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This paper aims to disclose the seismic performance of high toughness cementitious composite (HTCC) 

enhanced by carbon fibre reinforced polymer (CFRP) bars. To this end, several horizontal cyclic loading tests 

were carried out on CFRP-enhanced HTCC columns and CFRP-enhanced ordinary concrete columns at three 

different axial compression ratios. Then, the test results were discussed in details with the aid of hysteresis 

curves and skeleton curves. The results show that the structures are much less prone to brittle failure after the 

ordinary concrete was replaced with the HTCC; the HTCC is much more ductile than the ordinary concrete; 

when the axial compression ratio was between 0.2 and 0.5, using the HTCC instead of ordinary concrete can 

enhance the deformation performance and energy dissipation of structures at a high axial compression ratio, 

thus improving the seismic performance. The research findings provide new insights into the seismic 

performance of the HTCC column enhanced with CFRP bars.  

1. Introduction 

U Corrosion of steel bars poses a serious threat to the safety and durability of structures (Fasnakis et al., 2016; 

Yeh et al., 2002; He et al., 2011). The threat is particularly prominent in corrosive environments (e.g. marine, 

jungle and wetland). What is worse, the steel is a magnetic material that may cause magneto static problems, 

making it dangerous to apply steel bars in buildings (e.g. observatories, telecom towers, and radar stations) that 

allows no electromagnetic interference. Thus, it is meaningful to find a replacement for steel bars that is 

corrosion-resistant and non-magnetic. One of the most viable substitutes is carbon fiber reinforced polymer 

(CFRP), an extremely strong and light fiber-reinforced plastic which contains carbon fibres. This material is not 

magnetic and strongly resistant to corrosion. 

These advantages of the CFRP can be magnified by replacing the ordinary concrete with high toughness 

cementitious composite (HTCC) (Baena et al., 2009; Mohamed et al., 2014; Affif et al., 2014;). The HTCC is a 

novel composite between short monofilament fibers and cement substrate (Pereira et al., 2012). The fibers are 

randomly distributed in all three dimensions, such that the material exhibits significant quasi-strain hardening 

under tensile load (Ha et al., 2013; Li, 2001; Sharbatdar et al., 2003;). Previous studies (Lee and Li, 2014; 

Ouyang et al., 2013; Li and Xu, 2010) have shown that the HTCC boasts much better toughness, tensile 

property, bending resistance and shear performance than ordinary concrete. It is an ideal material to curb 

concrete deformation, crack propagation and brittle failure.  

So far, there has been few reports on the seismic performance of the HTCC column enhanced with CFRP bars. 

To make up for the gap, this paper carries out horizontal cyclic loading tests to compare the seismic performance 

of CFRP-enhanced HTCC column with CFRP-enhanced ordinary concrete column. 

2. Experimental design 

2.1 Specimen design 

As shown in Figure 1, each test column has a length of 1,175mm and a section of 250mm×250mm. With the 

shape of an inverted T, the column was enlarged at the top face to install a horizontal actuator. Both the 
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longitudinal bars and stirrups are CFRP bars. 

According to the Code for Seismic Design of Buildings (Song and Zheng, 2012), the axial compression ratio of 

our tests was set to 0.2, 0.4 and 0.5, respectively. Then, the HTCC columns are denoted as H-0.2, H-0.4 and 

H-0.5, respectively, based on their specific axial compression ratios. Similarly, the ordinary concrete columns 

are denoted as C-0.2, C-0.4 and C-0.5, respectively. 

 

Figure 1: Specimen design 

2.2 Mechanical properties 

Besides pouring the test columns, the author produced several standard prism-shape compressive specimens 

according to the Standard for Test Method of Mechanical Properties on Ordinary Concrete (Tang, 2003). These 

specimens were subjected to compressive test to measure their axial compressive strengths. Table 1 lists the 

axial compressive strengths of HTCC and ordinary concrete; Table 2 presents the main mechanical parameters 

of CFRP bars. It can be seen that there is no big difference in axial compressive strength between the HTCC 

and ordinary concrete. Thus, seismic performance of the specimens has little to do with the axial compressive 

strengths of the materials. 

