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A B S T R A C T   

Fiber reinforced polymer (FRP) bars have been proposed for use in ultra-high performance concrete (UHPC) as 
the reinforcement to mitigate/avoid the post-peak strain softening of UHPC under tension and to reduce the fiber 
dosage used in UHPC. The so-formed FRP-reinforced UHPC plates could be adopted for both structural 
strengthening and constructing novel structural elements. In this paper, a novel connection based on FRP bars 
and steel grouting sleeves has been developed for prefabrication construction of FRP bar-reinforced UHPC 
structures. Flexural tests were conducted to gain understandings of the effects of the connection mode (the 
staggered connection and the horse tooth connection) and reinforcing fiber type (polyethylene (PE) fibers and 
steel fibers) in the UHPC on the flexural behavior of connected FRP bar-reinforced-UHPC composite plates. The 
test results revealed that the proposed connection system is reliable since the composite plates always failed 
outside the connection zone, and most of the crack opening displacements at the interface of the connection are 
smaller than 0.2 mm at ultimate. The connection mode and the fiber type had little influence on the first cracking 
load and the initial bending stiffness of the FRP bar-reinforced UHPC plates, while the horse tooth connection led 
to a better ductility of the composites plates than the staggered connection mode. At given tolerable deflection of 
1/200 span (about 5 mm), the longitudinal strains developed in the CFRP bars were about 2000 με for all 
specimens.   

1. Introduction 

The unique merits of ultra-high performance concrete (UHPC), 
including extraordinary compressive strength and excellent corrosion 
resistance, have allowed its increasing usage in applications [1–8]. Be
sides, steel fibers are generally employed to enhance the tensile strength 
and deformation capacity of UHPC. However, UHPC under tension may 
exhibit a post-peak strain softening behavior, especially when a low 
fiber volume fraction is adopted. Strain softening is unexpected because 
it may lead to some problems such as a localized cracking or brittle 
failure of the structures. Although increasing fiber dosage could mitigate 
the strain softening behavior, using excessive fibers in UHPC for 
enhanced tensile properties may not be a cost-effective approach. On the 
other hand, the issue of steel fiber corrosion is unavoidable if steel fibers 

are employed in UHPC. 
Fiber-reinforced polymer (FRP) grid has been proposed as internal 

reinforcement for UHPC to solve the above issues [9–16]. FRP materials 
(in forms of pultruded sections, grids and rebars) have been widely used 
in retrofitting of existing RC structures [17–20] and for new designs 
[21–24]. Existing studies have also indicated that the bond behavior 
between FRP reinforcement and the cementitious matrix is satisfactory 
[13–14]. FRP composites also have an excellent tensile strength and 
satisfactory ultimate tensile strain owning to continuous fibers in FRP 
composites [25], making FRP-reinforced UHPC composite plates 
deemed to have excellent tensile properties. Also, FRP reinforcement 
could alleviate the possible corrosion problem of steel fibers in UHPC. It 
should be noted that although the fibre corrosion may not be a problem 
for UHPC structures [3], it is not necessarily meant that the corrosion 
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issue can be avoided. If non-metallic fibers (e.g., polyethylene (PE) fi
bers) are used in FRP grid-reinforced UHPC composites, problems 
associated with corrosion are expected to be avoidable and corrosive 
materials such as fly ash and sea-sand [7] could be directly employed for 
preparation of UHPC. Capitalizing these advantages, FRP-reinforced 
UHPC composite plates are promising and could be used for various 
purposes such as strengthening existing deteriorated structures, devel
oping all kinds of tubular structural members, establishing prefabricated 
formworks for structures and building marine and offshore structures 
which require excellent durability. Recently, the authors have proposed 
using FRP-UHPC plates for developing novel tubular members with 
prefabrication construction or strengthening existing RC structures 
(Fig. 1) [8,14,15,27]. Therefore, developing a reliable connection sys
tem for the FRP-UHPC plates is of great significance. 

