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Tis research examines the uniaxial behavior of core concrete, which is confned by a UHPC (ultra-high-performance concrete)
shell, through experimental, numerical, and analytical methods. Various confgurations, including diferent UHPC shell shapes,
thicknesses, and core concrete compressive strengths, were tested until failure occurred. Results indicate that the UHPC shell
altered the failure modes and enhanced the maximum stress and corresponding strain in uniaxial loading. Additionally, in square
and rectangular specimens, debonding between the UHPC and NC (normal concrete) interfaces was observed. Furthermore, we
constructed numerical models which integrate the concrete damage plasticity model for NC/UHPC and the coupled adhesive-
frictional model implemented in cohesive elements. Te model accurately refects the crack and debonding evolution of the tested
specimen. Subsequently, an analytical stress-strain model for uniaxial loading was created based on the experimental results. Te
confning pressure for square/rectangular specimens was determined using Airy’s function. Te validity of the analytical model
was verifed by comparing its predictions with the experimental results.

1. Introduction

Concrete bridge piers play a signifcant role in supporting
the bridge superstructure and resisting ship/vehicle collision
and earthquakes [1, 2]. In the medium- and high-seismicity
zones, the design and detailing of concrete piers are essential
to maintain a bridge’s overall performance during an
earthquake. Lessons from past earthquake events indicate
that strengthening the concrete bridge piers is necessary,
especially for those completed a few decades ago as per the
former version of the design code.

Te current design philosophies are to guarantee the
deformation capacity of preselected regions, i.e., the plastic
hinge zone. To this end, the plastic hinge zone of a concrete
pier necessitates adequately confned core concrete and
sufciently anchored fexural rebars [3]. Stirrups with
minimal spacing can provide an excellent confning efect for
the core concrete, thus enhancing its strength and ductility.

In addition, for these existing bridges, another solution to
strengthen the core concrete is to jacket the concrete piers.
For instance, bridge piers with a steel jacket [4] or a fber-
reinforced polymer (FRP) jacket [5] both show improved
seismic behaviors. However, extensive application of these
jacketing solutions is limited due to their poor long-term
durability and FRP-concrete separation [6].

Ultra-high-performance concrete (UHPC) is a novel
cementitious material notable for its outstanding mechan-
ical and durability characteristics [7]. Tese enhanced
properties render UHPC competitive in the bridge com-
munity, i.e., accelerated bridge construction [8], bridge deck
retroft [9], bridge widening [10], and seismic pier retroft
[1, 2]. Multiple pseudocyclic loading tests performed on
concrete piers [11] have demonstrated that the UHPC jacket
efectively suppresses the crushing of core concrete and
increases the deformation capacity of bridge piers. Similar
fndings are also reported by other researchers [12–15].
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Although the aforementioned studies investigated the
seismic behavior of normal concrete piers strengthened with
UHPC shells, only a few studies contributed to the quan-
tifcation of the confnement efect provided by the UHPC
jacket on the core concrete, which requires further in-
vestigation. Xie et al. [16] pioneered testing eighteen circular
and square concrete columns confned by the UHPC shell.
Te 300mm-height specimens were reinforced with UHPC
shell thicknesses ranging between 20mm and 40mm. Te
cracking of the UHPC shell was witnessed in their test
without UHPC-NC debonding. Teir core concrete owned
compressive strength of 41.3MPa, and apparent increases in
strength and ductility were obtained. Ali Dadvar et al. [17]
subsequently investigated 14 circular columns with UHPC
jackets that had various surface treatments, such as grooving,
abrasion, and sandblasting. Te results of the study showed
that longitudinal grooving signifcantly improved the col-
umns’ load-bearing capacity and energy absorption ca-
pabilities. Recently, Ronanki and Aaleti [3] loaded the
circular (228mm∼280mm in diameter) and square
(203∼305mm in length) specimens to failure, using core
concrete with compressive strengths varying between
18.15 and 26.57MPa. Te study fndings demonstrated
that the unreinforced UHPC shell confnement led to
a signifcant increase in both peak compressive stress
(15%∼30%) and crushing strain (26%∼46%) of the core
concrete. Moreover, these specimens exhibited a failure
pattern characterized by cracking of the UHPC shell
without debonding of the interface.

Despite the aforementioned contributions, there is
minimal experimental and numerical research regarding the
confnement of core concrete with UHPC shells.Tis limited
number of specimens makes it difcult to comprehensively
evaluate the behavior of UHPC-confned concrete, and there
is currently no experimental data available for columns with
rectangular cross sections. Tese research gaps have hin-
dered the practical application of UHPC jackets in the
retroftting of RC components. Terefore, the objectives of
this study are twofold: (1) to broaden the experimental
knowledge of the uniaxial behavior of columns with UHPC
confnement; and (2) to develop an analytical solution to
predict the uniaxial stress-strain relationship of core con-
crete confned by the UHPC shell. To this end, another
twelve specimens were prepared with various core concrete
strengths, shapes, and UHPC thicknesses. In addition to the
previous fndings, our test indicated the critical role of the
interface between UHPC and NC. Based on the experi-
mental observations, we construct the numerical model
accounting for the coupled adhesive-frictional interface
model. Additionally, we have proposed an analytical solu-
tion for predicting the uniaxial stress-strain behavior of core
concrete under the confnement of a UHPC shell.

2. Testing Details

2.1. SpecimenDetails. Te following factors were considered
to study the enhancement of the UHPC jacket/shell on the
NC short columns, namely, the shape of the specimen
(circular, square, and rectangular), the strength of core

concrete (Grade C50 and C30), and the thickness of the
UHPC shell (15 to 25mm). To this end, twelve specimens
were fabricated, covering the factors mentioned above, as
shown in Table 1.

