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Abstract
To explore the compression behavior of ultra-high-performance concrete (UHPC) confined with rectilinear ties, sixty speci-
mens were tested under axial compression. The investigated parameters included the compressive strength of UHPC in 
the range of 84.72–155.45 MPa, the volumetric ratio of rectilinear ties in the range of 0.9–2.0%, and the yield strength of 
rectilinear ties in the range of 873–1215 MPa. The failure modes of specimens were the formation of an inclined shear fail-
ure plane. The axial stress–axial strain curves and the axial stress–lateral strain curves of confined UHPC were analyzed. 
Besides, the effects of investigated parameters on the load-bearing capacity and ductility of confined UHPC were analyzed. 
Moreover, the prediction models for the lateral strain of rectilinear ties at peak stress, load-capacity and ductility of confined 
UHPC were developed.
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1  Introduction

Ultra-high performance concrete (UHPC), as a new cemen-
titious material, has been developed over two decades and 
has been applied to civil engineering [1]. The compressive 
strength of UHPC was generally over 100 MPa and even 
more than 150 MPa [2]. However, UHPC tended to be dam-
aged abruptly under axial compression [3]. It was an efficient 
method to apply lateral confinement to UHPC to improve the 
ductility of UHPC [4]. The meshed rectilinear ties were the 
main configurations of rectilinear ties in confined concrete 
and the compressive behavior of UHPC confined with rec-
tilinear ties has not been determined yet [5]. In addition, the 
lateral strain of rectilinear ties may not reach yield strain at 

the peak stress of confined concrete [6] and the evaluation 
of the lateral strain of rectilinear ties has not been proposed 
[7]. Therefore, it was necessary to explore the compression 
behavior of UHPC confined with rectilinear ties.

Numerous studies have indicated that the compressive 
strength and ductility of concrete confined with rectilinear 
ties can be significantly improved. Richart studied the con-
finement effect of spiral stirrups on the compression behav-
ior of concrete [8] and the prediction models for the peak 
stress and peak strain of confined concrete were proposed 
[9]. Mander explored the compression behavior of concrete 
confined with spiral stirrups [10] and developed the efficient 
confinement concept and the evaluation models of efficient 
confinement coefficients were proposed [11]. Saatcioglu 
[12], Assa [13], Li [7], and Montgomery [14] explored that 
the compression behavior of high-strength concrete confined 
with high-strength stirrups, found that high-strength con-
crete needed more lateral confinement than normal strength 
concrete and high-strength stirrups can significantly enhance 
the compressive strength and ductility of concrete. Baduge 
[15], Cusson [16], Razvi [17] indicated that high-strength 
lateral ties provided more lateral confinement for very-high-
strength concrete (> 100 MPa) and improved ductility of 
confined concrete after peak stress. However, researches 
on the compression behavior of confined UHPC were still 
rare. Yang [18] explored the compression behavior of UHPC 
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with 2% steel fibers in volume fraction confined with spiral 
stirrups with 414 MPa tensile strength and found that the 
peak stress and ultimate strain of UHPC were increased by 
108 MPa and 1.37% in the maximum, respectively. Chen 
[19] found that the confinement effects on the compression 
behavior of UHPC confined with spiral stirrups increased 
obviously in the high volumetric ratio of spiral stirrups. 
Chang found that high-strength spiral stirrups enhanced the 
compressive behavior of UHPC [6].

Based on the previous studies, the existing researches 
mainly focused on the compression behavior of confined 
normal and high-strength concrete, confined UHPC with 
steel fibers, and UHPC confined with spiral stirrups. The 
lateral confinement of concrete confined with rectilinear 
ties was lower than concrete confined with spiral stirrups 
at the same volumetric ratio of rectilinear ties due to the 
decrease of the effective confinement area. Meanwhile, the 
lateral stress of rectilinear ties at the peak stress of confined 
UHPC did not reach the yield strength and the lateral stress 
development of rectilinear ties in confined UHPC has not 
been evaluated.

In this study, to explore the compression behavior of 
UHPC confined with rectilinear ties, an axial compression 
test including 60 specimens was carried out. The failure 
modes, axial compression and lateral response of speci-
mens were analyzed. Besides, the effects of the compres-
sive strength of UHPC, the volumetric ratio and the tensile 
strength of rectilinear ties on the compressive strength and 
ductility of confined UHPC were analyzed. The prediction 
models for the load-bearing capacity and ductility of con-
fined UHPC and the lateral strain of rectilinear ties at the 
peak stress of confined UHPC were developed.

2 � Experimental program.

2.1 � Specimens details

Sixty UHPC square columns confined with high-strength 
rectilinear ties were designed complied with GB 50010-
2010 to explore the compression behavior of confined UHPC 
[20]. The geometry of specimens and the design details of 
specimens are shown in Fig. 1a and Table 1, respectively. 
Grade 600 reinforcing bars with the diameter of 10 mm 
were applied as longitudinal reinforcement, while Grade 
800, Grade 970 and Grade 1270 reinforcing bars with the 
diameter of 7 mm were used as rectilinear ties. To prevent 
the damage of the end region of specimens, the spacing of 
rectilinear ties in end region was 20 mm.

2.2 � Materials properties

To obtain the designed UHPC, five types of compres-
sive strength of UHPC, labeled as UHPC100, UHPC120, 
UHPC140, UHPC160 and UHPC180 were prepared. 
According to GB/T 31387-2015 [21], three 100 × 100 × 100 
mm3 cubes and three 100 × 100 × 100 mm3 prisms of each 
type UHPC were tested under axial compression to obtain 
the mechanical properties of UHPC listed in Table 2.

Three samples for each type of reinforcing bars were 
tested under axial tension load according to GB/T 228-2018 
[22]. The yield strength of Grade 800, Grade 970, and Grade 
1270 was defined as at an offset strain of 0.2%. The mechani-
cal properties and stress–strain curves of reinforcing bars are 
presented in Table 3 and Fig. 2, respectively.

