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Abstract 

The flexural behavioral properties of ultra high performance concrete (UHPC) low-profile T-beams reinforced with a 

combination of steel fibers and steel reinforcing bars were investigated in this paper. Five large scale T-beams were 

tested and analyzed regarding their deflection, ductility, strain, curvature, load capacity and crack development. The 

experimental variables include the reinforcement ratio, the slenderness (length to diameter ratio) of the fiber rein-

forcements, and the fiber type. The experiments showed that all specimens exhibit flexural failure with the yielding 

of steel bars and excessive expansion of flexural crack, and the compression zone in the reinforced UHPC low-profile 

T-beam is not crushed because of the ultra high compressive strength and area of UHPC. In addition, it was con-

cluded that using hooked-end fibers can effectively increase the specimen’s durability-based cracking load in com-

parison to straight fibers of same slenderness, whereas the reinforcement ratio and the slenderness of the fibers have 

little influence on this. Increasing the reinforcement ratio and using hooked-end instead of straight fibers increase the 

load capacity and bending stiffness of the specimen, as well as reduces the crack width at comparable applied load. A 

model was established to compute the ultimate capacity of UHPC low-profile T-beams and the prediction agrees well 

with the experimental results in the present and published investigations.

Keywords: ultra high performance concrete (UHPC), flexural behavior, low-profile T-beam, ultimate load capacity, 

crack, fiber type, reinforcement ratio
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1 Introduction
Ultra high performance concrete (UHPC) is character-

ized by high particle packing density and low matrix 

porosity achieved by a low water-to-cementitious mate-

rial ratio (generally below 0.25). UHPC is made of well 

graded cementitious materials and fine aggregate. �e 

addition of superplasticizers allows for an effective dis-

persion of fine particles which is necessary to mix the 

concrete at a low water-to-cementitious material ratio. 

�e addition of fibers with tailored tensile strength, bond 

properties and volume fraction significantly enhances 

the concrete’s tensile strength, ductility and toughness. 

Compared with normal concrete (NC) or high perfor-

mance concrete (HPC), UHPC exhibits higher strength, 

toughness, and durability, and lower creep coefficient 

and shrinkage after heat curing (Graybeal 2005, 2006a, 

b). Fiber volume fraction, fiber shape, fiber slenderness 

(length to diameter ratio), fiber orientation affected by 

the concrete placing method and specimen dimension 

are most influential on the tensile behavior and thus 

on its ductility, fracture toughness, and energy absorp-

tion capacity (Kang et al. 2011; Nguyen et al. 2013; Wille 

and Parra-Montesinos 2012). As a result, fibers play an 

important role in affecting the mechanical properties of 

UHPC and thus its flexural behavior.

In the past decade, many researchers have investi-

gated the effect of fiber properties [i.e., dosage (Yoo et al. 
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2013), aspect ratio (Yoo et  al. 2014a, 2016b), shape (Kim 

et al. 2011; Wu et al. 2016), orientation (Kang et al. 2011), 

etc.] on the flexural behavior of UHPC, and most of them 

emphasize on the material level than the component level 

(Kim et  al. 2011; Wu et  al. 2016; Yoo et  al. 2013, 2014a, 

2016b). At the component level, the flexural behaviors 

of UHPC beams reinforced with rebars have also been 

widely studied up to now (Chen et al. 2018; Hasgul et al. 

2018; Kahanji et  al. 2017; Kamal et  al. 2014; Randl et  al. 

2013; Yang et al. 2010, Yoo et al. 2016a). Yang et al. (2010) 

conducted an experimental study on the flexural behav-

ior of UHPC beams with rectangular sections, taking the 

reinforcement ratio and the placing method into account, 

and they reported that all test beams exhibited ductile per-

formances with ductility index ranging between 1.60 and 

3.75. Yoo et al. (2016a), Chen et al. (2018) and Hasgul et al. 

(2018) have also conducted similar investigations to study 

the flexural behavior of UHPC beams with various rein-

forcement ratios, and found that the post-cracking stiffness 

and load carrying capacity were increased, whereas first 

cracking load was decreased. Randl et al. (2013) performed 

the study on the flexural performance of UHPC beams 

reinforced with different combinations of fibres (0% and 2% 

by volume) and high grade steel bars, and noted that the 

incorporation of 2% by volume of steel fibers increases the 

load bearing capacity by about 15% on average. �ey also 

concluded that the combination of steel fibers and high 

grade steel is promising. Kahanji et  al. (2017) studied the 

structural performance of UHPC beams with different 

fiber content (1, 2 and 4% in volume). �ey reported that 

a minor difference was observed in the deformation and 

flexural behavior of beams with fiber contents of 1% and 

2% in volume, whereas beams with 4% (in volume) fibers 

exhibited a higher flexural capacity. Moreover, Kamal et al. 

(2014) compared the effect of steel fiber and polypropylene 

fiber on the flexural behavior of UHPC beams and indi-

cated that using fibers (steel fiber or polypropylene fibers) 

could enhanced the behaviors of the tested beams.

All of the foregoing studies on flexural behavior of UHPC 

beams at the component level are restricted to the effect 

of reinforcement ratio (Chen et  al. 2018; Hasgul et  al. 

2018; Yang et al. 2010; Yoo et al. 2016a), fiber orientation 

(Yang et  al. 2010) and fiber content (Kahanji et  al. 2017; 

Randl et al. 2013). As far as we know, there are few works 

on the study about reinforced UHPC beams with various 

fiber lengths (Qi et al. 2018; Yoo and Yoon 2015) and fiber 

shapes (hooked-end fiber in special).

On the other hand, all the previous works about the 

flexural behaviors of UHPC beams only focus on the rec-

tangular section and do not include T-section in general 

or low-profile T-shape section in specific. �e low-profile 

T-shape beam is mainly used in the UHPC waffle deck 

panel, which consists of a thin slab cast integrated with 

concrete ribs in both transverse and longitudinal direc-

tions. Several applications (Aaleti et al. 2013; Kong et al. 

