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Julin Wang, Xianhui Li, Wei Liu, Huanchao Qin, Jing Dong
Behaviour and bearing capacity of RC columns strengthened with UHPC jackets:
the role of interfacial connectors and a predictive model

Ultra-high-performance concrete (UHPC) is increasingly used as a primary material for
strengthening reinforced concrete (RC) columns owing to its ultra-high strength, excellent
ductility, durability, and low permeability. However, two key issues remain unaddressed: (1)
whether connectors are necessary at the UHPC-to-concrete interface to ensure monolithic
behaviour, and (2) the development of a simplified yet accurate model for predicting the
bearing capacity of strengthened columns. To address these questions, eight RC columns
were tested in two stages. In the first stage, five columns were tested to analyse their
failure modes. In the second stage, three specimens validated the numerical model for
bearing capacity prediction. Results indicate sufficient steel connectors are required at
the UHPC—concrete interface to prevent relative displacement between the UHPC layer
and the original concrete, which could otherwise lead to premature structural failure.
Moreover, the proposed model demonstrated high accuracy in estimating the bearing
capacity of UHPC-strengthened RC columns.
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Prethodno priopcenje
Julin Wang, Xianhui Li, Wei Liu, Huanchao Qin, Jing Dong
Ponasanje i nosivost AB stupova ojacanih UHPC ovojnicom: uloga spojnih
elemenata na sucelju i prediktivni model

Beton ultra velikih svojstava (UHPC) sve se CeSce primjenjuje kao osnovni materijal za
ojatanje armiranobetonskih (AB) stupova zbog svoje iznimno velike ¢vrstoce, izvrsne
duktilnosti, trajnostii vrlo male propusnosti. Medutim, jos uvijek nisu dovoljno razjasnjena
dva klju¢na pitanja: (1) jesu li spojni elementi na sucelju izmedu UHPC-a i postojeceg
betona neophodni za osiguranje monolitnog djelovanja te (2) kako razviti pojednostavljeni,
ali dovoljno tocan model za predvidanje nosivosti ojacanih stupova. Radi odgovora na
navedena pitanja provedeno je ispitivanje osam AB stupova u dvije faze. U prvoj fazi
ispitano je pet stupova radi analize njihovih mehanizama sloma. U drugoj su fazi tri
uzorka karistena za validaciju numerickog modela za predvidanje nosivosti. Rezultati
pokazuju da je na sucelju UHPC-a i betona potrebno osigurati dovoljan broj celicnih
spojnih elemenata kako bi se sprijecio relativni pomak izmedu UHPC sloja i izvornog
betona, koji bi u suprotnome mogao dovesti do prijevremenoga konstrukcijskog sloma.
Nadalje, predloZeni model pokazao je visoku razinu tocnosti u procjeni nosivosti AB
stupova ojacanih UHPC-om.

Klju¢ne rijeci:

UHPC, ojacani AB stupovi, prediktivni model, nosivost, spojnice na sucelju
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1. Introduction
1.1. Shear strength of concrete-to-concrete interfaces

Achieving quasi-monolithic behaviour in composite members
requires that the interface between concretes of different ages
possesses sufficient capacity to transfer shear forces. The shear
strength at such interfaces is governed by a combination of
adhesive bond, friction, aggregate interlock, and dowel action[1, 2,
36-38]. Since the 1960s, extensive research has been conducted
worldwide to characterise the shear behaviour of concrete
interfaces and inform reliable design and construction practices.
Randl [3] classified the relative displacement between old and new
concrete layers as either brittle or ductile. Omar [£] tested eight RC
columns strengthened with self-compacting concrete in the absence
of interfacial reinforcement; the failure was attributed to the relative
slip between the strengthening layer and the original column.
Similarly, Gomes et al. [5] tested six columns strengthened with
carbon-fibre composites in the tension zone and self-compacting
concrete in the compression zone. Their findings emphasised the
necessity of connectors at the interface to prevent premature failure
owing to relative displacement. Subsequent studies by Sahb [6]
and Nascimento [7] confirmed that an adequate number of steel
connectors between the reinforcement layer and the original column
effectively prevented damage caused by interfacial slip.

In the absence of tensile stress normal to the interface, an
anchorage length of 6d (where d is the connector diameter) in
the concrete, whether cast in-situ or equivalent, is sufficient to
mobilise the shear resistance of the connector fully [8].

1.2. UHPC-strengthened columns

RC columns are susceptible to steel corrosion induced by
carbonation or inadequate concrete compaction, which can
significantly reduce their load-bearing capacity, necessitating
urgent strengthening. Traditional retrofitting techniques, such
as steel plate bonding, conventional concrete jacketing, and
fibre-reinforced polymer (FRP) wrapping, have been widely used;
however, they exhibit notable drawbacks. Steel plates are prone
to corrosion [9], FRP materials suffer from poor high-temperature
performance and high cost [10], and concrete jacketing adds
considerable weight to existing structures [11, 12].