Teir geometric details are further illustrated in Figure 1.
Te heights of the core concrete columns for circular and
square/rectangular specimens were 600mm and 450mm,
respectively. Te circular core columns had a diameter of
250mm for their cross section, while the square and rect-
angular core columns were 200mm× 200mm and
200mm× 150mm, respectively. To assess the efcacy of
UHPC confnement in improving the axial compressive
behavior of the core NC columns, the UHPC shell was
designed to be 20mm shorter (Figure 1) than the core NC
portion, ensuring that the compressive load was not directly
transmitted to the UHPC shell.

Te specimen fabrication is illustrated in Figure 2.
Firstly, the core concrete short columns were prepared, as
shown in Figure 2(a). Subsequently, the UHPC shell was
poured around the core part (Figure 2) and heat-treated
for three days to gain rapid strength development in
UHPC. It is noted that before casting the UHPC material,
the core NC part was merged into the water for 12 hours to
gain a better UHPC-NC bond strength. Te specimens
were demolded (Figure 2) and cured at 40°C and 99%
relative humidity for another two days. Before the test
loading, the top and bottom surfaces of the specimens
were leveled and oiled.

2.2. Materials. As shown in Table 1, the C30 and C50
concrete were chosen for the core NC columns, as per
Chinese code [18]. Eighteen concrete cubes of 150mm
length were loaded to failure. Te mean cubic (fcu

′ ) and
equivalent cylindrical (fc

′) strengths were fcu
′ /fc
′� 33.7/

26.7MPa for C30 concrete and fcu
′ /fc
′� 48.7/38.5MPa for

C50 concrete, respectively. Te standard deviations of C30
and C50 concrete were 2.1MPa and 3.2MPa, respectively.

Commercial UHPC was adopted for the shell, and one
cubic meter UHPC consisted of 2095 kg premixed powder,
156 kg steel fbers, 182.4 kg water, and 22.10 kg poly-
carboxylate superplasticizer. In the chosen UHPC, the
coarse aggregates were eliminated, and only fne aggregates
were selected. Te maximum aggregate size did not exceed
1.20mm. To mitigate the quite brittle behavior after the
occurrence of minor cracks, the straight brass coating steel
fbers were employed, with 0.2mm in diameter and 20mm
in length, and they took about a 2% volume fraction of the
hardened UHPC paste. Te mixture proportions for NC
(C30 and C50) and UHPC are presented in Tables 2 and 3.

Te tensile properties of UHPCwere evaluated using dog
bone-shaped specimens, as depicted in Figure 3.Te average
tensile capacity of UHPCwas measured to be 5.6MPa. It was
observed that the UHPC material maintained its tensile
strength beyond a strain value of 0.002.Temean cubic (fcu

′)
strength of UHPC was around 156.9MPa, obtained from six
100mm-length cubes, with the standard deviation of
4.8MPa. Moreover, three 1000mm× 1000mm× 300mm
prisms were tested, of which the mean cylindric strength was
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around 116.1MPa, and the elastic modulus was measured as
55.6GPa.

To characterize the behavior of the UHPC-NC interface,
nine additional specimens were prepared for slant shear
testing, in addition to the UHPC and NC materials. For the
sake of brevity, the experimental details are not presented
here and can be found in Yuan et al. [19]. Te average

adhesion force was c � 1.2MPa, and the frictional coefcient
was μ� 1.0.

2.3. Test Setup. Te test setup is depicted in Figure 4.
Conventional foil strain gauges were attached longitudinally
and transversely to the specimens. Te specimens were then
loaded uniaxially using a 5000 kN capacity MTS machine.

Table 1: Geometry and property details for these specimens.

Specimens Shape Quantity Core concrete
(MPa)

UHPC thickness
(mm)

Peak strength
(MPa)

Corresponding
strain

f′
∗
cc Rise (%) ε∗cc Rise (%)

CU-C50
Circular

3
38.5

0 — — — —

CC-C50-U25 2 25 57.1 56 0.0036 89
54.0 47 0.0035 83

SU-C50
Square

3
38.5

0 — — — —

SC-C50-U25 2 25 51.3 31 0.0038 81
58.8 50 0.0039 88

RU-C50

Square

3

38.5

0 — — — —
RC-C50-U15 1 15 43.3 10 0.0034 72
RC-C50-U20 1 20 46.7 19 0.0036 80
RC-C50-U25 1 25 50.0 27 0.0037 82
RC-C30-U15 1 26.7 15 31.7 18 0.0036 78
RC-C30-U20 1 20 33.3 24 0.0037 83
Note. Te legend for the specimen is defned as follows: CC� circular confned; CU� circular unconfned; SC� square confned; SU� square unconfned;
RC� rectangular confned; RU� rectangular unconfned.
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Figure 1: Geometries of the core concrete columns confned by UHPC shells (unit: mm). (a) Circular specimens. (b) Square and rectangular
specimens.
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Te specimens were fxed at the bottom support, and oil was
applied to the top and bottom surfaces to ensure smooth
loading. All specimens were subjected to force-controlled
loading. Te loading rate was maintained slowly (5 kN/min)
to eliminate the rate efect. Te load increment was 50 kN
and maintained at least 10minutes. Due to the force-con-
trolled scheme, postpeak behaviors of the specimens were
not obtained in our test.

3. Finite Element Modeling

3.1. Description of the Numerical Model. A detailed 3D
model was developed for numerical simulation to in-
vestigate the uniaxial compressive behavior of confned
core concrete columns. Te implicit fnite element method
was employed using commercial software Abaqus/Stan-
dard [20], with all components modeled using nonlinear
material properties.

