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Abstract 

This research proposed the modular prefabricated permanent formwork system made of ultra-high-performance 
concrete (UHPC). Two kinds of modular formwork shapes were designed: the flat formwork and the ribbed. The 
experimental investigation on the axial compression performance of the composite columns that consist of the 
normal strength concrete (NSC) core and the modular UHPC permanent formwork was demonstrated. Compared 
with the flat formwork, the ribbed formwork exhibited better bonding with the NSC core. As observed from the test 
results, the composite column with the ribbed formwork presented a similar axial behavior as the NSC column with a 
slight improvement in ultimate loads. Therefore, the modular UHPC ribbed permanent formwork could be regarded 
as the additional cover to the conventional NSC column. In addition, the finite element analysis (FEA) model was also 
developed to simulate the composite columns numerically. The predicted capacities agreed with the experimental 
results, which validated the numerical models. The crack pattern estimated by the FEA model revealed that the inter-
action between the permanent formwork and the inner concrete introduced many tiny cracks to the concrete core. 
However, as protected by the UHPC permanent formwork, the overall durability of the composite columns can still be 
enhanced.

Keywords Modular permanent formwork, Ultra-high-performance concrete (UHPC), Composite column, Axial 
compression performance

1 Introduction
Concrete is widely used and investigated in the current 
building development (Jiang & Shen, 2022; Jiang et  al., 
2021; Li et al., 2022a; Yang et al., 2018, 2021). The form-
work construction is an inevitable step in constructing 
cast-in-situ concrete structures. The conventional form-
work system requires the setup and the dismantlement, 
which is both time and labor-intensive. According to the 
previous estimations (Jha, 2012; Robert, 2007), the labor 
cost of conventional formwork systems takes up more 
than 50% of the total cost of a new concrete construction 
project. As an alternative to traditional formwork sys-
tems, the prefabricated permanent formwork system has 
exhibited a dramatic capacity in recent years. The per-
manent formwork system could reduce both the on-site 
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construction labor cost and time by eliminating the step 
of dismantling the formworks (Remy et al., 2011). Since 
the permanent formworks remain in place after the cast-
ing, they could also work as external jackets to protect 
the inner concrete from environmental attacks.

There were various types of permanent formworks 
developed in the existing studies. Several researchers 
(Chahrour & Soudki, 2006; Fakharifar & Chen, 2016; 
Kildashti et al., 2020; Kuder et al., 2009) employed poly-
vinyl chloride (PVC) as an economical and durable per-
manent formwork. The axial performance of the concrete 
columns encased by the PVC permanent formwork was 
experimentally and numerically investigated by Kildashti 
et al. (2020). Moreover, Chahrour and Soudki (2006) also 
provided a theoretical model to estimate the axial capac-
ity of the PVC-encased column. Considering the high 
strength-to-weight ratio, some scholars (Ozbakkaloglu & 
Saatcioglu, 2007; Tian et al., 2019; Ying et al., 2021; Zhang 
et al., 2015) used the fiber-reinforced polymer (FRP) cas-
ings as the permanent formworks for the concrete col-
umn. The axial performances of the square and circular 
concrete columns fabricated by the FRP permanent 
formworks were experimentally studied by Ozbakkalo-
glu et al. (2007) and Zhang et al. (2015), respectively. The 
FRP formwork could enhance the strength and ductility 
of the inner concrete, but it is vulnerable to high temper-
atures (Hu et al., 2018). The steel tube is another popu-
larly used permanent formwork for columns (Cai et  al., 
2019; Ghanbari-Ghazijahani et  al., 2020). The concrete 
column with the steel tube showed better compression 
behaviors than the conventional concrete columns (Abed 
et al., 2013; Han et al., 2019; Wei et al., 2019). However, 
the fire-resistance issue is also faced by the steel tube 
formwork.