In contrast, ultra-high-performance concrete (UHPC) offers
a superior combination of properties, including ultra-high
compressive and tensile strengths, excellent ductility, fire
resistance, outstanding workability, low permeability, and a high
strength-to-weight ratio [13-17]. These characteristics make
UHPC particularly suitable for strengthening RC components.
Numerous experimental studies [18-22] have demonstrated that
externally applied UHPC jackets can substantially enhance the
load-bearing capacity and ductility of RC columns. Dadvar et al.
[23] proposed a predictive model for the stress—strain behaviour
of UHPC-jacketed RC columns. Lampropoulos et al. [24] conducted
numerical analyses to evaluate the influence of key parameters,
such as jacket thickness and concrete shrinkage, and compared the

performance of UHPC jackets with that of conventional concrete
jackets.

1.3. Objectives of the paper

Necessity and minimum number of steel connectors

The effective transfer of shear forces across the UHPC—concrete
interface is essential for achieving quasi-monolithic behaviour in RC
columns strengthened with UHPC jackets, thus constituting a critical
design consideration. However, installing connectors on existing
concrete surfaces is time-consuming and technically demanding.
Therefore, this study addresses the following questions through an
experimental investigation: are interfacial connectors necessary, or
can they be omitted? If required, what is the minimum number of
connectors to ensure adequate performance?

Predictive model for the bearing capacity of RC columns
strengthened with UHPC jackets

Although UHPC has been extensively studied and successfully
applied as a repair material for structural components, limited
research has focused on the numerical modelling of RC columns
strengthened with UHPC jackets. To address this gap, this paper
proposes a simplified model to predict the bearing capacity of
strengthened columns. The accuracy and reliability of the model
were validated by comparing it with experimental results..

2. Experimental program

2.1. Specimen details and test plan

Eight column specimens were tested in this experiment; their
geometric details are shown in Figure 1. The specimens were

fabricated in two stages: five were constructed in the first stage
and three in the second stage.
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Figure 1. Geometry and reinforcement layout of specimens (The grey
regions indicate the UHPC jacket, and the white region
indicates the original RC column; The parameter ‘a’ denotes
the thickness of the UHPC jacket; unit: mm)
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Table 1. Specifications of specimen columns

Columns Dimensions before reinforcement [mm] Thickness of UHPC jackets: a [mm] Spacing between connectors [mm]
1 250 x 250 - -
2 250 x 250 15 -
First 13 250 x 250 15 400
stage
C4 250 x 250 15 300
c5 250 x 250 15 200
c6 250 x 250 25 200
second [ 250 x 250 40 200
stage
250 x 250 50 200

In the first stage, one unstrengthened specimen served as a
reference, whereas the other four were strengthened with 15
mm thick UHPC jackets. As the load application point remained
unchanged while the UHPC jacket increased the cross-sectional
dimensions, the actual eccentricity relative to the centroid of
the strengthened section became smaller than the original
eccentricity of 125 mm. To investigate the effect of steel
connectors on achieving quasi-monolithic behaviour between
the UHPC jacket and the original column, three of the four
strengthened specimens (C3, C4, and C5) were provided with
varying quantities of connectors (spacings of 400, 300, and 200
mm, respectively), while one specimen (C2) had no connectors.

In the second stage, three additional specimens were tested to
evaluate the bearing capacity of the strengthened columns with
different jacket thicknesses. These specimens featured UHPC
jackets with thicknesses of 25, 40, and 50 mm, each with a uniform
connector spacing of 200 mm. Before applying the UHPC layer, the
surface of the RC column was roughened by sandblasting. The
steel connectors, which were fabricated from the same material as
the column stirrups, had a diameter of 5.0 mm. The configuration
and dimensions of the connectors are shown in Figure 2.

90°

65 mm

90°
3\( 120 MM
%0
K
Figure 2. Connector configuration and dimensions

To fix the connectors to the existing reinforcement, grooves
were cut on the tensile and compressive faces to expose the

Table 2. Mechanical properties of steel bars

stirrups. This ensured that the connectors remained in position
during the UHPC pouring, as shown in Figure 3. The details of
the test specimens are presented in Table 1.

Figure 3. Placement of a connector

2.2. Material properties

To determine the actual axial compressive strength of the RC
columns, three standard cubic specimens (150 x150 x150 mm)
were cast from the same batch and tested after 28 days of
curing under the same conditions as the columns. The average
compressive strength of the three cubes was 32.0 MPa. The
material properties of the steel reinforcements are listed in
Table 2. The mixture proportions and mechanical properties
of UHPC are listed in Tables 3 and 4, respectively. Hooked-end
steel fibres with a tensile strength of 1350 MPa (yield strength
of 1100 MPa), measuring 13 mm in length and 0.20 mm in
diameter, were used in the experiments.