Table 1: Axial compressive strength of HTCC and ordinary concrete 

Specimen NO. 
Measured value of compressive 

strength /MPa 

Axial compressive strength value 

/MPa 

H-0.2 29.9 28.1 31.5 29.8 

H-0.4 31.8 29.8 32.9 31.5 

H-0.5 24.3 26.2 28.6 26.4 

C-0.2 30.8 29.4 31.8 30.7 

C-0.4 31.0 30.9 30.5 30.8 

C-0.5 26.3 31.3 31.6 31.3 

Table 2: Mechanical parameters of CFRP bars 

Tensile strength 

/MPa 

Tensile modulus of 

elasticity /GPa 
Compressive strength /MPa 

Compressive modulus of 

elasticity /GPa 

1307.6 127.2 611.1 100.2 

2.3 Loading and measurement 

The loading tests were carried out on a multi-channel electro-hydraulic servo pseudo-dynamic testing machine 

(Figure 2). 

First, each test column was applied with a vertical load, which is controlled by force. After that, the horizontal 

actuator was connected to the column. The horizontal load is controlled by displacement. There are three stages 

of horizontal loading: the pre-cracking stage, the post-cracking stage, and the constant load stage. In the pre-
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cracking stage, the displacement was increased by 0.5mm after each loading cycle until the first transverse 

crack appeared. In the post-cracking stage, the displacement was increased by 3.0mm after each three loading 

cycles until the horizontal load stopped to increase. In the constant load stage, the displacement was increased 

by 5.0mm after each three loading cycles until the horizontal load dropped to 85% of the peak load or the 

specimen was damaged (the termination condition). 

 

Figure 2: Loading device 

3. Test Phenomenon and Results 

3.1 Test phenomenon 

                     

(a) H-0.2                                           (b) H-0.4                                            (c) H-0.5 

                     

(d) C-0.2                                            (e) C-0.4                                             (f) C-0.5 

Figure 3: The destroyed mode of specimens 

1053



As shown in figure 3, the three HTCC columns shared similar trend in the failure process. The initial transverse 

crack appeared on the tensile side of the specimen at 8~12cm away above the bottom. Then, more and more 

fine transverse cracks emerged in the vicinity of the specimen. With the continued increase of horizontal 

displacement, the transverse cracks propagated to the sides, and the oblique cracks started to appear. At the 

end of the second stage, an obvious crackling sound was heard, a signal of the severe damage of the CFRP 

bars. Further increase of displacement was accompanied by the emergence of vertical cracks. For safety, the 

loading was terminated when the horizontal load dropped to 85% of the peak value. At this moment, the 

specimen was seriously damaged, yet none of the HTCC columns suffered from collapse or exfoliation. After 

the loading, severe damages were observed on the longitudinal CFRP bars. 

Under the same axial compression ratio, the crack displacement of ordinary concrete column was slightly below 

that of the corresponding HTCC column. Besides, the cracks in ordinary concrete column were initiated locally 

and did not propagate as those in HTCC column. The ordinary concrete column also gave off a crips crackling 

sound, but the concrete in the specimen had already been crushed before that. Compared with the HTCC 

column, the ordinary concrete column had fewer and sparser transverse cracks, and more serious exfoliation at 

the root.  

3.2 Hysteresis curves 

Figure 4 compares the hysteresis curves of horizontal load-induced displacement between the HTCC column 

and the ordinary concrete column at the same axial compression ratio. 

   

(a)n=0.2                                                   (b)n=0.4                                                (c)n=0.5 

Figure 4: Hysteresis curves 

The following trends can be derived from the figure above. There was little difference in the hysteresis curves 

between HTCC column and orindary concrete column in the early phase of loading.  

The pinch phenonmenon was observed on all hysteresis curves. The phenonmeon is more pronounced when 

the specimen has a small axial compression ratio. This trend can be attributed to the crack development in the 

cyclic loading prcess: the cracks were expanding all the way before the reverse loading; during reverse loading, 

those cracks closed faster under the high axial pressure in specimens of high axial compression ratio.  