Ultra-high-performance concrete (UHPC) is an inno-
vative cementitious material that has attracted many 
researchers in recent years. Previous studies (Azmee & 
Shafiq, 2018; Graybeal & Tanesi, 2007; Magureanu et al., 
2012; Shafieifar et  al., 2017; Shi et  al., 2015) stated that 
the UHPC possesses ultra-high compressive strength, 
excellent durability, and high crack resistance due to its 
dense microstructure. Since the UHPC exhibits a supe-
rior strength-to-weight ratio over the conventional 
cement-based material, it is an excellent choice to use the 
UHPC for producing lightweight permanent formwork. 
As a cementitious material, the UHPC has a good fire-
resistant capacity (Xiong & Liew, 2015; Ye et  al., 2012), 
which makes the UHPC permanent formwork fire-proof. 
In addition, the excellent durability of the UHPC makes 
the formworks provide the inner concrete with sufficient 
protection and lower maintenance costs.

The promising advantages of the UHPC permanent 
formwork have drawn many scholars’ attention (Fang 

et al., 2023; Hadi et al., 2018; Huang et al., 2021; Shan 
et  al., 2018, 2020; Tian et  al., 2020; Wu et  al., 2018; 
Zeng et al., 2022; Zhang et al., 2022). Shan et al. (2018) 
prepared the tubular formwork using reactive powder 
concrete (RPC), one type of UHPC, for molding the 
concrete columns. The obtained concrete column with 
the RPC tube demonstrated higher load capacity and 
better corrosion resistance than the conventional con-
crete column. A similar conclusion was also drawn by 
Hadi et al. (2018). Tian et al. (2020) proposed a prefab-
ricated grid-reinforced UHPC permanent formwork 
for the concrete column and investigated the column 
axial behavior experimentally and numerically. While 
the load-carrying capacity and elastic modulus were 
improved, the ductility of the composite column was 
decreased by the brittle nature of the UHPC. An FRP-
reinforced UHPC tubular formwork was developed by 
Zeng et al. (2022), and the effects of the tube thickness 
and fiber addition were studied. The developed FRP-
reinforced UHPC tubular formwork showed the capac-
ity to strengthen the deteriorated columns. Huang et al. 
(2021) developed a composite permanent formwork 
system, where the UHPC worked as the exterior layers, 
and the engineered cementitious composite worked 
as the interior layers. The ordinary concrete filled the 
space between two layers. The composite formwork 
presented the desirable mechanical performance as 
well. In addition, a high strength cementitious grout 
was also developed by Yang et  al. (2023a, b) to fill the 
joints existing in the UHPC permanent formworks and 
improve the formwork system’s performances.

Although many UHPC permanent formwork systems 
were introduced in the previous works, most of them 
were prefabricated to the customized member geometry. 
In the construction project, there usually are plenty of 
different member geometries. Manufacturing a custom-
ized formwork for each structural member geometry 
not only adversely influences the production efficiency, 
but also raises the formwork cost (Li et  al., 2022b). 
Therefore, the standardized modular UHPC permanent 
formwork system is proposed in this study to solve this 
issue. With the advantages of cement-based materials, 
the proposed modular UHPC formwork could cooper-
ate with the casted concrete well and has better fire and 
corrosion resistance than other materials, like PVC and 
FRP, previously used as permanent formworks. In com-
parison with the previous one-piece UHPC formwork, 
the modular UHPC formwork is more versatile and flex-
ible. Most member geometries could be erected quickly 
by assembling the modular formwork. With the stand-
ardized shape, the modularization of the UHPC perma-
nent formwork system could speed up the production of 
prefabricated members and reduce manufacturing costs. 



Page 3 of 14Yang et al. Int J Concr Struct Mater           (2023) 17:38  

Additionally, the modular UHPC permanent formwork 
can be interchanged with conventional modular form-
work, making it easy to adopt on-site.

In the rest of the paper, the modular UHPC permanent 
formworks with the flat shape and the ribbed shape are 
described first, and then the experimental and numerical 
studies on the axial behavior of the concrete column fab-
ricated by the modular UHPC permanent formworks are 
conducted.

2  Experimental Program
2.1  Design of Experiment
Two types of modular UHPC permanent formworks, 
namely the flat formwork and the ribbed formwork, were 
proposed in this paper. The geometries of two UHPC 
permanent formworks are illustrated in Fig. 1. The height 
(i.e., 400  mm) and width (i.e., 100  mm) of two perma-
nent formworks are the common divisor of most column 
height and width, respectively. Therefore, the modular 
UHPC permanent formworks could be assembled to 
erect the whole permanent formwork systems for various 
geometries.