Gradevinar 7/2026

Steel grades

Diameter [mm)]

Yield strength [MPa]

Tensile strength [MPa]

Elastic modulus [MPa]

HRB400O

5

470.3

650.1

2.0x10°

HRB500

18

544.2

730.2

20x10°

Note: HRB400 and HRB500 denote hot-rolled ribbed bars with yield strength characteristic values of 400 MPa and 500 MPa. respectively

GRADEVINAR 78 (2026) 7,377-389

379



Gradevinar 7/2026

Table 3. Mixture composition of UHPC per cubic metre [m?]

Julin Wang, Xianhui Li, Wei Liu, Huanchao Qin, Jing Dong

Ingredients

Cement

Water

Silica

Quartz sand

Superplasticizer

Steel fibres

Quantity [kg]

900

165

216

1004

42

160

Table 4. Mechanical properties of UHPC

Compressive strength [MPa] Tensile strength [MPa]

Ultimate tensile strain Ultimate compressive strain

149.5 17.4

0.0125 0.0038

2.3. Arrangement of measurement points

2.3.1. Horizontal deflection

To measure the horizontal displacement of the specimens, five
displacement transducers were vertically aligned on the tension
side from top to bottom, as shown in Figure 4. The deflection

meters have an accuracy of 0.01 mm and a reading range of O
to 60 mm.

+|DM2
DM3

*IDM4

Figure 4. Schematic diagram of the deflection metre distribution
2.3.2. Strain of the longitudinal reinforcements

To monitor the deformation of the longitudinal reinforcements in
the specimens, strain gauges were installed at the mid-height of
the columns. Strain gauges were affixed to the interior surfaces
of the longitudinal reinforcements, as shown in Figure 5.

Figure 5. a) Photo of strain gauges; b) Positions of strain gauges
2.3.3. Concrete and UHPC strain measurement

To measure the strain distribution across the specimen cross-
sections during testing, five strain gauges were installed along
the midheight on the side parallel to the plane of bending for the
strengthened specimens (C2—C8), whereas three strain gauges

were used for the unstrengthened specimen C1 (Figure 6). The
strain data were collected using an LD8174-1G14 static strain
acquisition instrument.
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e

Figure 6. Strain gauge positions: a) strengthened columns; b) non-
strengthened column

2.3.4. Relative displacement between UHPC jackets and
RC columns

Five linear variable differential transformers (LVDTs) were
used on each strengthened column to measure the relative
displacement between the UHPC jackets and the RC columns
(Each LVDT was fixed to the UHPC jacket surface using a
magnetic base or small bracket).
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Figure 7. LVDTs: a) Photo; b) Locations
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Hydraulic jack

Steel frame for loading

Specimen

Figure 8. Loading apparatus: a) Test photo; b) Schematic diagram

The tip of the LVDT probe was placed in light contact with a
small steel plate that was glued to the surface of the original
RC column. Thus, the LVDT measured the displacement of the
original column relative to the UHPC jacket. The locations of the
LVDTs are shown in Figure 7.

2.4, Test loading device

The tests were conducted at the Structural Laboratory of Shanxi
Vocational University of Engineering Science and Technology. A
500-ton servohydraulic jack vertically fixed between the top
and bottom ends of the specimens was used to apply the load.
The upper end of the specimen featured a hinge connection to
the jack, whereas the lower end was connected via a hinge to a
15 mm thick steel base plate, as illustrated in Figure 8.
Following the test specifications [25], loading proceeded under
load control. All the columns were initially loaded in 10 kN
increments until the first crack appeared. The loading rate was
maintained at approximately 2 kN/min during the loadcontrol
stage. Subsequently, the load increment was increased to 20
kN. To ensure specimen stability and prevent misalignment or
falling prior to the main test, a 5 kN preload was applied.

3. Experimental findings and analysis
3.1. Experimental phenomena

Specimen C1

Specimen C1 served as the non-strengthened reference
column with an eccentricity of e = 125 mm and cross-sectional
dimensions of 250 x250 mm. During the initial loading phase,
the specimen remained elastic. Upon reaching a load of 135
kN, the first transverse crack was initiated on the tensile face
at mid-height, measuring approximately 100 mm in length
and 0.02 mm in width. As the load increased to 275 kN, six
transverse cracks developed uniformly along the tensile face of
the column and propagated toward the compressive side. At an
ultimate load of 560 kN, the longitudinal tensile reinforcement
in the tensile zone yielded. Simultaneously, concrete crushing
occurred in the compressive zone, accompanied by outward

Hinge

buckling and spalling of the concrete
surface, which led to specimen failure.

