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Abstract

This study innovatively investigates the shear behavior of UHPC-NC composite members by systematically varying key parameters—

UHPC interface configuration (ribbed form), thickness (30 mm, 40 mm, 50 mm), stirrup ratio, and shear span ratio. Static loading 

tests were conducted on four Ultra-High Performance Concrete Reinforced (UR) beams and identical-section Reinforced Concrete 

Beam (RCB) counterparts. Results reveal that UR beams exhibit 150%–200% higher cracking loads, 31%–48% greater ultimate shear 

capacity, and significantly enhanced stiffness and ductility compared to RCB beams. Crucially, the UHPC-NC configuration transforms 

the brittle shear failure mode observed in RCB beams into a ductile flexural failure mode. Furthermore, steel fibers within the UHPC 

synergize with stirrups to progressively resist shear deformation, effectively mitigating the widening of main cracks. A quantitative 

relationship between UHPC thickness and shear performance was established, providing valuable engineering design guidelines 

for bridge reinforcement and semi-precast construction applications. These findings demonstrate the substantial benefits of UHPC 

integration in enhancing the shear resistance and failure characteristics of composite structural members.
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1 Introduction
With the global advancement of bridge construction 
technology, tens of thousands of bridges are currently 
in service  [1–3]. Aging bridges require safe and reliable 
reinforcement, while new projects demand both construc-
tion efficiency and superior structural performance  [4]. 
Conventional reinforced concrete (RC) structures, the pre-
dominant bridge form, commonly suffer from shear crack-
ing during their service life [5, 6]. 

Currently, common reinforcement methods include 
steel plate bonding, carbon fiber reinforcement poly-
mer  (CFRP) bonding, and section enlargement  [7–9]. 
These methods typically focus on using traditional materi-
als and technologies to enhance and improve the mechan-
ical properties of concrete structures. For  instance, 
Qiang  et  al.  [10] conducted bending performance tests 
on RC bridge decks reinforced with bonded steel plates. 
Their study found that this method offers relatively sim-
ple construction processes. However, steel plates are prone 
to corrosion and have poor fire resistance. Guo et al. [11] 

investigated the impact resistance of RC beams reinforced 
with CFRP. Through experiments and simulation mod-
els, they analyzed the mechanical parameters during the 
impact process, along with the cracking and damage condi-
tions of the beams. Yet, compared to traditional steel rein-
forcements, the cost of CFRP can be relatively high [12]. 
Additionally, the section enlargement method is a widely 
used technique for reinforcing concrete structures, aimed 
at increasing load-bearing capacity and extending service 
life. However, this approach also has limitations, such as 
adding weight to the structure, which may impose addi-
tional loads on the original structure [13].

Ultra-High Performance Concrete  (UHPC) is an 
innovative cementitious composite composed primar-
ily of cement, silica fume, fly ash, quartz sand, steel 
fibers, superplasticizers, and other admixtures  [14–16]. 
First introduced in  1994  [17], advanced UHPC devel-
opment centers on achieving a dense particle packing 
structure and enhancing the matrix through steel fiber 
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incorporation  [18]. UHPC has witnessed rapid progress 
and garnered significant attention  [19], demonstrating 
exceptional mechanical properties, toughness, and dura-
bility compared to traditional normal concrete (NC) [20]. 
Leveraging these superior attributes, UHPC holds exten-
sive application potential in super high-rise buildings, 
long-span bridge engineering [18], and other infrastruc-
ture sectors. Its  rapid development has unlocked new 
possibilities for innovative and high-performance bridge 
structure enhancement [21]. Applying UHPC to reinforce 
conventional concrete structures or in semi-precast con-
struction not only boosts shear resistance and durability 
but also enhances construction efficiency  [22]. Previous 
studies have demonstrated that ribbed interface config-
urations significantly enhance interfacial bond strength 
compared to smooth surfaces, thereby improving the com-
posite action between UHPC and NC [23–25]. Therefore, 
a ribbed interface was adopted as the baseline config-
uration in this study to ensure effective load transfer 
between the UHPC layer and the NC core. However, for 
both existing structure reinforcement and semi-precast 
applications, the interfacial shear behavior of UHPC-NC 
composite members and their overall shear mechanical 
properties require more in-depth investigation [26].