Since the integrity of the modular formwork sys-
tem was not so strong, the UHPC modular permanent 

formwork was designed as the non-associated formwork, 
which only sustains the outward pressure developed by 
the concrete core (Kildashti et  al., 2021). As the non-
associated formwork, the UHPC modular permanent 
formworks have two main possible utilizations:

(1) The UHPC formworks were used as the replace-
ment of the cover layer of the normal strength con-
crete (NSC), which did not influence the section 
size of the conventional concrete column.

(2) The UHPC formworks were regarded as the addi-
tional cover layer of the NSC, which increased the 
section size of the conventional concrete column.

In order to investigate which utilization was reasonable 
in reality, five kinds of column cross-sections were pro-
posed here, and they are presented in Fig. 2. The ratio of 
the specimen scale in Fig.  2 to the real structure is 1/3. 
Columns A–C were the conventional concrete columns, 
while columns D and E were the composite columns with 
the UHPC flat permanent formworks and the UHPC 
ribbed permanent formworks, respectively. Similar to 
conventional formworks, the UHPC permanent form-
works were attached to the cast-in-place concrete by the 
concrete adhesive force. Column A was used as the refer-
ence. Column B had the same concrete cover thickness 
as the composite columns. The comparison between col-
umn B and the composite columns was used to demon-
strate if the UHPC modular permanent formworks could 
work as the replacement for the concrete cover. The 
cross-section size of column C was the same as the NSC 
concrete cores of the composite columns D, and E. Col-
umn C was employed to illustrate the effect of the UHPC 
modular formworks when the UHPC formworks worked 
as the additional concrete cover.

Considering the story height of 3.6  m and the scale 
ratio of 1/3, the height of the column specimens was set 
to 1200 mm. The schematic diagrams of the conventional 
concrete columns and the composite concrete columns 
are shown in Fig.  3a, b. The cast-in-place concrete was 
reinforced by the longitudinal bars of � 16 mm and the 
transverse bars of � 8 mm, while no reinforcement was 
used for the UHPC permanent formworks. The distribu-
tions of the longitudinal reinforcements and the stirrups 
in the cast-in-place concrete are presented in Figs. 2 and 
3c, respectively. Two specimens were prepared for each 
column section (i.e., a totally 10 specimens), and the 
details of the specimens are presented in Table 1.

2.2  Material Property
This research used the factory-produced UHPC dry mix 
to prepare the modular UHPC permanent formworks. The 
UHPC dry mix contained the aggregate and the binding 

Fig. 1 The geometries of two UHPC permanent formworks: a flat 
formwork; b ribbed formwork (unit: mm)
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Fig. 2 Cross-sections of the concrete columns (unit: mm)

Fig. 3 The schematic diagrams of concrete columns. a The conventional concrete column. b The composite column with the UHPC permanent 
formworks, and (c) the reinforcements distributions of the columns (unit: mm)
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materials with a ratio of 1:1. The binding material was com-
posed of cement, silica fume, slag powder, and fly ash with 
a proportion of 0.7:0.15:0.10:0.05. The aggregate size of the 
UHPC dry mix ranged from 0.15 mm to 1.18 mm. Based 
on the preliminary study on the UHPC, the water to binder 
(W/B) ratio was set to 0.16. And the water reducer with 
a solid content of 40% was employed here. The adopted 
mixture proportion is illustrated in Table 2. The compres-
sive strength of the UHPC was tested according to Chi-
nese Code JC/T 1004-2006 (2006). The concrete strength 
test and the column specimen tests were completed within 
two days to ensure that the concrete has the same strength. 
The measured 28 days compressive strength is presented in 
Table 2.

The mixture proportion of the cast-in-place NSC is 
demonstrated in Table  3. The cement used here was P.II 
42.5R cement, and the river sand was the Zone II fine sand 
specified by the code GB/T 14684-2011 (2011). The coarse 

aggregate A and B size ranges were 2.36–9.5 mm and 2.36–
19.0  mm, respectively. The compressive strength of the 
NSC is also listed in Table 3. The yield strength, ultimate 
strength, and elastic modulus of the steel reinforcement 
were 411.82 MPa, 585 MPa, and 206 GPa, respectively.