Indeed, studies [13–14] have shown that the FRP grid enhanced the 
ultimate tensile and flexural strengths of UHPC plates by over 200 % and 
150 %, respectively. Particularly, the FRP grid reinforced-UHPC com
posite plates with an FRP reinforcement ratio of about 0.69 % exhibited 
a tension-stiffening behavior with an ultimate tensile strength of over 

25 MPa as well as multiple cracking behaviors [13]. Overall, the pres
ence of FRP grids prevented the load deterioration, and led to a strong 
tension-stiffening response in the second segment of the load–deflection 
curves. Meng et al. also found that [12,26] incorporation of FRP grids 
improved the flexural capacity of UHPC panels by 25 %-54 %, but the 
flexural capacity of ultra-high-strength mortar (without any fiber rein
forcement) panels was not improved. Extensive studies have been con
ducted on FRP bar reinforced concrete structures [28–33], the existing 
design codes have specified the connection approach for FRP bars 
[34–37], and the FRP bars are generally connected by means of lap- 
spliced connections. Also, connection modes have developed for FRP 
structures [38–39]. However, to the best of authors’ knowledge, no 
research has been found on connection mode for prefabricated UHPC 
structural elements reinforced with FRP bars. 

Against this background, modes of connection system for FRP rein
forced UHPC structures are developed and verified via an experimental 
program containing eight FRP-reinforced UHPC plates with a grouting 
sleeve connection subject to bending. Effects of the connection mode 
(staggered connection and horse tooth connection), fiber type (poly
ethylene (PE) fibers, and steel fibers) on the flexural behavior of con
nected FRP bar-reinforced UHPC composite plates are explored. As steel 
fibers are prone to potential corrosion problems when the UHPC struc
tures are used in a marine environment or other harsh environments, 
non-metallic fibers polyethylene (PE) fibers are proposed to be used in 
UHPC. 

Fig. 1. Application prospects of FRP-UHPC composite plates.  

Table 1 
Details of specimens.  

Specimen Length (mm) Width 
(mm) 

Thickness 
(mm) 

Spacing of the CFRP micro-bar(mm) Reinforcement ratio of CFRP micro-bar Connection mode 

MI-PE-1,2 1000 220 70 100  0.73 % I 
MI-SF-1,2 1000 220 70 100  0.73 % I 
MII-PE-1,2 1000 220 70 100  0.73 % II 
MII-SF-1,2 1000 220 70 100  0.73 % II 

Note: “M” ——Mode of connection; “PE” —— UHPC with PE fibers; “SF” —— UHPC with steel fibers; Mode I —— Staggered connection; Mode II —— Horse tooth 
connection. 

Fig. 2. Proposed connection system.  

J.-J. Zeng et al.                                                                                                                                                                                                                                  



Engineering Structures 287 (2023) 116164

3

2. Experimental program 

2.1. Specimens 

A total of eight FRP bar-reinforced UHPC plates (two duplicated 
specimens in one group) were prepared in a way of prefabrication. The 
specimen details are given in Table 1. All the plate specimens with 
identical dimensions (length × width × thickness = 1000 mm × 220 
mm × 70 mm) were designed with a connection based on carbon FRP 
(CFRP) bars and steel grouting sleeves. The UHPC containing PE fibers 
and steel fibers was also included for comparison. Two modes of 
connection, including a staggered connection mode and a horse tooth 
connection mode (Fig. 2), were proposed for the plates to explore their 
difference. The staggered connection mode was expected to have a good 
shear resistance in the thickness direction, while the horse tooth 
connection mode was expected to have a good shear resistance in the 
width direction. The test plates were reinforced with two rows of CFRP 
reinforcing bars with a diameter of 6 mm. The center-to-center spacing 
of the CFRP bars in each row was 100 mm, and a thin concrete cover 
thickness of 12 mm was adopted. The upper row of bars was designed to 

be in staggered positions to the lower row of bars for ease of connecting 
using steel grouting sleeves. The FRP reinforcement ratio for the plates 
was about 0.73 %. Steel grouting sleeves (Q345) with an outer diameter 
of 18 mm, a length of 180 mm and a thickness of 3 mm were adopted. 
The inner surface of the steel grouting sleeves was prepared to have 
screw threads in order to gain an enhanced bonding between the sleeves 
and the UHPC. The dimensions of the specimens are illustrated in Fig. 3. 