2016; Park et  al. 2012) indicate that the UHPC waffle 

deck slab has the similar ultimate load capacity, but 30% 

to 40% lighter than a solid full-depth panel made of con-

ventional concrete, which is significantly beneficial to the 

application in large span bridges. Hence, it is quite nec-

essary to fully understand the structural performance of 

low-profile T-shape beams.

�e purpose of this paper is to experimentally investi-

gate the flexural behavior of UHPC low-profile T-beams 

with rebars reinforcement. �e experimental parameters 

under investigation include the ratio of steel rebars, the 

aspect ratio of fiber and the fiber shape. Lastly, to pre-

dict the ultimate loading capacity of UHPC low-profile 

T-beams, a simplified mechanical model was developed 

based on the experimental results.

2  Program of Experiment
2.1  Experimental Materials

In this investigation, the mixture proportions of UHPC 

are present in Table  1. Type I Portland cement, fly-

ash, silica powder and silica fume are used as binders 

for the UHPC mix design. Quartz sand with particle 

sizes of smaller than 0.9 mm is added as fine aggregate. 

�e apolycarboxylate-based high-range water-reducing 

admixture (HRWRA) is used at the amount equal to 2% 

of the binder mass to increase the workability of the con-

crete. In order to investigate the effect of the aspect ratio 

and shape of steel fiber on the flexural performance, three 

varied aspect ratios (i.e., 65, 81 and 83) for straight steel 

fibers (S) and one hooked-end steel fiber (H) with the 

aspect ratio of 65, are considered at volume fraction of 

2%. �e steel fibers are generally divided into two types: 

(1) straight steel fiber (SX) and (2) hooked-end steel fiber 

(HX). It should be noted that the notation S, H and X 

indicate the straight fiber, hooked-end fiber and fiber’s 

aspect ratio, respectively. For example, S65 is the UHPC 

mixture with straight steel fibers at an aspect ratio of 65. 

�e detailed dimensions of the steel fibers are shown in 

Table 2.

Table 1 Mixture proportion of UHPC by weight ratio.

Water-binder ratio Cement Silica fume Flyash Quartz sand Silica powder HRWRA 

0.18 1.0 0.2 0.1 1.1 0.2 2.0%
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2.2  Details of the Specimens

In this paper, five full-scale UHPC low-profile T-shape 

beams, whose dimensions are similar with UHPC deck 

slab in reference (Kong et  al. 2016), are fabricated for 

the experimental program. In the reference (Kong et  al. 

2016), the scheme of steel-UHPC lightweight composite 

girders in Shengtian Bridge, a cable-stayed bridge with 

the span of 181.95 m + 450 m + 181.95 m, were proposed. 

In the scheme, the deck slab of composite girders was 

specially designed as the UHPC deck panel with low-pro-

file ribs, as shown in Fig. 1. �e height of the UHPC deck 

panel with low-profile ribs is 220  mm. �e UHPC deck 

panel consists of a thin flat plate and low-profile ribs. �e 

thickness of the thin flat plate is 80 mm. �e height and 

transverse spacing of the ribs are 140 mm and 700 mm, 

respectively. �e width of the ribs is set to be 180 mm at 

the bottom with a slight increase to 200 mm at the top of 

the rib at the interface of rib-to-plate.

�e details of dimension and reinforcement for 

the specimens are given in Fig.  2. To ensure the flex-

ural failure mode for the specimens, adequate shear 

reinforcement with a diameter of 6 mm is arranged with 

the spacing and a clear cover of 150  mm and 20  mm, 

respectively. Meanwhile, the low-profile rib is also rein-

forced with longitudinal rebars at both the top and the 

bottom. �e strength grade of all the rebars is accepted 

as HRB400.

�e details of the parameters, including the reinforce-

ment ratio, the fiber length to diameter ratio and the 

shape of the fiber, are list in Table 3. It should be known 

that the specimens are distinguished with the fiber type 

and longitudinal reinforcement. For instance, B-S65-16 

denotes the specimen including straight steel fibers with 

an aspect ratio of 65 and steel rebar with a diameter of 

16 mm. �e longitudinal rebars in the cross section are 

set at the distance of 35 mm from the bottom surface of 

the specimen.

2.3  Fabrication of the Specimens

�e low-profile T-beams were fabricated in both 

groups. �e first group (Group I) includes four speci-

mens B-S65-16, B-S65-20, B-S81-20 and B-S83-20, 

Table 2 Dimentions of steel �bers.

Name S65 S81 S83 H65

Length × diameter 
(mm × mm)

13 × 0.20 13 × 0.16 10 × 0.12 13 × 0.20

Aspect ratio 65 81 83 65

Shape Smooth straight Smooth straight Smooth straight Hooked-end

Picture

UHPC

Fig. 1 Scheme of steel-UHPC composite girder [unit: mm, in reference (Kong et al. 2016)].
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while the second group (Group II) only contains 

B-H65-20. Taking the first group as an example, the 

process of specimen fabrication is given as follows:

1. �e metallic forms of the specimens were manu-

factured and assembled. After that, the rebars were 

arranged, as shown in Fig. 3.

2. �e UHPC was mixed using a forced mixer and then 

the concrete was placed. A high-frequency concrete 

vibrator was used to compact the UHPC. A covering 

membrane was used to aid in the curing process at 

normal temperature for 48 h, as displayed in Fig. 4.

3. After curing for 48 h, the metallic form was moved. 

Next, the beam specimens were steam cured at a 

temperature of 90–100 °C for another 48 h, as shown 

in Fig. 5.

