended bearing capacity
of repair materials according to ACI 546-06 [13]. Yu et al. [14] and Apostolinas et al. [15]
utilized bi-surface shear tests with interfacial roughness as a testing parameter. Their
findings revealed that interface roughness significantly influences the bond strength of
UHPC-NC, indicating a positive correlation between surface roughness and external load.
Zhang et al. [16] studied UHPC-NC bond interface properties under different conditions.
They found that the interfacial bond strength peaked at a 28-day curing age for UHPC.
Proper wetting of the substrate interface increased the slant shear strength and split tensile
strength of the UHPC-NC bond interface by 44.6% and 24.5%, respectively, compared
to dry interfaces. Farzad et al. [17] evaluated the UHPC-NC bond interface, employing
both experimental and numerical methods to determine the critical parameters for the
interfaces. Their analysis yielded a maximum error of 18%, significantly lower than the
150% maximum error associated with the “Tie” model. In general, the existing research has
predominantly focused on examining factors related to consistent interface dimensions,
with minimal attention given to the impact of interface sizes. The influence of interface
sizes on the shear bond performance of UHPC-NC interfaces has yet to be addressed.

Currently, studies on the size effects of concrete have predominantly concentrated
on the material and structural levels. At the material level, the size effect of concrete
is influenced by factors such as aggregate particle size and the random distribution of
initial defects. This has been investigated through experiments and mesoscale simulations,
leading to the development of representative size effect theories, including Weibull’s
statistical theory, Bazant’s energy release criterion, and Carpinteri’s fractal characteristics
of cracks [18,19]. On the structural level, previous studies on the mechanical properties
of concrete members, such as beams and columns, have shown a significant size effect on
their mechanical properties [20-22]. Regarding the influence of geometric size on the bond
strength between concrete members, Fang et al. [23] utilized a direct shear test to evaluate
the shear bond at the interface between new and old NC slabs while varying bonding
heights. The results indicate that the interfacial bond between the NC became more stable
with increased bonding heights. Additionally, He et al. [24] investigated the influence of
bonding heights on the tensile and shear strength at the chiseled interface between UHPC
and NC. Their research reported that the interfacial bond between the UHPC and NC
members changed with variations in interface size under shear and tensile conditions.

In order to examine the size effect the bond shear of UHPC-NC interfaces, this paper
expands on a previous investigation [24] by performing direct shear tests with extra steel
rebar implantation on the chiseled NC substrate surfaces. The study involved analyzing
the results obtained from sixteen UHPC-NC bond tests, which included eight tests on the
chiseled UHPC-NC interface conducted previously [24] and eight newly conducted direct
shear tests on the chiseled UHPC-NC interface with short shear steel rebars. The main
focus was to analyze the failure mode, stress—slip relationship, and strain history under
shear loads. The size effects of the interfaces’ shear stiffness, bonding strength, and relative
slip are determined based on the experimental observations. Additionally, finite element
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(FE) models were established for calibration, and the relationship between bond size and
stress field distribution was determined, providing valuable insights for evaluating the
performance of UHPC-NC bond interfaces.

2. Experimental Works
2.1. Test Specimens

Figure 1 illustrates the setup of the Z-shaped direct shear specimens, which are
commonly used to evaluate the shear strength at the concrete bonded surfaces [23,24]. The
setup involves an inverted pair of L-shaped concrete blocks, with the combined area of
UHPC and NC positioned at the center of the specimen. The UHPC-NC bond interfaces
were prepared in two ways: (a) Chiseling (C): This involved a roughing process using a
pneumatic tool to an average depth of 4 mm and (b) Chiseling and steel rebar dowels (CS):
Holes were drilled into the chiseled interface (with identical roughness to C), and shear
steel rebars were inserted into the holes and anchored using epoxy adhesive.
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Figure 1. Main configuration of direct shear specimens (unit: mm).

Table 1 provides an overview of the key parameters for the direct shear test specimens.
Two series of direct shear tests were conducted, each consisting of four different bonding
heights with two identical samples per height, resulting in a total of 16 UHPC-NC speci-
mens. The test series is categorized as C (previously conducted) and CS (newly conducted),
denoting the UHPC-NC bond interfaces treated with chiseling and chiseling and implanted
rebars, respectively. In the specimen codes, “UN" represents a combination of UHPC
and NC, and “H” represents the bond interface height, with the following digit donating
the height value. For example, the code “UN-C-H100” refers to a direct shear specimen
with an interface height of 100 mm, where the UHPC-NC bond interface has been treated
with chiseling.