Specimen C2

Specimen (2, a strengthened column
with a 280 mmx280 mm cross section
and a 15 mm-thick UHPC jacket, was
tested under an eccentricity (e) of 125
mm. No connectors were present at
the concrete—UHPC interface. During
the initial loading, C2 exhibited elastic
behaviour similar to that of specimen
C1. Upon reaching 410 kN, cracks were
formed on the tension face of the
original column. Simultaneously, fine and
densely spaced vertical cracks appeared on the tensile side of
the UHPC layer. When the load increased to 710 kN, a sudden
local peel-off occurred between the compressed UHPC layer
and the original concrete, accompanied by a slight audible “pop”
sound. Subsequently, at 730 kN, the tension zone reinforcing
bars yielded, prompting the termination of the test.

Specimen C3

For Specimen C3, steel shear connectors were installed at a spacing
of 400 mm along each row at the concrete—UHPC interface. All
other conditions were identical to those used for Specimen C2.
Initially, the specimen exhibited an elastic behaviour under loading.
When the load reached 500 kN, vertical cracks developed on the
tension side of the UHPC layer at the mid-height. With a further
increase in the load, these initial cracks propagated rapidly along
the longitudinal axis of the column. Upon reaching 830 kN, localised
separation occurred between the UHPC layer on the compression
side and the existing concrete column.

Specimen Cé4

The steel shear connectors were spaced 300 mm along each
row at the concrete—UHPC interface, with the other conditions
identical to those of Specimen (3. The specimen exhibited
a behaviour similar to that of specimen C3 until the loading
reached 890 kN, when a relative displacement occurred
between the UHPC layer and concrete in the compression zone.

Specimen C5

For Specimen C5, the steel connectors were spaced at 200
mm per row. All the other conditions were identical to those
of Specimen C&4. Initially, the specimen exhibited an elastic
behaviourunder loading. Ataload of 690 kN, several microcracks
emerged on the tensile side of the UHPC layer. Upon reaching
960 kN, localised spalling occurred in the compression zone
of the original column, accompanied by a brittle failure sound.
As the loading increased to 1020 kN, local fibres within the
compression zone of the UHPC layer were pulled out and
fractured, generating a slight cracking sound and resulting in
numerous dense longitudinal splitting cracks. Loading was
subsequently discontinued.
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Specimens C6, C7 and C8 1800

Specimens C6, C7, and (8 represent the second stage of the o C8
experiment. Following the completion of the first-stage tests, e o~ g e

these specimens were produced, cured, and tested. The UHPC — _." -

layer thicknesses for C6, C7, and C8 were 25, 40, and 50 mm, = ::::.cs
respectively. All other conditions were identical to those of Fl ,."',I"E'ca
specimen C5. Failure occurred in specimens C6, C7, and C8 at ] A g Sl
applied loads of 1100, 1350, and 1590 kN, respectively. Failure : e eteesli
was characterised by the crushing of both the concrete and v

UHPC within the compression zone. No relative displacement

was observed between the UHPC and the original column r : T !

during testing.

Deflection [mm]

. i . Figure 9. Comparison of load-deflection curves of the specimens
3.2. Horizontal displacement of the specimens

longitudinal steel bars (2.45 mm/m). Figure 10 illustrates the
The lateral deflection curves at mid-height for all the specimens load-deformation response of the longitudinal reinforcements
are presented in Figure 9. This figure shows that, during the across all specimens.
initial loading stage, the deflection rate