2.4  Material Properties of UHPC and Reinforcement

Twelve cubic specimens with a side length of 100  mm 

were manufactured (three for each variable) and tested 

per Chinese code (GB/T 31387 2015). At the same time, 

12 prismatic specimens with cross-sectional dimension 

of 100 mm × 100 mm and lengths of 400 mm, were cast 

a

b

Fig. 2 Details of the specimens (unit: mm).

Table 3 Details of parameters.

Specimen Fiber properties Reinforcement in the bottom of the specimen 
N1a (N1b)

Length × diameter Shape Aspect ratio Number and diameter Reinforcement 
ratio (%)

B-S65-16 13 × 0.20 mm Straight 65 3 φ 16 mm 0.73

B-S65-20 3 φ 20 mm 1.14

B-S81-20 13 × 0.16 mm Straight 81 3 φ 20 mm 1.14

B-S83-20 10 × 0.12 mm Straight 83 3 φ 20 mm 1.14

B-H65-20 13 × 0.20 mm Hooked 65 3 φ 20 mm 1.14
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(three for each variable) and tested in flexure per Chinese 

code (GB/T 31387 2015). In the bending test, the applied 

load and mid-span deflection were recorded. �e loading 

setup and photograph of the material tests of UHPC are 

shown in Fig. 6. In addition, the direct tensile test of steel 

reinforcement was conducted per Chinese code (GB/T 

228.1 2010).

�e average flexural load–deflection curve with a 

four-point bending test is illustrated in Fig. 7. �e other 

material properties of UHPC and reinforcement are sum-

marized in Tables 4 and 5, respectively.

2.5  Instrumentation and Loading Procedures

Figure  8 indicates the plan of instrumentation for the 

specimens. In order to measure the strain of steel rebars, 

six strain gauges with a length of 5  mm were placed at 

the surface of tension reinforcements. For the sake of 

obtaining the strain of concrete, 20 mm-long gauges were 

used to detect the strain of the concrete. In particular, 

six strain gauges were arranged on the top of the speci-

men at constant moment region to measure compressive 

strain, while six strain gauges were also set on the speci-

mens’ bottom surface measuring concrete tensile strain. 

Meanwhile, two extensometers were positioned at the 

bottom of the specimens to obtain the tensile strain as 

well. In addition, three displacement sensors were placed 

to measure the deflection at mid-span and support. Fur-

thermore, the development of the crack length and width 

were recorded during the process of the test.

�e test setup is illustrated in Fig. 8, and the arrange-

ment of the test loading device and measuring instru-

ment is shown in Fig.  9. �e specimens, which are 

supported on rollers and pins, were loaded in four-point 

bending, using a single 500 kN jack for the specimens 

B-S65-16 and B-S65-20 and a PMS-500 digital pulsat-

ing fatigue tester under static load conditions for the 

specimens B-S81-20, B-S83-20 and B-H65-20. To obtain 

the force of the jack, a 250 kN load cell was installed 

on a transfer beam supported by rollers and pins. Roll-

ers and pins of the specimen support were set at a dis-

tance of 100  mm from the ends of the specimen. �e 

length of a pure bending part was 1.4 m. Each beam test 

Fig. 3 Assembly of the form and arrangement of the rebar.

Fig. 4 Process of casting UHPC and natural curing.
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was conducted loading controlled at first, and when the 

applied load approached to around 75% of peak load, the 

control method was switched to displacement-control.

In order to accurately obtain the cracking load and 

peak load, a smaller loading rate was set when the applied 

load approximates the cracking load and peak load. After 

cracking load, the loading rate was increased due to the 

UHPC members’ satisfactory post-cracking capacity. �e 

loading procedure continued until the maximum crack 

width of UHPC beams is more than 4 mm or the speci-

men was found to be softened.

Fig. 5 Process of steam curing.

Fig. 6 Loading scheme and photographs of the UHPC material tests.

Fig. 7 Average flexural load–deflection curve.
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3  Experimental Results and Discussions
3.1  Load versus De�ection Response

3.1.1  General Flexural Behavior

�e experimental load was plotted against the vertical 

displacement at mid-span of all reinforced UHPC low-

profile T-shape beams in Fig.  10. In addition, the load 

and corresponding deflection at first cracking, yielding 

of rebars reinforcement and ultimate load are listed in 

Table 6.

As observed in Fig.  10, the load–displacement curve 

for the reinforced UHPC low-profile T-beams is divided 

into three stages: elastic stage, crack development stage 

and yield strengthening stage. In the elastic stage, the 

flexural stiffness of the specimen is provided by the 

un-cracked UHPC and the reinforcement, resulting in 

a linear load versus displacement curve. Increasing the 

load beyond the elastic limit at about 40 kN resulted in 

the sufficient development of micro-cracks in the UHPC. 

�is cracking load appears as a linear deviation point on 

the load–displacement curve (Yang et al. 2010; Yoo and 

Yoon 2015; Chen et  al. 2018), and visible cracks (crack 

width: 0.02–0.05  mm) appear in the weak zone of the 

constant bending moment section (Qi et al. 2018). Mean-

while, the decrease of the slope of the load–displacement 

curve is found, implying that the bending stiffness of the 

beam decreases, which indicates that the beam enters 

the crack development stage. �is is confirmed by the 

observation that the cracks’ width and number increase. 

Table 4 Material properties of UHPC.

fc= compressive strength; Ec= elastic modulus [ 3836.3
√

fc  (MPa) (Graybeal 2006a)]; fLOP= limit of proportionality in Fig. 7; fMOR= �exural strength in Fig. 7; ft= direct 

tensile strength [ft= 0.668fLOP (NF P 18-470 2016a)].

Name Fiber type Compression test Flexure test ft (MPa)

(Length × diameter) shape fc (MPa) Ec (GPa) fLOP (MPa) fMOR (MPa)

S65 (13 × 0.20 mm) straight 131.6 44.0 13.0 25.2 7.98

S81 (13 × 0.16 mm) straight 126.2 43.1 13.1 25.9 8.05

S83 (10 × 0.12 mm) straight 129.6 45.3 13.0 25.8 8.02

H65 (13 × 0.20 mm) hooked 139.2 45.2 13.0 27.9 8.02

Table 5 Material properties of HRB400 reinforcement.

