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ABSTRACT: This study investigates the flexural performance of ultra-high performance concrete (UHPC) in rein-
forced concrete T-beams, focusing on the effects of interfacial treatments. Three concrete T-beam specimens were
fabricated and tested: a control beam (RC-T), a UHPC-reinforced beam with a chiseled interface (UN-C-50F), and a
UHPC-reinforced beam featuring both a chiseled interface and anchored steel rebars (UN-CS-50F). The test results
indicated that both chiseling and the incorporation of anchored rebars effectively created a synergistic combination
between the concrete T-beam and the UHPC reinforcement layer, with the UN-CS-50F exhibiting the highest flexural
resistance. The cracking load and ultimate load of UN-CS-50F were 221.5% and 40.8%, respectively, higher than those
of the RC-T. Finite element (FE) models were developed to provide further insights into the behavior of the UHPC-
reinforced T-beams, showing a maximum deviation of just 8% when validated against experimental data. A parametric
analysis varied the height, thickness, and material strength of the UHPC reinforcement layer based on the validated FE
model, revealing that increasing the UHPC layer thickness from 30 to 50 mm improved the ultimate resistance by 20%
while reducing the UHPC reinforcement height from 440 to 300 mm led to a 10% decrease in bending resistance. The
interfacial anchoring rebars significantly reduced crack propagation and enhanced stress redistribution, highlighting
the importance of strengthening interfacial bonds and optimizing geometric parameters of UHPC for improved T-beam
performance. These findings offer valuable insights for the design and retrofitting of UHPC-reinforced bridge girders.
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1 Introduction
Concrete T-beams are widely used in civil and infrastructure construction due to their structural

efficiency and simplicity [1,2]. However, with prolonged service life and increased traffic loads, many T-beam
structures face significant challenges, such as concrete carbonation, crack propagation, and reinforcement
corrosion, compromising their structural integrity and serviceability [3,4]. Recently, ultra-high performance
concrete (UHPC) has gained attention in the research community for its remarkable mechanical properties,
including high strength and toughness [5–7], leading to proposals for its application in reinforcing deficient
concrete T-beams.

Numerous studies have explored the effectiveness of UHPC-reinforced T-beams. For example,
Long et al. [8] experimentally assessed the contribution of the UHPC layer to the flexural behavior of
impaired T-beams. Their findings revealed that increasing the UHPC thickness significantly improved the
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structure’s cracking and ultimate resistance. Qiu et al. [9] investigated the flexural behavior of UHPC low-
profile T-beams reinforced with a combination of steel fibers and steel bars. It is reported that a higher
reinforcement ratio increased the beam’s load-bearing capacity and flexural stiffness. Khodayari et al. [10]
also examined the effects of reinforcement ratio and prestressing on UHPC-reinforced T-beams. Their
results showed that both prestressing and UHPC significantly enhanced the ultimate resistance of the
T-beam structure.

Despite the above findings, recent concerns have been raised about potential delamination between the
UHPC and existing concrete [11,12]. Several studies have investigated the bond performance at the UHPC-
NC interface. Wang et al. [13] studied UHPC-NC bonding performance using various surface treatments
in shear tests. It is reported that grooved treatments and rebar anchoring improved ductility and bond
strength between the UHPC and NC (normal concrete). Tong et al. [14] experimentally confirmed that
roughening treatments at the interface significantly enhanced bond strength in UHPC-NC composite beams.
These studies highlight the effectiveness of substrate roughening and rebar anchoring in improving the bond
performance between UHPC and NC. However, previous studies mainly concentrated on the impacts of
UHPC layer thickness, fiber content, and reinforcement position on the UHPC-reinforced T-beams, limited
attention has been given to the effects of different interfacial treatments on the flexural properties of the
reinforced structure.

This study aims to fill the research gap by investigating the flexural performance of UHPC-reinforced
T-beams with various interface treatments. Three concrete T-beams were carefully fabricated and subjected
to failure testing, with detailed analyses of their failure modes, load-displacement relationships, and key
bending properties. Additionally, finite element (FE) models of the UHPC-reinforced T-beams were devel-
oped and calibrated, followed by parametric analyses to assess the influence of UHPC layer thickness and
height on the beam’s flexural behavior. The insights gained from this research serve as a valuable reference
for designing and optimizing UHPC-reinforced T-beams.