decreased for specimens C1-C8. At the 3 16%0 o b) 1650 -
peak load, specimen C8 exhibited the 1350 = g - 1350 = -
. 1200 A4 feoee 1200 it
smallest deflection (4.4 mm), whereas Z 1050 Z 1050
specimen C1 exhibited the largest. = % = %
. . %
The deflections of specimens (C2-C7 S o0 o i s i ;-.‘ f
. ,i
decreased progressively between these 300 '*“"-\ ;f 300 = £
values. This behaviour is primarily = o b 4
. 5 4 3 2 1 0 -1 -2 -3 -4 -5 5 4 3 2 1 0o -1 -2 -3 -4 -5
attributed to .tW.O. factors.: (1) UHP.C Deformation [mm/m] Deformation [mm/m]
possesses a significantly higher elastic 0 1650 d) 1650
. oo N (-~ o ol N [
modulus and compressive strength e o = = -
than ordinary concrete. Increasing the _, 1200 .l _, 1200 R o[
. . =2 1050 = 1050
UHPC layer thickness increased the = 900 i i = 900 5 y
. . o o
cross-sectional area, thereby enhancing g 70 X g 70 o, ¥
) ) - S 600 F, 5 600 ""‘:'n 7 ;
column stiffness, reducing deflection, 450 N7 450 73
. X . . 300 11 300 (£
and increasing load-bearing capacity. 150 150
.. . 0 0 i
(2) Sufficient connectors are crucial for 5 4 3 2 1 0 -1 -2 -3-4 -5 5 4 3 2 1 0 -1 -2 -3-4 -5
ensuring an effective force transfer at P Deformtion [mim/im] — Deforrmation Lothi/m]
the UHPC-concrete interface, enabling 1500 i) 1500 <
. . iy | PTG (A I TR TRWES W Qp < ol 1350 ratbondall bt e dianuiad gl Lo
composite action between the UHPC 1200 e 1200 e
; ; = 1050 + = 1050 s Lo
layer and underlying reinforced concrete 2 oo 3 g_ 2 oo 1\\ &
(RC) column. This composite action B 750 ¥ ® 750 XA
. . . S 600 iy i S 600 L} f':
further increases the bearing capacity, 450 £ 450 3
stiffness, and ductility of the reinforced i i
columns. %54 3 2 0 -1 -2 -3-4 -5 9% % 33 0 -1 -2 -3 -4 -5
Deformation [mm/m] Deformation [mm/m]
3.3. Deformation of longitudinal gl 16% o [ h} 1650 i
—-—2 § —=—2
H 1350 T 1350 ES Los
reinforcements 100 1 o ) 100 ‘ff o % ) .
= 1050 = 1050 ‘% #i
. . = 900 5. = 900 e
For each specimen, the strain gauges T 750 'm_x fg S 750 ‘u‘. o
. . * B
were attached to the inner sides of the S - ¥ S o 1N t[
steel bars. The deformation in the tensile S XY ? > ‘\_:E{
. 5 #
steel bars was measured using gauges 0 it 0 f
1 5 4 3 2 1 0 -1 -2 -3 -4 -5 5 4 3 2 0o -1 -2 -3 -4 -5
1 and 2, whereas the compressive Deformation [mm/m] Deformation [mm/m]

deformation was monitored using
gauges 3 and 4. The red dotted line Figure 10. Load-deformation curves for longitudinal reinforcements of: a) C1; b) C2; c) C3;
indicates the vield deformation of the d) C4; e) C5; f) C6; g) C7; h) C8
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Figure 11. Relative displacements of Specimen C2
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Figure 13. Relative displacements of Specimen C4
3.4. LVDT measurement results

Figures 11 to 14 present the relative displacements between

the UHPC jackets and concrete for specimens C2, C3, C4, and

C5. Key observations include the following:

- Specimen (2 exhibited maximum relative displacement
(0.086 mm) at measurement point 1.

- Specimen C3 showed peak relative displacement (0.064 mm)
at measurement point 3.

- Specimen C&4 reached its maximum (0.047 mm) at
measurement point 4.

- Specimen C5 demonstrated negligible displacement (0.007
mm), effectively indicating no interfacial movement.

These results establish that specimen C2 (with no connectors)
and specimens C3/C4 (with insufficient connectors) experienced
significant UHPC—concrete slip. This interfacial displacement
critically compromises UHPC material performance.

3.5. UHPC and concrete strain

To verify compliance with the plane section assumption in the
UHPC-strengthened eccentrically compressed columns, three
to six strain gauges were installed along the mid-height on the
side parallel to the bending plane. Figures 15 and 16 show the
strain distributions along the mid-height of specimens C5 and

Gradevinar 7/2026
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Figure 12. Relative displacements of Specimen C3
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Figure 14. Relative displacements of Specimen C5

C6, respectively. These figures indicate that the plane-section
assumption holds true under lower loads. As the loading
increased, the strain distribution gradually deviated from
linearity but remained approximately linear. This demonstrates
that eccentrically compressed columns reinforced with UHPC
and equipped with sufficient connectors between the UHPC and
concrete interfaces satisfy the plane section assumption. This
finding provides a theoretical basis for subsequent numerical
analyses of such members.

300 =
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T “a
250 =
.E' 200 -
E
=
a
o 150 A
o
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£ 04 | % 100k
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4 800 kN
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o+ | —»— 1000 kN

S TR L L L L L L
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Strain [um/m]

Figure 15. Concrete/UHPC strain in the middle section of C5
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Figure 16. Concrete/UHPC strain in the middle section of C6
3.6. Detailed analysis of failure mechanisms
3.6.1. Local separation of the UHPC jacket