Name Strength grade Diameter (mm) Elastic modulus 
(GPa)

Yield strength 
(MPa)

Ultimate 
strength

Ultimate strain

Group I HRB400 16 200 412 519 0.230

20 200 460 583 0.265

Group II 20 200 502 633 0.215

Fig. 8 Details of experimental program (unit: cm).
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As the load increased to the yield load, a new inflection 

point is found in the load versus displacement response, 

defined as the yield load (Yang et al. 2010; Yoo and Yoon 

2015; Chen et  al. 2018), and the specimen starts the 

yield strengthening stage. At this stage, it is observed 

that the load increased slowly with significant increase 

in displacement. Meanwhile, some of the initial flexural 

cracks transformed into main localized cracks, followed 

by a rapid increase in the crack width. With the increase 

of the load, the displacement of the specimen continues 

to increase, which indicates the excellent ductility of the 

reinforced UHPC beam with a displacement ductility 

index (μ = Δu/Δy) of more than 1.27. Due to the ultra high 

compressive strength of UHPC and large flange area of 

T-beam, at the peak load, the specimen in the compres-

sion zone is not crushed and the corresponding compres-

sive strain at the top flange of the specimen is about 1300 

με (as shown in Fig. 12). �e peak load is therefore taken 

as the ultimate load.

3.1.2  Reinforcement Ratio

Figure  11a depicts the load–displacement curves of the 

reinforced UHPC low-profile T-beams (B-S65-16 and 

B-S65-20) with the same fiber characteristics and dif-

ferent reinforcement ratios. In the elastic stage, the flex-

ural stiffness of the beam specimens slightly increased 

when the ratio of reinforcement increased. As for the 

crack development stage, the effective bending moment 

of inertia (which was used to qualitatively express the 

post-cracking stiffness of the specimens) and the ultimate 

loading capacity of the specimens increased significantly 

with the increase of the reinforcement ratio. Compared 

with the specimen B-S65-16, an increase of 56.3% in the 

ratio of reinforcement resulted in an increase of yield-

ing load by 60.2% and ultimate bearing capacity by 55.3% 

(B-S65-20), respectively. �ese results demonstrated that 

the longitudinal reinforcement not only played a sig-

nificant role in the pre-cracking and post-cracking stiff-

ness of reinforced UHPC low-profile T-beams but also 

as expected improves their yielding load and ultimate 

bearing capacity. However, when the reinforcement ratio 

increase from 0.73% to 1.14%, the cracking load slightly 

decreased by 6.5%. �is is because higher reinforcement 

ratios could result in higher residual tensile stresses due 

to the constraint of autogenous shrinkage of UHPC (Yoo 

et al. 2014b; Yoo and Yoon 2015).

3.1.3  Fiber Length

Figure 11b shows the load–displacement curves of rein-

forced UHPC low-profile T-beams (B-S65-20, B-S81-

20 and B-S83-20) with the same reinforcement ratios 

and various ratios of fiber length to diameter. It can be 

found that the specimens with different length to diam-

eter ratios all exhibit similar load versus displacement 

behavior across the three stages. �is illustrates that the 

fiber ratio of length to diameter in the range investigated 

here has no noticeable effect on the stiffness and ultimate 

bearing capacity of the reinforced UHPC low-profile 

T-beams. �is is different from the material level results 

in UHPC, where an increase in the fiber slenderness can 

increase the ultimate bending strength (Yoo et al. 2014a, 

2016b). �is might be explained that the limited change 

Fig. 9 Test loading setup.

Fig. 10 Load mid-span displacement curves of the specimens.
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in UHPC tensile behavior due to the change in fiber slen-

derness has no significant effect on the reinforced UHPC 

behaviors.

3.1.4  Fiber Shape

In addition, the load–displacement curves of reinforced 

UHPC low-profile T-beams (B-S65-20, B-H65-20) with 

the same reinforcement ratios but different fiber shapes 

are plotted in Fig.  11c. In the elastic stage, the speci-

mens exhibit with similar flexural stiffness. However, in 

the crack development stage, contrasted to the speci-

men with straight fibers (B-S65-20), the specimen with 

hooked-end fibers (B-H65-20) had a larger effective 

bending stiffness and a higher ultimate bending capac-

ity, which was approximately 1.4 times that of the speci-

men with straight fibers. �e results indicated that the 

fiber shape had little influence on the pre-cracking stiff-

ness of UHPC beams but can effectively improve the 

post-cracking stiffness and ultimate bending capacity. 

�e primary reason can be attributed to the additional 

mechanical anchorage and thus increased the bond 

strength of hooked-end fibers to the UHPC matrix in 

comparison to straight fibers (Wille and Naaman 2012; 

Yoo and Kim 2019), and thus the flexural strength and 

tensile behavior (i.e. ultimate tensile strength and cor-

responding strain) were effectively improved (Wu et  al. 

2016; Wille et  al. 2011; Park et  al. 2012), which was of 

great benefit to enhance the post-cracking stiffness and 

flexural capacity of the specimen.

3.2  Ductility

Conventionally, the ductility of flexural members is eval-

uated by a ductility index from the point of deflection 

ductility index (Qi et al. 2018; Yang et al. 2010; Yoo and 

Yoon 2015), curvature ductility index (Lee and Pan 2003), 

or rotational ductility index (Samir and Faisal 1993). 

Table 6 Summary of �exural test results for reinforced UHPC low-pro�le T-shape beams.

Δcr = de�ection at �rst cracking load, Pcr = �rst cracking load, Δy = de�ection at longitudinal steel rebars yielding, Py = load at longitudinal steel rebars yielding, 

Δu = ultimate de�ection and Pu = ultimate load.

a Yielding of steel rebars.

b Large opening of �exural crack.