2 Experiment Work

2.1 Specimen Design and Fabrication
The geometric dimensions of the T-beam model examined were derived from an actual bridge in China,

scaled down at a ratio of 1:2.5. The bridge features a supported T-beam structure with a constant sectional
depth of 1300 mm, while the thickness of the web measures 200 mm at the mid-span and 300 mm at the
supports, with the top flange maintaining a uniform thickness of 150 mm. Fig. 1 shows the configuration of
the T-beam specimen, which has a total length of 3000 mm and a height of 520 mm, with the top flange
measuring 640 mm in width and 60 mm in thickness. The web measures 440 mm in height and 120 mm in
width. Two distinct surface treatment methodologies were employed at the interface between the UHPC and
NC: the surface of the NC beam was roughened by chipping to expose the coarse aggregates on the bonding
surface to a depth of approximately 4 mm, with any loose debris removed afterwards, and holes were drilled
into the NC to a depth of 50 mm for inserting reinforcing bars with a diameter of 8 mm. After cleaning out
the dust inside the holes, epoxy structural adhesive was slowly injected, filling the holes to about two-thirds
of their capacity, and the reinforcing bars were gradually rotated into the holes, causing a slight overflow of
adhesive to ensure that there was no air bubbles between the bars and the adhesive.



Struct Durab Health Monit. 2025;19(5) 1169

Figure 1: Configuration of T-beam specimens with interface treatment details (Unit: mm)

The design parameters of the UHPC-reinforced T-beams are summarized in Table 1. The specimen
nomenclature is defined as follows: “RC-T” denotes the unreinforced T-beam (benchmark specimen), “UN”
refers to the UHPC-reinforced T-beam, “CS” signifies interfacial treatment combining surface chiseling
and rebar anchoring, “C” represents surface chiseling alone, “F” indicates height reinforcement, and “50”
corresponds to a UHPC layer thickness of 50 mm. For instance, UN-CS-50F describes a UHPC-reinforced
T-beam with a 50 mm thick UHPC layer, employing full-section reinforcement and interfacial chiseling with
embedded rebar anchoring.
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Table 1: Test parameters

Specimen code Reinforcement arrangement Interface treatment UHPC layer
thickness (mm)

RC-T – – –
UN-C-50F Full height reinforcement Chiseling 50UN-CS-50F Chiseling & anchoring rebars

Fig. 2 illustrates the fabrication process of the specimen, which includes the construction of formwork,
binding of reinforcements, casting and curing of concrete, surface treatment of RC (reinforce concrete), and
the pouring of UHPC. The formwork was constructed using 30 mm thick wooden planks, and longitudinal
rebar was placed in the top slab, with all bars tied together to form a cohesive cage with stirrups. NC was
then cast and covered with a film to ensure moist curing for 28 days. The surface treatment of the RC beam
involved chiseling to a depth of 4 mm to expose the aggregates, drilling to a depth of 50 mm for 8 mm
rebar, and injecting epoxy resin anchor adhesive to guarantee bubble-free bonding. Finally, the T-beam was
inverted for UHPC casting, with the formwork removed after 7 days of watering while still covered with film,
followed by an additional curing period of 28 days.

Figure 2: Fabrication of test specimens

2.2 Material Properties
The NC used was C55, while the UHPC was identified as U120. The properties of the concrete materials,

including cubic compressive strength, prism compressive strength, and elastic modulus, were measured
according to Chinese codes [15,16]. The C55 concrete exhibited a cubic compressive strength of 66 MPa,
a prism compressive strength of 57 MPa, and an elastic modulus of 36.8 GPa. The UHPC had a cubic
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compressive strength of 129 MPa, a prism compressive strength of 111 MPa, and an elastic modulus of
39.5 GPa. The steel reinforcement bars used were classified as grade HRB400, with a yield strength of
455 MPa and an elastic modulus of 200 GPa, as determined by BS EN 10080–2005 [17].