Fig. 1   Specimens geometry and 
test setup
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Table 1   Specimens design 
details

Specimens fc (MPa) fyv (MPa) s (mm) d (mm) �sv (%) �cc (%)

UHPC100-800-0.9 84.72 873 95 7 0.9 0.59
UHPC100-800-1.2 84.72 873 70 7 1.2 0.59
UHPC100-800-1.4 84.72 873 60 7 1.4 0.59
UHPC100-800-2.0 84.72 873 45 7 2.0 0.59
UHPC100-970-0.9 84.72 985 95 7 0.9 0.59
UHPC100-970-1.2 84.72 985 70 7 1.2 0.59
UHPC100-970-1.4 84.72 985 60 7 1.4 0.59
UHPC100-970-2.0 84.72 985 45 7 2.0 0.59
UHPC100-1270-0.9 84.72 1215 95 7 0.9 0.59
UHPC100-1270-1.2 84.72 1215 70 7 1.2 0.59
UHPC100-1270-1.4 84.72 1215 60 7 1.4 0.59
UHPC100-1270-2.0 84.72 1215 45 7 2.0 0.59
UHPC120-800-0.9 101.66 873 95 7 0.9 0.59
UHPC120-800-1.2 101.66 873 70 7 1.2 0.59
UHPC120-800-1.4 101.66 873 60 7 1.4 0.59
UHPC120-800-2.0 101.66 873 45 7 2.0 0.59
UHPC120-970-0.9 101.66 985 95 7 0.9 0.59
UHPC120-970-1.2 101.66 985 70 7 1.2 0.59
UHPC120-970-1.4 101.66 985 60 7 1.4 0.59
UHPC120-970-2.0 101.66 985 45 7 2.0 0.59
UHPC120-1270-0.9 101.66 1215 95 7 0.9 0.59
UHPC120-1270-1.2 101.66 1215 70 7 1.2 0.59
UHPC120-1270-1.4 101.66 1215 60 7 1.4 0.59
UHPC120-1270-2.0 101.66 1215 45 7 2.0 0.59
UHPC140-800-0.9 121.81 873 95 7 0.9 0.59
UHPC140-800-1.2 121.81 873 70 7 1.2 0.59
UHPC140-800-1.4 121.81 873 60 7 1.4 0.59
UHPC140-800-2.0 121.81 873 45 7 2.0 0.59
UHPC140-970-0.9 121.81 985 95 7 0.9 0.59
UHPC140-970-1.2 121.81 985 70 7 1.2 0.59
UHPC140-970-1.4 121.81 985 60 7 1.4 0.59
UHPC140-970-2.0 121.81 985 45 7 2.0 0.59
UHPC140-1270-0.9 121.81 1215 95 7 0.9 0.59
UHPC140-1270-1.2 121.81 1215 70 7 1.2 0.59
UHPC140-1270-1.4 121.81 1215 60 7 1.4 0.59
UHPC140-1270-2.0 121.81 1215 45 7 2.0 0.59
UHPC160-800-0.9 134.47 873 95 7 0.9 0.59
UHPC160-800-1.2 134.47 873 70 7 1.2 0.59
UHPC160-800-1.4 134.47 873 60 7 1.4 0.59
UHPC160-800-2.0 134.47 873 45 7 2.0 0.59
UHPC160-970-0.9 134.47 985 95 7 0.9 0.59
UHPC160-970-1.2 134.47 985 70 7 1.2 0.59
UHPC160-970-1.4 134.47 985 60 7 1.4 0.59
UHPC160-970-2.0 134.47 985 45 7 2.0 0.59
UHPC160-1270-0.9 134.47 1215 95 7 0.9 0.59
UHPC160-1270-1.2 134.47 1215 70 7 1.2 0.59
UHPC160-1270-1.4 134.47 1215 60 7 1.4 0.59
UHPC160-1270-2.0 134.47 1215 45 7 2.0 0.59
UHPC180-800-0.9 155.45 873 95 7 0.9 0.59
UHPC180-800-1.2 155.45 873 70 7 1.2 0.59
UHPC180-800-1.4 155.45 873 60 7 1.4 0.59
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2.3 � Test setup

To measure the deformation of rectilinear ties, longitudinal 
reinforcements, concrete cover and specimens, the strain 
gauges and displacement meters were applied and the distri-
butions of strain gauges and displacement meters are shown 
in Fig. 1. Sixteen strain gauges were placed at the corner of 
rectilinear ties to measure lateral strain; four strain gauges 
were placed on longitudinal reinforcements to measure verti-
cal strain; two vertical and two horizontal strain gauges on 
the concrete cover at the middle of specimens were used 
to obtain vertical and horizontal strain, respectively; four 

displacement meters were placed at the middle of specimens 
with 300 mm regions to measure vertical deformation.

All specimens were loaded on a hydraulic testing machine 
with a maximum capacity of 30,000 kN at Harbin Institute 
of Technology. Before testing, a steel plate was installed at 
the two edges of specimens with 120 mm regions and high-
strength cement paste was applied to the top of specimens to 
ensure the uniform distribution of axial load. The test setup 
is shown in Fig. 1b and the loading scheme of specimens 
with GB/T 50152-2012 [23] is listed in Table 4.