2.3  Specimen Preparations
The UHPC permanent formworks were prefabricated by 
casting the fresh UHPC into the molds with the designed 
shapes. Before demolded, the UHPC permanent form-
works were cured at room temperature (20 ± 2  ℃) for 
6  h and then were cured at a temperature of 40 ± 5 ℃ 
for 18 h. The demolded UHPC formworks were cured in 
the steam curing room at a temperature of 90 ± 5 ℃ for 
48 h. After the steam curing, the UHPC formworks were 
moved into the concrete standard curing room with a 
temperature of 20 ± 1 ℃ and an R.H. over 95% until use.

The conventional concrete columns (i.e., columns A, B, 
and C) were cast using the wood formworks, which were 
moved away after curing for one day. The composite col-
umns (i.e., columns D and E) were cast using the UHPC 
permanent formwork systems, which stayed in place. All 
column specimens were covered by the cloth and cured 
at  room temperature for 150 days before testing.

Table 1 Details of the experimental specimens

a Concrete cover thickness includes the thickness of the UHPC permanent formworks
b Longitudinal reinforcement

Column types Specimen Section size 
(mm × mm)

Height (mm) Concrete cover 
 thicknessa (mm)

Area of 
 reinforcementb 
 (mm2)

Reinforcement 
ratio (%)

Without UHPC formworks A A-1 215 × 215 1200 25 4 � 16 (804) 1.739

A-2

B B-1 215 × 215 1200 40 4 � 16 (804) 1.739

B-2

C C-1 185 × 185 1200 25 4 � 16 (804) 2.349

C-2

With UHPC formworks D D-1 215 × 215 1200 40 4 � 16 (804) 1.739

D-2

E E-1 215 × 215 1200 40 4 � 16 (804) 1.739

E-2

Table 2 Mixture proportion and compressive strength of the 
UHPC used to prepare the permanent formworks

W/B ratio Mixture proportion (kg/m3) Compressive 
strength 
(MPa)UHPC dry 

mix
Water Water 

reducer

UHPC 0.16 2100 120.8 78.8 125

Table 3 Mixture proportion and compressive strength of the cast-in-place NSC

W/B ratio Mixture proportion (kg/m3) Compressive strength (MPa)

Water Cement River sand Coarse aggregate A Coarse aggregate B Water reducer

NSC 0.44 180.1 411.4 715 858.0 214.5 3.7 45.7 (for 28 days), 50.2 (for 150 
days)
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2.4  Instrumentation and Test Procedures
The axial compression tests were conducted using the 
CSS-254 universal testing machine of 15 MN load-
ing capacity, as shown in Fig.  4a. The specimens were 
tested in a displacement-controlled manner at a rate 
of 0.004  mm/s until failure. The steel plate was placed 
between the loading plate and the NCS part of the speci-
mens to avoid loading on the UHPC permanent form-
works. Only the vertical displacement was constrained 
during the experiments.

The measurement arrangement of the tested speci-
mens is demonstrated in Fig. 4b. The displacement gauge 
was mounted onto the loading plate to record the axial 
deformation. The axial strain of the columns was worked 
out based on the recorded axial deformation. Addition-
ally, the axial strain was measured by three strain gauges 
attached to the column surface at mid-height. The 
measure axial strains were utilized to validate the axial 
deformation measurement. As shown in Fig.  4b, three 
horizontal strain gauges were installed at the top, mid-
dle, and bottom regions of the column. The axial load 
was monitored by a load cell of the testing machine. The 
load, displacement, and strain of the tested columns were 
recorded by an electronic data acquisition system.