The preparation of the UHPC-NC bond specimens involves five steps, as illustrated in
Figure 2: (a) prepare the formwork and steel rebars; (b) cast and cure the NC substrate for
28 days; (c) roughen the NC substrates with an average depth of 4 mm using pneumatic
tools; (d) for the CS series, drill holes in the roughened surface and implant steel rebars;
(e) and wet the treated surface, cast the UHPC, and cure for 28 days.
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Table 1. Basic parameters of direct shear tests.
Interface Size Average Implanted
) Specimen Interface (mm) Roughness Shear Rebar
Series Code Number Treatment (mm) Ratio
h w
UN-C-H100 2 100
Previous test: C UN-C-H200 2 Chiselin 200 4 0
[24] UN-C-H330 2 & 330
-C-H44 2 44
UN-C 0 0 200
UN-CS-H100 2 Chiseli d 100
c g UN-CS-H200 2 , 1lse mg an | 200 A 0.5
urrent test: UN-CS-H330 5 implanted stee 330 D%
UN-CS-H440 2 rebars 440

@8  Mould and rebar

t shear test specimens

- AN

ki <K A6 ~\.. :
Pouring and curing the & S Drilling and anchoring *
specimens g shear rebars

Figure 2. Fabrication process of direct shear specimens.

2.2. Material Properties

The NC blocks were made with C50 grade concrete (target cubic compressive strength
of 50 MPa), while the UHPC used a commercial premix of grade RPC120 (target cubic
compressive strength of 120 MPa), as detailed in Table 2. The concrete’s material properties
were determined according to Chinese codes [25-27]. Specifically, the cubic compressive
strength of the NC and UHPC were determined by testing six cubes with a length of 150 mm
and 100 mm, respectively. The prismatic compressive strength and elastic modulus were
tested using twelve prism samples, with a size of 150.0 mm x 150.0 mm X 300.0 mm for NC
and 100.0 mm x 100.0 mm x 300.0 mm for UHPC. All cubes and prisms were maintained
for 28 days, along with the direct shear specimens. The steel stirrups and shear steel rebars
were made of grade HRB400 rebars, which were tested according to GB/T 228.1-2010 [28].
The mechanical properties of the NC, UHPC, and rebars are shown in Table 3.

Table 2. Mix proportions of NC and UHPC (kg/m?3).

. Coarse .. Silica Quartz Quartz Steel
Material Cement Aggregate Sand Superplasticizer Water Fume Powder Sand Fiber
NC 470 1060 710 1.8 155 - - - -
UHPC 771.2 - - 20.1 180.5 154.2 154.2 848.4 235.5
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Table 3. Summary of material properties (MPa).

. Cubic Compressive Prismatic Compressive . . Elastic Modulus
Material Strength Strength Yield Strength Ultimate Strength (x10%)
NC 62.0 52.3 - - 38.3
UHPC 127 106 - - 44.2
HRB 400 - - 483 594 200

2.3. Test Setup and Instrumentation

Figure 3 shows the loading equipment and test arrangements. The specimens under-
went testing using a servo-hydraulic press, with displacement loading applied at a rate of
0.1 mm/min to accurately capture the interface mechanical response. A steel plate was
carefully placed on top of the specimen, and any gaps were filled with gypsum to ensure
that the stress from the testing machine was uniformly distributed to the specimen. The
bond interface of the specimens was aligned with the loading center. Two linear variable
differential transformers (LVDTs) were used to monitor the displacements at the interface,
positioned vertically near the gaps between the concrete blocks to record vertical slip at the
interface. In addition, two strain gauges were placed near the interface to capture strain
development closely. Strain gauges were also attached along both sides near the interface
to monitor the mechanical response of the shear rebars.

= |

e Test machine loading T T T
Steel plate UHPC roof |
Steel pad block & ——\——| The bond
EI NCside | interface | UHPC side
Vertical LVDT | | EI —
|
K/ \\ / |
Strain gauges -+ Vertical LVDT .
Strain gauges
Re Test machine bedplate

s
@ (b) (©

Figure 3. Test device and instrumentation arrangement: (a) test device and specimen arrangement;
(b) the specimen layout; (c) strain detection of shear steel rebars.

3. Experimental Results and Discussion
3.1. General Results

The results of the direct shear specimens are summarized in Table 4. The average
shear stress at the UHPC-NC bond interface under direct shear loading was calculated
by dividing the applied load by the bonded area. In this table, the shear stress and slip
corresponding to the cracking load F. are defined as the cracking shear strength 7, and
cracking shear slip S, respectively. Similarly, the shear stress and slip corresponding
to the ultimate load F, are defined as the ultimate shear strength 7, and ultimate shear
slip S;, respectively. The shear stress and slip corresponding to the residual load F, are
defined as the residual shear strength 7, and residual shear slip S,. It is worth noting that
because the C specimens failed in a brittle manner, the cracking load is considered to be the
ultimate load.