As shown in Table 1, each specimen is labelled with three parts of 
codes connected adjacently by a character “-”. “MI” and “MII” in the first 
part of codes denote the connection Mode I and Mode II of the UHPC 
plates, respectively. The second part represents the fiber type in the 
UHPC matrix (“SF” for steel fibers, “PE” for PE fibers), followed by a 
number (i.e., “1” and “2”) to differentiate the nominally duplicated 
samples. For instance, “MI-SF-2” denotes the second composite plate 
specimen containing steel fibers and connected using the staggered 
connection mode. 

2.2. Material properties 

Two types of UHPC (UHPC-I and UHPC-II) were used based on the 

Fig. 3. Dimensions of specimens.  
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mix proportions given in Table 2. The materials for UHPC included P•II 
52.5R Portland cement, silica fume and tap water. Local river sand with 
an apparent density of 2652 kg/m3 and a fineness modulus of 3.10 and 
quartz powder with particles sized in 20–40 mesh and 70–140 mesh 
(mixed in volume fraction of 1:1) were adopted as aggregate. 
Polycarboxylate-based superplasticizer with a solid content of 20 % was 
employed. Two types of fibers were used in this study, including steel 
fibers and PE fibers. Table 3 gives the dimensions and the material 

Fig. 3. (continued). 

Table 2 
UHPC mix proportions.  

Specimen Cement (P⋅II 52.5R) Quartz powder Silica fume Sand GGBFS Water Super-plasticizer Steel fiber PE fiber 

UHPC-I  1.00  0.37  0.25 1.10 /  0.19  0.05 1.5 % (Volume fraction) / 
UHPC-II  1.00  0.63  0.19 / 0.94  0.33  0.05 / 2 % (Volume fraction) 

Note: GGBFS —— Ground granulated blast-furnace slag. 

Table 3 
Dimensions and mechanical properties of the short fibers used in UHPC.  

Fiber 
type 

Density Length Diameter Tensile 
strength 

Elastic 
modulus 

(kg/ 
m3) 

(mm) (μm) (MPa) (GPa) 

PE fiber 970 6 &12 24 3000 100 
Steel 

fiber 
7850 13 200 >2600 200  

Table 4 
Compressive properties.  

Specimen Compressive strength 
(MPa)f ′

cc 

Elastic modulus 
(GPa)Ec 

Ultimate compressive 
strain 

UHPC-I-1  139.5  49.7  0.0030 
UHPC-I-2  158.4  51.0  0.0033 
UHPC-I-3  167.3  54.4  0.0032 
Mean  155.1  51.7  0.0032 
UHPC-II- 

1  
118.6  38.4  0.0034 

UHPC-II- 
2  

123.2  42.5  0.0035 

UHPC-II- 
3  

115.1  38.1  0.0035 

Mean  119.0  39.7  0.0035 

Note: “UHPC-I” — UHPC cylinders with steel fibers; “UHPC-II” — UHPC cylin
ders with PE fibers. 
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properties for each type of short fibers. 
For each mix design of UHPC, three dumbbell specimens and three 

cylinders with a diameter of 50 mm and a height of 100 mm were pre
pared to investigate the UHPC’s tensile and compressive material 
properties, according to the JSCE code [40]. Table 4 reports the 
compressive strength, elastic modulus and ultimate compressive strain 
of the UHPC cylinders. Fig. 4 shows the tensile stress–strain curves of 
UHPC dumbbell samples. It should be noted that the dumbbell samples 
had a total length of 300 mm, a thickness of 14 mm, a width of 60 mm. In 
the test portion, the length was 80 mm, and the width was reduced to be 
30 mm. Two linear variable displacement transducers (LVDTs) were 
used to capture the strains in the sample, which was under direct tensile 
loading with a rate of 0.2 mm/min. It is evident that UHPC dumbbell 
samples with steel fibers exhibit a three-segment stress–strain curve with 
a first ascending segment, a strain-hardening segment after matrix 
cracking followed by a strain-softening second segment, while those 
with PE fibers exhibit a first ascending segment followed by a strain 
hardening second segment, which is in line with previous studies [14]. 
The clear zigzags in the UHPC-II curve (Fig. 4a) were due to unexpected 
movement of the holder for the LVDTs. 