Building on UHPC and semi-precast structure advance-
ments, scholars have initiated research on UHPC-NC 
composite members for semi-precast applications [27]. 
Huang  et  al.  [28] conducted comparative flexural tests 
showing that prefabricated UHPC formwork improves 
RC beam failure modes, restricts crack propagation, and 
significantly increases cracking load  [29]. Lu  et  al.  [30] 
demonstrated that prefabricated UHPC-NC composite 
beams exhibit superior flexural performance over con-
ventional NC beams, while Li et al. [31] found U-shaped 
UHPC beam shell-NC core composites outperform fully 
cast-in-place frames in seismic resistance. Although exist-
ing studies have yielded rich findings on UHPC-reinforced 
NC beams, particularly regarding flexural performance 
and interfacial bond strength [32], research on their shear 
behavior remains relatively limited. While the flexural 
enhancement provided by UHPC formwork has been well 
documented  [33, 34], systematic experimental investiga-
tions into the shear performance of UHPC-NC composite 
members, especially with varying UHPC thicknesses, are 
still insufficient. Moreover, the quantitative relationship 
between UHPC layer thickness and shear capacity, as well 
as the transformation mechanism from brittle shear failure 
to ductile flexural failure, has yet to be clearly established.

To address these gaps, this study presents a novel inves-
tigation into the shear behavior of UHPC-NC composite 
members, with a primary focus on the effect of UHPC 
thickness. A ribbed interface configuration was adopted for 
all composite specimens, while the stirrup ratio (0.314%) 
and shear span ratio (2.1) were kept constant as controlled 
variables. By testing three UR composite beams with 
UHPC thicknesses of 30 mm, 40 mm, and 50 mm along-
side an identical-section RCB beam, this research achieves 
three key innovations: (1) conducting a pioneering quan-
titative evaluation of UHPC thickness effects on cracking 
load, ultimate shear capacity, and stiffness; (2) realizing 
comprehensive performance characterization through inte-
grated data collection on deflection, strain fields, and fail-
ure modes to reveal how UHPC transforms brittle shear 
failure into ductile flexural behavior, with steel fibers syn-
ergizing with stirrups to suppress crack development; and 
(3) providing a preliminary quantitative assessment of the 
influence of UHPC thickness on shear performance, offer-
ing insights for the future development of design guide-
lines for concrete reinforcement and precast construction.

2 Experimental program
2.1 Specimen design
In this study, three UHPC-NC composite beams were 
designed to investigate the effect of UHPC thickness on 
shear behavior. The  UHPC thickness was set as the pri-
mary variable (30 mm, 40 mm, and 50 mm), while other 
parameters – including the interface configuration (ribbed), 
stirrup diameter (8 mm), stirrup ratio (0.314%), and shear 
span ratio  (2.1) – were kept constant to ensure compara-
bility across specimens. Additionally, one conventional 
reinforced concrete beam (RCB) was included as a refer-
ence. The detailed parameters of all test beams are summa-
rized in Table 1. A ribbed interface configuration was uni-
formly adopted for all UR composite beams, considering 
its well-recognized benefits in enhancing interfacial bond 
and load transfer. By keeping the interface configuration 
constant, the study isolates the effect of UHPC thickness as 
the primary variable. Subsequently, shear tests under static 
loading conditions were conducted on the UHPC-NC com-
posite beams to analyze the impact of different variable 
parameters on their shear mechanical performance.

The ordinary RCB has dimensions of 1.8 m in length, 
0.32  m in width, and 0.4  m in height. It  was cast using 
commercial C40 concrete. The bottom tension reinforce-
ment consists of HRB400 grade steel bars with a diame-
ter of 22 mm, providing a tensile reinforcement ratio of 
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2.2%. Stirrups and top compression reinforcement are 
made from HPB300 grade steel bars with diameters of 
8 mm and 10 mm, respectively. The ends of the RCB beam 
are supported by simple supports. The dimensions of the 
RCB beam model are illustrated in Fig. 1, with all mea-
surements provided in millimeters (mm).

First, we fabricated molds for the ordinary RCB accord-
ing to the specified dimensions. The  RCBs were con-
structed using standard construction techniques. Strain 
gauges were carefully installed on the reinforcing steel bars 
to monitor their behavior during testing. Once the strain 
gauges were properly positioned, the rebar cage was placed 
into the mold. We then poured commercial C40 concrete 
into the mold and allowed it to cure for 28 days under con-
trolled conditions to ensure optimal strength development.

For the fabrication of UHPC-NC composite members, 
we began by creating molds based on the designed dimen-
sions. The formwork was assembled, and bolts were 

securely fastened at predetermined locations to facili-
tate the subsequent assembly process. Next, UHPC was 
poured into the molds. After the UHPC had sufficiently 
hardened, the forms were removed, revealing the UHPC 
components with embedded bolts. The next step involved 
preparing the reinforcement for the UHPC-NC compos-
ite beams. Strain gauges were meticulously attached to 
the rebar cage to capture detailed data on its mechani-
cal behavior. This instrumented rebar cage was then posi-
tioned within the precast UHPC section. Finally, com-
mercial C40 concrete was poured around the UHPC 
component to complete the composite beam. This inte-
gration ensures that both materials work synergistically 
to enhance the overall structural performance. The entire 
process of fabricating the UHPC-NC composite members 
is illustrated in Fig. 2, providing a visual guide to each 
step from mold preparation to final assembly.

