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Abstract: The addition of nano-silica to ultra-high-perfor-
mance concrete (UHPC) to increase its toughness has
been proposed to obtain ultra-high-performance nano-
concrete (UHPNC). This work mainly studies the reinforce-
ment effect of UHPNC on concrete filled steel tube (CFST)
columns under long-term load. Ten CFST columns strength-
ened with UHPNC were selected and reinforced with
UHPNC. The influences of different thicknesses of
UHPNC reinforcement layer and different nano-silica
contents on the axial compression properties of speci-
mens were mainly studied, by loading specimens in
two steps: long-term load and ultimate load. This study
discussed the failure modes, compressive toughness, ulti-
mate bearing capacity, initial stiffness, and ductility coef-
ficient of the specimens. The results show that the outsourced
UHPNC reinforcement method is an effective method to
improve the performance of CFST columns during service
period. With the increase in the thickness of UHPNC rein-
forced layer, the ultimate bearing capacity of CFST column
increases greatly. The compression toughness is increased
with the increase in nano-silica content and UHPNC reinfor-
cement layer thickness. The decrease rate of initial stiffness
increases with the increase in nano-silica content.

Keywords: long-term load, axial compression performance,
ultra-high-performance nano-concrete, nano-silica content,
ultimate bearing capacity, failure mode

1 Introduction

In recent decades, the traditional concrete prevented the
construction industry from moving forward due to its low
strength of extension, poor stiffness, weak crack resis-
tance, etc. In order to overcome these disadvantages,
many scholars have conducted in-depth research on
ordinary concrete over the years. In the 1970s, scholars
first obtained concrete with compressive strength over
60MPa [1]. At the same time, some scholars believe
that the low strength of traditional concrete is due to
the existence of natural pores between coarse aggregates,
and adding fiber can enhance the stiffness of concrete [2].
In 1993, Richard and Cheyrezy first proposed the reactive
powder concrete (RPC) [3]. The main feature is to apply
pressure and increase density to improve stiffness during
concrete solidification [4]. With further research by scien-
tists, in 1994, De and Sedran [5] put forward the general
idea of ultra-high-performance concrete (UHPC) [6,7]. In
a sense, RPC could be regarded as a form of UHPC. The
compressive strength of UHPC could go beyond 150 MPa,
it is much stronger than ordinary concrete [8,9]. The prin-
ciple of UHPC to obtain ultra-high strength and durability
was to reduce the internal defects (pores and cracks) of
the material by improving the fineness and activity of
internal components and not using coarse aggregate
[10–14]. The key factor to produce UHPC was to improve
the micro and macro performance of its mixed compo-
nents to ensure its dense granular filler [15–17].

So far, nanotechnology has been recognized as a
major interdisciplinary product. The rich interdisciplinary
development broadens the application field of nanotech-
nology. Li et al. [18] introduced low-dimensional nan-
ometer structure photodetector (PD) and mixed PD,
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analyzed their typicality, and got a lot of new results.
Pawlowski et al. [19] made use of the hot silver plating
method of nano silver based coatings and proposed that
this method could replace the electrochemical method
to a large extent. Zhang [20] conducted research on nano-
tubes and broadened the application of kaolin nano-
tubes. Recently, nano-concrete has also received more
and more attention. This also drives the use of nanotech-
nology in infrastructure. Many scholars mixed nanoma-
terials with concrete to obtain better performance of
modified concrete. And the nano-silica concrete used in
this study is one of them. Adding nano-silica to concrete
can make it more compact, increase the strength in the
early stage, enhance the toughness, and significantly
improve the durability of concrete [21]. At present, the
construction industry has entered a critical period focusing
on strengthening and reconstruction. However, the con-
ventional reinforcement methods of concrete structures
have some drawbacks in both. When welding reinforce-
ment is used, the high temperature action makes the orga-
nization and performance of the welding parts deteriorate,
causes weld defects and residual stress in the welding
structure, and welding makes the structure form a contin-
uous hole, and once the crack instability expands, it is
possible that it breaks in the end, causing major accidents.
The use of bolt connection needs to open holes in the base
metal near the damage site, which weakens the section and
forms a new stress concentration area. Ordinary bolts are
easy to loosen under dynamic load, and high-strength
bolts are easy to have stress relaxation, which reduces
the repair effect of structure. When steel bonding tech-
nology is used, the structural adhesive should be used on
the surface of the steel structure to stick the steel plate and
rely on the structural adhesive to make it work together as
a whole to improve the bearing capacity of the structure.
These strengthening methods also have common shortcom-
ings: the structural weight increase is larger, the steel plate is
not easy to make into a variety of complex shapes, transpor-
tation and installation is not convenient, and the steel plate
is easy to rust, affect the bonding strength, and high mainte-
nance costs. Ultra-high-performance nano-concrete (UHPNC)
has been partially applied in the field of maintenance rein-
forcement with its excellent mechanical properties and
durability.