The failure modes of the UHPC-NC bond specimens are depicted in Figure 4. In
Figure 4a, two typical failure modes of the series C specimens are observed: (i) partial
interface failure (P), where fracture occurs in the UHPC-NC transition zone with part of
the NC adhering to damaged surfaces, and (ii) complete NC failure (F), where crushing
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or fracture occurs at the NC side and the interface remains intact. Mode P occurred in
UHPC-NC interfaces with large bonding heights (H = 330 mm and 440 mm), while Mode F
dominated in smaller ones (H = 100 mm and 200 mm). In larger specimens, interfacial shear
is often accompanied by a non-uniform distribution of normal stresses, with longer fracture
regions amplifying stress heterogeneity [23]. This uneven stress distribution can create
localized regions prone to damage under positive normal stresses, potentially leading to
normal separation at the interface [29-31]. Moreover, the mechanical interlocking of the
interface may be underutilized, resulting in a mixed mode of interfacial damage.

Table 4. Summary of direct shear test results.

Label SNP;ICI:I‘:E“ F. (kN) (fo’a) Sc (mm)  Fy (kN) (fo;a) Sy (mm) F,(kN) 7,(MPa) S, (mm)
UN-C-  Spec. 1 54.30 2.72 0.236

H100 Spec. 2 59.40 2.97 0.267

UN-C-  Spec.1 12053 3.01 0.287

H200 Spec.2 12520 313 0.299

UN-C-  Spec.1 24694 3.74 0.485

H330 Spec.2  258.60 3.92 0.510

UN-C-  Spec.1 27800 3.16 0.543

H440 Spec.2 29420 3.34 0.630
UN-CS-  Spec. 1 43.20 2.16 0.174 75.61 378 0.408 55.09 2.74 0.638
H100 Spec. 2 48.40 242 0.194 73.20 3.66 0.399 53.49 272 0.693
UN-CS-  Spec.1 10522 263 0.238 155.87 3.90 0.548 117.01 2.93 0.891
H200 Spec.2  107.10 2.68 0.235 162.00 4.05 0.566 114.50 2.86 0.993
UN-CS-  Spec.1  186.90 2.83 0.341 27455 416 0.730 197.83 3.00 1.224
H330 Spec.2 18373 2.79 0.347 258.19 3.91 0.693 179.61 2.72 1.197
UN-CS-  Spec.1  297.00 338 0.500 39430 448 0.885 277.40 315 1.587
H440 Spec.2 30170 343 0.591 383.90 436 0.902 268.30 3.05 1578

15
& i
UN-C-H200 UN-C-H440 Partial interface failure

UN-CS-H100 _

(a)

1 HH
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Figure 4. Typical failure modes of the direct shear specimens: (a) C specimens and (b) CS specimens.
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Concerning the failure of series CS specimens, Figure 4b illustrates that all specimens
displayed partial interfacial failure (P). Except for UN-CS-H100, which has a 100 mm
interface height and experienced shearing of interfacial rebars during loading, the other
specimens did not exhibit complete fracture of the rebars. During the loading process, a
crack first appeared at both ends of the interface, and it slowly spread from the ends toward
the middle as slippage intensified, ultimately fully penetrating the interface. This demon-
strates the significant role of shear rebars in improving stress transfer and distribution in
the bond area, especially for smaller interface sizes, and in facilitating the transfer of shear
stresses to the UHPC. Furthermore, interfacial rebars in the transition zone between the
UHPC and NC can mitigate the effects of shear stresses on the NC side, which potentially
reduces the influence of the interfacial size.

3.2. Shear Stress vs. Interfacial Slippage Relationship

Figure 5 shows the shear stress—interfacial slip curves for the UHPC-NC specimens.
The experimental curves from previously tested chiseled interfaces are also included
for analysis. It should be noted that shear stress is the average stress at the interface,
calculated by dividing the applied load by the bonding area. The slippage corresponds to
the vertical displacement recorded by the LVDTs (see Figure 3b). The direct shear specimens
show minimal variation in the shear stress—slip relationship across the same test series,
despite differences in bonding heights. The C-series demonstrates a nearly linear shear
stress—slip relationship because it features a chiseled interface, which results in brittle
failure characteristics. In contrast, the CS-series exhibits nonlinear relationships, with all
specimens displaying a more ductile failure mode due to the implanted rebars. Figure 5a
shows that the chiseled specimens in series C display a linear relationship between shear
stress and slippage during loading, with a sudden drop in shear stress upon reaching peak
load due to detachment. This phenomenon can be attributed to the brittle failure occurring
at the chiseling interface, which leads to rapid cracking and failure within moments. In
comparison, Figure 5b shows that adding steel rebars to the chiseled interface significantly
changes the slipping behavior. The main features in the stress—slippage curves for the
CS specimens are similar regardless of the varied bonding heights. Accordingly, a shear
bond-slip model is derived and consists of four phases, as displayed in Figure 5a: (i) the
initial elastic increasing phase, where relative slip linearly develops with shear stress due
to the shear deformation of the concrete at the transition zone; (ii) the elastic—plastic phase,
where relative slip accelerates with shear stress due to cracking at the interface; (iii) the
post-failure degradation phase, where shear stress drops while slip sharply increases due
to plastic deformation of the interfacial rebars; and (iv) the failure residual phase, where
nearly constant residual stress was maintained with increasing relative slip. In general, the
mechanical behavior of the bond interface undergoes significant changes after adding steel
rebars to the interface, particularly in the initial elastic phase.