The LVDT measurements (Figures 11 to 14) provided
quantitative evidence of interfacial debonding. For specimen C2
(no connectors), the maximum relative displacement reached
0.086 mm at measurement point 1, indicating a significant
slip between the UHPC jacket and the original concrete. This
slip was initiated at midheight on the tension side and rapidly
propagated along the interface, leading to the premature local
separation of the jacket on the compression side at 710 kN
(see Section 3.1). For specimens C3 (connector spacing of 400
mm) and C4 (300 mm), the maximum relative displacements
were 0.064 and 0.047 mm, respectively. Although these
values are lower than those of specimen C2, they still reflect
an insufficient interfacial shear transfer. In both specimens,
local separation still occurred on the compression side (at 830
kN for C3 and 890 kN for C4), but the onset of debonding was
delayed compared with specimen C2. In contrast, specimen C5
(connector spacing of 200 mm) exhibited a maximum relative
displacement of only 0.007 mm, which was negligible and
indicated quasi-monolithic behaviour. No visible interfacial
separation was observed during loading. These results
demonstrate that a connector spacing of 200 mm is sufficient
to suppress the local debonding and ensure full composite
action.

3.6.2. Influence of eccentricity

All specimens were tested under the same nominal
eccentricity e<sub>nom</sub> = 125 mm, defined as the
distance from the load application point to the centroid
of the original RC column crosssection (250 mmx250
mm). However, after applying the UHPC jacket, the cross-
sectional dimensions increased (e.g., to 280 mmx280 mm

for C2—C5 and even larger for C6-C8), whereas the load
application point remained unchanged. Consequently, the
eccentricity relative to the centroid of the strengthened
section decreased.

For a symmetrically applied jacket (equal thickness on both
sides), the centroid shift was zero. However, the increased
section modulus and moment of inertia reduced the bending
moment per unit strain. More importantly, a smaller actual
eccentricity led to a higher axial load capacity for the
same material strength. This effect partially explains the
progressive increase in the failure loads from specimens C5
(1020 kN) to C8 (1590 kN), even when the jacket thickness
exceeds that required for optimal connector performance.

3.6.3. Mechanical interpretation of composite action

The strain gauge data from the midheight sections (Figures
15 and 16 for C5 and C6, respectively) confirm that the
plane section assumption approximately holds under service
loads, justifying the use of a sectional analysis. The degree
of the composite action depends critically on the number of
interfacial connectors. When the connectors were absent
(C2) or insufficient (C3, C4), the UHPC jacket and the original
column could not develop full strain compatibility. As a result,
the jacket acted as an independent external layer that carried
compression only after a substantial slip had occurred. The
shear force at the interface is primarily transferred through
friction and weak adhesive bonds, which are unreliable. Once
the local bond was exhausted, sudden debonding occurred on
the compression side (where the compressive stress created
a shear flow along the interface). This debonding propagates
rapidly because the absence of sufficient connectors does
not provide a crackarrest mechanism.

In contrast, with a connector spacing of 200 mm (C5-C8), the
steel connectors acted as dowels that directly transferred
shear across the interface. The connectors also provide a
clamping action, increasing the frictional resistance. The
measured degree of joint reinforcement was sufficient to
ensure that the shear strength of the interface exceeded
the maximum shear flow induced by the applied load. Under
these conditions, the UHPC jacket and original column
behaved monolithically, and the strengthened column
could be designed using the conventional RC theory with a
composite section.

Furthermore, the tensile strength of the UHPC (17.4
MPa, Table 4) contributes to resisting bending moments,
particularly on the tension side. In C5-C8, because no
interfacial slip occurred, the UHPC layer on the tension side
remained intact and participated in the tension-stiffening,
delaying the vielding of the longitudinal steel bars. This is
evident from the load-deformation curves of the tensile
reinforcements (Fig. 10, C5-C8), which exhibited a higher
yield load than the specimens with insufficient connectors.
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4. Address the first research question posed in
Section 1

The experimental results indicated that retrofitting
eccentrically compressed RC columns with externally
attached UHPC solely relying on interface bonding without
installing connectors is unreliable and inefficient. Under
these conditions, interface peeling invariably emerges as
the primary failure mode. This significantly compromises the
performance of UHPC and can lead to catastrophic brittle
failure. Furthermore, an insufficient number of connectors
severely compromises the reinforcing effectiveness of UHPC.
This causes the retrofitted columns to undergo premature
brittle failure, predominantly tilizerized by interface
separation, thereby failing to fully tilize the high strength and
superior mechanical properties of UHPC.

In the experiment, we also found that within the range of
the parameters tested, a connector spacing of 200 mm was
necessary to achieve quasi-monolithic behaviour. This result is
consistent with those obtained by Nascimento et al. [7, 26, 27,
28] in their experimental studies.

5. Predictive model

This section presents the calculation model for investigating the
load-bearing capacity of RC columns strengthened with UHPC
jackets.

5.1. Basic assumptions

To simplify the model formulation and analysis, the following

assumptions are made:

- The plane sections remain planar after bending deformation
in the UHPC-strengthened column. (This hypothesis is
validated in Section 3).

- The tensile strength of conventional concrete is neglected.