The UHPNC reinforced normal concrete not only had
the advantages of simple technology and reliable stress
but also conquered some shortcomings of traditional
reinforcement methods, such as long construction per-
iods, long curing time, and the weak contact surface
between new and old concrete. In addition, compared
to traditional concrete filled steel tube (CFST) columns,

UHPNC-wrapped CFST columns can be used as an attrac-
tive alternative to buildings at risk of corrosion or fire, as
it protects the components of existing buildings. No
experimental research has been conducted by scholars
in the field of reinforcement of new materials. Most scho-
lars still use outsourced UHPC for reinforcement, and the
actual operation process of the two is similar. Genedy [22]
used a CFRP plate and UHPC to strengthen the T-shaped
beams. It is found that the bearing capacity after reinfor-
cement is very high. In order to study the applicability of
strengthening the existing concrete structures with UHPC,
Katrin et al. [23] studied the flexural performance of 12 full-
scale test beams and found that the tensile zone of con-
crete beams strengthened with UHPC could improve the
flexural bearing capacity and cracking load of the beams.
Prem et al. [24] adopted UHPC to strengthen the damaged
test beam and found that the bearing capacity of the
strengthened beam was greatly increased. Lampropoulos
et al. [25] studied the mechanical properties of UHPC rein-
forced concrete beams and established a finite element
model to simulate the test. Al-Osta et al. [26] studied the
influence of UHPC-strengthened concrete beams on their
flexural performance. Some specimens were strengthened
in situ, while other specimens were connected with pre-
fabricated UHPC plates through structural adhesives. The
bearing capacity of UHPC-reinforced beam has been greatly
improved. Even if the concrete surface was not treated in
advance, UHPC and concrete still had strong bonding
ability. Beschi et al. [27] strengthened the beam-column
joints with UHPC. Finally, it is found that this method sig-
nificantly improves the bearing capacity of nodes. Lee and
Huang [28] used UHPC to strengthen concrete structures in
different extreme environments and found that UHPC not
only had excellent mechanical properties, but also had
excellent durability and strong adaptability to extreme
environments. Tayeh et al. [29] found that the bonding
ability between the UHPC strengthening layer and the old
concrete was good, and the impermeability of the strength-
ened contact surface was also greatly improved. In addition,
Huang et al. [30] studied the influence of the combined use
of nanomaterials and steel fibers on the processability, com-
pressive strength, and microstructure of UHPC. Luo et al.
[31] used the continuously synthesized graphene oxide to
improve the bending strength of UHPC. Liu et al. [32] stu-
died the application of nanomaterials in UHPC.

With its excellent mechanical properties and excellent
durability, UHPNC has a great advantage over common con-
crete reinforcement methods. However, the basic research of
UHPNC is not deep enough, and the application research of
UHPNC in the field of reinforcement is far from enough.
Foreign scholars [33–37] have conducted some studies on
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the application of UHPC in the field of reinforcement, and
their experimental results can provide reference for our
future research. It is worth noting that there are few research
works on the reinforcement and maintenance of UHPNC at
present, especially on the reinforcement under long-term
load. The main damage characteristics of CFST columns
under long-term continuous loading were investigated.
The reinforcement of the existing structure must be carried
out under the load state, the reinforcement of the columns
in the building must be carried out under the load of the
floor, and the reinforcement of the pier must be carried out
under the load of the bridge. Therefore, it is very necessary
to study the reinforcement of CFST columns under long-term
load. To further investigate the effectiveness of UHPNC-rein-
forced building component, this study focuses on the axial
compression performance of the UHPNC-reinforced CFST
column.