3.3. Shear Stress vs. Interfacial Strain Relationship

Figure 6 shows the shear stress—strain curves for the concrete at the transition zone of
the interface. The shear stress is calculated by dividing the applied load by the bonding
area. The strain is measured using gauges attached near the UHPC-NC interface (refer to
Figure 3a). As shown in Figure 6a, similar to the slipping curves, series C specimens with a
chiseled interface exhibit a linear strain development with the shear stress, which aligns
well with the brittle failure feature of the specimens. It is worth noting that the interfacial
strain in specimens UN-C-100 and UN-C-200 increases much faster than in specimens
UN-C-330 and UN-C-440. This is understandable as specimens UN-C-330 and UN-C-440
have longer load-transferring paths between the UHPC and NC blocks compared to the
former specimens, leading to slower strain development at the middle point of the bonding
height, which is where the strain gauges are positioned.
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Figure 5. Shear stress vs. slip relationship: (a) Series C with the chiseled interface [24]; (b) Series CS
with implanted rebars in the chiseled interface.
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Figure 6. Interfacial shear stress vs. strain curves: (a) Series C with the chiseled interface [24];
(b) Series CS with implanted rebars in the chiseled interface.

Figure 6b shows the shear stress—strain curves from the CS specimens. It is evident
that the stress—strain curves of the CS specimens with interfacial steel rebars almost overlap,
despite variations in bonding height. An obvious knee point is identified at a stress level
of approximately 3.0 MPa, indicating that the UHPC-NC interfaces entered their elastic—
plastic phase under shear stress. This is consistent with the shear stress—interfacial slip
curves shown in Figure 5b. Beyond this knee point, the chemical adhesion at the interface
gradually diminishes due to cracking on the contacting surfaces. The shear loads are
supported by mechanical interlocking, friction, and rebar dowels. The rapid increase in
strains during the elastic—plastic phase is attributed to the concentrated loads from the
implanted steel rebars, causing an increase in concrete strains at the transition zone. Rebar
implantation resulted in a more uniform strain distribution across different bonding heights
and reduced the size influence, especially in UN-C-100 and UN-C-200. The maximum
interfacial strain exceeded 180 e, demonstrating improved bond shear performance.

3.4. Strains in the Interfacial Shear Rebars

Figure 7 illustrates the shear stress—strain curves of the steel rebars embedded at the
interface of UHPC-NC in CS specimens. The strain in the shear rebars demonstrates a con-
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sistent increasing trend across all specimens. Initially, the rebar strains increase linearly with
the applied shear stress before concrete cracking, indicating the simultaneous activation of
the chemical bond and implanted steel rebars under shear loads. Subsequently, a sudden
increase in rebar strain is observed in the shear stress—strain curves for all specimens upon
reaching the cracking load, suggesting the predominant role of the steel rebars in resisting
shear loads. It is worth noting that strains in the rebar on the NC side increase faster than
on the UHPC side, irrespective of interface size. This is attributed to stress redistribution
on the NC side after concrete cracking, allowing more shear stress to be dispersed by the
interfacial steel rebars and delaying the cracking process. Furthermore, the cracking process
resulted in the weakening of the separation effect of the concrete blocks, which was caused
by the anchoring of the rebars. This maintained a continuous growth of slip, effectively
absorbing the shear stresses and providing a sustainable strain accumulation.
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Figure 7. Shear stress—strain curves for interfacial steel rebars: (a) UN-CS-H100; (b) UN-CS-H200;
(c) UN-CS-H330; (d) UN-CS-H440.

4. Influence of Bonding Size on UHPC-NC Shear Properties
4.1. The Size Effect in Interfacial Bonding Strength

Figure 8 illustrates the average bonding strength of the UHPC-NC interfaces at dif-
ferent shear-behaving stages. In series C, the ultimate bonding strength of the chiseled
specimens corresponds to the cracking strength, as the interfaces’ brittle cracking governs
the specimen’s ultimate failures. As shown in Figure 8, it is evident that with an increase in
interface height from 100 mm to 440 mm, the cracking shear strength (7.) of the CS speci-
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mens with the same interface height is 19.5%, 13.5%, 26.6%, and —4.8% lower compared to
that of the C specimens. This difference may be attributed to stress concentration near the
steel rebars at the interface, leading to earlier crack initiation in the concrete. Despite the
differences in interface shear keys, there is a consistent increase in bond shear strength be-
tween UHPC and NC with higher bonding heights at the interface. Specifically, the average
ultimate shear strength (7,,) of UN-C-H200, UN-C-H330, and UN-C-H440 is 7.9%, 34.6%,
and 14.2% higher than that of UN-C-H100. Similarly, the 7, of UN-CS-H200, UN-CS-H330,
and UN-CS-H440 shows improvements of 6.9%, 8.5%, and 18.8% compared to the baseline
UN-CS-H100, and the corresponding improvements of residual shear strength () also
reach 6.0%, 4.8%, and 13.6%, respectively.