3  Experimental Results and Discussion
3.1  Observed Failure Modes
Since the specimens with the same section showed the 
same failure modes, the typical failure patterns of each 
column section are selected and presented in Fig. 5. The 
NSC columns A, B, and C failure modes were similar. 
At the initial loading stage, there was no obvious crack 
in the column specimens. When the axial compression 
reached around 65% of the ultimate load, the vertical 
cracks were initiated at the end of the columns. As the 
loading proceeded, several slight vertical cracks appeared 
and connected. The connected cracks propagated slowly 
towards the mid-height region of the column and formed 
a main long vertical crack with the load increasing. 
When approaching the ultimate load, the crack reached 
the middle of the columns, and the concrete at the cor-
ner edges began to spall with the crack noise. There was 
a small lateral deflection caused by the slight accidental 
eccentricity of the loading apparatus. Finally, the columns 
reached the ultimate capacity and rapidly failed with the 
loud sound. The failures of these three types of columns 
were brittle and followed the typical failure pattern of the 
long concrete column. As shown in Fig.  5a–c, the con-
crete of the columns was peeled, and the steel reinforce-
ments were exposed under the peak load.

The initial loading process of the composite column D 
with the UHPC permanent flat formworks was like the 

Fig. 4 a Test apparatus and b schematic diagram of the measurement arrangement
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NSC columns. The initial cracks occurred at the two ends 
of the column when the axial load reached about 60% of 
the peak capacity. However, different from the NSC col-
umns, the cracks were mainly in the joints of the UHPC 
permanent formworks. The slight crack noises could 
be heard at this stage. With the load rising, the cracks 
expanded to the middle region along the joints of the 
formwork systems and formed the vertical straight-line 
crack across the whole formwork system. When the ulti-
mate load was reached, the inner concrete was crushed 
with intermittent noises, and the column capacity was 
lost suddenly. Column D met the brittle failure as well. 
It can be observed from Fig. 5d that the formworks were 
peeled from the column due to the expansion of the inner 
concrete and the straight-line crack between the form-
works. After removing the permanent modular form-
works and clearing the crushed concrete, the inner part 
of column D and the peeled formworks are shown in 
Fig. 6a, b. It can be observed from Fig. 6b that the surface 
of the formwork was smooth, and the bonding between 
the inner concrete and the formwork was negligible. The 
UHPC permanent flat formworks cannot be integrated 
with the inner concrete effectively.

The failure mode of the composite column E was 
close to that of the composite column D. However, the 
ribbed formworks of column E were not peeled under 
the peak load and were still embedded in the inner con-
crete. Fig.  6c, d demonstrates the inner concrete and 

the permanent formworks of the composite column E. 
It can be noted that a large block of concrete adhered 
to the formworks, which indicated desirable bonding 
between the inner concrete and the ribbed permanent 
formworks. The composite column with ribbed modular 
formworks possessed better integrity than that with flat 
modular formworks. This phenomenon was because the 
ribbed modular formworks have larger contact area with 
the inner concrete than the flat modular formworks, and 
the rib could be buried in the inner concrete and provide 
more interaction with the inner concrete.

3.2  Cracking Load and Ultimate Load
Table  4 summarizes the cracking and ultimate loads of 
all specimens. The capacities of the different specimens 
with the same column type had negligible differences, so 
the average values are discussed in this section. The con-
trolled column A showed superiority over other columns. 
Due to the increase in the concrete cover thickness, the 
confinement of the stirrup in column B was not as strong 
as in column A, which resulted in a decrease in the crack-
ing load and the ultimate loads. The reduction of the 
cross-section area made the capacity of column C lower 
than column A. The capacities of the composite columns 
D and E were significantly lower than the NSC columns 
B, which meant that the modular UHPC permanent 
formworks could not offer sufficient confinement and 
work as the replacement of the concrete cover.

Fig. 5 Failure modes of different columns
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On the other hand, the cracking load and the ultimate 
load of the composite columns D and E were close to 
those of the NSC column C, whose section size was the 
same as the concrete cores of the composite columns D 
and E. Because of the weakness of the formwork joints, 
the composite columns D and E cracked earlier than col-
umn C. Therefore, it is vital to strengthen the joints of 
modular formworks in the future. The peeling of the flat 
formworks made the peak load of column D lower than 
column C. By comparing column E with column C, it can 
be noted that the UHPC ribbed permanent formworks 
could enhance the ultimate strength of column C to some 
extent. In conclusion, the modular ribbed formworks 
outperformed the modular flat formworks and could 

work as the additional cover to the concrete columns 
with a slight improvement in the ultimate capacity.