3 � Test results and discussion

3.1 � Observed behavior

The typical failure mode of specimens was the buckling of 
longitudinal reinforcement, the fracture of rectilinear ties 
and the formation of an inclined shear failure plane shown 
in Fig. 3. All specimens with the high volumetric ratio of 

“UHPC100-800-0.9” meant that the label of UHPC-the steel type of rectilinear ties-the volumetric ratio of 
rectilinear ties. fc was the compressive strength of UHPC prisms; s , d , and �sv were the spacing, diameter, 
and volumetric ratio of rectilinear ties, respectively; �cc was longitudinal reinforcement ratio

Table 1   (continued) Specimens fc (MPa) fyv (MPa) s (mm) d (mm) �sv (%) �cc (%)

UHPC180-800-2.0 155.45 873 45 7 2.0 0.59
UHPC180-970-0.9 155.45 985 95 7 0.9 0.59
UHPC180-970-1.2 155.45 985 70 7 1.2 0.59
UHPC180-970-1.4 155.45 985 60 7 1.4 0.59
UHPC180-970-2.0 155.45 985 45 7 2.0 0.59
UHPC180-1270-0.9 155.45 1215 95 7 0.9 0.59
UHPC180-1270-1.2 155.45 1215 70 7 1.2 0.59
UHPC180-1270-1.4 155.45 1215 60 7 1.4 0.59
UHPC180-1270-2.0 155.45 1215 45 7 2.0 0.59

Table 2   Mechanical Properties of UHPC

fcu was the compressive strength of UHPC cubes; fc and �c were the 
compressive strength and peak strain of UHPC prisms, respectively; 
Ec and v were elastic modulus and Poisson’s ratio corresponding to 
the average values within 0.2fc–0.4fc

Concrete types fcu (MPa) fc (MPa) �c (%) Ec (MPa) v

UHPC100 99.86 84.72 0.24 41,562 0.200
UHPC120 120.92 101.66 0.28 42,364 0.198
UHPC140 138.24 121.81 0.32 43,641 0.182
UHPC160 157.63 134.47 0.36 44,625 0.180
UHPC180 176.42 155.45 0.38 46,354 0.180

Table 3   Mechanical properties of reinforcing bars

fp , fy , fu , Es and �y were the proportional limit, yield strength, ulti-
mate strength, elastic modulus, and yield strain of steel reinforcing 
bars, respectively

Steel types fp (MPa) fy (MPa) fu (MPa) Es (MPa) �y (%)

Grade 600 661 661 844 200,000 0.33
Grade 800 673 873 962 205,000 0.43
Grade 970 877 985 1089 205,000 0.48
Grade 1270 1194 1215 1400 205,000 0.59
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Fig. 2   Stress–strain curves of reinforcing bars
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rectilinear ties and high compressive strength of UHPC dam-
aged heavily and all specimens had high ductility [15]. The 
observed behavior of specimens is listed in Table 5.

3.2 � Axial compression and lateral response

Figure 4 displayed the axial stress–axial strain curves and 
the axial stress–lateral strain curves of all specimens. The 
axial stress–axial strain curves and the axial stress–lateral 
strain curves of each series specimen were plotted according 
to the volumetric ratio of rectilinear ties. The axial strain was 
calculated from the average values of four vertical displace-
ment meters divided by the gauge length (300 mm); the lat-
eral strain was derived values from rectilinear ties; the axial 
stress of core concrete was obtained by subtracting the axial 
force of longitudinal reinforcement and concrete cover from 
the axial total force; the axial force of longitudinal reinforce-
ment was calculated by the elastic modulus multiplied by the 
axial strain and the total cross-sectional area, when the axial 
stress of longitudinal reinforcement exceeded yield strength, 
the axial stress of longitudinal reinforcement equaled yield 
strength; and the axial force of concrete cover was obtained 
by the vertical stress multiplied by area of concrete cover; 
the stress–strain curves of unconfined concrete was evalu-
ated by the models proposed by Guo [24].

The axial stress–axial strain curves of specimens had 
three stages: elastic stage, plastic stage and destruction stage 
(descending branch), corresponding to the axial stress-lateral 
strain curves of specimens. In the elastic stage, specimens 
remained the elastic behavior up to the compressive strength 
of unconfined UHPC, which was similar to unconfined 
UHPC. Meanwhile, the lateral strain of rectilinear ties was 
at the low level, which indicated that the lateral deformation 
of UHPC was due mostly to the Poisson’s effect and the con-
finement effects of rectilinear ties were insignificant. Thus, 
the lateral confinements of rectilinear ties did not change the 
axial stress–axial strain curves of UHPC in elastic stage. The 
plastic stage denoted that the nonlinear behavior of confined 
UHPC was from the compressive strength of unconfined 
UHPC to the peak stress of confined UHPC. The plastic 

Table 4   Loading scheme of 
specimens

Loading stages Loading scheme

Pre-loading Loading rate of 5 kN/s until 15% of the estimated ultimate capacity of specimens
Formal loading First Loading rate of 5 kN/s until 70% of the estimated ultimate capacity of specimens

Second Loading rate of 0.5 mm/min until 85% load-capacity of specimens
Third Loading rate of 1.0 mm/min until 50% load-capacity of specimens
Four Loading rate 1.5 mm/min until specimens crushed

Fig. 3   Failure mode of specimens
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behavior of specimens was induced by the lateral confine-
ments of rectilinear ties. The lateral strain of rectilinear 
ties had a rapid increase due to the development of internal 
cracks of concrete, which demonstrated that the lateral con-
finements of rectilinear ties were activated. The destruction 
stage was marked by a gradual decrease of axial stress and 
the specimens with the high volumetric ratio of rectilinear 
ties had a stress platform. The axial stress in the stress plat-
form increased with the increase of the volumetric ratio of 
rectilinear ties and decreased with the compressive strength 
of UHPC. Meanwhile, the lateral strain of rectilinear ties had 
a rapid increase until the fracture of rectilinear ties.

With the increase of the compressive strength of UHPC, 
the proportion of plastic behavior in the ascending branch 
declined and the axial stress in the descending branch 
declined steeply. In addition, with the increase of the volu-
metric ratio of rectilinear ties, the proportion of plastic 
behavior in the ascending branch increased and the descend-
ing branch declined gradually. Noticeably, with the increase 
of tensile strength of lateral ties, the ascending branch did 
not have obvious changes, while the stress in the descending 
branch declined gradually.