5¢

N
T

///

Shear stress (MPa)
W

—=— UN-C-Cracking/Ultimate shear strength (7,/7,)
—o— UN-CS-Cracking shear strength (7,)
—=— UN-CS-Ultimate shear strength (7,)

)
T

—v— UN-CS-Residual shear strength (7,)

100 200 330 440
Interfacial height (mm)

Figure 8. Influence of bonding height on interfacial shear stress.

The chiseled interfaces in series C showed more significant variations in strength than
the series CS specimens. This is because the roughened interface in C specimens fails
immediately upon cracking, leading to less uniform stress distribution and making the
interface more sensitive to initial defects such as uneven roughness and micro-cracks. On
the other hand, the chiseled interfaces with additional shear rebars in series CS exhibited
ductile failure, allowing for more uniform cracking and enhancing mechanical interlock
and frictional resistance across the interface. This reduces the impact of inherent defects at
the interface. After cracking, the bond interface in CS specimens is mainly governed by
stable frictional forces, which leads to a less significant size effect on residual strength. This
indicates that implanting steel rebars at the interface can help reduce the adverse effects of
interfacial defects.

4.2. The Size Effect in Interfacial Slippage

Figure 9 illustrates the interfacial slip of the UHPC-NC interfaces at different stages
of shear behavior. An increase in interfacial slip is observed at the initial cracking load
(S¢), ultimate load (S,), and residual load (S;) as the interface size increases. For instance,
the ultimate slip (S,) of UN-C-H200, UN-C-H330, and UN-C-H440 is 16.5%, 97.8%, and
133.2% higher than that of UN-C-H100. Similarly, the S,, of UN-CS-H200, UN-CS-H330,
and UN-CS-H440 shows improvements of 38.2%, 76.6%, and 121.7% compared to UN-CS-
H100, and the corresponding improvements of cracking slip (Sc) also reach 28.6%, 87.0%,
and 196.6%, respectively. Additionally, for the interface with bonding heights of 100 mm,
200 mm, 330 mm, and 440 mm, the S, of the CS specimens is 60.4%, 90.1%, 43.0%, and
52.3% larger than that of the C specimens. The significant increase in ductile damage
with slip observed in CS specimens has also been reported in previous studies [32-34].
This behavior is attributed to the presence of steel rebars traversing the interface, which
effectively facilitate load transfer during interfacial slip [35]. Consequently, this promotes a
smoother distribution of shear stresses between the UHPC and NC blocks, resulting in a
more ductile damage pattern and an extended interfacial fracture process.
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Figure 9. Influence of bonding height on interface slip.

4.3. The Size Effect in Interfacial Bond Shear Stiffness

Based on the simplified shear stress-interfacial slippage model described in Figure 5b,
the bond shear stiffness at the UHPC-NC interface is established. This stiffness represents
the shear modulus obtained from slip curves during different phases. The elastic shear
stiffness (K,) is the ratio of elastic stress to its corresponding strain, while the elastic—plastic
shear stiffness (Kp) is associated with the slope at the elastic—plastic phase of the slip curve.
Figure 10 shows the influence of bonding height on the interfacial shear stiffness. When the
bonding height of UN-C-H100 was increased from 100 mm to 200 mm, 330 mm, and 440 mm,
the elastic stiffness (K,) decreased by 7.4%, 31.9%, and 51.0%, respectively. Similarly, for
UN-CS-H100, increasing the bonding height from 100 mm to 200 mm, 330 mm, and
440 mm decreased elastic stiffness (K.) by 9.8%, 34.4%, and 49.9%, respectively. Moreover,
the elastic—plastic shear stiffness (K¢,) decreased by 36.7%, 48.8%, and 55.2%, and the
residual shear stiffness of the interface (K;) also decreased by 25.7%, 37.6%, and 49.2%,
respectively. This suggests that enlargement in the interface size led to corresponding
decreases in shear stiffness. Although the initial load-carrying capacity increases, the larger
interface results in greater slip accumulation, ultimately leading to a net decrease in shear
stiffness. Additionally, the reduction in K, was greater than in K¢, and K, indicating that
the implanted rebars helped reduce the negative effects of increased bonding size.

151
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—=— UN-CS-K,
——UN-CS-K,,
—v— UN-CS- K,

—
[\S]
T

el
T

Shear stiffness (MPa-mm™)
N

|

100 200 330 440
Interfacial height (mm)

Figure 10. Effect of interface height on shear stiffness.
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5. Numerical Works
5.1. Numerical Simulation of UHPC-NC Tests
5.1.1. Establishment of the FE Model

In order to assess the shear bond evolution at the UHPC-NC interface with different
bonding sizes, a solid nonlinear finite element (FE) model of the direct shear specimens was
created using ABAQUS (2021 version) software. The FE model is illustrated in Figure 11,
using a specimen with an interface height of 200 mm as an example. The FE model com-
prises a UHPC block, an NC block, steel rebars, and a cohesive layer. The concrete blocks
are simulated using the reduced-integration 8-node solid element (C3D8R), while the steel
rebars are modeled using the truss element (T3D2). The UHPC-NC interface is represented
by a 0-thickness three-dimensional cohesive element (COH3D8) that accommodates various
traction-separation law curves. This cohesive zone model (CZM) is currently recognized
as the most effective way to simulate bond damage processes [36-38]. A displacement-
controlled loading method is used, where displacement is applied by coupling a virtual
reference point to the specimen’s top surface to prevent stress concentration. The mesh
convergence study results led to a mesh size of 10 mm.