Table 1 UR beam parameters of different formwork thickness

Name UHPC form Thickness (mm) Diameter of 
stirrup (mm) Stirrup ratio Beam length

(m) Shear span ratio Cross-sectional 
dimensions (m)

RCB Without UHPC 0 8 0.314% 1.8 2.1 0.32 × 0.4

UR-30-D8 Ribbed UHPC 30 8 0.314% 1.8 2.1 0.32 × 0.4

UR-40-D8 Ribbed UHPC 40 8 0.314% 1.8 2.1 0.32 × 0.4

UR-50-D8 Ribbed UHPC 50 8 0.314% 1.8 2.1 0.32 × 0.4
Note: The stirrup ratio (0.314%) and shear span ratio (2.1) were kept constant across all specimens to isolate the effect of UHPC thickness. The ribbed 
interface configuration was uniformly adopted for all UR beams.

Fig. 1 UR beam structure diagram of ribbed UHPC formwork: (a) front view, (b) side view, (c) top view, and (d) enlarged view of bolt and 
rib dimensions
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2.2 Material properties of specimens
UHPC is a high-performance cementitious composite 
material that exhibits superior strength, toughness, and 
durability compared to traditional concrete. The  excep-
tional properties of UHPC stem from its unique material 
composition. While conventional concrete typically uses 
commercial C40  concrete, the material composition and 
mix proportions for UHPC are detailed in Table 2. UHPC 
incorporates steel fibers at a volume fraction of 2.5%, 

specifically using copper-coated hooked-end steel fibers 
with a diameter of 0.2 mm and a length of 14 mm.

For the compressive strength tests, conventional 
concrete specimens are cubes with dimensions of 
0.15  m  ×  0.15  m  ×  0.15  m, while UHPC specimens 
use cubes with dimensions of 0.1  m  ×  0.1  m  ×  0.1  m. 
The  loading method for the concrete cube specimens is 
illustrated in Fig. 3.

Fig. 2 Production process of UHPC-NC composite beam: (a) formwork and casting of UHPC, (b) demolding to form bolted UHPC, (c) placing the 
reinforcement cage and (d) UHPC-NC composite beam

Table 2 The mix ratio of UHPC

Components Cement Silica fume Fly ash Quartz sand Water reducer Steel fibers Defoamer Water

Ratio (kg/m3) 988 96.63 191.25 1071 25.2 156 1.275 189

Fig. 3 Concrete cube test block loading: (a) ordinary concrete (b) UHPC
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The average test results are presented in Table 3.
In this study, we conducted tensile tests on reinforc-

ing steel bars. For each type of rebar, three samples, each 
50  cm in length, were retained. The mechanical proper-
ties of the rebars were obtained through these tensile tests. 
The setup for the rebar tensile test is illustrated in Fig. 4, 
and the average results of the tests are presented in Table 4.

2.3 Test set-up
In this study, a 200-ton hydraulic jack was used for loading. 
The load is applied via the hydraulic jack and transmitted 
through a pressure sensor to a bearing block, which then 
transfers the load to the test beam. The shear performance 
of the model beams was evaluated using a three-point 
loading method. One end of the beam was horizontally 
constrained, while the other end was left unconstrained. 
To  prevent stress concentration, rigid padding was 
employed. The loading setup is illustrated in Fig. 5.

To measure the strain in both the conventional concrete 
and UHPC in the compression zone, strain gauges were 
placed on the top surface of the beam, with their centers 
positioned 200 mm from the mid-span location. For ana-
lyzing the principal strain changes in the UHPC on the 
side of the beam, rosette strain gauges were arranged on 
the side surface of the beam. These rosettes consisted of 
strain gauges oriented at 0°, 45°, and 90° angles and were 
evenly distributed along the line connecting the center of 
the loading point to the center of the support, with a total of 
four rosettes installed. Additionally, to monitor the crack-
ing load at the bottom edge of the beam, a strain gauge 
was placed 70 mm above the bottom surface of the beam.

For all model beams, the strain measurement points 
for stirrups and longitudinal reinforcement are consis-
tently positioned. For the stirrups, strain gauges are placed 
starting from the center of the top longitudinal bars and 
extend 200 mm outward on both sides along the longitu-
dinal direction of the beam. Additionally, strain gauges 
are installed every 70 mm vertically downward from the 
top. The analysis focuses on the maximum strain values 
obtained from the stirrups within the same cross-section. 
The  strain measurement points for the longitudinal bars 
are located at the center of the bottom longitudinal bars, 
labeled as point A. The  arrangement of these reinforce-
ment strain gauges is illustrated in Fig. 6.