Beam Cracking state Yielding state Ultimate state Ductility index Failure mode

Δcr (mm) Pcr (kN) Δy (mm) Py (kN) Δu (mm) Pu (kN) Δu/Δy Δu/Δcr

B-S65-16 3.47 40.4 20.98 114.6 40.79 124.8 1.94 11.76 Flexurea,b

B-S65-20 2.66 37.8 22.80 183.5 29.04 193.8 1.27 10.94 Flexurea,b

B-S81-20 2.75 39.8 21.86 175.7 35.72 201.4 1.63 12.99 Flexurea,b

B-S83-20 2.79 41.2 23.04 181.9 30.51 194.1 1.32 10.94 Flexurea,b

B-H65-20 2.37 40.3 29.82 248.4 41.98 253.3 1.41 17.67 Flexurea,b

a b c

Fig. 11 Load mid-span displacement curves of the specimens: (a) different reinforcement ratios; (b) different fiber lengths; (c) different fiber shapes.
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�e deflection ductility index would be preferred to be 

accepted due to its convenience. In this investigation, the 

deflection ductility index, as illustrated in Eq.  (1), was 

adopted to determine the ductility of the specimens.

where Δu is the ultimate deflection and Δy is the yielding 

deflection.

Recently, Qi et  al. (2018) also proposed the follow-

ing formulation to evaluate post-cracking deflection 

ductility:

where Δcr is the cracking deflection.

�e ductility indices of specimens obtained with Eqs. (1), 

(2) are listed in Table 6. Fiber length to diameter ratio had 

no considerable influence on the post-cracking ductility for 

reinforced UHPC low-profile T-shape beams. However, 

fiber shape showed a remarkable effect on the post-crack-

ing ductility, which demonstrates the efficiency of the usage 

of hooked-end fibers. In addition, the effect of increasing 

reinforcement ratio resulted in the decrease of the deflec-

tion ductility index, which is in accordance with the other 

investigation by Yoo and Yoon (2015) and Qi et al. (2018).

3.3  Load Versus Strain Response

3.3.1  Concrete Strains

Figure 12 shows the strain of the extreme compression fiber 

and extreme tension fiber at the constant bending regions 

(1)µu =

�u

�y

(2)µcr =

�u

�cr

in relation to the experimental load. Positive values pre-

sent extreme tension strains of the bottom surface of the 

specimens, and negative values denote the extreme com-

pression strain of the top surface of the specimens. Before 

the appearance of visible flexural cracking (0.05 mm crack 

width), both extreme compression strain and extreme 

tension strain exhibited a small value and kept linearly. 

When the visible flexural cracks appear, the tensile strains 

increased significantly as expected. Interestingly, no exten-

sively crushing was observed in the concrete at the extreme 

compression fiber of the specimen since the maximum 

compressive strains with about 1300 με are significantly less 

than the ultimate compressive strain of UHPC (fc/Ec ≈ 3000 

με). As a result, it is acceptable to assume a simplified linear 

elastic behavior in the calculation of the bending capacity 

of the UHPC specimens (SIA 2052 2016).

Specifically, it can be found in Fig.  12a that the com-

pressive and tensile strain at the post-cracking phase 

decreases significantly with the increase of reinforcement 

ratio, which is similar to regular reinforced concrete 

beams. Moreover, while Fig. 12b shows that fiber slender-

ness has no significant effect on the strain values at the 

same load, Fig.  12c indicates that the usage of hooked-

end fiber can effectively reduce the compressive and ten-

sile strain of the specimens at the post-cracking phase. 

�is is due to the fact that the effective moment of inertia 

of the specimen at the crack development stage could be 

significantly enhanced by the usage of hooked-end fibers.

3.3.2  Reinforcement Strains

Figure  13 shows the load versus reinforcement strain 

curves of all specimens. �e strain values were obtained 

a b c

H

Fig. 12 Load versus top and bottom surface concrete strains of pure bending regions: (a) different reinforcement ratios; (b) different fiber lengths; 

(c) different fiber shapes.
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by strain gauges, which were attached to the center of the 

rebar reinforcement in the tensile zone of the specimen in 

constant bending region. �e load–reinforcement strain 

curves are also divided into three stages, which is similar 

to the load–displacement curves. At first, the load-strain 

relationship exhibited linear behavior before the genera-

tion of visible cracks. After visible cracking, the tensile 

strain of concrete was borne by the rebar reinforcement 

and the fibers bridging the cracked sections. �e strain 

of reinforcement strain still increased linearly with the 

applied load, whereas the strain’s increase rate acceler-

ated until the longitudinal reinforcement yielded. When 

the rebar reinforcement is yielding, the strains of rebar 

reinforcement increased significantly and deformation 

of the specimen also considerably increased, whereas the 

corresponding load nearly kept unchanged.

In addition, Fig. 13 also displays the selected reinforce-

ment strain (500 με, 1000 με, 1500 με and 2000 με) of all 

specimens. Specifically, it can be found from Fig. 13 that 

compared with specimen B-S65-16, the correspond-

ing load of B-S65-20 with the same reinforcement strain 

increased by at least 38%. In another word, the stress of 

reinforcement, especially at the post-cracking phase, can 

effectively be reduced by increasing the reinforcement 

ratio, which is beneficial to control the crack width of the 

UHPC (NF P18-710 2016b). In addition, Fig. 13 indicates 

that the usage of hooked-end fiber leads to higher load 

values at the same strains, and thus reduces the rein-

forcement strain of the specimens after cracking at the 

same load. �is is because the effective moment of iner-

tia of the specimen at the crack development stage could 

be effectively improved by the utilization of hooked-end 

fibers. However, Fig.  13 illustrates that the reinforce-

ment strain in the specimens with various fiber lengths is 

nearly similar, which demonstrates the fact that the fiber 

length has little influence on the reinforcement strain of 

the specimens. �is might be attributed to the fact that 

little difference in UHPC tensile behavior, resulting from 

the change in fiber slenderness, has no significant effect 

on the reinforced UHPC behaviors.