3.3 � Ductility index and toughness index

The concrete confined with rectilinear ties should have 
enough ductility to resist the axial compression load and 
earthquake load. The ductility of confined concrete was 
related to the post-peak stress behavior which was evalu-
ated by the ductility index I10 and toughness index T .I. of 
confined concrete.

The definitions of the ductility index [25] and toughness 
index [26] of confined concrete are shown in Fig. 5. The 
ductility index I10 was defined as the ratio of the area under 
the axial stress–axial strain curve of confined concrete up to 
a strain of 5.5 times yield strain to the area under the curves 
up to yield strain. In Fig. 5a, the yield strain of confined 
concrete was defined as the extrapolation of a straight line 
from the origin through 0.75 peak stress to a load level of 

peak stress. The yield strain equaled the x-coordinate of the 
intersection. For perfect elastic–plastic materials, I10 = 10 ; 
for perfect elastic–brittle materials, I10 = 1 . In Fig. 5b, the 
toughness index was defined as the ratio of the area under 
axial stress–axial strain curves up to 0.02 axial strain to the 
area of 0.02 peak stress.

The ductility index I10 and toughness index TI of all spec-
imens are listed in Table 6. Meanwhile, the peak stress, peak 
strain, the lateral strain of rectilinear ties at the peak stress 
of confined UHPC and the effective confinement ratio are 
also listed in Table 6.

3.4 � Parameters analysis

3.4.1 � Compressive strength of UHPC

The compressive strength of UHPC determined the compres-
sion behavior and lateral response of confined UHPC. The 
compressive strength of UHPC had two main effects: on the 
one hand, UHPC with high compressive strength had high 
cementitious materials content, which reduced the internal 
defects of UHPC and declined the lateral deformation abil-
ity [12]; on the other hand, with the increase of concrete 
strength, the effective confinement ratio ( �svfyv

/

fc ) decreased 
with the increase of the compressive strength of UHPC [27]. 
Thus, the peak stress, peak strain, ductility index and tough-
ness index of specimens, and the lateral strain of rectilinear 
ties decreased with the enhancement of compressive strength 
of UHPC. In Table 6, when the volumetric ratio and tensile 
strength of rectilinear ties were 1.2% and 985 MPa, respec-
tively, the compressive strength of UHPC increased from 
88.72 to 155.45 MPa, the effective confinement ratio was 
decreased from 0.14 to 0.06. The load-bearing capacity and 
ductility of confined UHPC decreased due to the decrease 
of effective confinement ratio. The compressive strength 
ratio fcc∕fc and the peak strain ratio �cc∕�c between con-
fined UHPC and unconfined UHPC declined from 1.20 to 
1.12 and 1.33 to 1.17, respectively. Meanwhile, the ductility 

Table 5   Observed behavior of specimens

Loading stage Observed behavior

Before the peak stress of unconfined UHPC Specimens did not have obvious behavior
Around the peak stress of unconfined UHPC Tiny hair cracks appeared on the surface at the corner of specimens; concrete cover began to spall 

with intermittent cracking sound
Around 80% peak stress of confined concrete Vertical cracks were fully distributed on concrete cover; the concrete fragments on concrete cover 

spalling severely with continuous cracking sound; the main shear inclined cracks began to form
Around peak stress of confined concrete Concrete cover was peeled off; the main shear inclined cracks of core concrete was formed, which 

divided specimens into two wedges
After peak stress of confined concrete Two wedges were sliding over each other under monotonically increased axial load
Finally Load-bearing capacity of specimens dropped abruptly with rectilinear ties fractures and longitudi-

nal reinforcement buckling
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Fig. 4   Axial stress–axial strain curves and axial stress–lateral strain of confined UHPC
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index and toughness index were decreased from 5.24 to 5.15 
and from 0.57 to 0.50, respectively. The lateral strain of rec-
tilinear ties decreased by around 1028 με in the maximum.

3.4.2 � Volumetric ratio of rectilinear ties

The volumetric ratio of rectilinear ties had two main effects 
on the load-bearing capacity and ductility of confined 
concrete: on the one hand, the effective confinement ratio 
increased with the increase of the volumetric ratio of recti-
linear ties, which meant that more lateral confinement was 
provided for concrete. The lateral strain of rectilinear ties 
at the peak stress of confined concrete was related to the 
volumetric ratio of rectilinear ties [28]; on the other hand, 
the increase of the volumetric ratio of rectilinear ties was 
achieved by reducing the spacing of rectilinear ties, which 
restrained the buckling of longitudinal reinforcements [16]. 
In Table 6, when the compressive strength of UHPC was 
121.81 MPa and the tensile strength of rectilinear ties was 
873 MPa, the volumetric ratio of rectilinear ties increased 
from 0.9 to 2.0%, the effective confinement ratio was 
increased from 0.06 to 0.14. The compressive strength ratio 
fcc∕fc and peak strain ratio �cc∕�c between confined UHPC 
and unconfined UHPC increased from 1.10 to 1.29 and 
1.14 to 1.50, respectively. Meanwhile, the ductility index 
and toughness index were increased from 4.53 to 6.15 and 
from 0.50 to 0.59, respectively. The high volumetric ratio of 
rectilinear ties enhanced the lateral expansion of concrete, 
which increased the lateral strain of rectilinear ties at the 
peak stress of confined concrete. The lateral strain of rec-
tilinear ties increased by around 1108 με in the maximum.