The CFRP bars were provided by Nanjing Fenghui Composite 
Mateiral Co., ltd. The average tensile strength, elastic modulus and ul
timate tensile strain were 2318.5 MPa, 147.0 GPa and 1.60 % respec
tively based on tensile tests on CFRP bar samples according to the CSA 
S806 [41]. 

2.3. Specimen preparation 

Steel plates (with staggered or horse tooth profile) were used to 
mould required section of connection of UHPC (Fig. 5a). For each half of 
the prefabricated UHPC plate specimen, steel grouting sleeves (Fig. 5b), 
the FRP bars and the steel plate were fixed at the edge of a timber mould 
when casting the UHPC (Fig. 5c and 5d). The two halves of the specimen 
were assembled by inserting the reserved CFRP bars into innermost of 
the expansive cement mortar (containing about 30 % calcium oxide) 
filled steel grouting sleeves (Fig. 5e). The seal between the two pre
fabricated parts was filled with a thin layer of epoxy resin. 

2.4. Flexural test setup 

For each plate, six micro strain gauges (SGs) with a gauge length of 1 
mm were pasted to the FRP bars of the lower row in the longitudinal 

direction (see Fig. 6). The plates were tested with a clear span of 900 mm 
under four-point bending at a loading rate of 0.5 mm/min until a sub
stantial deflection was reached. Three LVDTs at the mid-span and two 
support locations were installed to capture the deflections (see Fig. 6). 
Digital image correlation system was adopted to measure the deforma
tion of the plates. During the test, digital images were captured every 1 s. 

3. Test results and discussions 

3.1. Failure mode 

Fig. 7 shows the final failure modes of representative specimens, 
which demonstrates that all the specimens failed with a major flexural 
crack outside the connection zone (generally at the outmost section of 
the steel sleeves). The failure mode endorses the proposed connection 
modes for FRP bar-reinforced UHPC plates. In Fig. 8, the crack patterns 
of selected specimens (MII-SF-1 and MI-PE-1) at different loading stages 
are presented, indicating the majority of small cracks appeared at the 
loading stage of Point B (before reaching the peak load). Also, the crit
ical cracks located outside the connection zone for both the connection 
modes. The above failure mode shows that the connection zone was 
intact (cracks with a small opening could be seen, as will be discussed in 
the next section) until the plates had experienced substantial deflection, 
demonstrating the reliability of both the proposed connection 
approaches. 

3.2. Load-deflection curves 

The load-midspan deflection curves of the test specimens are shown 
in Fig. 9. it can be seen that the FRP bar-reinforced UHPC plates have a 
three-segment load–deflection behavior (Fig. 9a). Taking specimen MII- 
SF-1 as illustration, the curve exhibits a first linear segment (segment a- 
b, Fig. 9a), a second nonlinear segment (segment b-c, Fig. 9a) with 
reducing tangent slope and a post-peak descending segment (segment c- 
d, Fig. 9a). It can be seen that there is little difference in the first seg
ments of all the specimens. For the specimens with the UHPC-I mix 
(Fig. 9a), their second segments are generally identical (the difference in 
the peak loads is within 10 % for specimens with the UHPC-I mix) except 
that the peak load of MI-SF-I is larger than other three specimens. This is 
probably because the crack width of MI-SF-1 was smaller those of the 
other specimens, as can be seen in Fig. 7. It is thus believed that the 
connection mode has a negligible influence on the load–deflection 

Fig. 4. Tensile stress–strain curves of UHPC dumbbell samples.  
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behavior of the connected plates with steel fibers. For specimens with PE 
fibers, the connection Mode II leads to a slightly larger peak load than 
the connection Mode I because UHPC with PE fibers had a tensile strain 
hardening behavior and the horse tooth connection does not have a 

connection surface in the longitudinal direction. Specimens with steel 
fibers have a post-peak descending load–deflection curves, while the 
applied loads at the third segment of the load–deflection curves for 
specimens with PE fibers remain stable, suggesting the PE fibers provide 

Fig. 5. Preparation of specimens.  