Te mechanical behavior of the core concrete and the
UHPC shell was simulated using the concrete damage
plasticity (CDP) model in Abaqus software.Te stress-strain
relationship was defned based on the compressive strength
obtained from experimental data. As debonding was ob-
served at the UHPC-NC interface (Section 5.1), a zero-
thickness cohesive element was deliberately inserted be-
tween the core concrete column and the UHPC shell, as
illustrated in Figure 5.

(a) (b) (c)

Figure 2: Fabrication of tested specimens. (a) Core concrete columns. (b) Pouring the UHPC shell. (c) Demolding.

Table 2: Proportions of NC mixture per cubic meter.

Water (kg) Cement (kg) Sand (kg) Gravel (kg) Water (kg)
C30 175 461 512 1252 175
C50 205 488 562 1195 205

Table 3: Proportions of UHPC mixture per cubic meter.

UHPC powder
(kg)

Steel fber
(kg)

Superplasticizer
(kg) Water (kg) Volume fraction

of steel fber (%)
Mixture 2095 156 22.1 182.4 2

6

4

2

Sr
es

s (
M

Pa
)

0.0000 0.0001 0.0002 0.0003 0.0004

Strain

0.8f ′c,E

f ′c,E

Figure 3: Experimental and assumed tensile behavior of the UHPC
material.

Figure 4: Test setup.
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In the FE model, the core concrete and UHPC shell
specimens were modeled using 8-noded brick elements,
with a characteristic mesh size varying from 20mm to
25mm, as illustrated in Figure 5. Te model was subjected
to a prescribed deformation on its top surface while being
vertically constrained at the bottom to simulate loading
conditions.Te centroid node of the bottom surface is also
constrained in the plane direction to avoid rigid motion.
Te zero-thickness cohesive element is also illustrated in
Figure 5 for the simulation of UHPC-NC interfacial
behavior.

3.2. CDP Model for UHPC and Concrete. Monteiro and
Lubliner [21] frst proposed the CDP model, and later it
was modifed by Lee and Fenves [22] to refect the cyclic
behavior of cementitious materials further. In the CDP
model, the second-order strain tensor ε could be
decomposed into the elastic part εe and the plastic part εp,
as follows:

ε � εe − εp. (1)

Te second-order efective stress tensor σ, on the skel-
eton of the material, follows the generalized Hook’s law, as
follows:

σ � C: εe

� C: ε − εp􏼐 􏼑,
(2)

where C is the fourth-order undamaged elastic stifness
tensor.

Terewith, the second-order stress tensor σ on the
damage body is linked to the efective one σ through the
scalar damage variable d, as follows:

σ � (1 − d)σ

� (1 − d)C: εe.
(3)

Te damage variable d is a function of the stress state and
depends on another two damage variables, as follows:

d � 1 − 1 − s
+
d

+
( 􏼁 1 − s

−
d

−
( ), (4)

where d+ and d− are damage variables for tension and
compression, respectively; s+ and s− accounts for the tensile
and compressive stifness recovery efects, respectively. Te
detailed expression for these variables (s+, s− , d+, d− , εp, and
C) are not presented for brevity, and the reader could refer to
the Abaqus theoretical manual [20].

Te CDP model requires the uniaxial tensile and
compressive stress-strain behaviors as the input parameter.
For compressive behavior, the following model proposed by
Hognestad et al. [23] is adopted for concrete and UHPC
materials:

σ � fc 2
εc

εco

−
εc

εco

􏼠 􏼡

2
⎡⎣ ⎤⎦for 0< εc < 0.002,

σ � 2fc

εc/εco( 􏼁

1 + εc/εco( 􏼁
2   for 0.002< εc < 0.0035,

(5)

where σ and εc represent the compressive stress and strain of
normal concrete or UHPC, respectively. Meanwhile, fc

denotes the ultimate compressive strength of concrete; εco

denotes the strain corresponding to fc.
Te fnite element model is assigned with the tensile

behavior of concrete and UHPC using the fracture energy
cracking model, where the fracture energy for concrete is
obtained from CEB-FIP [24] as follows:

Reference point

Core concrete
(C3D8)

UHPC shell
(C3D8)

(a)

Zero-thickness interface
(cohesive element, UEL)

Core concrete
(C3D8)

UHPC shell
(C3D8)

1 2

34
5 6

78

(b)

Figure 5: Illustration of the fnite element model. (a) Te boundary condition. (b) Te zero-thickness cohesive element.
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Gf � Gf0
fc

10
􏼠 􏼡

0.7

, (6)

where Gf0 is the fracture energy (�0.03N/mm) since the
diameter of the coarse aggregate of core concrete is about
16mm. It is noted that equation (6) is not applicable to
UHPC, and Gf � 0.95N/mm2 is adopted for the UHPC
material [25].

In order to facilitate the potential users, the relevant
parameters for the core concrete and the UHPC shell are
given in Table 4.

3.3. Cohesive Element for the UHPC-NC Interface. Te 8-
noded cohesive element is deliberatively inserted between
the adjacent 3D solid elements (C3D8) at the interface. In
the unstressed state, the cohesive element’s two surfaces are
in close contact and have zero thickness.

To complete the defnition of the cohesive element, we
defne the nodal displacement vector 􏽥ugol (24×1) as follows:

􏽥ugol � u
1
x, u

1
y, u

1
z, u

2
x, u

2
y, u

2
z, · · · , u

8
x, u

8
y, u

8
z􏽨 􏽩

T
. (7)

Te rotational matrix R is a function of the normal
vector n and two perpendicular tangential vectors t2 and t3,
obtained at the midplane of the cohesive element, as follows:

R �

nT

tT2
tT3

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

. (8)

With the rotational matrix R at the hand, the global
displacement vector 􏽥ugol could be easily transformed to the
local one 􏽥uloc.