2 Experimental research

2.1 Specimen design

In this experiment, the CFST square column was strength-
ened by UHPNC under long-term load, and the axial com-
pression test was conducted. The specimens could be
loaded in two steps: long-term sustained load and ultimate
load. There are ten specimens in total, one of the speci-
mens is the control specimen which is not strengthened
under long-term load. The self-made test device of long-
term continuous load is shown in Figure 1, the other

specimens are UHPNC-reinforced CFST column with the
same load and load-holding time as the control group,
with different UHPNC reinforcement layer thickness (T)
and nano-silica content (D). Details of the specimen are
shown in Figure 2. As shown in the figure, after the
ordinary concrete-filled steel tube column is made, the
outer side of the steel tube should be welded with round
head stud. The length of the round head stud should be
80% of the thickness of the reinforcement layer. After the
stud is welded, the customized template should be bound
on it and UHPNC can be poured under long-term load. The
creep deformation of CFST columns under long-term con-
tinuous loads was largely completed within 90 days and
remained largely unchanged after 200 days. In this test
column, the load was held for 200 days under the condi-
tion of long-term constant load of 550 kN [38]. The built-in
force sensor was used to detect the constant axial load.
When the load holding time was reached, the UHPNC was
reinforced after pouring. Finally, the UHPNC was solidified
and the specimen was moved to the ultimate loading test
device.

The purpose of this experiment is to research the
effect of different thicknesses of UHPNC-reinforced layer
[39] and nano-silica [40] content on the bearing capacity
of CFST column under long-term continuous load. The
CFST column is made of concrete with a strength of
30 MPa, and the square steel tube size is 120 mm ×
120mm × 360mm. The parameter variables of each spe-
cimen in this test are shown in Table 1. In the Table, the
CFST represents the rectangular concrete-filled steel tube
column, T (thickness) is the thick gauge of UHPNC rein-
forcement layer, and D (dosage) is the nano-silica con-
tent. According to the density calculation formula, the

Figure 1: Long-term load testing device.
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number of kilograms of nano-silica required for 1 cubic
meter of super-high-performance nano-concrete can be
calculated by multiplying by one percent.

2.2 Material properties

All test specimens were fabricated at the prefabrication
yard of Fuzhou University, and UHPNC-reinforced
columns were completed under pressure during the

fabrication process. 30 MPa is the design strength of
concrete and the mix is shown in Table 2. The UHPNC
is composed of cement, fine sand, nano-silica fume,
steel fiber, water, and water reducer in a certain propor-
tion, as shown in Figure 3. The specific mix proportion of
UHPNC is presented in Table 3. Three concrete cubes
were used for each kind of concrete to obtain the com-
pressive strength fcu. The size of ordinary concrete cube
test block is 150 mm × 150 mm × 150 mm, UHPNC cube
test block size is 100 mm × 100 mm × 100 mm. And the

Figure 2: The details of CFST columns strengthened with UHPNC. (a) Sample pouring process and general picture. (b) Flow chart of specimen
pouring.
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concrete used in the test is cured in the same environ-
ment as the components, and the specific performance
is shown in Table 4. Q235 square steel tube was used in
this test. The steel tube thickness is 2.75 mm. To accu-
rately obtain the steel material properties, the tensile

test was carried out according to (GB/T228.1-2010). The
obtained yield strength (fy), ultimate tensile strength
(fu), etc., are shown in Table 5.