3.3  Axial Load–Axial Strain Behavior
Fig. 7 illustrates the typical axial load–axial strain curve 
of each column type. Due to the limitation of the exper-
imental equipment, the post-failure axial load–axial 
strain curve was not recorded and presented here. This 
problem will be addressed by updating the equipment 
in the future. All types of columns exhibited brittle fail-
ure. Prior to the failure, the axial load of all columns 
ascended almost linearly with the axial deformation. 
The behaviors of columns close to the linear elastic 
behavior, and their stiffnesses were close to each other. 

Fig. 6 Failure patterns of the composite columns D and E after removing the UHPC permanent formworks. a Inner concrete and b removed 
permanent formwork of the composite column D; c Inner concrete and d removed permanent formwork of the composite column E

Table 4 The cracking load Pcr and ultimate load Pu of specimens

Column type Specimen Pcr (kN) Pu (kN) Pcr/Pu (%) Average Pcr (kN) Average Pu (kN)

A A-1 1620 2351 68.9 1595 2306

A-2 1570 2260 69.5

B B-1 1390 2218 62.7 1410 2254

B-2 1430 2290 62.4

C C-1 921 1430 64.4 906 1420

C-2 890 1410 63.1

D D-1 780 1352 57.7 760 1321

D-2 740 1290 57.4

E E-1 886 1481 59.8 882 1451

E-2 878 1420 61.8
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The sudden loss of strength occurred for all columns 
after the peak load. The reason of sudden failure was 
that the yield stress of the steel reinforcement was over 
400 MPa, and the concrete of the columns reached its 
peak strength and crushed suddenly before the steel 
yielded. In addition, the brittle feature of the UHPC 
also contributed to the sudden strength loss.

The similar changing trend of the axial load–strain 
curves was observed by Tian et  al. (2020) and Zeng 
et  al. (2022). In their studies Tian et  al., (2020) and 
Zeng et  al., (2022), the axial load–strain curves of the 
reinforced concrete columns fabricated by the one-
piece UHPC formworks also presented a first linear 
elastic ascending portion, and then sharply lost their 

strength after the peak load. The consistent failure 
trend between the modular UHPC formworks pro-
posed in this study and the one-piece UHPC formworks 
previously investigated by other researchers (Tian et al., 
2020; Zeng et  al., 2022) evidenced the applicability of 
the proposed modular formwork. The modular UHPC 
formwork could also achieve a similar role as the con-
ventional one-piece UHPC formwork.

3.4  Axial Load–Horizontal Strain Behavior
Fig.  8 presents the typical axial load–horizontal strain 
curves of five column types. The axial loads of columns 
increased nonlinearly with the horizontal strains. The 
top of the columns exhibited more significant horizon-
tal strains than the other two parts of the columns. For 
the top region of the columns, column A showed the 
slightest horizontal deformation among the three NSC 
columns, while column C had the most considerable 
horizontal strain under the same load. Three NSC col-
umns presented a similar ascending trend for the mid-
dle and bottom parts of the columns, but column C 
failed earlier than the other two.

The horizontal strain of column D had the same 
trend as column C at the initial stage, but its value in 
the top and middle regions of the column significantly 
increased when approaching the ultimate load. This 
dramatic rising was caused by the peeling of the perma-
nent flat formworks. The horizontal deformation per-
formance of the composite column E was close to that 
of column C as well. The horizontal strains of column 
E in the middle and bottom regions were slightly larger 
than those of column C, resulting from the break of the 
formwork joints. Different from column D, there was 
no sudden increase in the horizontal strain of column 

Fig. 7 Axial load–axial strain curves of five types of columns

Fig. 8 Axial load–horizontal strain curves of five types of columns
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E. It is because the ribbed permanent formworks in 
the composite column E were effectively integrated 
with the inner concrete and were not peeled during the 
loading.