- A perfect bond is assumed between the steel reinforcement
and both conventional concrete and UHPC.

5.2. Constitutional relationship of materials
5.2.1 Concrete

This study adopts the stress—strain relationship for concrete
proposed in [29] and illustrated in Figure 17, expressed as:

E.c fc/(Ech —fc)
et o

efy,

ao(2-20) Jeo +¢

O0<e<g

&g <e< &y

where:

E_ —is the elastic modulus of concrete

f. —is the compressive strength of concrete

&, —Iis the strain corresponding to the peak stress f,

&, —is the ultimate strain corresponding to a stress level of 0,5
f. on the descending branch of the compressive stress-
strain curve

a, —is a parameter governing the descending branch.

The value of which depends on f, as described in Table 5.

(2

f

vt /

8D S(U e

Figure 17. Compressive stress-strain curve of concrete
5.2.2. UHPC

1. Compressive stress—strain relationships
The compressive stress—strain relationship for the UHPC, as
illustrated in Figure 18a), is described by the following equation [30]:

- The tensile force in the cross- a) o b) ©
sections is jointly resisted by the steel P S
reinforcement and the UHPC. ! I
1 t
08f |——afe e o2 . | |
| ! 1 1
| \ 1 |
1 ] ! 1 :
! ! ! | |
1 ! | i |
| : | ! .
| | | 1 :
1 1 1
1 | | 1 |
* ! ' | |
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| : | ! |
H 1 H | i
SID SL SIcu € S.:rack Sltu €

Figure 18. Stress-strain curve of UHPC: a) compression; b) tension

Table 5. Values of o,

f. IN/mm?] 20 25 30 35 40

45 50 55 60 65 70 75 80

a 0.74 1.06 1.36 1.65 1.94

c

2.21 2.48 2.74 3.00 3.25 3.50 3.75 3.99
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fc/(Ecgo _fc)

<g<g
¢ Eceo/(Eceo~fz) 0
e fc/(Ecgo—fC)+(5/50)c e )
ef,

Y 2/ & <ES¢&,

a, (8780) /80 +é
where:
f. — compressive strength of UHPC
E. i — initial modulus of elasticity of UHPC
E,=f./&, - secantmodulus atthe peak stressf,
& — strain at the peak stress .

— ultimate compressive strain.

O‘t

cu

The value of the ultimate compressive deformation is taken
as 0.0035 for a fibre volume fraction of 1.0 % and 0.004 for
fibre volume fractions between 1 % and 3 % [31]. ¢ is the strain
corresponding to a stress value of 0,8 f. on the descending
branch of the compressive stress-strain curve, which can be
calculated by the following equation (3) [32]:

0 0

2
& =& 0.125E"""""3’+O.8+\/(O.125E’””"a’+0.8] -0.8 (3)
E E

2. Tensile stress—strain relationships
To simplify the proposed model, the tensile behaviour of UHPC
[33]was modelled, as shown in Figure 18.b.

O <es gcrack

o = Ecrack ( 4)

A s

crack <es gt’u

where ¢ represents the tensile strain at crack initiation, &,
is the ultimate tensile strain (taken as 0.01H according to [33],
where His the height of the column section), and f/ is the tensile
strength calculated using the following equation (5) [34]:

fi= 77077/vaf({7ff (5)

where:

n - sthe effective direction coefficient of the steel fibre (0,35 —
0,50) [34]

n, — length efficiency factor of the steel fibre

v, - fibre volume fraction

I, —fibre length

df — fibre diameter

t - rigid-plastic bond strength (determined experimentally).

5.2.3. Steel bars

The stress-strain relationship of the steel bars was modelled
using an ideal elastoplastic model, expressed as follows:

(6)

where E_is the elastic modulus of steel, fV is the tensile strength
of steel, & is the yield strain corresponding to f, and ¢, is the
ultimate strain of steel.

5.3. Equivalent rectangular stress block

For flexure-compression members, the stress distribution of
concrete or UHPC in the compression zone can be simplified into an
equivalent rectangular stress block, as illustrated in Figure 19 [2S,
35]. In this figure, Bis total width of the strengthened crosssection;
H s total height of the strengthened crosssection; h, is effective
depth of the longitudinal tension reinforcement (distance from
compression face to centroid of tension steel); xdenotes the depth
of the compression zone; x is the distance from the location of the
first crack to the neutral axis; a represents the thickness of the
UHPC jackets; A_and A’ are the cross-sectional areas of the tensile
and compressive reinforcing bars, respectively; e is the eccentric
distance; Nis the applied eccentric compressive load; f. is the axial
compressive strength of concrete; f and f, are the yield strengths
of tensile and compressive steel reinforcements, respectively; f.
and f,are the compressive and tensile strengths of UHPC.