Using the Galerkin method [26], the tangent stifness
matrix and the right-hand-side residual vector for the co-
hesive element is obtained as follows:

Kel � 􏽚
1

0
􏽚
1

0
BTRTDlocRB det J dξ dη,

Fel � 􏽚
1

0
􏽚
1

0
BTRTtlocdet J dξ dη,

(9)

where (ξ, η) denote the intrinsic coordinates, J denotes the
Jacobian, Dloc is the local force vector, tloc is the local force
vector, and B is the global displacement-separation matrix.

Te matrix B is calculated using the shape functions Ni

(i� 1, 2, . . ., 8), as follows:

B � N1I3×3 N2I3×3
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌 · · · N8I3×3
􏼌􏼌􏼌􏼌􏽨 􏽩, (10)

where I3×3 is the identity matrix.
Furthermore, the local force vector tloc is as follows:

tloc∆t �

Tn

Tt∆2
∆t

Tt∆3
∆t

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (11)

where the tangential opening directions are coupled through
the relation ∆t �

�������

∆21 + ∆22
􏽱

; and Tn and Tt are normal and
tangential tractions obtained from the following model.

3.4. Coupled Adhesive-Frictional Model. Te slant shear test
suggests that the tangential traction Tt of the UHPC-NC
interface consists of two parts: (1) the adhesive force denoted
by Tt,a and (2) frictional force Tt,f, which are expressed as
follows:

Tt � Tt,a for∆n > 0,

Tt � Tt,a + Tt,f for∆n ≤ 0.
(12)

For the adhesive part, the normal traction Tn and tan-
gential traction Tt,a adopt the nonpotential formulas for the
adhesion [27], as follows:

Tn ∆n,∆t( 􏼁 � Tn,max exp(1)
∆n

δn

exp −
∆n

δn

􏼠 􏼡 exp −
∆2t
δ2t

􏼠 􏼡  for∆n > 0,

Tn ∆n,∆t( 􏼁 � 100Tn,max exp(1)
∆n

δn

exp −
∆n

δn

􏼠 􏼡 for∆n ≤ 0,

Tt,a ∆n,∆t( 􏼁 � Tt,max

�������

2 exp(1)

􏽱 ∆t

δt

exp −
∆n

δn

􏼠 􏼡 exp −
∆2t
δ2t

􏼠 􏼡,

(13)

Table 4: Relevant CDP parameters for core concrete and the
UHPC shell.

Concrete (C30) Concrete (C50) UHPC
Ec (GPa) 30.75 32.15 55.6

] 0.20 0.20 0.20
χ 1.16 1.16 1.16
s+ 0 0 0
k+ 0.90 0.90 0.90

f+
c � ft (MPa) 2.16 3.16 5.6
s− 1 1 1
k− 0.50 0.50 0.50

f−
c � fc
′ (MPa) 26.7 38.5 139.5

ψ 20 20 20
Note. Te relevant defnitions can refer to [20].
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where ∆n and ∆t �

�������

∆21 + ∆22
􏽱

represent the displacement
discontinuities at the interface in the normal and tangential
directions, respectively. And Tn,max and Tt,max are the
maximum normal and tangential tractions with ∆t � 0 and
∆n � 0, respectively; and δn and δt are parameters corre-
sponding to the peak stress.

Te adhesive normal traction Tn and tangential traction
Tt,a, respectively, reach their maximum values Tn,max and
Tt,max at the jumps of δn and (δt/

�
2

√
). Te δn and δt are

determined through the fracture energy of the interface Gs,
as follows:

δn �
Gs

Tn,max exp(1)
,

δt �
Gs

Tt,max

���������

0.5 exp(1)

􏽱 .

(14)

Te frictional force is coupled to the adhesive force
through the damage variable at the interface ds, as follows:

Tt,f �
1

1 − d
0.1
s

· μf · Tn

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌for  ∆n ≤ 0, (15)

where μf is the frictional coefcient. It is highlighted that the
d(1−d0.1

s )
s in equation (15) is used to replace the conventional

ds in the following equation [28–30]:

Tt,f � ds · μf · Tn

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌for∆n ≤ 0. (16)

Te damage variable at the interface ds is expressed as
follows:

ds � max ds,n, ds,t􏽮 􏽯

� max 1 − exp −
κn

δn

􏼠 􏼡, 1 − exp −
κ2t
δ2t

􏼠 􏼡􏼨 􏼩,

(17)

where κn and κt denote the maximum normal and tangential
jumps ever attained.

Equation (15) is preferable to equation (16) as it agrees
well with the slant shear test results, where the measured
bond strength is the sum of the adhesion and friction
components, as shown in Figure 6.

3.5. Implementation in Abaqus/Standard. Due to the pow-
erful implicit solver and automated time-stepping pro-
cedures, Abaqus/Standard was selected. Additionally, the
user-defned element (UEL) subroutine was utilized to
characterize the cohesive element’s kinematic relationship
and the coupled adhesive-frictional relationship at the
interface.

When employing the UEL subroutine, the important
arrays required are the tangent stifness matrix and the right-
hand-side residual vector, namely, AMATRX and RHS,
respectively. It is noted that our previous work [31] presents
detailed expressions for the quadrilateral 4-noded cohesive
element (2D). Te extension to the 8-noded cohesive ele-
ment (3D) is straightforward. Te source code (UEL) for the
2D case can be found at https://pan.baidu.com/s/

1Fuctc9JJwnAmWGEtTke1OA (password: z4fn). And
later, the 3D case would also be released at the same
repository.

4. Analytical Model

Te failure patterns indicate that the following mechanisms
should be accounted for to accurately give the analytical
solution for uniaxial stress-strain behavior (see Figure 7): (1)
confnement efect, of which the UHPC shell confnes the
lateral deformation of the core concrete; (2) indirect load-
carrying efect, of which the UHPC would also sustain the
uniaxial load partially, transferred from the tangential
traction at the UHPC-NC interface; and (3) interfacial
debonding, of which frst identifed in our square and
rectangular specimen, and it would afect the load trans-
ferred to the UHPC shell.