3 Test results and discussions
3.1 Load-deflection test results
To investigate the variation patterns of mid-span deflec-
tion in ordinary RCB and UHPC reinforced beams with 

Table 3 Performance of concrete materials

Mechanical 
properties 

Cube compressive 
strength (MPa)

Elastic modulus 
(GPa)

Ordinary concrete 
(C40) 42.2 33.1

UHPC 142.3 40.9

(a)

(b)

Fig. 4 Steel tensile tests: (a) 8 mm diameter HPB300 grade reinforcing 
bar, (b) 22 mm diameter HPB400 grade reinforcing bar

Table 4 Steel material properties

Rebar grade Diameter (mm) Yield strength (MPa) Ultimate strength (MPa) Elastic modulus (GPa)

HPB300 6 375 510 210

HPB300 8 344 461 210

HPB300 10 348 470 210

HRB400 22 448 622 200
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varying UHPC thicknesses, the mid-span deflection results, 
adjusted for support deflection, were compiled and are pre-
sented in Fig. 7. The load-mid-span deflection curve evolu-
tion can be categorized into four distinct phases. The first 
phase, known as the elastic phase, precedes the emergence 

of vertical cracks in the mid-span region of the beam. 
The  RCB beam cracked at 80 kN, while the UR-30-D8, 
UR-40-D8, and UR-50-D8 beams cracked at 200  kN, 
240 kN, and 220 kN, respectively. During this phase, the 
deflection of each model beam increased approximately 

Fig. 5 Model beam loading diagram: (a) on-site test loading arrangement, (b) loading schematic diagram, (c) strain gauge layout on top surface of 
beam concrete, (d) strain gauge layout on side surface of beam concrete

Fig. 6 Layout diagram of steel bar strain gauge: (a) front view and (b) side view
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linearly with the load, maintaining a consistent beam stiff-
ness. The second phase marks the development of vertical 
cracks, which propagate from the mid-span towards both 
ends, leading to a degradation in beam stiffness. In the 
ordinary concrete RCB beam, the concrete loses its ten-
sile load-bearing capacity upon cracking at the mid-span, 
transferring the tensile stress at the crack to the reinforce-
ment. For the UR composite beams with varying UHPC 
thicknesses, the presence of steel fibers at the crack means 
that the tensile force is shared between the reinforcement 
and the steel fibers. Consequently, the  stiffness degra-
dation in the RCB beam is more pronounced than in the 
UR composite beams, and the rate of deflection increase 
is also greater in the RCB  beam. During this phase, the 
load-deflection relationship of the beam exhibits non-lin-
ear growth. The  third phase involves the development of 
diagonal cracks. Once the vertical cracks cease to extend 
towards the beam ends, they begin to incline towards the 
loading points. In this phase, the strain on the stirrups of the 
test beams increases, and the mid-span deflection acceler-
ates. Observations during this phase revealed that increas-
ing the UHPC thickness from 30  mm to 40  mm signifi-
cantly enhanced stiffness; however, a further increase to 
50 mm resulted in a slight decrease in stiffness. The fourth 
and final phase is the failure phase. After reaching the peak 
load, the RCB beam experienced a sharp decline in load 
capacity accompanied by continuous increases in deflec-
tion. In contrast, the UR composite beams did not exhibit a 
sudden drop in load after reaching their peak; instead, the 
load fluctuated within a narrow range around the peak load.

To provide a clear overview of the key shear perfor-
mance indicators, the cracking loads and ultimate shear 
capacities of all four test beams are summarized in Table 5. 
These values are derived from the load-deflection curves 
presented in Fig. 7. As shown in Table 5, the UR beams 

exhibited significantly higher cracking loads (150–200% 
increase) and ultimate shear capacities (31–48% increase) 
compared to the conventional RCB beam. Among the UR 
beams, the cracking load increased with UHPC thickness 
up to 40 mm, while the UR-50-D8 showed a slight decrease 
in cracking load but the highest ultimate capacity.

3.2 Top strain of beam
To investigate the strain variation patterns in the inner NC 
(normal concrete) and outer UHPC of RCB beams and UR 
beams with varying UHPC thickness, four concrete strain 
gauges were installed at corresponding positions on the 
top surfaces of both types of beams. Fig. 8. illustrates the 
strain results from the top inner NC and outer UHPC for 
the same beam model. 

As shown in Fig. 9(a), after the load reached 300 kN, a 
sudden change in strain was observed in both the inner and 
outer NC sections of the RCB beam. The development of 
cracks on the top surface of the RCB beam at failure, as 
depicted in Fig. 10(a), reveals localized crushing damage that 
resulted in a long longitudinal crack precisely between the 
inner and outer strain gauges. Additionally, vertical cracks 
on the side of the beam approached the top after reaching 
300 kN, leading to the speculation that unloading of con-
crete after 300 kN caused the strain gauges to fail. In con-
trast, the normal concrete within the UHPC showed mini-
mal damage except for slight crushing at the loading point, 
indicating that the UHPC in UR beams effectively reduces 
deformation in the compressed region of normal concrete.