N azf,c
" <—a‘f‘ B
x [°]} T R
° e 3-2 .‘_‘ﬁ—f/ls } AL x
I 3 D
S5 _tedy EI_' RS =
AS
f
_.”AS s ./ of |—
_________________ o,
fi a| b |a
T T
B

Figure 19. Stress distribution of UHPC-strengthened columns

Coefficients a.,, a.,, B, and B, define the stress block geometry,
calculated as follows [29, 35]:

1.0 f <23.1 MPa
0.06(35.9-F
a = 0-94+$ 23.1.MPa <f <359 MPa )
0.94 f.=35.9 MPa
0.85 f/ <69 MPa
“2710.85-0.0029(f ~69)>0.75  f’>69 MPa (8)
0.80 f <23.1 MPa )
0.06(35.9-f.
b= 0.74+(12780) 23.1. MPa <f, <35.9 MPa
0.74 f.=35.9 MPa
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0.85 f! <28 MPa
2 = (10)

0.85-0.007252(f, ~28)>0.65 f,>28 MPa

5.4. Bearing capacity of a reinforced column

According to Figure 19, the bearing capacity of a reinforced
column should comply with the following formulae:

N <apf,(x—a)b+afa(B+2(B,x—a))+fA -

f,A ~f(x,+2(H-x-x,-a)+B) a1
Bx , a
Ne < a,Bf, (x—a)b X-a-=- +a,flaB X=2 |+
ZaZﬂa(ﬁzx—a)(x—w]+fy’As’(ho+x—H)+
(12)

fyAs(ho—x)+§ft'ax§+f,’a(H—x—xc -a)(H-x+x,-a)+

f;aB(H—x—ij
2

Equations (11) and (12) are solved simultaneously for a given
crosssection and material properties. Because the neutral axis
depth x was unknown, an iterative approach was used:

- Assume an initial value of x (usually between 0 and H);

- Compute the strains in all materials using the plane section
assumption;

- Obtain stresses from the constitutive laws (Section 5.2);

- (Calculate the internal force resultants (concrete, UHPC, and
steel in tension and compression)

- Check the equilibrium: sum of horizontal forces = 0 (equation
(11)) and moment equilibrium about the centroid (equation
(12)).

- Adjust x and repeat until equilibrium is satisfied within a
tolerance;

- The corresponding N is the predicted ultimate bearing
capacity.

5.5. Comparison of predicted and experimental
values

To validate the accuracy of the proposed bearing capacity
formulas for reinforced concrete columns, the predicted

Table 6. Comparison of predicted and experimental values

values were compared with the experimental results,
as summarised in Table 6. The table demonstrates good
agreement between the calculated and experimental values.

6. Conclusion

This study investigated the monolithic behaviour and
ultimate bearing capacity of reinforced concrete (RC)
columns strengthened with UHPC jackets. By testing eight
column specimens and subsequent analytical modelling,
the following key conclusions can be drawn:

Critical Role of Shear Connectors: Experimental results
unequivocally demonstrate that achieving effective
composite action and monolithic behaviour between the
existing RC column and the external UHPC jacket is critically
dependent on the provision of adequate shear connectors
at the interface. Specimens without connectors exhibited
premature failure, characterised by significant interfacial
debonding and delamination of the UHPC jacket, severely
limiting the exploitation of UHPC's superior strength and its
overall strengthening effectiveness. This finding highlights
that shear connectors are not optional but are essential for
ensuring force transfer and developing the full potential of
UHPC-strengthened RC columns.

Validated Analytical Model for Bearing Capacity: A rational
analytical model is proposed to predict the ultimate axial
bearing capacity of RC columns strengthened with external
UHPC jackets that incorporate shear connectors. The
model explicitly accounts for the contributions of both
the original RC core and UHPC jacket, considering the
enhanced confinement and composite action facilitated
by the connectors. The accuracy of the proposed model
was rigorously validated against experimental data. The
predicted failure loads were in excellent agreement with
the measured values. This strong correlation confirms the
reliability of the model for practical design applications.

Effective Strengthening Technique: When equipped with
properly designed shear connectors, external UHPC jackets
proved to be highly effective in significantly enhancing the

Gradevinar 7/2026

Specimens a[mm] N; [kN] N!kN] NS/N!
c5 15 1090.4 1020 1.069
ce 25 1087.9 1100 0.989
Cc7 40 1455.3 1350 1.078
c8 50 1760.1 1590 1.107
Note: a = Thickness of the UHPC jackets NS = Predicted ultimate load: N = Predicted ultimate load; Ntu = Experimental ultimate load
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load-carrying capacity of RC columns. The tested specimens
with connectors achieved substantial strength increases

compared with the unstrengthened

control column,

demonstrating the efficiency of UHPC as a strengthening
material.
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