4.1. Circular Specimen

4.1.1. Confning Pressure. It is assumed that for circular
specimens, the confning pressure σI,r from the UHPC shell
distributes uniformly along the circumference. Terewith,
the σI,r for circular ones is obtained as follows:

σI,r �
σE,θ rE − rI( 􏼁

rI

, (18)

where rE and rI are the external and internal radii, re-
spectively, and σE,θ is the tensile stress inside the UHPC shell
(see Figure 7). Te tensile stress σE,θ is strongly correlated
with the hoop strain of the UHPC εE,θ along the circum-
ference, and it is taken as σE,θ � EE · εE,θ ≤fc,E

(EE � 55.5GPa and fc,E � 5.5MPa for UHPC) before
cracking and σE,θ � 0.8fc,E after cracking, as shown in
Figure 3.

Treating the UHPC shell as a thick wall, we can relate the
strain of the UHPC along the circumstance εE,θ to the hoop
strain of the core concrete εI,r, as [16] follows:

εE,θ � εI,r

(1 − 2]) + rE/rI( 􏼁

(1 − 2]) + rE/rI( 􏼁
2 , (19)

with ]� 0.2, Poisson’s coefcient of UHPC.

4.1.2. Hoop-Vertical Strain Relationship. Teng et al. [32]
proposed a prediction equation to describe the relationship
between the hoop and axial strain (εI,r and εz) as follows:

εz � 0.85 α + β
σI,r

fco
′􏼠 􏼡 1 + 0.75

εI,r

εco

􏼠 􏼡􏼢 􏼣

0.7

− exp −7
εI,r

εco

􏼠 􏼡􏼢 􏼣
⎧⎨

⎩

⎫⎬

⎭,

(20)

where fco
′ and εco denote the compressive strength and the

correspond strain of unconfned concrete, respectively; σI,r

represents the confning pressure on the core concrete; and α
and β are empirical constants. Reference [16] recommended
α� 1 and β� 2 for the core concrete confned by the
UHPC shell.
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4.1.3. Active-Confnement Model. Compressive strength of
confned core concrete fcc

′ and the corresponding peak
strain εcc are given by [32, 33], respectively, as follows:

fcc
′ � fco
′ + 3.5σI,θ,

εcc � εco + 5εco

fcc
′

fco
′
− 1􏼠 􏼡.

(21)

Popovics [34] provided the compressive stress-strain
curve for confned core concrete, which is as follows:

σc,1 �
εc/εcc( 􏼁r

r − 1 + εc/εcc( 􏼁
rfcc
′,

r �
Ec

Ec − fcc
′/εcc( 􏼁

,

(22)

where σc,1 and εc denote the axial compressive stress and
corresponding axial strain of confned concrete, respectively;
Ec represents the elastic modulus of normal concrete.

4.1.4. Vertical Load by the UHPC Shell. Although the
height of the core concrete is 20mm longer than the
UHPC shell (see Figure 1), the shell also sustains part of
the external compressive force, due to the tangential
stress τz along the interface. Te equation to calculate the

uniaxial compressive stress sustained by the UHPC shell
is as follows:

σc,2 �

Euεz before debonding,

μ · σI,r ·
rI · h

π r
2
E − r

2
I􏼐 􏼑
 after debonding,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(23)

where μ is the frictional coefcient between UHPC and NC
materials, and h represents the height of the UHPC shell.

For circular specimens, the tangential traction along the
circumstance does not exist τxy � 0, and we only need to
consider τz. Before debonding, the fore equilibrium requires
that

τz � 2
Euεz · π r

2
E − r

2
I􏼐 􏼑

rI · h
 before debonding. (24)

From the slant shear test, if the tangential traction
τz ≤ (c + μ · σI,θ), the UHPC-NC interface remains overall
integrity without debonding. However, if debonding occurs,
the adhesive force vanishes and tangential traction τz is only
related to the frictional force, as follows:

τz � μ · σI,θ after debonding. (25)

With the uniaxial compressive stress inside the confned
core concrete σc,1 and the UHPC shell σc,2, the overall
uniaxial stress σc corresponding to the given uniaxial strain
εz is given as follows:

σc �
σc,1r

2
I + σc,2 r

2
E − r

2
I􏼐 􏼑

r
2
I

. (26)

4.1.5. Step-by-Step Procedure. Te strep-by-step procedure
to determine the uniaxial stress-strain constitutive law for
UHPC shell-confned core concrete is given as follows:

Step 1: given an axial strain εz, assuming the confning
pressure σI,r;

Core concrete

UHPC shell

x

Z

τz τz

σnc
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y
τxy = 0

σE,θ σE,θ

σI,rrE

rI

x

lx

ly

ly

lx

yτxy ≠ 0

σI,r

σI,r

Figure 7: Load transfer of the core concrete-confned UHPC shell.
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Figure 6: Illustration of the conventional and proposed coupled adhesive-frictional model. (a) Conventional (equation (18)). (b) Proposed
(equation (17)).
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Step 2: calculate the corresponding hoop strain εI,r;
Step 3: calculating the strain within the UHPC shell εE,θ;
Step 4: evaluate the stress inside the UHPC shell σE,θ as
per the tensile constitutive law;
Step 5: calculate the confning pressure σI,r;
Step 6: compare the σI,r in Set 5 and the assumed one in
Step 1. If the diference exceeds the acceptable toler-
ance, return to Step 1;
Step 7: substitute the axial strain εz and converged
confning pressure σI,r into the active-confnement
model and obtain the corresponding uniaxial stress
inside core concrete σc,1;
Step 8: judge the debonding of interface, and calculate
the uniaxial stress inside the UHPC shell σc,2;
Step 9: obtain the overall uniaxial stress σc.