3.4  Bending Moment Versus Curvature Relationship

To obtain the curvature of the specimens, the strain 

gauge values prior to severe cracking of the underly-

ing concrete were applied to generate a strain distribu-

tion of the specimen. �e strain distribution was used to 

determine the section’s curvature for the reason that the 

plane-section assumption was assumed to be valid.

Figure  14 indicates the moment–curvature curves at 

constant bending regions of the specimens. �e moment 

versus curvature curves can be divided into three stages, 

which are similar to the load versus displacement curves. 

�e moment–curvature relationship behaves linearly 

until about 1.5 × 10−6/m. At this curvature, with the 

appearance of visible cracks, the corresponding load and 

bending moment are about 40 kN and 21 kNm, respec-

tively. �e moment versus curvature curves exhibit non-

linear behavior over this curvature, and the curvature 

developed less significantly for the specimens with higher 

reinforcement ratio, as shown in Fig.  14a. Meanwhile, 

with the same values of moment, the curvature of speci-

men B-H65-20 was less than that of specimen B-S65-

20, as displayed in Fig. 14c. However, Fig. 14b indicates 

that the curvatures of the specimen with different fiber 

lengths (B-S65-20, B-S81-20 and B-S83-20) were similar 

for the same level of bending moment.

3.5  Crack and Failure Patterns

3.5.1  Cracking Performance and Failure Patterns

�e typical crack patterns for the specimen (B-S65-20) at 

various stages are shown in Fig. 15. �e first micro-crack 

appeared at the extreme tension fiber of the specimen 

at constant bending moment region, and the first cracks 

were barely visible. With the increase of the applied load, 

new micro-cracks were developed between the exist-

ing cracks, and Most of them slightly expanded towards 

the top surface of the specimen. Meanwhile, the cracks 

expanded with very limited increment, whose propaga-

tion rate is much lower than the flexural cracks in normal 

reinforced concrete beams (Borosnyoi and Balazs 2005; 

Chiu et al. 2018; Gribniak et al. 2016). �is is attributed 

to the fact that the fibers, bridging the gap between the 

crack surfaces, are effectively restrained the expansion 

of flexural cracks width. �e experiments also indicated 

that the specimen exhibit with multi-cracking behavior 

and flexural cracks formed with tight spacing.

As the experimental load was higher than the yield load 

of the specimen, the fibers located at one specific section Fig. 13 Load -reinforcement strains curves of the specimens.



Page 12 of 20Qiu et al. Int J Concr Struct Mater            (2020) 14:5 

were gradually pulled out, leading to the crack localiza-

tion with significant increase of crack width. It is because 

of the local bond failure between fiber and the UHPC 

matrix as well as rebars yielding. When the applied load 

approached to the peak load of the specimen, the crack 

localization with excessive crack width (i.e. higher than 

4  mm) and rebars yielding was observed, and thus the 

specimen was regarded as failure in this investigation.

ba c

Fig. 14 Bending moment–curvature curves of the specimens: (a) different reinforcement ratios; (b) different fiber lengths; (c) different fiber shapes.

a b

dc

Fig. 15 Crack patterns of B-S65-20 at various stages (unit: cm).
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3.5.2  Durability‑Based Cracking Stress

According to the investigation of Rafiee (2012), when the 

crack width of UHPC is smaller than 0.05  mm, UHPC 

exhibits as a sound concrete in terms of durability. As a 

result, the design criteria with durability-based UHPC 

crack width may be more promising in actual structure 

application (Pan et  al. 2016). �e assumptions of lin-

ear elastic theory are still valid since the stiffness of the 

specimens nearly keeps unchanged in the micro-cracking 

stage (Pan et al. 2016; Chen et al. 2018). Hence, durabil-

ity-based cracking stress is adopted to the nominal ten-

sile stress with a crack width of 0.05 mm.

Figure  16 summarizes the nominal stress histogram 

for the specimens with a crack width of 0.02 mm (micro-

crack) and 0.05 mm. In Fig. 16, when the crack width is 

0.02 mm for all specimens, the nominal stress is between 

7 MPa to 9 MPa, which approximate the elastic limit ten-

sile strength of UHPC. �is outcome indicates that the 

reinforcement ratio, the fiber length to diameter ratio 

and fiber shape have little influence on the cracking load 

of micro-cracks, which is consistent with other investiga-

tion (Yoo and Yoon 2015).

�e load at the critical crack width of 0.05  mm was 

approximately 40 kN for all straight fiber specimens 

B-S65-16, B-S65-20, B-S81-20, and B-S83-20, corre-

sponding to the nominal cracking stress of approximately 

10.5  MPa. However, the load of the hooked-end fiber 

specimens (B-H65-20) at a crack width of 0.05 mm was 

65.2 kN, and the corresponding nominal stress was up to 

17.31 MPa, which was increased by about 63% compared 

to the straight fiber specimens. �is indicated that the 

reinforcement ratio and the length to diameter ratio of 

straight fibers of the UHPC beams have little effect on the 

durability-based cracking load of the UHPC low-profile 

T-beams, while the fiber shape, and thus the mechanical 

anchorage, has a significant effect on the durability-based 

cracking load of reinforced UHPC low-profile T-beams.

3.5.3  Propagation of Crack Width

Figure 17 indicates the load versus maximum crack width 

curves of the specimens. As previously mentioned, the 

maximum crack widths of the specimen increased lin-

early with the increase of the applied load initially, and 

the localization of cracking resulted in rapid increases of 

the maximum crack width after yielding of the reinforce-

ment. As shown in Fig. 17, the propagation rate of crack 

width decreases with the increase of the reinforcement 

ratio and the employment of hooked-end fibers, whereas 

the length to diameter ratio of straight fibers has little 

effect on restricting the crack expansion of UHPC beams. 