4  Numerical Simulation
4.1  Model Development
In order to further understand the behavior of the com-
posite concrete columns, the finite element analysis 
(FEA) models of the composite columns D and E, as well 
as the NSC column C, were established in Midas-FEA 
software. For the sake of accuracy and efficiency, the tet-
rahedral elements were used for the NSC column C, and 
the hexahedron elements were applied for the compos-
ite columns D and E. The truss element was used for the 
reinforcements in all models. The embedded constraint 
was used between the reinforcements and the concrete. 
According to the preliminary study, the element size was 
set to 20  mm. The dimension and boundary conditions 
were consistent with the experimental conditions. Con-
sidering the accidental load eccentricity existing in the 
experiments, the axial compression was biased 15  mm 
along the diagonal of the section during the simulation. 
The established FEA models for three columns are dem-
onstrated in Fig. 9.

Based on the preliminary experimental results, the 
elastic moduli of the NSC and the UHPC were set to 
31,333  MPa and 39,800  MPa, respectively. The Poisson 

ratios of the NSC and the UHPC were 0.2. The total strain 
crack model was employed here to describe the constitu-
tive behaviors of the NSC and the UHPC for considering 
the crack pattern of the concrete columns. The compres-
sive behaviors of the NSC and the UHPC were specified 
by the Thorenfeldt function with fc equal to 50.2  MPa 
and 125 MPa, respectively. The constant tensile function 
with ft of 1.57 MPa was used for the NSC, while the lin-
ear tensile function with the parameters ( ft = 10.5 MPa, 
Gf = 1.05 N/mm, h = 1.05 mm) was used for the UHPC. 
The constant shear retention curve  with the β of 0.5 
described the shear behavior of both the UHPC and the 
NSC. The steel reinforcement was described by the von 
Mises criterion with an elastic modulus of 206,000 MPa 
and a yield stress of 411.82 MPa.

As observed from the experiments, the bonding 
between the UHPC flat permanent formworks was weak. 
Therefore, the interface element with the discrete crack 
model was generated to separate the NSC core and the 
UHPC flat formworks. Since the UHPC ribbed perma-
nent formworks were effectively embedded into the inner 
concrete, the meshes of the UHPC ribbed permanent 
formworks and the NSC cores were coupled in the FEA 
model. In addition, the connections between the form-
works were modeled by the interface element as well.

Fig. 9 FEA models of the NSC column C and the composite columns D and E
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4.2  Results and Discussion
Since the recorded load–strain curves of the column 
specimens were almost linear, the capacities were directly 
compared to demonstrate the applicability of the FEA 
model. The ultimate capacities estimated by the FEA 
are listed in Table 5, Besides, for the NSC column C, the 
ultimate capacity calculated by the Chinese standard GB 
50010-2010 (2010) is also provided in Table 5. According 
to the Chinese standard, the ultimate capacity of the con-
crete column can be estimated by:

where ϕ is the stability coefficient, fy is the yield stress of 
reinforcement, As is the cross-sectional area of the rein-
forcement, fc is the compressive strength of the NSC, A is 
the area of the column cross-section. In this case, ϕ = 1, 
fy = 400 MPa, fc = 50.2 MPa, As = 804  mm2, A = 34,225 
 mm2.

The standard value overestimated the load capacity of 
the NSC column C since the accidental eccentricity of 

(1)Pu−standard = 0.9ϕ
(

fyAs + fcA
)

,

the load was not considered. The ultimate loads predicted 
by the FEA were generally in good agreement with the 
tested value, which validated the capacity of the numeri-
cal models. The predicted ultimate capacities of the com-
posite beams were slightly larger than the experimental 
results. This difference can be attributed to the ideali-
zation of the formwork joints. The idealized formwork 
joints were stronger than the actual behaviors, provid-
ing the NSC core with more confinement and improving 
overall capacity.