Fig. 6. Locations of SGs and LVDTs.  
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sufficient bridge action in resisting crack widening at this stage. Some 
specimens experienced progress failure (e.g., MII-SF-1) and exhibited an 
obvious load decline in the post-peak descending segment. This was due 
to the small slip (about 0.5 mm at peak load) between the CFRP bars and 
the UHPC matrix, as could be observed in the ends of the FRP bar- 
reinforced UHPC plates. 

At a given tolerable deflection of 1/200 span (about 5 mm), the 
corresponding applied loads are about 30 kN for specimens with steel 
fibers, while it is about 20 kN for specimens with PE fibers. This suggests 
that specimens with steel fibers may have a larger usable bending ca
pacity than specimens with PE fibers. This can also be demonstrated by 
comparing the load–deflection curves of specimens in Fig. 9c and 9d. 
The first crack load (Pcr), the peak load (Pcm), the ultimate load (Pcu =

0.85 Pcm) and corresponding deflections are summarized in Table 5. The 
first crack load is determined by the first curvature change point of the 
load deflection curve (see point ‘b’ in Fig. 9). The crack opening dis
placements at the interface of the connection at the ultimate load are 
summarized in Table 5. It can be seen that the crack opening displace
ments at the interface of the connection for the Mode I connection 
specimens are larger than those of the Mode II connection specimens, 
and most of the crack opening displacements are smaller than 0.2 mm at 
ultimate. The ductility coefficient (Δcm/Δcr) shows that all the connected 
plates exhibit an excellent ductility and the specimens with the horse 
tooth connection mode have a better ductility than those with the 
staggered connection mode. The ductility coefficients of specimens with 
connection Mode I are considerably large due to their very small crack 
deflections (see Table 5). 

3.3. Load-strain curves 

The FRP longitudinal strains at the mid-span and the those near the 
transition zone and the normal zone are plotted against the applied load 
in Fig. 10. It can be seen the longitudinal strains at the mid-span are 
smaller than those at the transition zone and the normal zone. At given 
tolerable deflection of 1/200 span (about 5 mm), the longitudinal strain 
at mid-span developed in the CFRP bars was about 2000 με for all 
specimens. This amount of longitudinal strain is within the suggested 
design limit specified in the current design code (CSA S806 [41]). The 
strain development manners of FRP bars in SF UHPC and PE UHPC are 
significantly different. After the initial cracking, the strains of CFRP bars 
in PE UHPC plates were almost linearly proportional to the applied load, 

while those in SF UHPC plates obviously were nonlinearly proportional 
to the applied load. This is because strain localization (strain softening) 
occurred in SF UHPC plates. As a result, the axial strain developed in the 
CFRP bars in SF UHPC was about 7000 με when the peak load was 
reached while this value was about 6000 με (see Fig. 10) although the 
deformability of both types of members was similar at the peak loads 
(Fig. 9). It should be noted that the readings of strains were not available 
at the ultimate failure due to failure of strain gauges. 

4. Theoretical analysis on flexural capacity of FRP bar 
Reinforced-UHPC plates 

As previous studies have demonstrated that the plain section 
assumption is valid for FRP reinforced-UHPC plates, the flexural ca
pacity of FRP bar reinforced-UHPC plates can be calculated based on the 
sectional analysis. In this study, the following assumptions are adopted: 
1) the section strain distribution follows the assumption of plane section 
(Fig. 11 and Equation (1)); 2) the compressive stress–strain curve of 
UHPC shows a linear upward trend before reaching its peak stress (i.e., 
εu,c is not larger than the compressive strain at peak stress, εco) (Fig. 11c); 
3) in the equivalent stress distribution (Fig. 11c), the tensile stress of 
steel/PE fiber-reinforced UHPC in tensile zone after cracking is assumed 
to be equal to its initial cracking strength. 