�is is mainly because increasing reinforcement ratio 

can significantly reduce the stress of reinforcement (as 

demonstrated in Fig. 13), and UHPC can bear more after 

cracking due to the fact that the hooked-end fibers have 

a stronger bonding force with the matrix. As a result, the 

strain difference between steel rebars and concrete could 

be significantly reduced and the development of crack 

width is able to be controlled.

4  Prediction of the Ultimate Capacity
In the members of normal reinforced concrete, when 

calculating the ultimate bending capacity, the tensile 

strength of normal concrete is commonly ignored (fib 

2013). However, UHPC exhibits superior post-cracking 

property since a mass of fibers are activated after the 

cracking of UHPC matrix, which enable guarantee stress 

transfer between the cracked surfaces (Yoo and Yoon 

2016). As a result, the tensile strength of UHPC should 

be correctly taken into account in the computation of 

ultimate bending capacity of UHPC beams (NF P18-

710 2016b; JSCE 2004; SIA 2052 2016; Yoo et al. 2016c). 

Hence, a simplified method is introduced to compute 

the ultimate bending capacity of reinforced UHPC low-

profile T-beams, in which the tensile strength of UHPC 

is considered.

4.1  Constitutive Model for UHPC and Reinforcement

4.1.1  Compressive Behavior for UHPC

In this investigation, the maximum compressive strain 

of UHPC at the extreme compression fiber was less 

than 1400 με (Fig. 12) when the specimen achieved its 

ultimate load, which was less than the UHPC’s peak 

strain under compression (fc/Ec ≈ 3000 με). Hence, the 

distribution of compressive stress of UHPC satisfies a 

linear behavior in the calculation of ultimate load of 

UHPC’s beam.
Fig. 16 Nominal stresses of the specimens with 0.02 mm and 

0.05 mm crack width.
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4.1.2  Tensile Behavior for UHPC

In order to obtain the direct tensile stress–strain rela-

tionship of UHPC, the inverse analysis of four-point 

flexural test results (Fig.  7) was conducted based on 

a previous investigation (Wille et  al. 2014), and the 

direct tensile stress–strain curves from inverse analy-

sis were plotted in Fig.  18. The comparison between 

experimental and numerical simulation results of 

four-point flexural test results are given in Fig.  19. 

The numerical analyses, incorporating direct tensile 

stress–strain curves from backward analysis, showed 

a satisfying agreement with the test results. Com-

pared with Figs.  12 and 18, the tensile strain at the 

bottom surface of the specimens was less than 4000 

με (0.4%ε). In order to simplify the calculation of the 

ultimate capacity, an ideal bilinear stress–strain curve 

was assumed to conservatively calculate the ultimate 

capacity of the UHPC low-profile T-shape beams, as 

shown in Fig. 20.

4.1.3  Constitutive Model for Reinforcement

For steel rebars, an ideal elastic–plastic model was 

assumed to simplify the calculation, as presented in 

Fig. 21. �e yielding strength of the steel rebars is listed 

in Table 5.

4.2  Formulation of Ultimate Capacity

Based on above stress–strain relationships, the distribu-

tions of stress and strain at ultimate limit state are shown 

in Fig.  22. �e compressive stress in compression zone 

is approximately regarded as a triangular distribution, 

which is consistent with other studies (Leutbecher and 

Fehling 2013; SIA 2052 2016). �erefore, the result-

ing force of UHPC in the compressive zone (Fc) acts at 

the third point from the top of compressive zone. �e 

resulting steel rebars force (Fs) acts at the centroid of the 

steel rebars. As to the resulting concrete tension force 

in UHPC (Ft), a uniform tensile stress might be consid-

ered to act from the neutral axis to the bottom surface 

of the tensile zone. Previous investigation indicated that 

the addition of excessive rebar reinforcement might have 

a negative effect of fiber orientation and distribution in 

Fig. 17 Load-maximum crack width curves of specimens.

Fig. 18 Direct tensile stress–strain curves for all specimens from 

inverse analysis.
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UHPC (Yoo and Yoon 2015; NF P 18-710 2016b). In addi-

tion, there is the elastic un-cracked zone at the real local-

ized crack section. Moreover, in the real localized crack 

section, the tensile behavior of UHPC might have entered 

into the strain-softening stage because of the excessive 

crack width, and thus the ideal bilinear model might 

overestimate the tensile contribution of UHPC. �us, 

in order to consider the aforementioned adverse effect, 

a strength reduction factor β is introduced, as shown in 

Fig. 22c. �e compressive strength (fc) and direct tensile 

strength (ft) were taken as the values in Table 4, and the 

value of yielding strength (fy) of steel rebar was seen in 

Table 5.

�erefore, when considering the contribution of ten-

sile strength of UHPC, the equilibrium equations of force 

and moment are given as follows:

Equilibrium of force is

where Fc = 0.5bf xfc , Ft1 = βft
(

bf − bw
)(

hf − x
)

 , 

Ft2 = βftbw(h − x) , and Fs = fyAs.

Equilibrium of moment is

where ht1 = hf /2 − x/6, ht2 = h/2 + x/6, and hs = h0 − x/3.

(3)
∑

N = 0, Fc = Ft1 + Ft2 + Fs

(4)
∑

M = 0, Mu = Ft1ht2 + Ft2ht2 + Fshs

a b

c d

Fig. 19 Inverse analysis and four-point bending test results (inner: direct tensile stress–strain curves from inverse analysis and outer: experimental 

and numerical results).
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In order to gain the value of the strength reduction 

factor (β), the experimental ultimate moment (Mu) was 

substituted into Eq.  (4) at first. �en, both Eqs.  (3) and 

(4) were solved in conjunction so that the value of β was 

obtained and listed in Table 7.