2.3 Test process

Combined with the load and size required for loading
specific specimens and the existing test equipment in the
School of Civil Engineering of Fuzhou University, 10,000 kN
servo hydraulic press was selected to carry out the limit
loading after load holding, LVDTs are arranged in the

Table 1: List of specimen parameters

Specimen label Normal concrete
strength (MPa)

T (mm) D (%) Long-term load
value (kN)

Load holding
time (Day)

Type of
reinforcement

Specimen
size (mm)

CFST-T10-D1 30 10 1 550 200 Square 130 × 130 × 360
CFST-T15-D1 30 15 1 550 200 Square 135 × 135 × 360
CFST-T20-D1 30 20 1 550 200 Square 140 × 140 × 360
CFST-T10-D2 30 10 2 550 200 Square 130 × 130 × 360
CFST-T15-D2 30 15 2 550 200 Square 135 × 135 × 360
CFST-T20-D2 30 20 2 550 200 Square 140 × 140 × 360
CFST-T10-D3 30 10 3 550 200 Square 130 × 130 × 360
CFST-T15-D3 30 15 3 550 200 Square 135 × 135 × 360
CFST-T20-D3 30 20 3 550 200 Square 140 × 140 × 360
CFST-T0-D0 30 — — 550 200 — 120 × 120 × 360

Table 2: Mix proportion of C30 concrete

Cement
(kg/m3)

Water
(kg/m3)

Sand
(kg/m3)

Coarse aggregate
(kg/m3)

461 175 512 1,250

Figure 3: Composition of UHPNC and mixing device.
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position as shown in Figure 4 and built on both sides of the
component to test its vertical displacement. A pair of long-
itudinal and transverse strain gauges are arranged at the
centroid of a square CFST column, and a pair of longitudinal
and transverse strain gauges are arranged on each side of
one of its edges. The reinforced specimens are arranged
with a pair of longitudinal and transverse strain gauges
on each of the four surfaces as exhibited in Figure 4. To
make the full section of the test piece uniformly com-
pressed, before the test loading, grind the loading surface
with gypsum, apply a force of 20 kN to the test spe-
cimen, and hold the load for 20 min to ensure gypsum
solidification. In the formal loading, the axial compres-
sion test is first carried out by means of hierarchical
loading. Before reaching 70% of the estimated ultimate

load, loading at the speed of 0.5 kN/s, the load value is
about 1/10 of the estimated ultimate load, and the
loading time of each stage lasts for 2–3 min. When the
load value exceeds 70% of the estimated ultimate load,
the load of each stage is about 1/30 of the estimated
ultimate load. The test was stopped until the applied
axial load dropped to 85% of the ultimate load or the
axial strain exceeded 0.15.

3 Test result

3.1 Failure modes

According to the failure characteristics of UHPNC-rein-
forced CFST column under load condition, the failure
mode of CFST column was discussed. The failure mode
is presented in Figure 5. The results show that the failure
process of the initial stage is similar to that of ordinary
concrete columns under axial load. The axial deforma-
tion of the specimen increased linearly with the increase
in the applied loading. And then the axial deformation
increased faster than that of the applied loading growth
rate. When the applied loading approaches the peak load,
the “sizzling” sound of steel fiber pulling out of UHPNC
could be heard. When the applied load reached the peak
load, the louder sound of “Bang” could be heard. The
bearing capacity of the specimen showed a linear decline.
The UHPNC reinforcement layer was peeled off the spe-
cimen. Although the nano content is different, the failure
mode is UHPNC layer shedding, so the component can be
considered as failure. After the specimen failed, it could be

Table 3: UHPNC mix proportion

Cement
(kg/m3)

Steel fiber
(kg/m3)

Quartz sand (kg/m3) Water reducing
agent (kg/m3)

Water
(kg/m3)

Nano-silica
fume (kg/m3)

40–70
mesh

20–40
mesh

10–20
mesh

400
mesh

844.5 253.4 118.2 346.3 447.6 79.4 21.1 241.5 78 (1%)
156 (2%)
234 (3%)

Table 4: Performance test results of concrete cube material

D (%) Serial
number

Cubic compressive
strength (fcu/MPa)

Average
value
(fcu/MPa)

0 (normal
concrete)

No. 1 34 32
No. 2 32
No. 3 30

1 (UHPNC) No. 1 115 114
No. 2 111
No. 3 116

2 (UHPNC) No. 1 120 121
No. 2 124
No. 3 119

3 (UHPNC) No. 1 127 125
No. 2 124
No. 3 124

Table 5: Results of steel properties

Test coupons Yield strength (fy/MPa) Average value (fy/MPa) Ultimate tensile strength (fu/MPa) Average value (fu/MPa)