3.4.3 � Tensile strength of rectilinear ties

The high tensile strength of rectilinear ties enhanced the 
lateral confinement at a given volumetric ratio of rectilin-
ear ties. However, high tensile strength rectilinear ties may 
not reach the yield strength at the peak stress of confined 

concrete, which meat that tensile strength had insignificant 
effects on the peak stress and peak strain of confined con-
crete. However, high tensile strength rectilinear ties had a 
significant effect on the post-peak stress curves of speci-
mens, which improved the ductility and toughness of speci-
mens [29]. In Table 6, when the compressive strength of 
UHPC was 134.47 MPa and the volumetric ratio of recti-
linear ties was 2.0% MPa, the tensile strength of rectilinear 
ties increased from 873 to 1215 MPa, the effective confine-
ment ratio was increased from 0.11 to 0.16. The compres-
sive strength ratio fcc∕fc and peak strain ratio �cc∕�c between 
confined UHPC and unconfined UHPC were in the range 
of 1.22–1.25 and 1.37–1.40, respectively, due to the insig-
nificant lateral confinement at the peak stress of confined 
concrete. However, the ductility index and toughness index 
were increased from 5.96 to 6.65 and from 0.57 to 0.62, 
respectively. The high tensile strength of rectilinear ties had 
no obvious effects on the lateral strain of rectilinear ties at 
the peak stress of confined concrete. The lateral strain of 
rectilinear ties at the peak stress of confined UHPC was 
around 2300 με.

4 � Load‑capacity and ductility of confined 
UHPC

4.1 � Effective confinement pressure of rectilinear 
ties

The rectilinear ties between two adjacent longitudinal rein-
forcements were under flexural force and tension force due 
to the lateral deformation of core concrete. However, the 
stiffness of rectilinear ties reached the maximum value at the 
corner of rectilinear ties or at the junction with the longitudi-
nal reinforcements and experimental results showed that the 
lateral stress of rectilinear ties reached the maximum value 
at the maximum stiffness. Thus, the distribution of lateral 

Fig. 5   Definitions of ductility 
index and toughness index
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Table 6   Experimental results of 
all specimens

Specimens fcc (MPa) �cc (%) �sv (%) I10 T.I �svfsv∕fc

UHPC100-800-0.9 93.46 2902 1369 4.72 0.54 0.09
UHPC100-800-1.2 101.08 3465 2145 5.80 0.56 0.12
UHPC100-800-1.4 109.26 3552 2307 5.94 0.59 0.14
UHPC100-800-2.0 118.46 4080 2812 6.50 0.65 0.21
UHPC100-970-0.9 96.26 3056 1526 4.87 0.55 0.10
UHPC100-970-1.2 102.35 3356 2169 5.24 0.57 0.14
UHPC100-970-1.4 108.47 3539 2319 6.16 0.61 0.16
UHPC100-970-2.0 118.37 4102 2792 6.74 0.67 0.23
UHPC100-1270-0.9 94.35 2908 1441 4.96 0.56 0.13
UHPC100-1270-1.2 101.96 3315 2100 5.68 0.62 0.17
UHPC100-1270-1.4 108.64 3609 2416 6.38 0.65 0.20
UHPC100-1270-2.0 119.26 3724 2825 7.24 0.72 0.29
UHPC120-800-0.9 115.45 3402 1411 4.67 0.51 0.08
UHPC120-800-1.2 122.50 3738 1922 4.93 0.54 0.10
UHPC120-800-1.4 126.65 3892 2213 5.69 0.55 0.12
UHPC120-800-2.0 135.81 4468 2584 6.17 0.62 0.17
UHPC120-970-0.9 114.15 3392 1385 4.73 0.52 0.09
UHPC120-970-1.2 122.45 3739 1895 5.24 0.55 0.12
UHPC120-970-1.4 127.12 4148 2281 5.79 0.57 0.13
UHPC120-970-2.0 136.18 4463 2608 6.41 0.64 0.19
UHPC120-1270-0.9 116.72 3445 1396 4.89 0.55 0.11
UHPC120-1270-1.2 122.94 3745 1942 5.48 0.59 0.14
UHPC120-1270-1.4 126.84 3979 2255 6.13 0.62 0.17
UHPC120-1270-2.0 135.88 4426 2599 7.07 0.68 0.24
UHPC140-800-0.9 134.62 3657 1227 4.53 0.50 0.06
UHPC140-800-1.2 141.37 3946 1508 4.85 0.52 0.08
UHPC140-800-1.4 147.68 4308 2066 5.50 0.54 0.10
UHPC140-800-2.0 156.85 4793 2335 6.15 0.59 0.14
UHPC140-970-0.9 135.24 3701 1345 4.65 0.51 0.07
UHPC140-970-1.2 142.17 4012 1657 5.18 0.54 0.10
UHPC140-970-1.4 147.30 4055 2086 5.67 0.55 0.11
UHPC140-970-2.0 155.75 4796 2406 6.25 0.61 0.16
UHPC140-1270-0.9 136.07 3751 1356 4.75 0.53 0.09
UHPC140-1270-1.2 141.40 4026 1627 5.41 0.55 0.12
UHPC140-1270-1.4 146.68 4320 2112 6.04 0.58 0.14
UHPC140-1270-2.0 156.90 4971 2597 6.85 0.64 0.20
UHPC160-800-0.9 146.28 4167 1221 4.33 0.49 0.06
UHPC160-800-1.2 154.72 4466 1506 4.79 0.51 0.08
UHPC160-800-1.4 159.43 4680 1886 5.26 0.53 0.09
UHPC160-800-2.0 169.52 5203 2230 5.96 0.57 0.13
UHPC160-970-0.9 149.13 4183 1268 4.44 0.51 0.06
UHPC160-970-1.2 155.15 4503 1462 5.05 0.53 0.09
UHPC160-970-1.4 158.63 4671 1803 5.52 0.54 0.10
UHPC160-970-2.0 169.67 5236 2256 6.04 0.56 0.15
UHPC160-1270-0.9 147.25 4192 1292 4.59 0.51 0.08
UHPC160-1270-1.2 154.80 4475 1652 5.20 0.55 0.11
UHPC160-1270-1.4 159.04 4703 1850 5.44 0.57 0.13
UHPC160-1270-2.0 170.06 5304 2345 6.68 0.62 0.18
UHPC180-800-0.9 169.62 4272 940 4.24 0.47 0.05
UHPC180-800-1.2 174.05 4472 1141 4.65 0.49 0.07
UHPC180-800-1.4 178.94 4526 1364 5.04 0.50 0.08
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stress in rectilinear ties was non-uniform, and core concrete 
area was divided into effective confinement area and uncon-
fined area. The effective confinement area and distribution 
of lateral stress for rectilinear ties are shown in Fig. 6 [30].