Comparing the strains on the inner and outer sides of 
the UR beam top, it was found that for the UR-30-D8, 
UR-40-D8, and UR-50-D8 beams, the outer UHPC strain 
exceeded the inner NC strain. This suggests that the inter-
nal normal concrete transfers most of the load through 
bolts to the higher-strength UHPC, thereby achieving bet-
ter load sharing between the UHPC and normal concrete. 
When the experimental loads reached the ultimate loads 
for each beam, the maximum compressive strains on the 
outer UHPC side of the beam tops were −1808με, −1843με, 
and −1856με, respectively, none of which reached the ulti-
mate compressive strain capacity of UHPC. 

Fig. 7 Load-midspan deflection relation curve

Table 5 Summary of cracking load and ultimate shear capacity

Beam type Cracking load (kN) Ultimate shear capacity 
(kN)

RCB 80 320

UR-30-D8 200 420

UR-40-D8 240 460

UR-50-D8 220 470
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As shown in Fig.  10, the figure compares the top 
inner NC (normal concrete) strain and outer UHPC strain 
for RCB beams and UR composite beams with differ-
ent UHPC thicknesses. Before loading reached 300 kN, 
the  inner and outer strains of the UR composite beams 
with varying UHPC thicknesses were lower than those 
of the RCB beams, and the compressive strain in the 
top concrete before cracking exhibited a nearly linear 
change. The top inner NC strain variation patterns for the 

UR-40-D8 and UR-50-D8 beams were essentially identi-
cal, with minimal differences in strain values, which were 
significantly lower than the top NC strain changes in the 
RCB beams under the same load. Under the same loading 
conditions, the top inner NC strain change patterns for 
different UHPC thickness UR beams followed this order: 
RCB  >  UR-30-D8  >  UR-40-D8  > UR-50-D8. As  the 
UHPC thickness increased, the top inner NC strain grad-
ually decreased.

(a) (b)

(c) (d)

Fig. 8 Comparison of beam top strain under the same working condition: (a) RCB beam, (b) UR-30-D8 beam, (c) UR-40-D8 beam,
(d) UR-50-D8 beam

Fig. 9 Cracks on beam top surface: (a) RCB beam top surface, (b) UR-30-D8 beam top surface
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These observations indicate that the outer UHPC can 
effectively reduce the deformation of the internal nor-
mal concrete. The thicker the UHPC layer, the more pro-
nounced its effect on reducing the deformation of the com-
pressed region of the normal concrete.

3.3 Side strain of beams
To investigate the distinct strain patterns in the side sur-
face concrete of RCB beams and UR beams with varying 
UHPC thicknesses, a concrete strain gauge was installed 
at the bottom of each beam’s side to monitor the cracking 
load. Additionally, right-angle strain rosettes were used to 
study the principal strain variation in the NC (normal con-
crete) and UHPC on the beam sides. Fig. 11 illustrates the 
strain variation patterns at the bottom of the side surfaces 
for UR beams with different UHPC thicknesses. From the 
figure, it can be observed that: The  load at which strain 
abruptly changes for the RCB, UR-30-D8, UR-40-D8, 
and UR-50-D8 beams is consistent with their respective 
cracking loads, showing an approximately linear relation-
ship. Due to the location of vertical cracks near the strain 

measurement points at mid-span, the concrete strain gauges 
either fail or show a sharp increase after the beams crack.

As shown in Fig. 12, before the appearance of diagonal 
cracks, the principal strain increases gradually, with rela-
tively small values. After the load reaches 300 kN:

For  the RCB beam, diagonal cracks extend from the 
loading point towards the support at approximately a 45° 
angle, reaching the bottom of the beam, causing the 
strain gauge to fail. For UR composite beams with differ-
ent UHPC thicknesses, vertical cracks primarily develop 
after 400 kN, starting from the bottom and tilting towards 
the  mid-span loading point. This  results in a gradual 
increase in the principal strain on the beam sides, espe-
cially near the supports. Once a crack passes through a 
particular strain gauge, it leads to gauge failure, which 
affects the calculated principal strain values derived from 
the strain rosette measurements.

3.4 Strain of NC inside the beam
To investigate the strain variation patterns in the inter-
nal normal concrete (NC) of RCB beams and UR beams 
with different UHPC thicknesses, a vibrating-wire con-
crete strain gauge was installed beneath the bottom lon-
gitudinal reinforcement to measure the strain in the bot-
tom NC. Fig. 13 illustrates the strain variation patterns of 
the embedded concrete gauges in UR beams with varying 
UHPC thicknesses. From the figure, it can be observed 
that for the RCB, UR-30-D8, UR-40-D8, and UR-50-D8 
beams, the relationship between strain and load is approx-
imately linear before cracking occurs. After cracking, the 
strain increases rapidly with increasing load.