No. 1 240 243 428 432
No. 2 244 435
No. 3 245 433

6  Yan Yan et al.



found that the core concrete of the specimen was com-
pressed. The UHPNC reinforcement layer was peeled off,
and the steel tube was significantly deformed. This is
mainly because the limit load-bearing capability state of
the UHPNC wrapped CFST columnwas mainly contributed
by the UHPNC reinforcement layer. Therefore, the spe-
cimen finally shows the failure when the UHPNC reinfor-
cement layer peeled off.

3.2 Load–displacement curves

The loading and corresponding displacement data collected
by the data system of the test device were obtained, and the

load–displacement curve of the specimen is shown in
Figure 6. In this figure, the vertical axis P is the axial load
and the horizontal axis Δ is the corresponding displacement
value. Before the yielding of the test specimen, the displa-
cement increases linearly with the increase in the applied
load. When the applied loading was close to the peak load,
the corresponding displacement increase rate was greater
than the increased rate of the applied loading. Then, the
applied loading decreased quickly with a little displacement
increase. These load–displacement curves indicated that
most specimens were mainly in brittle failure mode under
the test. The ultimate bearing capacity (Nu) of the specimen
partially increases with the content of nano-silica. With the
increase in the thickness of UHPNC reinforcement layer,
the increase rate increases greatly. Among other things,

1 Reaction force frame

2
Electro -hydraulic servo 

loading system

3 Specimen

4 Load sensor

5 Strain gage

6
Control valve of loading 

system

7 Rigid bearing table

8 displacement meter

Figure 4: Test specimen under compressive loading.

Figure 5: Failure mode of specimens under axial compressive loading.

Axial compression performance of CFST columns reinforced by UHPNC  7



the ultimate bearing capacity ( )P x and compressive tough-
ness (CT)were obtained from the load–displacement curves
whichwere used to analyze the compressive performance of

the test specimen, as shown in Table 6. The follow-up will
also be a detailed introduction to compressive toughness,
which will not be described here.

Figure 6: Load–displacement curve of CFST column reinforced by UHPNC. (a) CFST-T10, (b) CFST-T15, and (c) CFST-T20.

Table 6: Test results of specimen

Specimen
label

Ultimate
bearing
capacity (kN)

Ultimate
displacement
(mm)

Yield
capacity
(kN)

Yield
displacement
(mm)

Initial
stiffness
(kN/mm)

Ductility
coefficient

Compression
toughness
(kNmm)

CFST-T10-D1 2105.80 4.59 1684.61 3.39 451.53 1.36 5031.35
CFST-T15-D1 2027.72 4.39 1622.17 3.48 316.69 1.26 3710.74
CFST-T20-D1 2544.64 4.44 2035.71 3.19 499.23 1.39 5609.14
CFST-T10-D2 2048.40 4.5272 1638.72 3.2896 401.89 1.38 4512.08
CFST-T15-D2 2162.54 4.10 1730.03 3.30 410.64 1.24 4733.03
CFST-T20-D2 2621.70 5.11 2093.58 3.80 382.33 1.35 5926.74
CFST-T10-D3 2055.20 6.54 1644.16 4.88 304.28 1.34 6818.32
CFST-T15-D3 2200.02 8.45 1760.02 6.88 168.99 1.23 7451.22
CFST-T20-D3 2812.77 4.55 2250.22 3.82 455.77 1.19 5339.22
CFST-T0-D0 1564.75 4.89 1251.82 4.10 244.22 1.19 3309.94
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3.3 Ultimate bearing capacity