εu,c

εfrp
=

xc

h0 − xc
(1) 

Therefore, the equilibrium equations at mid-span section can be 
expressed as follows: 

0.5Ecεu,cxcb = ft0b(h − xc)+Af Ef εfrp (2)  

M = ft0(h − xc)b(
h − xc

2
+

2xc

3
)+Af Ef εfrp(h0 −

xc

3
) (3)  

where Ec is the compressive modulus of UHPC matrix; xc is the height of 
the compression zone; ft0 is the initial cracking strength of UHPC matrix; 
b and h are the width and the height of the plate, respectively; Af , Ef and 
εfrp are the total cross-sectional area, the elastic modulus and the rupture 
strain of the FRP bar. In addition, the strain efficiency factor of the FRP 
bar was found to be around 0.6 and thus for the specimens with strain 
gauge failure before FRP rupture, the rupture strain of the FRP bar was 
taken as 0.6 times the ultimate tensile strain of FRP bar (i.e., εfrp =

Fig. 7. Failure mode.  
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Fig. 8. Deformation of specimens at different loading stages based on DIC results.  
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Fig. 8. (continued). 

Fig. 9. Load-midspan deflection curves of the connected FRP reinforced UHPC plates.  

Table 5 
Summary of key test results.  

Specimen Pcr (kN) Δcr (mm) Pcm (kN) Δcm(mm) Pcu (kN) Δcu (mm) ωc,m (mm) ωc,t (mm) μ 

MI-SF-1  11.8  1.20  47.8  19.95  40.6  39.38  0.15  8.48  16.6 
MI-SF-2  11.7  1.23  44.2  19.67  37.6  46.41  0.14  7.54  16.0 
MII-SF-1  10.0  0.42  43.8  20.07  37.2  28.60  0.08  7.62  47.8 
MII-SF-2  10.6  0.54  45.1  19.86  40.2  45.10  0.12  7.52  36.8 
MI-PE-1  11.3  1.69  42.4  19.64  36.1  45.89  0.11  5.48  11.6 
MI-PE-2  10.6  1.85  41.3  32.89  35.1  54.01  0.11  1.70  17.8 
MII-PE-1  10.0  1.00  46.0  21.30  39.1  36.19  0.00  4.11  21.3 
MII-PE-2  10.6  1.19  46.3  22.02  39.2  34.21  0.00  4.84  18.5 

Note: Pcr — The first crack load; Δcr — The deflection at the first crack load; Pcm — The peak load; Δcm — The deflection at the peak load; Pcu — The ultimate load; Δcu 

— The deflection at the ultimate load; ωc,m — The ultimate crack opening displacement at the mid-span; ωc,t — The ultimate crack opening displacement at the 
connection zone and the normal zone of the specimen; μ — The ductility coefficient (Δcm/Δcr).  
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0.6εf ). Fig. 12 shows the comparison of the predicted and experimental 
mid-span section moment. It can be found that most of the predicted 
results are in close agreement with the experimental results from the 
current study, demonstrating the reliability of the sectional analysis 
approach. 

5. Conclusions 

This paper has presented the development of a novel connection 
system for UHPC plates based on CFRP bars and steel sleeves and the 

investigation on flexural behavior of connected UHPC plates. The effects 
of the fiber type (polyethylene (PE) fibers and steel fibers) and 
connection mode (the staggered connection and the horse tooth 
connection) on the flexural behavior of FRP bar-reinforced-UHPC 
composite plates were explored to verify the effectiveness of the pro
posed connection system. The following conclusions are drawn:  

1. Both the staggered and the horse tooth connections are reliable as the 
connected plates experienced flexural cracking failure outside the 
connection zone. The crack width of the UHPC plates with steel fibers 
at peak load was larger than that in UHPC plates with PE fibers.  

2. The Mode II UHPC plates had a smaller crack width than the Mode I 
UHPC plates with PE fibers, implying the efficacy of the Mode II 
connection is better than the Mode I connection.  

3. The FRP bar-reinforced UHPC plates with each mode of connection 
have a three-segment load–deflection behavior. The first segments of 
all the specimens are independent to the key parameters, and the 
connection mode has negligible influence on the load–deflection 
behavior of the connected plates with steel fibers. For plates with PE 
fibers, the horse tooth mode leads to a slightly enhanced peak load 
than that of the staggered connection mode. 

4. The connected plates exhibit an excellent ductility, and the speci
mens with the horse tooth connection mode have a better ductility 
than those with the staggered connection mode.  

5. The longitudinal strains developed in the CFRP bars at the given 
tolerable deflection of 1/200 is about 2000 με, which is within the 
suggested design limit strain specified in the current design code. 
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