As shown in Fig. 14, the main crack positions in the 
UR-30-D8 and UR-50-D8 beams are located between the 
strain gauges, leading to significant deformation in the 
mid-span region of the normal concrete. Based on these 

(a)

(b)

Fig. 10 Comparison of beam top strain under different working 
conditions. (a) The strain on the inner side of the beam's top in NC. 

(b) The strain on the outer side of the beam's top in UHPC.

Fig. 11 The strain comparison of concrete at the bottom of the beam side
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observations, it is evident that using ribbed UHPC can 
effectively reduce the deformation of the internal tensile 
zone of normal concrete.

3.5 Strain in stirrups
This study also investigates the strain variation patterns of 
stirrups within the same cross-section of RCB beams and 
UR composite beams with different UHPC thicknesses. 
As shown in Fig. 15, the stirrup strain in the model beams 

is closely related to the development of diagonal cracks. 
During the initial vertical crack development stage, the 
stirrup strain values in both RCB beams and UR composite 

(a) (b)

(c) (d)
Fig. 12 Load-main strain curves of beams under various working conditions: (a) RCB beam, (b) UR-30-D8 beam, (c) UR-40-D8 beam,

(d) UR-50-D8 beam

Fig. 13 Load - built-in concrete gauge strain curve

(a)

(b)

(c)

Fig. 14 The position of the built-in concrete gauge and the main crack 
position: (a) UR-30-D8 beam, (b) UR-40-D8 beam, (c) UR-50-D8 beam
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beams remain relatively unchanged. As the load contin-
ues to increase, the vertical cracks extend laterally along 
the beam and tilt towards the loading point, leading to an 
increase in stirrup strain across various sections. Due to 
the presence of steel fibers in UHPC, the material can still 
bear some tensile stress after cracking, resulting in a slower 
increase in stirrup strain. When approaching the peak load, 
the width of the diagonal cracks continuously increases, 
and the steel fibers gradually pull out. Consequently, most 
of the shear force is transferred to the stirrups, causing a 
rapid increase in stirrup strain. It  was observed that the 
stirrup strain is highest in the C section area.

In order to visually analyze the strain of hoop rein-
forcement and the development of diagonal cracks in dif-
ferent model beams, the position of hoop reinforcement 
strain gauges is marked in the beam failure diagram, as 
shown in Fig. 16.

To compare the stirrup strain in the same cross-section of 
RCB beams and UR composite beams with varying UHPC 
thicknesses, as shown in Fig. 17, the following observations 
can be made for each critical section (B, C, D):

In B Section Stirrup Strain, at a load of approximately 
200  kN, the stirrups exhibit a sudden change and rap-
idly yield. UR-30-D8 Beam: A sudden change occurs 
at around 240  kN. UR-40-D8 and UR-50-D8 Beams: 
A sudden change occurs at approximately 300kN. Before 
reaching peak load, the stirrups in the B section of UR 
beams do not yield. Under the same loading condi-
tions, the magnitude of stirrup strain follows this order: 
RCB > UR-30-D8 > UR-50-D8 > UR-40-D8.

In C Section Stirrup Strain, RCB Beam: A  sud-
den change and rapid yielding occur at about 240  kN. 
UR-30-D8 Beam: A sudden change occurs at around 
280  kN. UR-40-D8 and UR-50-D8 Beams: A sudden 
change occurs at approximately 380 kN.

The magnitude of stirrup strain and the load-induced 
sudden changes in the C section follow this pattern: 
RCB > UR-30-D8 > UR-40-D8 ≈ UR-50-D8.

In D Section Stirrup Strain, RCB Beam: A  sudden 
change and rapid yielding occur at about 300kN. UR-30-D8 
Beam: A sudden change occurs at around 400 kN.

UR-40-D8 and UR-50-D8 Beams: A sudden change 
occurs at approximately 500kN.

(a) (b)

(c) (d)

Fig. 15 Stirrup strain of each section under the same working condition: (a) RCB beam, (b) UR-30-D8 beam, (c) UR-40-D8 beam, (d) UR-50-D8 beam
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For the D section of the UR-30-D8 beam, the stirrup 
strain is relatively small even at peak load. As shown in 
Fig. 17(b), no diagonal cracks develop in the stirrup region 
of the D section, indicating that increasing UHPC thickness 
can better utilize the performance of stirrups in each section.