The influence of nano-silica content in the UHPNC-rein-
forced layer on the ultimate bearing capacity of CFST
column after use is shown in Figure 7. It can be obviously
found that the ultimate bearing capacity of CFST column
is greatly improved due to the existence of UHPNC rein-
forcement layer. For example, when the thickness of
UHPNC-reinforced layer reaches 10mm and the content
of nano-silica is 1%, the ultimate bearing capacity of the
specimen increases by 42% on average. The results show
that this method is an effective method to improve the
ultimate bearing capacity of CFST column in the service
period. In addition, with the increase in nano-silica con-
tent, the ultimate bearing capacity of CFST column
increased slightly during the service period. For example,
when the nano-silica content was increased from 1 to 2%
and from 2 to 3%, the ultimate bearing capacity of the test
specimen increased by an average of 2 and 3%, respec-
tively. It could be concluded that the ultimate bearing
capacity of CFST columns was greatly affected by the
UHPNC reinforcement layer. But the effects of nano-silica
content on the ultimate bearing capacity were not obvious.
However, when the thickness of UHPNC-reinforced layer is
20, the ultimate bearing capacity is greatly increased, and
the role of nano-silica becomes obvious. It can be con-
cluded that with the increase in the thickness of the rein-
forced layer, the nano content has an obvious effect on the
ultimate bearing capacity. It also could be found that the
increased rate of ultimate bearing capacity was greatly
increased with the increase in UHPNC reinforcement layer
thickness.

Figure 7 discusses the influence of the thickness of
the UHPNC reinforcement layer on the ultimate bearing
capacity of CFST under ultimate loading during the ser-
vice period. With the increase in the thickness of the
UHPNC reinforcement layer, the ultimate bearing capa-
city increases significantly. For example, when the nano-
silica content was 2%, the ultimate bearing capacity of
the test specimen increased from 2048.40 to 2162.54 kN
and from 2162.54 to 2621.70 kN with the increase in
UHPNC reinforcement layer thickness from 10 to 15 mm
and from 15 to 20mm, respectively. In general, when the
UHPNC reinforcement layer thickness was increased from
10 to 15 mm and from 15 to 20mm, the ultimate bearing
capacity of the test specimen increased by an average of 3
and 25%, respectively. It indicated that the improvement
rate of ultimate bearing capacity increased with the
increase in UHPNC reinforcement layer thickness. The
reason was that the stiffness of the UHPNC reinforcement
layer increased with the increase in thickness. Therefore,
the thicker UHPNC reinforcement layer could provide a
more powerful constraint to the concrete-filled steel tub-
ular column.

3.4 Initial stiffness

The influence of the test parameters on the initial stiffness
of the specimen is shown in Figure 8. It could be found
that the initial stiffness of the test specimen was greatly
increased because of the UHPNC reinforcement layer. For
example, the initial stiffness of the test increased by an
average of 73% when the UHPNC reinforcement layer was

Figure 7: Influence of test variables on ultimate bearing capacity. (a) Influence of nano-silica content and (b) influence of thickness of
UHPNC reinforcement layer.
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10 mm and the nano-silica content was 1%. The results
show that this method is an effective measure to improve
the initial stiffness of CFST columnunder long-term load. How-
ever, the initial stiffness of the test specimendecreasedwith the
increase in nano-silica content. For example, when the UHPNC
reinforcement layer thicknesswas 10mm, the initial stiffness of
the test specimen decreased from 451.53 to 401.89kN/mm and
from 401.89 to 304.28 kN/mm with the increase in the nano-
silica content from 1 to 2% and from 2 to 3%, respectively. It
could be found that the initial stiffness decrease rate increased
with the increase in nano-silica content.

Figure 8 discusses the influence of the thickness of
the UHPNC reinforcement layer on the initial stiffness of the
specimen during the service period. It could be found that
the initial stiffness of the test specimen increased with the
increase in the UHPNC reinforcement layer thickness. For
example, when the nano-silica content was 1%, the initial
stiffness of test specimen increased from 451.53 to
499.23 kN/mm with the increase in UHPNC reinforcement
layer thickness from 10 to 20mm. And the initial stiffness
increased from 304.28 to 455.77 kN/mm with the increase in
UHPNC reinforcement layer thickness from 10 to 20mmwhen
the nano-silica content was 3%. The decrease rate of initial
stiffness increases with the increase in nano-silica content.