. T IIIEEE 3533 \||||\l\|\ll:::
B F UHPCblock T " UHPCblock
g 5 THEH ‘g;::::::::i EE
H Cohesive H Cohesive 8§ Shear
| element H element ;E rebars
: NC block E NC block
The composition of the FE model UN-C-H200 UN-CS-H200

Figure 11. Composition and meshing of the FE model.

Figure 12 presents a summary of the constitutive models of the materials. The tensile
and compressive models for UHPC are from Zhang et al. [39] and the French code [40].
The constitutive model for NC is recommended by Ding and Yu et al. [41,42]. Steel
reinforcements use the bilinear kinematic hardening plasticity intrinsic model and the
Von Mises yield criterion [43]. The CZM includes initial elasticity (part OA) and damage
evolution (part AB) derived from a bilinear constitutive model [44], as shown in Figure 12d.
The constitutive relationship in the elastic stage of the CZM can be expressed as follows [45]:

On Kun Kus  Kit On
05 p = | Kus Kss  Kgt Js 1)
ot Knt Kst K] 6

where 0, 05, and o; represent tensile, shear, and tear stresses, respectively, while 6;, Js,
and J; correspond to tensile, shear, and tear strains. Similarly, K;;;, Kss, and Kj; denote
tensile stiffness, shear stiffness, and tear stiffness, respectively. Notably, Ky, Ky;t, and K
are set to zero. This is because the thickness of the cohesive unit is minimal, and normal
deformations are disregarded [46].
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Figure 12. The constitutive model of the materials and the bond interface: (a) UHPC; (b) NC; (c) Steel;
(d) CZM.

The damage onset criterion of the CZM is the quadratic nominal stress criterion, as
expressed in Equation (2). In this context, 00, 0¥, and ¢? denote the damage initiation
stresses in the three directions of the cohesive element, respectively, and the meanings of
<0,> are shown in Equation (3).

@

)

When the quadratic nominal stress criterion is in effect, the cohesive element begins to
experience damage and stiffness degradation. At this point, the constitutive relationship
for the damage evolution stage can be described as follows:

Oy (1—D)Kun 0 0 O
oy p = 0 (1— D)Kss 0 5 (4)
0t 0 0 (1 — D)Ktt 5[
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G

omax (), — o%)
where D represents a value within the range of [0, 1], with 0 indicating no damage to the
material and 1 indicating complete failure of the material. The effective displacements at

the onset of damage, the effective displacements at the eventual occurrence of damage,
and the maximum effective displacements obtained during the loading process are repre-

D (5)

sented by &Y, (5{,1, and 6]'**, respectively. These values are obtained from the experimental
loading history.

5.1.2. Feasibility Assessment

A comparison of the experimentally obtained shear stress—slippage curve with those
produced by the FE models is presented in Figure 13a. For the C specimens, there is a
strong correlation between the potential linear relationship and the FE calibration, and the
shear stress distribution aligns well with the observed experimental phenomena. Similarly,
the CS specimens also show a strong correlation in the load—displacement relationship,
and the degradation of interface stiffness in the FE model during the elastic-plastic stage
corresponds closely with the experimental outcomes. Additionally, to further verify the
feasibility of using FE modeling technology, the UHPC-NC bonding tests conducted by
Muiioz et al. [12], Zhao et al. [47], Jafarinejad et al. [48], and Zhang et al. [49] are also
simulated using the FE models. Figure 13b depicts the comparative analysis between the
experimental and numerical results of the shear strength of the UHPC-NC bond interface,
indicating that the use of the CZM exhibits high accuracy in the simulation of the UHPC-NC
bond interface.
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Figure 13. Comparison of experimental and numerical results: (a) the C and CS specimens and
(b) external data validation [12,47-49].