The maximum lateral strain of rectilinear ties was applied 
to calculate the lateral stress of rectilinear ties. The calculation 
equation of lateral stress of rectilinear ties is obtained by force 
balance equations shown in Eq. 1.

The effective confinement coefficient proposed by Man-
der et al. was applied to evaluate the effective confinement 
area by considering the effects of configurations and spacing 
of rectilinear ties, the distribution of longitudinal reinforce-
ments and the dimension of the cross section of specimens. 
The effective confinement coefficient and the effective lateral 
ties are shown in Eqs. 2 and 3 [11].

where s′ is the clear space of rectilinear ties, mm; bcor and 
dcor are the width and height of core concrete, respectively, 
mm; �cc is longitudinal reinforcement ratio; bi is the distance 
of neighboring longitudinal reinforcement, mm; fl is the lat-
eral stress of rectilinear ties, MPa; fle is the effective lateral 
confinement of rectilinear ties, MPa.

4.2 � Lateral strain of rectilinear ties at peak stress 
of confined concrete

Experimental results indicated that the lateral strain of 
outer rectilinear ties was larger than inner rectilinear ties. 
The maximum lateral strain of rectilinear ties determined 
effective lateral confinement, because the maximum lateral 
strain exceeded the rupture strain of rectilinear ties, the lat-
eral confinement of rectilinear ties did not exist. In Table 6, 
the maximum lateral strain of rectilinear ties at the peak 
stress of confined concrete did not reach yield strain. Thus, 

(1)fl =
4Asvfsv

sbcor
=

�svfsv

2

(2)
ke =

�

1 −
∑n

i=1

(bi)
2

6bcordcor

�

�

1 −
s�

2bcor

��

1 −
s�

2dcor

�

1 − �cc

,

(3)fle = kefl =
ke�svfsv

2
,

fcc and �cc were the peak stress and peak strain of confined concrete, respectively; �sv was the lateral strain 
of rectilinear ties at the peak stress of confined concrete; I10 and TI were the ductility index and toughness 
index of confined concrete, respectively

Table 6   (continued) Specimens fcc (MPa) �cc (%) �sv (%) I10 T.I �svfsv∕fc

UHPC180-800-2.0 190.06 5236 2143 5.73 0.54 0.11
UHPC180-970-0.9 168.89 4283 985 4.29 0.47 0.06
UHPC180-970-1.2 174.88 4461 1131 5.15 0.50 0.08
UHPC180-970-1.4 177.72 4594 1439 5.32 0.53 0.09
UHPC180-970-2.0 191.77 5368 2115 5.88 0.57 0.13
UHPC180-1270-0.9 170.92 4301 1041 4.47 0.50 0.07
UHPC180-1270-1.2 174.53 4475 1241 4.97 0.54 0.09
UHPC180-1270-1.4 178.28 4662 1360 5.10 0.55 0.11
UHPC180-1270-2.0 194.62 5326 2118 5.60 0.59 0.16

Fig. 6   Effective confinement area and lateral stress distribution of 
rectilinear ties. The shadow part was the unconfined concrete area 
and the blank part was the effective confinement area
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the actual lateral stress of rectilinear ties was applied to cal-
culate lateral confinement.

The lateral strain of rectilinear ties at peak stress was 
related to the compressive strength of concrete, the elastic 
modulus of confining materials and the volumetric ratio 
of rectilinear ties [31]. The calculation model for the lat-
eral strain of rectilinear ties was obtained by regression 
analysis based on the experimental results listed in Eq. 4.

where �sv is the lateral strain of rectilinear ties at peak stress; 
Esv and �sv are the elastic modulus and volumetric ratio of 
rectilinear ties, respectively.

The performance of proposed models was evaluated 
by comparing with other prediction models. Four typical 
models were selected to predict the lateral strain of recti-
linear ties at the peak stress of confined concrete. In Wang 
et al. prediction models, the lateral strain of unconfined 
concrete at the peak stress was taken as the minimum value 
equaling 0.45Esv�c [28]. In Shi et al. prediction model, the 
effects of the volumetric ratio and configurations of recti-
linear ties, the compressive strength of concrete, and the 
dimension of specimens were considered [31]. In Saat-
cioglu and Razvi prediction models, the lateral stress of 
rectilinear ties at the peak stress was evaluated based on 
experimental results by considering the effects of con-
figurations of rectilinear ties [32]. The typical models are 
shown in Table 7.

Figure 7 showed that the comparison between experi-
mental results and the prediction results from the predic-
tion models. To enhance the prediction performance of 
proposed models, 17-group experimental results were col-
lected from previous studies listed in Table 11. The Saat-
cioglu and Razvi model overestimated the experimental 
results, while Shi model underestimated the experimental 

(4)�sv = 6.64 × 10−4 + 6.47 × 10−5
(

keEsv�sv

fc

)

,

results. Wang model and proposed model were suitable for 
evaluating the lateral strain of rectilinear ties at the peak 
stress of confined UHPC.

The prediction models for the lateral strain of rectilinear 
ties can be used to determine the volumetric ratio of rec-
tilinear ties, which ensured that rectilinear ties can reach 
yield strength at the peak stress of confined UHPC. Let 
�sv = �yv in Eq. 4, and the volumetric ratio of rectilinear 
to ensure rectilinear ties reached the yield strength at the 
peak strength of confined UHPC was calculated by Eq. 5. 
The volumetric ratio of rectilinear ties for different com-
pressive strength of UHPC was listed in Table 8.