3.5 Ductility coefficient

The ultimate loading experiment results of CFST columns
wrapped by UHPNC under long-term sustained load are
shown in Table 6. Meanwhile, the value of ductility coef-
ficient μ is calculated according to formula (1).

=μ Δ
Δ

,u

y
(1)

where Δu is the ultimate displacement and Δy is the cor-
responding yield displacement [41].

Figure 9 discusses the influence of the nano-silica con-
tent in the UHPNC reinforcement layer on the ductility coeffi-
cient of CFST column during the service period. The ductility
coefficient of test specimen increased because of the UHPNC
reinforcement layer. For example, the ductility coefficient
increased by an average of 12% when the UHPNC reinforce-
ment layer was 10mm and the nano-silica content was 1%.
The results show that using UHPNC to wrap CFST column
under long-term load is an effective method to improve the
ductility coefficient of CFST column during service period.
However, with the increase in nano-silica content, the ducti-
lity coefficient ofUHPNC components decreases. For example,
when the UHPNC reinforcement layer thickness was 20mm,
the ductility coefficient decreased from 1.394 to 1.345 and from
1.345 to 1.191 with the increase in nano-silica content from 1 to
2%and from 2 to 3%, respectively. In general, when the nano-
silica content was increased from 1 to 2% and from 2 to 3%,
the ductility coefficient decreased by an average of 1 and 5%,
respectively. It indicated that the decrease rate of ductility
coefficient increased with the increase in nano-silica. But,
overall, the effect of nano-silica content on the ductility coef-
ficient was not obvious.

3.6 Compressive toughness

The compressive toughness is the value of the area under
the load–displacement curve before the peak load. The

Figure 8: Influence of the test parameters on the initial stiffness of the specimen. (a) Influence of nano-silica content and (b) influence of
UHPNC reinforcement layer thickness.

10  Yan Yan et al.



compression toughness represents the energy released when
the UHPNC wrapped CFST column is damaged [42–45]. The
compressive toughness can be calculated as follows:

( )∫=

=

=

CT P x dx,
x Δ

x 0

max

(2)

where Δmax is the displacement corresponding to the
peak load.

The effects of nano-silica content on the compression
toughness of test specimen are presented in Figure 10. It
could be found that the compression toughness increased
because of the UHPNC-reinforced layer. For example, the
compression toughness increased by an average of 45%
when the UHPNC reinforcement layer was 10mm and the
nano-silica content was 1%. In addition, the compression

toughness increased with the increase in nano-silica con-
tent, such that when the UHPNC reinforcement layer
thickness was 15 mm, the compression toughness of the
test specimen increased from 3710.74 to 4733.03 kNmm
and from 4733.03 to 7451.22 kNmmwith the increase in of
nano-silica content from 1 to 2% and from 2 to 3%,
respectively. The reason may be that more energy was
needed to pull out the nano-silica from the fracture sur-
face because of the increasing nano-silica content.

In Figure 10, the effects of UHPNC reinforcement
layer thickness on the compression toughness were dis-
cussed. It could be found that the compression toughness
increased with the increase in UHPNC reinforcement
layer thickness. For example, when the nano-silica con-
tent was 2%, the compression toughness increased from
4512.08 to 4733.03 kNmm and from 4733.03 to 5926.74 kN

Figure 9: Influence of each test parameter variable on the ductility coefficient. (a) Influence of nano-silica content and (b) influence of
UHPNC reinforcement layer thickness.

Figure 10: Influence of test variables on compressive toughness. (a) Influence of nano-silica content and (b) influence of UHPNC reinfor-
cement layer thickness.
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mm with the increase in UHPNC reinforcement layer
thickness from 15 to 20 mm.