2.3 Roughness Measurement
Surface roughness is critical for the bonding properties between the UHPC and NC [18,19]. In this study,

the sand-filling technique was used to quantify substrate roughness [20,21] (Fig. 3). First, four plastic plates
are carefully positioned around the concrete substrate, ensuring that their upper edges align with the highest
points of the surface profile. Next, standardized fine sand is evenly distributed over the target measurement
area and leveled with a straightedge. Sand particles that remain in surface depressions are then collected, and
their total volume is measured using graduated cylinders. Finally, the average depth of sand filling, a direct
indicator of surface roughness, is calculated using the following equation:

Hs =
Vs

As
(1)

where, Hs represents the average depth of sand filling (mm); Vs is the volume of sand (mm3); and As
represents the area of the treated concrete substrate (mm2). The test results indicate that the surface treated
by chiseling in this study measures 4 mm, which produced a 97.9% higher interface shear bond strength than
the smooth surface [22].

Figure 3: Sand filling method

2.4 Test Setup and Instrumentation
Fig. 4 shows the experimental setup that employed a servo-controlled press to apply four-point bending

loads. The T-beams were horizontally aligned on plastered bases and supported by hinges spaced 2900 mm
apart. Initially, a preloading stage of 10 kN was performed to ensure accurate equipment calibration and
system stability. Following this, the formal loading stage commenced, during which loads were applied
incrementally in steps of 50 kN, with each increment maintained for a minimum of 1 min to observe the
structural behavior. Once visible cracks appeared, the loading protocol switched to displacement control,
progressing at a rate of 0.5 mm/min until ultimate failure occurred. To monitor deformation, linear variable
differential transformers (LVDTs) were strategically placed at critical locations: L/4, mid-span, and 3 L/4
along the beam span.
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Figure 4: Arrangement of loading device and sensor: (a) Test device; (b) Displacement sensors

3 Experimental Results and Analysis

3.1 Failure Modes
Fig. 5 presents the failure modes of the UHPC-reinforced T-beams. The benchmark beam, RC-T,

displays a typical bending failure pattern characterized by numerous dense cracks in the pure bending region.
In contrast, the damage patterns observed in the T-beams strengthened with UHPC differ significantly from
the benchmark. As depicted in Fig. 5, the cracks in the pure bending region of UN-CS-50F and UN-C-50F are
shorter and sparser compared to the cracks in RC-T. This difference is attributed to the cracking localization
effect of the UHPC material, which stems from the relatively weak crack bridging provided by the short,
straight steel fibers within the UHPC. Overall, the reliable bonding between the UHPC and NC demonstrates
that the chiseling and chiseling-anchoring rebars interface treatment methods effectively ensure a synergistic
combination of the concrete T-beam and the UHPC layer.

Figure 5: Failure modes
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3.2 Load-Deflection Curve
Fig. 6 shows the load-deflection curves for the mid-span section of the T-beams. The deflection of

the UHPC-reinforced T-beams (UN-CS-50F and UN-C-50F) can be characterized by three distinct stages:
(i) the elastic stage, where the curve rises continuously and displays a nearly linear relationship; (ii) the elastic-
plastic stage, during which the slope gradually decreases while the load increases steadily until the ultimate
load is reached; and (iii) the failure stage, where the curve declines after the peak load is achieved, resulting in
rapid displacement growth as the load decreases. In contrast, the load-deflection curve for the unreinforced
T-beam (RC-T) comprises only the elastic and failure stages, with both the elastic stiffness and the peak
load significantly lower than those of the UN-CS-50F and UN-C-50F beams. This difference is attributed
to the UHPC layer, which enhances the beam’s flexural stiffness, cracking load, and ultimate resistance.
Although the load-displacement curves of both treatments exhibit comparable trends, the chiseled-rebar-
anchored method substantially improves bearing capacity and flexural stiffness, despite minimal changes to
the flexural mechanism.