4.3 � Load‑bearing capacity estimation

The load-bearing capacity of confined UHPC was applied to 
evaluate the compression behavior of confined UHPC, which 
was related to the peak stress of confined UHPC. According 
to the Mohr–Coulomb strength criterion [33], the prediction 
model for the peak stress of confined UHPC was proposed 
and is shown in Eq. 6.

(5)
[

�sv

]

=

(

�yv − 6.64 × 10−4
)

fc

6.47 × 10−5keEsv

Table 7   Typical prediction models for evaluating the strain of recti-
linear ties at peak stress

Prediction models Models

Wang �sv = 12.29k�v
/

fc + 0.00088

Shi
�sv = 0.378

(

k�v
/

fc
)0.65

+ 0.00038

Saatcioglu and Razvi
�sv = 0.04

(

�v

/

fc
)0.33

+ 0.0025
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Fig. 7   Compression between experimental results and prediction 
results
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The typical prediction models for evaluating the peak 
stress of confined concrete were selected listed in Table 9. 
The model developed by Mander [11] was based on the 
octahedral coordinate system. The models developed by 
Légeron [27] were based on the strain compatibility equa-
tions and introduced the effective confinement index at 
peak stress. The peak stress prediction model of confined 
concrete was expressed as the function of the peak stress 
of unconfined concrete and the non-dimensional effec-
tive confinements index by regression analysis, which 
were suitable for the compressive strength of concrete 
in the range of 30–120 MPa. The peak stress prediction 

(6)fcc = f
c

(

1 + 2.33
(

fle∕fc
)0.61

)

model developed by Baduge [15] was derived from the 
stress–strain behavior prediction models of confined very-
high-strength concrete by modifying the K value obtained 
by Li [7]. Wei and Wu [29] developed the prediction 
models for evaluating the peak stress of concrete confined 
with high-strength stirrups based on the Richart model 
[8]. Besides, 53-group experimental results were collected 
from the previous studies to enhance the prediction per-
formance of proposed model, which are listed in Table 11.

Figure  8 showed that the comparison the results 
between experiment and prediction models. The peak 
stress from the proposed model was closely approximated 
to the experimental results, while other models underesti-
mated the experimental results. Thus, the proposed model 
was a good choice to predict the peak stress of confined 
UHPC.

Thus, the load-bearing capacity calculation equation of 
confined UHPC columns by considering the lateral con-
finement of rectilinear ties is listed in Eq. 7.

where Acc and As were the area of core concrete and longi-
tudinal reinforcement, respectively, mm2; fy was the yield 
strength of longitudinal reinforcement, MPa.

(7)Nu = fccAcc + fyAs,

Table 8   Volumetric ratio of 
rectilinear ties for different 
compressive strength of UHPC

ke was an average value derives from the experimental results, equaled 0.7

Rectilinear ties [�sv] (%)

UHPC100 UHPC120 UHPC140 UHPC160 UHPC180

Grade 800 3.32 3.98 4.77 5.27 6.09
Grade 970 3.77 4.53 5.43 5.99 6.92
Grade 1270 4.78 5.73 6.87 7.58 8.77

Table 9   Typical peak stress models

Models Peak stress

Mander fcc = fc(−1.254 + 2.254
√

1 + 7.94fle∕fc−2fle∕fc

Légeron fcc = f
c
(1 + 2.4(fle∕fc)

0.7)

Baduge fcc = f
c
(1 + 2.7(fle∕fc))

Wei and Wu fcc = f
c
(1 + 5.35(f 0.86

le

/

fc))
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Fig. 8   Comparison peak stress results between experiment and pre-
diction models
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Fig. 9   Predicted curves of prediction models for ductility index
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4.4 � Ductility evaluation

The ductility of high compressive strength concrete deter-
mined the application in civil engineering. The ductility 
index was applied to evaluate the ductility of confined con-
crete. The ductility index was related to effective confine-
ment ratio [26]. Based on the experimental results, the rela-
tionships between effective confinement ratio and ductility 
index are established in Eq. 8 and the curves of prediction 
models are shown in Fig. 9.

The Eq. 8 can be transformed as Eq. (9).

The ductility index I10 of confined concrete was applied 
to determine the requirements of the volumetric ratio of 
rectilinear ties to ensure that concrete had enough ductil-
ity to resist the seismic load. Foster indicated that the I10 
of confined concrete should be more than 8 to satisfy the 
requirements of low to moderate seismicity [34]. Zaina 
and Foster [35] revised the requirement ductility level and 
adjusted the requirement to I10 ≥ 5.6 . Shin [36] found that 
the effective confinement ratio �svfyv

/

fc should be more than 
0.109 fc to ensure the required ductility of confined concrete. 
The requirements of the volumetric ratio of rectilinear ties 
for confined UHPC should satisfy the requirements of both 
effective confinement ratio and ductility, the calculation 
models were expressed in Eq. 10. The appropriate volumet-
ric ratio of rectilinear ties for confined UHPC is shown in 
Table 10.

5 � Conclusion

In this study, 60 square UHPC columns confined with rec-
tilinear ties were tested under axial compression to evaluate 
the compression behavior of confined UHPC. Based on the 

(8)I10 = 1.9 ln
(

142.5�svfyv∕fc + 1.2
)

(9)1.7eI10 = 142.5�svfyv
/

fc + 1.2

(10)

{

�svfyv∕fc ≥ 0.109

1.75.6 ≤ 142.5�svfyv∕fc + 1.2 ≤ 1.710

analysis of experimental results, the following conclusions 
were drawn:

1.	 The typical failure mode of specimens was the buckling 
of longitudinal reinforcement, the fracture of rectilinear 
ties and the formation of an inclined shear failure plane.

2.	 The axial stress–axial strain curves and the axial stress–
lateral strain curves of specimens were divided into the 
elastic ascending branch, nonlinear ascending branch, 
and destruction stage. The nonlinear ascending branch 
became obvious with the increase of the volumetric ratio 
of rectilinear ties.