5.2. Stress Field on the UHPC-NC Interface with Varying Heights
5.2.1. Stress Distribution Along the Interface

The shear stress field at the interface was obtained from FE models to study the
size effects in the UHPC-NC interface. Figure 14 illustrates the shear stress distribution
along the interface height at a shear stress level of 1.0 MPa and 2.0 MPa. The shear stress
distribution along the interface is non-uniform, with higher values at the ends and lower
values at the center. The discrepancy between the maximum and minimum shear stress
becomes more pronounced as the interface size increases. A non-uniformity coefficient
() is introduced to quantify unevenness, defined as the ratio of the difference between
the maximum and minimum shear stress to the average shear stress. Upon achieving the
average shear stress of 1.0 MPa, the calculations indicate that the ¢ values for the chiseled
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interface with bonding heights of 100 mm, 200 mm, 330 mm, and 440 mm are 1.7%, 7.6%,
16.3%, and 18.0%, respectively. Furthermore, the ¢ values for the chiseled interface with
additional steel rebars are 1.2%, 4.8%, 12.0%, and 17.4%, in that order. In the 2.0 MPa
scenario, the ¢ values retain similarity to the previous values, while indicating that an
increased bonding height significantly exacerbates stress non-uniformity, which persists
throughout the loading process. However, incorporating interfacial shear rebars has been
observed to homogenize the shear stress distribution at the interface. In addition, the
numerical results similarly report the presence of a small amount of normal stress at the
interface under shear, which suggests that although the bond interface of the direct shear
specimens is primarily subject to shear forces, it is also subjected to a complex stress state
involving both shear compression and tensile forces. As a result, it is advisable to subject
the bond surface to roughening treatment before the implantation of shear steel rebars,
which is in line with recommended engineering procedures.
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Figure 14. Shear stresses distribution along the interface height: (a) 1.0 MPa (Series C); (b) 1.0 MPa
(Series CS); (c) 2.0 MPa (Series C); (d) 2.0 MPa (Series CS).

Figure 15 illustrates the principal tensile stress in the concrete at the shear transition
zone between the UHPC and NC. The CS specimens demonstrate a more pronounced
concentration of principal stresses than the C specimens, especially in the concrete sur-
rounding the steel rebars. This effectively restrains transverse separation during loading,
corresponding to the slower cracking process observed in the CS specimens. The presence
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of rebars facilitates stress redistribution during cracking, particularly in larger specimens
where the size effect is more significant. Larger specimens tend to exhibit higher stress
concentrations near the rebars, leading to earlier cracking. This reveals the relatively lower
cracking strength of the CS specimens. As the interface height increases, stress concentra-
tion around the rebars intensifies, rendering larger specimens more susceptible to early
cracking despite the overall improvement in shear capacity. Therefore, while the rebars
enhance bond interface performance, their effectiveness is influenced by specimen size,
which is an important consideration in design applications.
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Figure 15. Max principal stress of the direct shear specimens.

5.2.2. Shear Bond Evolution in the UHPC-NC Interface with Varying Heights

Figure 16 presents the distribution of interfacial shear stress between UHPC and NC
under varying interface heights. As interface height increases, shear stress across the bond-
ing interface becomes progressively uneven, especially in shorter specimens (H = 100 mm
and 200 mm), where stress concentrations shift toward the lower interface edge with ris-
ing load. In taller specimens (H = 330 mm and 440 mm), stress consistently decreases
toward the central region while increasing toward the extremities. This pattern indicates
a pronounced size effect, with smaller interfaces more susceptible to stress concentration
and non-uniform distribution. In CS specimens, shear rebars significantly alter the stress
distribution, shifting the peak stress region toward the specimen’s midpoint. Moreover,
rebars positioned nearer the loaded end exhibit a heightened capacity to resist higher shear
stresses. Shear rebars thus mitigate specimen size effects, enhancing stress redistribution
and load transfer efficiency, particularly in smaller specimens. Across various interface
heights, the introduction of shear rebars shifts high-stress regions toward the upper and
middle portions of the interface. In larger specimens (H = 330 mm and 440 mm), the initial
stress distribution is more uniform, and the inclusion of rebars further transforms the shear
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stress pattern, optimizing load transfer and reducing size-induced stress concentration. In
both C and CS specimens, variations in UHPC-NC bond interface height under external
load result in a non-uniform distribution and the transfer of shear stresses. These findings
suggest a potential correlation between specimen size and shear mechanical response,
highlighting the role of shear rebars in controlling stress distribution and performance
across interfaces.
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Figure 16. Shear stress distribution of the cohesive element: (a) Series C and (b) Series CS.
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To investigate the degradation mechanism at the bond interface between UHPC and
NC, cohesive elements in the CZM were extracted for damage analysis. The focus was
on the quadratic nominal stress criterion. The QUADSCRT variable indicates cohesive
failure when it reaches 1, while the Scalar Stiffness Degradation (SDEG) parameter in
ABAQUS shows stiffness reduction, with 0 indicating no damage and 1 indicating complete
damage [50,51].