4.2. Square and Rectangular Specimen

4.2.1. Confning Pressure. Te confning pressure σr in
square and rectangular specimens is unevenly distributed,
leading to uneven confnement of the core concrete. Relying
on the plane strain condition and Airy’s function, the
confning pressure is given as follows and also illustrated in
Figure 7.

σI,θx �
1
2

Ax + Ay􏼐 􏼑x
2

− Ayy
2

− Bx lx( 􏼁
2
,

σI,θy �
1
2

Ax + Ay􏼐 􏼑y
2

− Axx
2

− By ly􏼐 􏼑
2
,

τI,θxy � − Ax + Ay􏼐 􏼑xy,

(27)

where lx and ly denote half of the length and width of the
specimen, respectively, with lx ≥ ly; Ax, Ay, Bx, and By are
four Airy’s constants that can be derived by minimizing the
diference between the total displacement of the UHPC shell
and core concrete. Specifc expressions for these constants
are provided in Appendix A.

Te tensile stress along the x and y directions (σE,θx and
σE,θy) of the UHPC shell can be obtained as follows:

σE,rx �
ly

3 rE − rI( 􏼁
3Bxl

2
x + Axl

2
y􏼐 􏼑,

σE,ry �
lx

3 rE − rI( 􏼁
3Byl

2
y + Ayl

2
x􏼐 􏼑.

(28)

Similarly, the tensile stress σE,θ � max σE,θx, σE,θy􏽮 􏽯 is
taken as σE,r � EE · εE,r ≤fc,E (EE � 55.5GPa and
fc,E � 5.5MPa for UHPC) before cracking and
σE,r � 0.8fc,E after cracking.

Te equivalent confning pressure σI,r is adopted, and it
could refect the global behavior of the confned core con-
crete, as [35] follows:

σI,r �
lx − ly􏼐 􏼑

2

12
Ay − Ax􏼐 􏼑x

2
−
1
2

Bxl
2
x + Byl

2
y􏼐 􏼑. (29)

It is noted that equations (28) and (29) degenerate for the
square specimen with lx � ly.

4.2.2. Hoop-Vertical Strain Relationship. Diferent from the
specimens with a circular cross section, where the empirical
hoop-vertical strain relationship is employed, equations
(28)∼(29) directly relate the confning pressure σI,r to the
vertical strain εz, and it does not require the hoop-vertical
strain relationship.

4.2.3. Active-Confnement Model. Te active-confnement
mode is identical to the one in Section 4.1.

4.2.4. Vertical Load by the UHPC Shell. Te calculation of
the vertical load sustained by the UHPC shell is identical to
that of the circular specimen, except the determination of
interfacial debonding. For square and rectangular speci-
mens, the tangential traction along the circumstance τxy is
not zero, and the overall tangential stress τ is as follows:

τ �

�������

τ2z + τ2xy

􏽱

 before debonding, (30)

where τxy � τI,θxy is determined by equation (28). Sub-
sequently, the tangential stress τ is employed to determine
the occurrence of the interfacial debonding.

4.2.5. Step-by-Step Procedure. Te strep-by-step procedure
to determine the uniaxial stress-strain constitutive law for
UHPC shell-confned core concrete is given as follows:

Step 1: given an axial strain εz;
Step 2: evaluate Airy’s constant Ax, Ay, Bx, and By;
Step 3: calculate the tensile stress in the UHPC shell
σE,r;
Step 4: obtain the equivalent hoop stress σI,r;
Step 5: substitute the axial strain εz and converged
confning pressure σI,r into the active-confnement
model and obtain the corresponding uniaxial stress
inside core concrete σc,1;
Step 6: evaluate the tangential tractions τxy and τz and
therewith τ;
Step 7: judge the debonding of the interface, and cal-
culate the uniaxial stress inside the UHPC shell σc,2;
Step 8: obtain the overall uniaxial stress σc.

5. Experimental Results and Discussions

5.1. Failure Patterns. Te concrete columns, without UHPC
shells, failed suddenly with explosive sound. Concrete
crushing of specimens, CU-C50 and SU-C50, was observed,
with main vertical cracks evolved along their axes (see
Figure 8(a)).

Various failure modes were detected in the specimens
wrapped with the UHPC shell. As opposed to concrete
crushing, the fracture of the UHPC shell was the defning
characteristic of columns confned by UHPC. Te damage
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evolution of the specimen CC-C50-U25 was presented in
Figure 8(b). When the external load was applied to 1200 kN,
spalling of the inner concrete column at the two ends was
witnessed. However, the load capacity was able to be con-
tinually increased until the minor cracking of the UHPC
shell took place at an external force of 1700 kN. Te results
showed that the presence of cracks in the UHPC matrix did
not cause immediate specimen failure. Instead, the steel
fbers induced crack bridging, allowing for the external load
to increase to 2800 kN, which was accompanied by the main
crack inside the UHPC shell.

Similar damage evolutions could be found in square and
rectangular specimens, as shown in Figure 8(b) for the
specimen SC-C50-U25. However, a signifcant debonding
was observed between the UHPC shell and the core NC
column at the point of failure. Te debonding was identifed
in the rectangular and square specimens but not the
circular ones.