Figure 6: Load-deflection curve at mid-span point

Table 2 summarizes the mechanical properties of the T-beams. Pc, Py, and Pu represent the specimen’s
cracking, yielding, and peak load, respectively. Δy and Δu indicate the mid-span displacements when the
specimen reaches the yielding and peak loads, respectively. K denotes the bending stiffness, calculated as the
ratio of Py to Δy.

Table 2: Crticial flexural properties

Specimen code Pc (kN) Py (kN) Pu (kN) Δy (mm) Δu (mm) K (kN/mm)
RC-T 60.4 360.2 440 6.9 72.1 52.2

UN-C-50F 194.2 544.8 583.9 6.1 11.9 89.3
UN-CS-50F 205.9 561.3 619.3 3.9 11.8 143.9

Table 2 indicates that applying UHPC layers significantly improves the flexural resistance of the
T-beams. Compared to the RC-T, the yield strength (Py) increased by 51.3% for the UN-C-50F and 55.8% for
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the UN-CS-50F, while the peak load (Pu) improved by 32.7% and 40.8%, respectively. The bending stiffness
(K) showed even greater enhancements, rising by 71% and 175.6%, respectively. The chiseling-anchoring
rebar at the UHPC-NC interface also contributed to further strength improvements. When comparing UN-
CS-50F to UN-C-50F, Py, Pu, and K increased by 51.3%, 32.7%, and 61.2%, respectively, demonstrating that
anchoring shear rebars at the interface improves the interaction between the UHPC layer and the T-beam,
thereby enhancing the overall flexural capacity.

4 Finite Element Model Establishment

4.1 Material Constitutive Models
The stress-strain relationship of the NC material was defined according to the Chinese code GB 50010-

2010 [23]. A damage coefficient (d) was included in this constitutive relationship to formulate a plastic
damage model. The key plastic damage parameters that characterize this model include an expansion angle
of 30 degrees, a stress ratio of 1.16, an eccentricity of 0.1, an invariant stress ratio of 0.667, and a viscosity
coefficient of 0.0004.

The compressive constitutive model for UHPC is based on the uniaxial compressive stress-strain curve
equation proposed by Yang et al. [24], as illustrated in Eq. (2). In the equation, σc represents the cubic
compressive stress, f c is the axial compressive strength, n denotes the elastic modulus ratio, ξ signifies the
strain ratio, ε0 indicates the peak strain, and ε represents strain. The tensile behavior of UHPC is described
by the bilinear stress-strain curve developed by Zhang et al. [25] in Eq. (3), where σ(ε) stands for the tensile
stress, f ct is the average stress during the hardening phase, εca denotes the initial cracking strain, and εpc
represents the ultimate strain.

σc =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

fc
nξ − ξ2

1 + (n − 2)ξ ε ≤ ε0

fc
ξ

2(n − 1)2 + ξ
ε > ε0

(2)

σ(ε) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

fc t

εca
0 < ε ≤ εca

fc t εca < ε ≤ εpc

(3)

The interface between UHPC and NC utilizes the Cohesive Zone Model (CZM), and the reinforcement
embedding uses the Combine39 element. The CZM is regarded as the most effective method for simulating
the development of damage in adhesive joints. The constitutive relationship in the elastic stage of the CZM
can be represented as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

σn
σs
σt

⎫⎪⎪⎪⎬⎪⎪⎪⎭
=
⎡⎢⎢⎢⎢⎢⎣

Knn Kns Knt
Kns Kss Kst
Knt Kst Ktt

⎤⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎨⎪⎪⎪⎩

δn
δs
δt

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(4)

The symbols σn, σs, and σt denote tensile stress, shear stress, and tearing stress, respectively, whereas δn,
δs, and δt are associated with tensile strain, shear strain, and tearing strain. Similarly, Knn, Kss, and Ktt repre-
sent tensile stiffness, shear stiffness, and tearing stiffness. Kns, Knt, and Kst are assigned a value of zero, arising
from the negligible thickness of the cohesive unit, which leads to the exclusion of normal deformations.