Fig.  10 shows the von Mises stress distribution of the 
NCS column C and the concrete cores of the compos-
ite columns D and E under the peak load. Due to the 
eccentric compression, the stress at one edge of column 
C was larger than at others. It was consistent with the 
experimental phenomenon that the concrete at the cor-
ner edge of the column spalled first under the compres-
sion. The confinement of UHPC permanent formworks 
mitigated this phenomenon to some extent. As observed 
from Fig.  10b, there was a stress concentration at the 
position of joints between the flat formworks along the 
height direction, which contributed to the peeling of the 
flat formworks during the experiments. For the compos-
ite column E, the stress concentration occurred at the 
embedding position of the ribbed formworks, resulting 
from the interaction between the ribbed formworks and 
the inner concrete. The cross-sectional variation of the 
inner concrete near the embedding position also led to 
the stress concentration.

With the help of the total strain crack model, the crack-
ing analysis of the concrete columns could be conducted 

Table 5 Cracking load Pcr and ultimate load Pu given by 
experiments and numerical simulations

Column type Pcr (kN) Pu (kN)

Experiment FEA Experiment Standard FEA

C 906 750 1420 1836 1406

D 760 700 1321 – 1450

E 882 750 1451 – 1590

Fig. 10 von Mises stress distribution of a NSC column C, b concrete core of column D, and c concrete core of column E under the ultimate load
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by the FEA model. The evaluated cracking loads are 
presented in Table 5. The predicted cracking loads were 
smaller than the experimental value, since the experi-
mental values were obtained based on naked-eye obser-
vation, and many tiny cracks were not detected. These 
tiny cracks could be simulated in the FEA models. 
Because of the limitation of the numerical model and 
the software, only the crack states at the final stage were 
visualized in this study. This issue will be solved by apply-
ing more advanced numerical crack models in the future. 
The estimated crack locations and widths under the ulti-
mate loads are illustrated in Fig. 11. Compared with the 
NSC column C, the composite columns with permanent 
formworks had more cracks. These cracks were caused 
by the interaction between the formworks and the inner 
concrete. The cracks of column D were concentrated 
around the vertical joints of the flat formworks, which 
agreed with the experimental observations. For the com-
posite column E, there were many micro-cracks around 
the embedding position of the ribbed formworks. As 
the composite column E sustained a larger load than the 
other two, it also presented more cracks. However, over 
90% of the cracks in column E were less than 0.01 mm. 
Additionally, most of the micro-cracks were located in 
the inner concrete, so the UHPC permanent formworks 
could still protect the concrete core from environmental 
abrasion and improve the overall durability of the com-
posite column.

5  Conclusion
Two modular forms of the ultra-high-performance con-
crete (UHPC) permanent formwork, namely the flat 
formwork and the ribbed formwork, were proposed in 
this work. Both experiments and numerical studies were 
conducted to investigate the axial compression behav-
iors of the composite concrete columns encased by two 
types of UHPC permanent formworks. The comparison 
between the composite columns and normal strength 
concrete (NSC) columns was presented as well. The fol-
lowing conclusions were drawn:

(1) The cracks of the composite columns initiated from 
the modular formwork system’s joints and propa-
gated towards the middle of the columns. Similar 
to the NSC column, brittle failure occurred on the 
composite columns. Under the ultimate load, the 
flat formwork was peeled from the concrete core 
due to the weak bonding, while the ribbed form-
work could be desirably embedded into the inner 
concrete and keep the integrity.

(2) The column encased by the ribbed formwork sys-
tem exhibited higher load-carrying capacity than 
the flat formwork one and the NSC column with 
the same cross-section as the concrete cores of the 
composite columns. The modular ribbed form-
works could be regarded as the additional cover to 
the NSC column.

(3) The axial load–axial strain behavior and the axial 
load–horizontal strain behavior of the composite 
column with the ribbed formworks were close to 

Fig. 11 Numerically estimated cracking patterns of the columns under the ultimate load
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the NSC column. Before the peak load, the axial 
load–axial strain curves presented a linear elastic 
ascending trend, while the axial load–horizontal 
strain curves showed a nonlinear rising trend.

(4) As validated by the test results, the finite element 
analysis (FEA) model exhibited the capacity to sim-
ulate the axial compressive behavior of the compos-
ite column. The numerical crack analysis illustrated 
that there were many micro-cracks in the inner 
NSC concrete of the composite column due to 
the interaction between the concrete core and the 
formwork. However, with the protection from the 
UHPC permanent formworks, the overall durability 
of the composite column was improved.
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