Table 1 gives the measured the peak stress f′
∗
cc and

corresponding strain ε′
∗
cc for tested specimens. Initially, we

concentrate on the impact of UHPC shell thickness on the
uniaxial behavior of the specimens. In comparison to the
unconfned specimen RU-C50, the peak stress f′

∗
cc of

specimens, RC-C50-U15, RC-C50-U20 and RC-C50-U25,
was increased by 10.0%, 19.0%, and 27.0%, respectively.
However, the corresponding peak strain ε′

∗
cc showed a sig-

nifcant increase of more than 70%.
Te enhancement of the UHPC shell on the core con-

crete with diferent compressive strength f′
∗
co is then in-

vestigated. Table 1 suggested that the enhancement of the
peak stress f′

∗
cc was more apparent for a UHPC-confned

specimen with a lower core concrete strength (specimens
RC-C50-U20 and RC-C30-U20, and specimens RC-C50-
U15 and RC-C30-U15). Te experimental results agreed
with other researchers [16]. However, the diference in the
corresponding peak strain ε′

∗
cc is not apparent.

(a)

Circular Square Rectangular

(b)

Figure 8: Failure patterns. (a) Unconfned concrete. (b) Core concrete confned by the UHPC shell.
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Furthermore, Table 1 also suggested that the UHPC shell
is more efective in enhancing circular specimens, rather
than square or rectangular specimens. Specifcally, the peak
stress f′

∗
cc was enhanced by 50.0% for C-50-25, 40% for S-50-

25, and only 27% for R-50-25. Comparatively, the en-
hancement of the peak strain ε′

∗
cc was similar.

Te experimental normalized stress-strain relations for
the tested specimens are also presented in Figure 9. It is
noted that postpeak behaviors were missing due to the force-
controlled loading scheme. It is apparently true that for
unconfned specimens, the behavior was quite brittle due to
the smaller failure strain. However, for UHPC-confned
specimens, apparent nonlinear ascending branches were
witnessed after the cracking of the UHPC shell. Te utili-
zation of the UHPC shell resulted in a signifcant increase in
both the peak stress f′

∗
cc and peak strain ε′

∗
cc.

5.2. Numerical Results. Te maximum strain (LE) contour
observed in the circular specimen (CC-C50-U25), the square
specimen (SC-C50-U25), and the rectangular specimen
(RC-C50-U25) at failure are comparatively plotted with
experimental photos with main cracks in Figure 10. Two
numerical results are presented: one labeled “coupled ad-
hesive-frictional model” and the other labeled “perfect bond.”
It shows that the proposedmodel integrating the CDPmodel
and coupled adhesive-friction mode well predicts the cracks
that evolved in the UHPC shell and the failure patterns.
However, the assumption of “perfect bonding” between
UHPC and NC, which ignores tangential sliding, results in
a poor crack pattern.

Tis indicates that the tensile stresses are highly con-
centrated at the midpoint of circular specimens and inside
corners of square and rectangular specimens. Te cracks in
the numerical simulations therewith form at the midspan
and extend toward the corners. However, this phenomenon
contradicts with the experimental phenomenon that the real
cracks were activated at the corner and propagated toward
the midspan. A similar phenomenon was reported by
Ronanki and Aaleti [3], who attributed it to insufcient fber
distribution at the corners, which resulted in lower tensile
strength of the UHPC shell at two ends. However, the
discrepancy in the evolution of cracks does not impact the
numerical normalized stress-strain curves.

Experimental and numerical normalized stress-strain
curves are compared in Figure 11, which indicates that the
initial stifness, peak stress, and corresponding strain are
captured in an agreed manner. It indicates that all the
simulation curves are within the scope of ±10% errors for
tested specimens.

Specimens, SC-C50-U25 and RC-C50-U25, which have
the perfect UHPC-NC bond, are deliberatively selected to
illustrate the role of UHPC-NC interfacial debonding in the
confning efect of the UHPC shell. It is highlighted that the
perfect bond would overestimate the stress. Terefore, for
square and rectangular specimens, it is critical to realistically
consider the UHPC-NC interfacial response, of which the
tangential traction is not evenly distributed, and the bond
failure would occur.

5.3. Experimental and Analytical Solutions. With the ana-
lytical solution in Sect. 4, the analytical normalized stress-
strain curves of selected tested specimens are comparatively
plotted in Figure 12.

Figure 12(a) shows the circular specimen confned by the
UHPC shell (specimen CC-C50-U25). Te cracking of the
UHPC shell is numerically predicted at the uniaxial stress of
40.4MPa, which is acceptable compared to the experimental
values of 36.1MPa. Te predicted peak stress is
f′
∗
cc � 55.8MPa, which also approaches the experimental

values of f′
∗
cc � 57.1MPa and 54.0MPa.

Similarly, the predicted normalized stress-strain curve of
square specimens is also compared in Figure 12(b), along with
the UHPC shell’s cracking point. For the specimen, RC-C50-
U25, the predicted cracking stress is 44.6MPa, which is also
comparable to experimental ones, 38.2MPa and 39.3MPa.Te
diference in the analytical and experimental peak stress and
strain is also acceptable with the maximum of 12% diference.

Te normalized stress-strain curves of rectangular
specimens show more apparent plateau branches after the
cracking of the UHPC shell (see Figures 12(c) and 12(d)).
Te reason is that the debonding of the UHPC-NC interface
occurred and the UHPC shell could not sustain the vertical
load anymore. Tis phenomenon is also predicted by the
analytical model, together with the cracking and peak point.

Figure 13 presents a comparison between the analytical
vertical strain of the UHPC shell and experimental values.
Regarding the circular specimen, the vertical strain of the
UHPC shell shows a nearly linear increase with overall
uniaxial strain εz, suggesting that the UHPC-NC interface
demonstrated good performance, and there was no occur-
rence of debonding. However, the vertical strain of the
UHPC shell reached its plateau soon. Meanwhile, interfacial
debonding was witnessed in these specimens. Te proposed
analytical mode can capture the debonding behavior.
However, some discrepancies were noted, which may be
attributed to the progressive evolution of debonding ob-
served in the tests, whereas the analytical model assumes
simultaneous failure of the entire interface.