The failure initiation condition for the CZM is defined by the quadratic nominal stress criterion, as
formulated in Eq. (5). Here, σ 0

n , σ 0
s , and σ 0

t represent the critical stresses at which damage begins in the
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normal, shear, and tearing directions of the cohesive element, respectively. Additionally, the interpretation
of the operator ⟨σn⟩ is provided in Eq. (6).

{⟨σn⟩
σ 0

n
}

2

+ { σs

σ 0
s
}

2

+ { σt

σ 0
t
}

2

= 1 (5)

⟨σn⟩ =
⎧⎪⎪⎨⎪⎪⎩

σn , σn > 0
0, σn ≤ 0

(6)

Upon activation of the quadratic nominal stress criterion, the cohesive element initiates damage
progression and a reduction in stiffness. The material behavior formulation during the damage development
phase is defined by the following relationships:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

σn
σs
σt

⎫⎪⎪⎪⎬⎪⎪⎪⎭
=
⎡⎢⎢⎢⎢⎢⎣

(1 − D)Knn 0 0
0 (1 − D)Kss 0
0 0 (1 − D)Ktt

⎤⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎨⎪⎪⎪⎩

σn
σs
σt

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(7)

D = δ f
m(δmax

m − δ0
m)

δmax
m (δ f

m − δ0
m)

(8)

where, D represents a value within the range of [0, 1], with 0 indicating no damage and 1 indicating
complete failure. The effective displacement at the onset of damage, the effective displacement at the eventual
occurrence of damage, and the maximum effective displacement obtained during the loading process are
represented by δ0

m , δ f
m , and δmax

m , respectively. These values are determined based on the author’s previous
experimental results [22].

4.2 Element Selections and Mesh
The UHPC and NC members were modeled using solid elements (Solid 65), while load pads and

supports were represented by Solid 45 elements. Steel rebars were modeled using Link 8 elements. The inter-
action between the NC and UHPC was defined using contact elements (Contact 173), while the interaction
between concrete and steel rebars was handled via the coupling method. To enhance computational efficiency
and accuracy, the mesh sizes were set to 20 mm × 60 mm × 50 mm and 30 mm × 60 mm × 30 mm. The
detailed meshing configuration is shown in Fig. 7.

5 Discussion of Simulation Results

5.1 FE Model Validation
Fig. 8 illustrates the substantial agreement between FE predictions and experimental results for the

UHPC-reinforced T-beams. The load-displacement curves from the FE model align closely with experi-
mental data throughout all loading stages, with a maximum deviation of approximately 8% occurring near
peak load and an average deviation below 5%. The discrepancy may be attributed to variations in material
property assumptions. The predicted damage distribution, featuring crack initiation at the mid-span and
progressive propagation toward the supports, closely aligns with experimental observations in terms of
global crack topology, though the explicit representation of discrete wide cracks remains challenging due to
the continuum-based formulation. Statistical validation further confirms the model’s reliability, achieving a
correlation coefficient (R2) of 0.98 between simulated and experimental load values.
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Figure 7: Finite element model mesh division

Figure 8: Verification of FE models

5.2 Parametric Analytical Models
The parametric analysis of the UHPC-reinforced T-beam structure mainly involves the factors of UHPC

strength and UHPC reinforcement arrangement. The compressive strength of the UHPC employed includes
120, 140, 160, and 180 MPa. The UHPC reinforcement arrangement refers to the height and thickness of the
UHPC layer attached to the beam’s web. As shown in Fig. 9, the reinforcement height of the UHPC layer
includes 200, 300, 400, and 440 mm, denoted as H200, H, H400, and F, respectively. The reinforcement
thickness of the UHPC layer consists of 30 and 50 mm.
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Figure 9: Parametric analysis (Unit: mm)