4 Formula to calculate ultimate
bearing capability

A new comprehensive calculation method is used to cal-
culate the ultimate bearing capacity (Nuc) of CFST column
under axial compression load under long-term loading
condition of UHPNC wrap. The effects of nano-silica con-
tent and UHPNC reinforcement layer thickness must be
considered while calculating the ultimate bearing capa-
city. The ultimate bearing capacity of UHPN- reinforced
columns subjected to axial compressive loading was cal-
culated by introducing the influence coefficient (η) of test
parameters. The assumed functional forms of the calcu-
lation formula are as follows:

= ×N η N ,uc ue (3)

= +N N N ,ue ue1 ue2 (4)

( )= × +N f A f A1.3 ,ue1 s s c c (5)

( )= × +N N f A1.3 ,ue2 ue1 U U (6)

( ) ( )= − × × +η f α f β0.44 1.49, (7)

( ) = × +f α α0.08 1.12, (8)

( ) = × +f β β0.02 0.95, (9)

=

=

α T
T

β D
D

,

0

0

(10)

where the As, Ac, and Au were the cross-sectional area of
steel, normal concrete, and UHPNC, respectively. f(α) and

f(β) are the functions of α and β, respectively. The T0 was
10mm and D0 was 1 (%).

The calculation value (Nuc) of the CFST column under
UHPNC reinforcement is compared with the statistical
results of the test value, which proves the rationality
and accuracy of the formula. As can be seen from Table 7,
the calculated limit capacity values of most specimens are
smaller than those of the test results. The mean value is
0.98, and the variance is 0.03, which indicates that the
equation is reasonable and accurate in predicting the ulti-
mate bearing capacity of CFST column strengthened by
UHPNC under load holding state.

5 Conclusion

The effects of UHPNC reinforcement layer thickness and
nano-silica content on the compressive properties of
CFST column under load holding condition were studied.
This study discussed the failure modes, load–displace-
ment curves, ultimate bearing capacity, initial stiffness,
ductility coefficient, and compression toughness. The fol-
lowing conclusions are obtained from this study:
1) The ultimate bearing capacity, initial stiffness, ducti-

lity coefficient, and compressive toughness of CFST
column under load holding state are improved by
UHPNC reinforcement layer. The results show that the
outsourced UHPNC reinforcement method is an effec-
tive method to improve the performance of CFST col-
umns during service period.

2) The ultimate bearing capacity of CFST column is
greatly increased with the increase in UHPNC reinfor-
cement layer thickness. And the improvement rate of
ultimate bearing capacity is increased with the increase
in UHPNC reinforcement layer thickness. However, the

Table 7: Calculation results of ultimate bearing capacity of specimen

Specimen label Nu (kN) Nue (kN) T (mm) D (%) α β Nuc (kN) Nuc/Nu Error (%)

CFST-T10-D1 2105.80 1950.02 10 1 1.0 1 1906.81 0.91 −9
CFST-T15-D1 2027.72 2305.70 15 1 1.5 1 2215.24 1.09 9
CFST-T20-D1 2544.64 2661.38 20 1 2.0 1 2511.53 0.99 −1
CFST-T10-D2 2048.40 1993.70 10 2 1.0 2 1929.47 0.94 −6
CFST-T15-D2 2162.54 2371.22 15 2 1.5 2 2252.32 1.04 4
CFST-T20-D2 2621.70 2748.74 20 2 2.0 2 2563.01 0.98 −2
CFST-T10-D3 2055.20 2018.66 10 3 1.0 3 1931.29 0.94 −6
CFST-T15-D3 2200.02 2408.66 15 3 1.5 3 2261.60 1.03 3
CFST-T20-D3 2812.77 2798.66 20 3 2.0 3 2578.04 0.92 −8
Mean value — — — — — — — 0.98 −2
Variance — — — — — — — 0.003 0.003
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effect of nano-silica content on the ultimate bearing
capacity is not obvious.

3) During the service period, the initial stiffness of CFST
column increases with the increase in the thickness of
UHPNC reinforcement layer and decreases with the
increase in nano-silica content. The decrease rate of
initial stiffness increases with the increase in nano-
silica content.

4) The ductility coefficient of CFST column decreased
with the increase in nano-silica content. And the
decrease rate of ductility coefficient increased with
the increase in nano-silica content. In addition, the
compression toughness increases with the increase
in nano-silica content and UHPNC reinforcement layer
thickness.

5) According to the test results, a reasonable and con-
servative formula for calculating the ultimate com-
pressive capacity of CFST column under long-term
constant load reinforced by UHPNC is put forward.
The calculated results are in good agreement with
the experimental results.
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