Moreover, the axial compression ratio is positively correlated with the ultimate load of the specimen. For the 

ordinary concrete column, the greater the axial compression ratio, the smaller the limit displacement; For the 

HTCC column, the greater the axial compression ratio, the plumper the hysteresis curve and the greater the 

area under the curve. 

3.3 Skeleton curves 

The skeleton curve describes the relationship between the peak load and peak displacement in each loading 

stage. The curve can vividly represent the load-displacement relation of the specimen. Figure 4 compares the 

load-displacement skeleton curves between the HTCC column and the ordinary concrete column at the same 

axial compression ratio.  

As shown in Figure 5, the skeleton curves of both types of columns can be divided into two segments: the linear 

growth segment and the enhancement segment. Right after loading, each skeleton curve underwent an 

essentially linear growth. With the increase of displacement, the specimen suffered from increasingly severe 

plastic deformation and obvious stiffness degradation. In this case, the growth rate of load was gradually 
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decreasing. The difference is that the horizontal load capacity of ordinary concrete column decreased abruptly 

after reaching the peak load, while the HTCC column continued to withstand cyclic loading and growing 

deformation. During this period, the load exhibited a long, gentle descending trend. 

Furthermore, the skeleton curve of ordinary concrete column was steeper than that of HTCC column in the early 

phase of loading, indicating that the ordinary concrete column enjoyed greater stiffness than the HTCC column 

at that time. This is because the ordinary concrete column has a greater elastic modulus than the HTCC column. 

However, as the displacement increased, the slope of the skeleton curve of the ordinary concrete column 

gradually approached that of the HTCC column, and even fell below the latter. This means the ordinary concrete 

column suffered from greater stiffness degradation than the HTCC column. The fast decline in stiffness of the 

ordinary concrete column is resulted from the inner damages under serious local expansion and the early crush 

failure of part of the concrete.  

   

(a)n=0.2                                                   (b)n=0.4                                                  (c)n=0.5 

Figure 5: Skeleton curves 

It can be found that the axial compression ratio is positively correlated with the ultimate load of the specimen. 

For the ordinary concrete column, the greater the axial compression ratio, the smaller the limit displacement of 

the specimen; For the HTCC column, the greater the axial compression ratio, the greater the limit displacement 

of the specimen. When the axial compression ratio was 0.2, the two types of columns had similar limit 

displacement. When the axial compression ratio increased to 0.4 and 0.5, the HTCC column had a much greater 

limit displacement than the ordinary concrete column. Therefore, the HTCC column outperforms the ordinary 

concrete column in deformability at a high axial compression ratio. 

4. Conclusions 

This paper carries out horizontal cyclic loading tests to compare the seismic performance of CFRP-enhanced 

HTCC column with CFRP-enhanced ordinary concrete column. The following conclusions were drawn through 

the comparative analysis of the test results.  

Under cyclic loading, many transverse cracks appeared on both sides of the tension on the HTCC column, and 

the main cracks grew deeper and wider over time. However, the HTCC column did not collapse or exfoliate 

throughout the loading process. Despite the limited number of cracks, the ordinary concrete column experienced 

rapid propagation of cracks, serious exfoliation of concrete and failure of some CFRP bars. The test results 

prove that the structures are much less prone to brittle failure after the ordinary concrete was replaced with the 

HTCC. 

Before the peak load, the skeleton curves of the HTCC column and the ordinary concrete column both consists 

of two segments: the linear growth segment and the enhancement segments. Nevertheless, after the peak load, 

horizontal load capacity of ordinary concrete column decreased abruptly after reaching the peak load, while the 

HTCC column continued to withstand cyclic loading and growing deformation. During this period, the load 

exhibited a long, gentle descending trend. Thus, the HTCC is much more ductile than the ordinary concrete. 

For the ordinary concrete column, the deformation performance is negatively correlated with the axial 

compression ratio. The trend is exactly the opposite for the HTCC column. This difference shows that using the 

HTCC instead of ordinary concrete can enhance the deformation performance and energy dissipation of 

structures at a high axial compression ratio, thus improving the seismic performance. Note that this conclusion 

only applies to the range of axial compression ratio (n=0.2~0.5) in this research. 
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