5.3 Influence of Critical Parameters
5.3.1 Influence of UHPC Reinforcement Layer Height

Fig. 10 presents the bending properties of UHPC-reinforced T-beams with varying reinforcement
heights, underscoring their significant impacts on performance. As observed, reducing the UHPC rein-
forcement height from 440 to 400 mm results in a decrease in the cracking load (Pc), the yielding load
(Py), and the peak load (Pu) by 7.0%, 1.5%, and 4.5%, respectively. Further lowering the height to 300 mm
leads to even more substantial reductions: Pc decreases by 15%, Py declines by 3%, and Pu drops by 10%.
The most pronounced degradation occurs at a reinforcement height of 200 mm, where Pc declines by
26.2%, Py decreases by 11.7%, and Pu drops by 17.6%. This can be attributed to the reduced bond area
between the UHPC and the T-beam, which ultimately lessens the combined resistance of the UHPC
reinforcement and the T-beam structure. Overall, the 440 mm reinforcement height achieves the best balance
of structural performance with minimal degradation. However, for practical applications that prioritize
material efficiency, the 400 mm height presents a viable compromise, maintaining over 93% of the peak load
capacity while allowing for a reduction in material usage.
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Figure 10: Influence of UHPC layer height

5.3.2 Influence of UHPC Reinforcement Thickness
Fig. 11 illustrates the effects of UHPC thickness on the flexural behavior of T-beams. A comparative

analysis between the UN-CS-30F and UN-CS-50F indicates that both bending stiffness and resistance of
the T-beams improve with increased UHPC thickness. Specifically, the ultimate resistance of the UHPC-
reinforced T-beam was increased by 20% when the reinforcement layer thickness was elevated from 30 to
50 mm. This enhancement is primarily attributed to the increased moment of inertia of the cross-section
with thicker UHPC, enabling the T-beams to endure larger bending moments. Furthermore, the increased
thickness significantly strengthens the cracking resistance of the reinforced concrete T-beams, as evidenced
by a 105% increase in the cracking load (Pc).

Figure 11: Influence of UHPC layer thickness
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5.3.3 Influence of UHPC Strength
Fig. 12 shows the effects of UHPC strength on the reinforced T-beams. As can be seen, when the UHPC

strength increases from 120 to 140 MPa, the cracking load (Pc), the yielding load (Py), and the peak load (Pu)
of the reinforced T-beam is improved by 8.8%, 6.6%, and 2.8%, respectively. Further elevating the UHPC
strength to 160 MPa results in more significant gains: Pc increases by 13.1%, Py by 4.4%, and Pu by 2.9%. The
most pronounced improvement occurs at 180 MPa, where Pc surges by 18.1%, Py increases by 4.6%, and Pu
rises by 4.0%. Cumulatively, upgrading the UHPC strength from 120 to 180 MPa achieves a 45.4% increase in
Pc, 16.5% in Py, and 10.0% in Pu. These enhancements arise from the improved load redistribution capacity
and cross-sectional inertia enabled by higher UHPC strength, which effectively delays crack propagation
and enhances bending resistance. Based on these results, the 180 MPa strength grade provides the highest
structural performance, particularly for critical applications requiring superior crack resistance and load
capacity. However, for cost-sensitive projects, 160 MPa offers a balanced choice, delivering 80% of the total
Pc improvement (relative to 120 MPa) with reduced material costs.

Figure 12: Influence of UHPC strength

6 Conclusion
This paper evaluates the flexural performance of concrete T-beams that are reinforced with layers of

UHPC. The study utilized both experimental and numerical testing methods. Three T-beams, incorporating
UHPC and NC interface treatments, were designed, fabricated, and tested. The experimental results were
analyzed and used to calibrate the FE models. The following conclusions were drawn:

1. Compared to unreinforced T-beams, the UHPC-reinforced T-beam with a 50 mm-thick UHPC layer
and chiseling-anchoring rebar interface treatment showed increases of 221.5% in cracking load and
32.8% in ultimate resistance, indicating that UHPC greatly enhances the bending performance of the
T-beams.

2. The UHPC-reinforced T-beams with the chiseling-anchoring rebar treatment achieved a 19.5% increase
in cracking load and an 8.1% increase in peak load compared to those with only the chiseled treatment.
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3. Increasing the UHPC reinforcement height and UHPC strength effectively enhances bending stiffness
and load-bearing capacity of the T-beam structure, with particularly notable improvements in cracking
and ultimate resistances.
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