Through the comparative analysis of stirrup strain in 
various sections, it was found that the stirrup strain in 
RCB beams is consistently higher across all sections. This 
phenomenon is closely related to the development of diag-
onal cracks in RCB beams. After loading reaches 300 kN, 
diagonal cracks in RCB beams extend from the top center 
at a 45° angle to the bottom of the beam, causing a sharp 
increase in stirrup strain. As the load continues to increase, 
the width of these main diagonal cracks also increases. 
In contrast, for UR composite beams with different UHPC 
thicknesses, vertical cracks at the bottom only begin to tilt 
towards the mid-span loading point after approximately 
400 kN, and these cracks remain relatively narrow. Based 
on these reasons, the stirrup strain in RCB beams is sig-
nificantly higher than in UR composite beams.

3.6 Crack morphology and failure analysis
As shown in Fig.  18, the curves represent the load ver-
sus maximum crack width variation for RCB beams and 

UR composite beams with varying UHPC thicknesses. 
For comparative analysis, the crack widths are analyzed 
when they have developed to approximately 1 mm under 
different loading conditions. Under the same load condi-
tions, the main crack width of the RCB beam increases 
most rapidly. After loading reaches 300  kN, the main 
crack width grows significantly. Observations during 
the crack development indicate that noticeable diagonal 
cracks form in the RCB beam after 300 kN. In the early 
stages of loading, the main crack width in UR beams grad-
ually increases as the load increments, without any sudden 
increases in crack width. This behavior is attributed to the 
bridging effect of steel fibers within the UHPC. Cracks in 

(a)

(b)

(c)

(d)

Fig. 16 The location of stirrups in the test: (a) RCB beam, (b) UR-30-D8 
beam, (c) UR-40-D8 beam, (d) UR-50-D8 beam

(a)

(b)

(c)

Fig. 17 Stirrup strain comparison of the same section: (a) Section B, (b) 
Section C, (c) Section D
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UHPC tend to be multiple fine cracks rather than a single 
large crack. After concrete cracking, the tensile stresses 
originally borne entirely by the reinforcement are shared 
between the steel fibers in the UHPC and the reinforce-
ment, thereby reducing the tensile stress on the rein-
forcement and consequently minimizing the crack width. 
The presence of UHPC significantly mitigates the crack-
ing effect in composite beams, reducing both the initial 
crack width and the rate at which crack widths increase 
post-cracking. Compared to RCB beams, the development 
of crack widths in UR beams is notably slower after the ini-
tial cracking occurs. This indicates that UHPC enhances 
the structural integrity and durability of composite beams 
by effectively managing crack propagation.

For UR composite beams with different UHPC thick-
nesses, the number of visible cracks observed were as fol-
lows: UR-30-D8 beams developed 12 cracks, UR-40-D8 
beams developed 11  cracks, and UR-50-D8 beams also 
developed 12 cracks. Compared to the conventional con-
crete RCB beams, which exhibited only 6 cracks, the UR 
beams showed a significantly higher number of cracks. 
This phenomenon is attributed to the high tensile strength 
and strain-hardening characteristics of UHPC. After 
cracking, UHPC exhibits multiple fine crack propagation 
rather than fewer but wider cracks, resulting in a larger 
number of narrower cracks.

Based on the experimental data, a preliminary quanti-
tative assessment of the relationship between UHPC thick-
ness and shear performance was conducted. The  crack-
ing loads for RCB, UR-30-D8, UR-40-D8, and UR-50-D8 
were 80  kN, 200  kN, 240  kN, and 220  kN, respectively. 
The corresponding ultimate shear capacities were 320 kN, 
420 kN, 460 kN, and 470 kN. These results indicate a clear 

increasing trend in both cracking load and ultimate capac-
ity with UHPC thickness. On average, each 10 mm increase 
in UHPC thickness contributed to approximately 40–50 kN 
improvement in cracking load and 35–45  kN enhance-
ment in ultimate capacity within the tested range. While 
these observations provide useful engineering references, it 
should be noted that they are based on a limited dataset (one 
specimen per configuration) and require further validation 
with more specimens to establish reliable design formulas.

3.7 Failure modes and crack patterns
The load versus maximum crack width relationship for all 
test beams is presented in Fig.  18. Under the same load 
level, the RCB beam exhibited the most rapid increase 
in main crack width. After loading to 300 kN, the crack 
width increased sharply, coinciding with the formation 
of significant diagonal cracks. In contrast, the UR beams 
showed gradual crack width development without sudden 
increases, attributed to the bridging effect of steel fibers in 
UHPC. This difference in crack propagation reflects the 
distinct failure mechanisms between conventional RC and 
UHPC-NC composite beams.