Figure 17 illustrates the evolution of damage along the UHPC-NC bond interface at
various heights under loading. Figure 17a,b provide a three-dimensional representation,
clarifying how damage evolves along the interface height as shear stress changes. As shear
stress increases, the interfacial damage contour curves, reflecting the stress distribution
along the interface height. Damage levels are directly proportional to interface stress, with
shear stress introducing inhomogeneity in the interfacial damage. This inhomogeneity
progressively intensifies with increased loading. Throughout the loading process, the
maximum difference between peak and minimum values of the QUADSCRT in C-series
specimens with interface heights of 100 mm, 200 mm, 330 mm, and 440 mm is 0.03, 0.12,
0.26, and 0.28, respectively, while for CS-series specimens, the values are 0.02, 0.08, 0.18,
and 0.25, respectively. These results indicate that larger interface sizes result in more
significant inhomogeneity of interfacial damage. While increasing the interface size may
enhance shear strength, this increased inhomogeneity could inhibit further mechanical
property improvement by decelerating the growth in strength. Figure 17c shows the
dynamic evolution of interfacial damage in both C and CS series specimens, using a
specimen with a 200 mm interface height as a case study to illustrate damage evolution at a
consistent stress level. Observations indicate that damage initiates at the interface ends and
propagates toward the center. In C-series specimens, damage evolution is more pronounced
compared to CS-series specimens under equivalent stress conditions. In the CS specimens,
damage development in the highlighted region shows significant improvement over the C
specimens. This finding suggests that, while the initial damage onset is similar for both
series, the incorporation of steel rebars in CS specimens exerts a delaying effect on damage
progression. This reinforcement enhances the mechanical performance of the interface by
mitigating the size effect and delaying crack propagation. Consequently, CS specimens
exhibit a more sustained response and delayed crack progression under external loading.

The degradation and damage of the UHPC-NC bond interface generally unfold in
three sequential stages. In the initiation stage, damage and stiffness degradation begin at
the interface’s upper and lower ends. This is followed by the propagation stage, where the
damage spreads toward the center of the interface. Finally, in the failure stage, the behavior
diverges based on the specimen type; C specimens experience rapid failure following
propagation, whereas CS specimens exhibit a slower degradation process. In CS specimens,
a degradation zone gradually forms around the rebars after the initial failure at the ends,
eventually leading to a total loss of stiffness.

The degradation of interface stiffness progresses alongside damage generation, as
shown in Figure 18, which presents the evolution of interface stiffness under loading for
a series of specimens subjected to a uniform analysis step. In these figures, specimens of
varying interface heights are ordered hierarchically within each analysis step. The onset
of stiffness degradation occurs later in specimens with larger interface sizes, highlighting
the size effect. For the C-series specimens, stiffness degradation initially proceeds in a
nearly linear manner, with rapid early-stage growth. The SDEG values of the interfaces
for the 100 mm, 200 mm, 330 mm, and 440 mm specimens are 0.697, 0.613, 0.496, and
0.458, respectively, showing a consistent downward trend. In contrast, for the CS-series
specimens, the trend in stiffness degradation for smaller interfaces resembles that of the
C-series, while larger interface specimens show a more gradual progression, marked by
an increase in the fold line height. This gradual increase may be due to the longer path
required for transmitting internal forces in taller specimens, allowing for greater utilization
of shear reinforcement properties, which improves the initial phase of stiffness degradation.
These observations suggest that incorporating reinforcement bars within larger UHPC-NC
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bond interfaces can effectively delay damage and mitigate stiffness degradation, enhancing
the overall durability of the interface.
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6. Conclusions

This paper presents a comprehensive study of the size effect and shear properties of
UHPC-NC bond interfaces, employing both experimental and FE methods. The mechan-
ical behaviors and responses, including failure modes, load—displacement relationships,
and strain histories, were discussed in detail based on the test results. Furthermore, FE
models of the direct shear specimens were constructed and calibrated using CZM, and
a comprehensive analysis was conducted to investigate the stress field distribution and
damage degradation at the bond interface. The main conclusions are as follows:

(1) The bond interface with roughening treatment showed brittle damage. Smaller
interface heights mostly failed in mode (P), while larger heights failed in mode (F). Adding
rebars improved performance, resulting in more ductile damage and predominantly mode
(P) failures. The rebars redistributed stresses, boosting mechanical interlock and friction on
the rough surface, and lessening the shear stress impact on the NC substrate. This effect
was more pronounced in specimens with smaller interfaces, highlighting a size effect in the
stress distribution and failure mode.

(2) Shear strength, slip, and stiffness showed size effects as the bond interface height
changed. Shear strength and slip increased with greater interface height, while shear
stiffness exhibited a decreasing trend. The incorporation of steel rebars at the interface
mitigates the size effect and facilitates effective shear load transfer. This enhances the
distribution of shear stresses between the concrete blocks and extends the interfacial
fracture process.

(3) The cohesive elements’ stress field and damage progression were analyzed. The
shear stress distribution along the interface exhibited a size-dependent gradient, with larger
interface heights showing more pronounced stress concentration at the ends compared
to smaller interfaces. Implanting rebars mitigated this uneven distribution, particularly
in specimens with smaller interface heights. The region encircled by the rebars in the CS
specimens exhibited a more gradual damage progression, enhancing interfacial stiffness
and reducing the susceptibility to damage, especially in specimens with shorter interfaces.
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