3.	 Concrete strength and rectilinear ties volumetric ratios 
enhanced the peak stress and peak strain of confined 
concrete, while rectilinear ties tensile strength had no 
obvious effects on the peak stress and peak strain. Con-
crete strength decreased the lateral stress of rectilinear 
ties at the peak stress, while the volumetric ratio of rec-
tilinear ties enhanced lateral stress. The tensile strength 
of rectilinear ties had no obvious effects on the lateral 
stress of specimens.

4.	 Both the volumetric ratio and tensile strength of rectilin-
ear ties improved the ductility of confined UHPC, while 
the compressive strength of UHPC had negative effects 
on the ductility of UHPC.

5.	 The prediction model for the evaluating the lateral strain 
of rectilinear ties at the peak stress of confined concrete 
was developed and the volumetric ratio of rectilinear ties 
to ensure that rectilinear ties reached the yield strength 
at the peak stress of confined concrete was given.

6.	 The prediction models for the load-bearing capacity and 
ductility of confined UHPC were established to evaluate 
the compression behavior of confined UHPC.

Appendix

The experimental results were collected from previous stud-
ies to enhance the prediction performance of proposed mod-
els for the lateral strain of rectilinear ties at the peak stress 
and the peak stress of confined concrete, which are listed in 
Table 11.

Table 10   Appropriate 
volumetric ratio of rectilinear 
ties for confined UHPC

�sv∕% UHPC100 UHPC120 UHPC140 UHPC160 UHPC180

Grade 800 1.25–13.67 1.50–16.38 1.50–19.62 1.98–21.66 2.29–25.04
Grade 970 1.11–12.10 1.33–14.51 1.59–17.39 1.75–19.20 2.03–22.19
Grade1270 0.90–9.81 1.08–11.77 1.29–14.10 1.42–15.56 1.64–17.99



	 Archives of Civil and Mechanical Engineering (2022) 22:27

1 3

27  Page 14 of 16

Table 11   Collected experimental data for concrete columns confined with rectilinear ties

References Specimens Configura-
tions

fc (MPa) fyv (MPa) s (mm) d (mm) ρsv (%) �yv (%) fcc (MPa) �sv (%)

[7] 1 B 60 445 20 6 4.48 0.26 80.24 Yield
2 A 60 445 35 6 1.50 0.26 68.58 Yield
3 A 60 445 50 6 1.05 0.26 72.17 Yield
4 A 60 445 65 6 0.80 0.26 72.01 0.16
5 B 60 445 65 6 1.38 0.26 72.12 0.14
6 B 72.3 445 20 6 4.48 0.26 106.71 Yield
7 A 72.3 445 35 6 1.50 0.26 82.45 Yield
8 B 72.3 445 35 6 2.56 0.26 81.73 Yield
9 A 72.3 445 50 6 1.05 0.26 83.92 0.15
10 B 72.3 445 50 6 1.79 0.26 80.56 0.21
11 B 72.3 445 65 6 1.38 0.26 81.76 0.19
12 B 52 1318 20 6.4 5.00 0.85 117.99 Yield
13 B 52 1318 35 6.4 2.86 0.85 81.71 Yield

[37] 1 A 46.3 1288 50 6.4 0.96 0.86 50.14 0.17
2 A 46.3 1028 100 6.0 0.51 0.73 42.99 0.18
3 A 46.3 1288 100 6.4 0.48 0.86 45.46 0.15
4 A 84.8 1288 50 6.4 0.96 0.86 80.03 0.13
5 A 128 1288 50 6.4 0.96 0.86 111.59 0.11

[38] 1 E 39.2 1420 150 6.4 0.55 0.71 39.1 0.19
2 E 80.0 1420 85 6.4 0.96 0.71 85.1 0.25
3 A 80.0 1420 40 6.4 1.20 0.71 72.8 0.29
4 E 116.0 1420 40 6.4 2.05 0.71 123.1 0.30
5 A 116.0 1420 40 6.4 1.20 0.71 97.5 0.19
6 E 39.2 379 40 6 2.16 0.19 47.4 Yield

[39] 1 A 96.4 392 50 7.9 2.0 0.20 107.97 0.15
2 D 98.1 410 100 9.5 2.6 0.20 105.95 0.16
3 B 95.4 392 50 7.9 3.4 0.20 124.02 Yield
4 D 95.4 392 50 7.9 3.6 0.20 119.25 Yield
5 C 100.4 392 50 7.9 4.8 0.20 132.53 Yield
6 B 96.4 414 50 6.4 2.2 0.20 107.97 Yield
7 B 93.1 392 50 7.9 3.4 0.20 121.03 Yield
8 C 93.1 392 50 7.9 4.8 0.20 131.27 Yield
9 C 67.9 680 50 7.9 4.8 0.54 118.15 Yield
10 B 52.6 715 50 9.5 4.9 0.55 105.20 Yield
11 C 55.6 680 50 7.9 4.8 0.54 106.75 Yield

[40] 1 B 20.0 550 50 6 2.33 0.27 37.57 Yield
2 C 20.0 550 70 8 3.46 0.27 44.20 Yield
3 E 34.8 550 30 5 2.64 0.27 57.09 Yield

[41] 1 C 38.3 476 70 8 1.91 0.24 64.81 Yield
2 C 38.3 642 70 8 1.91 0.31 66.48 Yield
3 B 38.3 642 90 8 1.28 0.31 65.40 Yield
4 C 38.3 642 105 8 1.28 0.31 65.38 Yield
5 C 38.3 642 105 8 1.28 0.31 65.91 Yield
6 C 38.3 642 70 8 1.91 0.31 70.47 Yield

[42] 1 B 45 398 120 11.3 3.43 0.20 50.77 Yield
2 E 34 398 85 11.3 3.02 0.20 36.87 Yield
3 D 34 398 85 11.3 3.63 0.20 43.77 Yield
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