For the RCB beam, the first vertical crack appeared 
at 80  kN in the mid-span region (Fig.  19(a)). Between 
80 kN and 300 kN, multiple vertical cracks developed and 
gradually inclined toward the loading point. At 300 kN 
to  380  kN, three distinct flexural-shear cracks formed, 
with two of them developing into dominant diagonal 
cracks at approximately 45°. Ultimately, brittle shear 
failure occurred at 580 kN, accompanied by crushing of 
concrete at the supports and a longitudinal crack approx-
imately 30 cm in length on the top surface of the beam 
(Fig.  19(b)). The  UR beams exhibited fundamentally 

Fig. 18 Load-maximum crack width curve

(a)

(b)

Fig. 19 Crack patterns of RCB beam (a) at cracking (80 kN) and
(b) at failure (580 kN)
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different crack development patterns. The  UR-30-D8, 
UR-40-D8, and UR-50-D8 beams cracked at 200  kN 
(Fig. 20(a)), 240 kN (Fig. 21(a)), and 220 kN (Fig. 22(a)), 
respectively. These values represent a 150% to 200% 
increase compared to the RCB beam. As loading increased, 
vertical cracks developed and inclined toward the loading 
point. However, unlike the RCB beam, these cracks did 
not evolve into dominant diagonal cracks. Instead, mul-
tiple fine cracks formed. The UR-30-D8, UR-40-D8, and 
UR-50-D8 beams developed 12, 11, and 12 visible cracks, 
respectively, which is approximately double the six cracks 
observed in the RCB beam. Despite the larger number of 
cracks, their widths were significantly smaller.

At failure, all UR beams exhibited ductile flexural fail-
ure with distinctive characteristics. The UR-30-D8 beam 
failed at 761 kN (Fig. 20(b)), the UR-40-D8 beam at 858 kN 
(Fig. 21(b)), and the UR-50-D8 beam at 840 kN (Fig. 22(b)). 
These values represent a 31% to 48% improvement in ulti-
mate capacity over the RCB beam (580 kN). Although the 
UR-50-D8 beam had a slightly lower cracking load than the 

UR-40-D8 beam, it achieved the highest ultimate capacity 
with excellent crack control, which can be attributed to the 
thicker UHPC layer. Failure was characterized by signif-
icant deflection, gradual load degradation after the peak, 
crushing of UHPC at the loading point, and audible fiber 
pull-out sounds. These are all indicators of ductile behav-
ior. Notably, no interfacial slip was observed between 
UHPC and NC in any of the UR beams throughout load-
ing, confirming excellent composite action.

4 Conclusions
This study investigated the shear behavior of UHPC-NC 
composite beams with ribbed UHPC thicknesses of 
30 mm, 40 mm, and 50 mm through static loading tests. 
The main findings are summarized as follows: (1) The UR 
beams exhibited 150% to 200% higher cracking loads and 
31% to 48% greater ultimate shear capacity compared to 
the conventional RCB beam. Load-deflection analysis 
revealed enhanced stiffness and ductility in all UR beams. 
(2) Strain measurements showed that the UHPC layer effec-
tively reduced deformation in the internal normal concrete. 
The outer UHPC strain consistently exceeded the inner NC 
strain at the top surface, indicating effective load transfer 
through the ribbed interface. (3) Stirrup strain developed 
gradually in UR beams after diagonal cracking, with some 
sections yielding only at peak load. The  steel fibers in 
UHPC worked synergistically with stirrups to resist shear 
deformation, delaying crack propagation and improv-
ing shear capacity. (4) The incorporation of UHPC trans-
formed the brittle shear failure of conventional RC beams 
into ductile flexural failure. Multiple fine cracks developed 
in UR beams (11–12 cracks) compared to the single domi-
nant diagonal crack in the RCB beam (6 cracks), and crack 
widths were significantly smaller.

(a)

(b)
Fig. 20 Crack patterns of UR-30-D8 beam (a) at cracking (200 kN) and 

(b) at failure (761 kN)

(a)

(b)
Fig. 21 Crack patterns of UR-40-D8 beam (a) at cracking (240 kN) and 

(b) at failure (858 kN)

(a)

(b)

Fig. 22 Crack patterns of UR-50-D8 beam (a) at cracking (220 kN) and 
(b) at failure (840 kN)
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A preliminary quantitative assessment suggests a pos-
itive correlation between UHPC thickness and shear per-
formance, with each 10 mm increase in thickness contrib-
uting to approximately 35–50 kN enhancement in load 
capacity. However, due to experimental constraints, only 
one specimen was tested for each configuration. While 
the results show consistent trends, future studies should 
include replicate specimens to enable statistical analysis 

and incorporate vertical strain gauge arrays to track the 
neutral axis position for quantitative evaluation of com-
posite action. In addition, comparative tests between 
ribbed and smooth interfaces are recommended to isolate 
the contribution of interface configuration to shear per-
formance. A larger dataset with a wider range of UHPC 
thicknesses is also necessary to develop robust design for-
mulas for engineering practice.
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