6. Summary and Final Remarks

Tis study utilized experimental, numerical, and analytical
methods to examine the behavior of core concrete subjected to
uniaxial compression and confned by UHPC shells. From the
results obtained, several conclusions were drawn as follows:
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Figure 9: Experimental normalized stress-strain curves.
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Figure 10: Te FE predicted failure pattern vs. experimental ones. (a) Specimen CC-C50-U25. (b) Specimen SC-C50-U25. (c) Specimen
RC-C50-U25.
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(1) Te UHPC shell signifcantly improved the peak
stress and corresponding strain of the circular-
shaped core concrete specimens with lower com-
pressive strength. However, the confnement of the
UHPC shell on the rectangular specimens was the
least efective.

(2) TeUHPC shell altered the failure pattern of the core
concrete. Te cracking of the UHPC shell replaced
conventional crushing. More importantly, the
UHPC-NC debonding was identifed in square or
rectangular specimens.

(3) In order to model the interfacial behavior, the
coupled adhesive-frictional model is implemented in
the cohesive element, which is realized through the
UEL subroutine in Abaqus/Standard. It is validated
that interfacial behavior is essential to capture the
cracking evolution and stress-strain relation
accurately.

(4) An analytical solution is derived for the uniaxial
stress-strain relationship of core concrete confned
by the UHPC shell, taking into account factors such
as confnement, interfacial debonding, and vertical
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Figure 11: Comparison of the numerical and experimental normalized stress-strain model with the coupled adhesive-frictional model and
perfect bond. (a) Specimen SC-C50-U25. (b) Specimen RC-C50-U20.
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Figure 12: Experimental normalized stress-strain curves. (a) Specimen CC-C50-U25. (b) Specimen RC-C50-U25. (c) Specimen SC-C50-
U25. (d) Specimen SC-C30-U20.
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load sustained by the UHPC shell. Te solution
accurately predicts the compressive capacity of the
tested specimens.

Te study experimentally exhibited that the uniaxial
behavior of core concrete confned by the UHPC shell is
completed, especially when the debonding of the in-
terface was involved. However, the quantity of the
specimens is rather limited, and further experiments are
needed to validate the confnement impact of the
UHPC shell.

Appendix

Ax, Ay, Bx, and By are determined by minimizing the
discrepancy between the total displacement of the UHPC
shell and the concrete column. Te detailed derivation can
be found in Tong et al. [31]. Te constants Ax and Ay are as
follows:

Ax �
42 Ec( 􏼁

2
EEt]

DAx

EclxlyNAx,1 − 12EEt(1 + ])NAx,2􏽨 􏽩εz,

Ay �
42 Ec( 􏼁

2
EEt]

DAy

EclxlyNAy,1 − 12EEt(1 + ])NAy,2􏽨 􏽩εz,

(A.1)

where

NAx,1 � Eclx ly􏼐 􏼑
2
21lxlx − 21lxly + 8lyly􏼐 􏼑,

NAx,2 � Ec lx( 􏼁
2

ly􏼐 􏼑
2
7lxlx − 13lyly􏼐 􏼑,

NAy,1 � Ecly lx( 􏼁
2 21lyly − 21lxly + 8lxlx􏼐 􏼑,

NAy,2 � Ec lx( 􏼁
2

ly􏼐 􏼑
2
7lyly − 13lxlx􏼐 􏼑,

DAx � DAy,

(A.2)

with

DAx � 532 EE( 􏼁
2
t
2
(1 + ]) Eclxly􏼐 􏼑

2
DAx,1

+ 12EEtEclxly Eclxly􏼐 􏼑
2
DAx,4 + 2 Ec( 􏼁

2
lxlyDAx,7,

DAx,1 � 7vl
4
x + 2l

2
xl

2
y(10 − 3v) + 7vl

4
y,

DAx,4 � 63l
3
x + 13l

2
xly(4 + 7v) + 13lxl

2
y(4 + 7v) + 63l

3
y,

DAx,7 � 2E
2
c l
2
xl

2
y 21l

4
x + 8l

2
xl

2
y + 21l

2
y􏼐 􏼑.

(A.3)

Further, the constants Bx and By are as follows:

Bx �
6EcEEt]

DBx

12EEt(1 + ])NBx,1 − 12 Ec( 􏼁
3

lx( 􏼁
3

ly􏼐 􏼑
2
NBx,2􏼔 􏼕εz,

By �
6EcEEt]

DBy

12EEt(1 + ])NBy,1 − 12 Ec( 􏼁
3

ly􏼐 􏼑
3

lx( 􏼁
2
NBy,2􏼔 􏼕εz,

(A.4)
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Figure 13: Comparison of experimental and analytical prediction of vertical strain in the UHPC shell and core concrete. (a) Specimen CC-
C50-U25. (b) Specimen RC-C50-U25. (c) Specimen SC-C50-U25. (d) Specimen SC-C30-U20.
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Poisson’s ratio of concrete ] is related to the uniaxial
strain εz, as [36] follows:

] εz( 􏼁 � ]0 1 + 0.2
εz

εco

􏼠 􏼡 −
εz

εco

􏼠 􏼡

2

+ 1.55
εz

εco

􏼠 􏼡

3
⎡⎣ ⎤⎦≤ 0.5,

(A.6)

where ]0 � 0.2 and εco is the strain at stress peak of the
unconfned concrete.

Data Availability

Te datasets generated during and/or analysed during the
current study are available from the corresponding author
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Additional Points

Highlights. (i) Te UHPC shell alters the failure pattern of
confned core concrete. (ii) We integrate the CDP model for
the matrix and the coupled adhesive-frictional model for the
UHPC-NC interface. (iii) We propose analytical solution for
uniaxial stress-strain relationship of the UHPC-confned
core concrete.
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