As a result, the following equation can be used to pre-

dict ultimate loading capacity of the specimen.

4.3  Experimental Veri�cation

�e comparison of experimental ultimate capacity (Mut) 

with predicted ultimate capacity (Eq. (5), Mup) are present 

in Table 8, in which β = 0.5 for straight fiber and β = 0.9 

for hooked-end fiber. �e predicted ultimate capacity 

agrees well with the experimental results of the UHPC 

low-profile T-beams, with a mean Mup/Mut of 0.95 and a 

standard deviation of 0.09. Hence, the proposed equation 

can well predict the experimental moments in this study.

To further verify the accuracy of the suggested equation 

for computing the ultimate capacity of UHPC low-profile 

T-shape beams with straight fiber, similar calculations 

were also conducted for beams tested in previous inves-

tigations (Chen et  al. 2018; Qi et  al. 2018; Solhmirzaei 

and Kodur 2017; Yang et  al. 2010; Yoo et  al. 2016a; Yoo 

and Yoon 2015). �e detailed parameters of test beams 

in previous studies are tabulated in Table 9, and the cal-

culated and experimental ultimate moments are given in 

Fig. 23. It can be found that the suggested models agree 

well with the measured results, with a mean of 0.95 and 

a standard deviation of 0.09. �erefore, introducing a 

strength reduction factor (β) to reasonably consider 

the tensile properties of the UHPC is simple and useful 

method at the macro level in the prediction of ultimate 

capacity of UHPC low-profile T-beams with straight fiber. 

(5)

Mu = fyAs(h0 − x/3) + βft(bf − bw)(ht − x)(hf /2 − x/6)

+ βftbw(h − x)(h/2 + x/6)

Fig. 20 Tensile model of UHPC for the calculation of ultimate 

capacity.

Fig. 21 Material model for reinforcement.

a b c d

Fig. 22 Diagram of the calculation of ultimate load: a cross-section; b strain distribution; c equivalent stress distribution; d equilibrium of forces.
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�e strength reduction factor β = 0.5 was suitable to the 

low-profile T-beam with various reinforcement ratio and 

steel fiber volume fraction of 2.0%. �e effect of steel fiber 

fraction and shape of T-beam on the strength reduction 

factor (β) should be evaluated in further experimental 

investigations. However, there is no published literature 

related to UHPC beams with hooked-end fibers. As a 

result, the validity of β = 0.9 for hooked-end fiber should 

be performed in further experimental studies.

5  Conclusions
In this paper, static bending performance of the rein-

forced UHPC low-profile T-beams is investigated experi-

mentally. A formulation was established to predict 

the ultimate capacity of reinforced UHPC low-profile 

T-beams. �e following conclusions are drawn as follows:

1. �e static flexural experiments showed that the flex-

ural behavior of the reinforced UHPC low-profile 

T-beams is divided into three stages: elastic stage, 

crack development stage and yield strengthening 

stage. All specimens exhibited flexural failure with 

the yielding of steel bars and excessive expansion 

of flexural crack. Due to the ultra high compressive 

strength and area of UHPC, the compression zone 

in the reinforced UHPC low-profile T-beam is not 

crushed.

2. �e increase of the reinforcement ratio can effec-

tively improve the pre-cracking and post-cracking 

stiffness and bending capacity of the reinforced 

UHPC low-profile T-beams, and can effectively limit 

the development of the crack width. However, the 

reinforcement ratio indicates little influence on the 

cracking load of the reinforced UHPC T-beams.

3. �e length-to-diameter ratio of straight fibers in the 

range investigated here has little effect on the bend-

ing performance of reinforced UHPC low-profile 

T-beams, such as the cracking load, the pre-cracking 

and post-cracking stiffness, and the expansion of 

crack width. However, the fiber shapes with or with-

out hooked-end have demonstrated a larger effect on 

the bending performance of the reinforced UHPC 

low-profile T-beams. In comparison to T-beam with 

straight fibers, the durability-based cracking load and 

load capacity of the T-beam with hooked-end fibers 

increase by 63% and 40%, respectively. In addition, 

the effect of hooked-end fibers on the enhancement 

of the bending stiffness and the restriction of crack 

propagation is more significant than that of straight 

fibers.

4. A formulation was suggested to calculate the ulti-

mate loading capacity of UHPC low-profile T-beams. 

A strength reduction factor β is introduced to con-

sider the averaging actions of the tensile properties of 

the UHPC. �e prediction models exhibit excellent 

agreement with the experimental results in the pre-

sent study and previous literature study, with a mean 

of 0.95 and a standard deviation of 0.09.

Table 7 Strength reduction factor (β) of specimens.

Specimens B-S65-16 B-S65-20 B-S81-20 B-S83-20 Mean Suggested value for straight 
�ber

B-H65-20 Suggested value for hooked-
end �ber

Factor β 0.489 0.517 0.595 0.514 0.529 0.500 0.937 0.900

Table 8 Comparison of test and predicted ultimate moments.

Specimens B-S65-16 B-S65-20 B-S81-20 B-S83-20 B-H65-20 Mean Standard 
deviation

Mut(kNm) 65.51 101.69 104.97 101.91 132.97 – –

Mup(kNm) 65.98 100.94 100.96 101.27 131.47 – –

Mup/Mut 1.01 0.99 0.95 0.99 0.99 0.95 0.09
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List of Symbols

fc: compressive strength of UHPC; ft: direct tensile strength of UHPC; fLOP: limit 

of proportionality of UHPC in the flexural test; fMOR: flexural strength of UHPC; 

fy: yielding strength of steel rebar; Ec: elastic modulus of UHPC; As: yielding 

strength of steel rebar; ∆cr: deflection at first cracking load; ∆y: deflection at 

longitudinal steel rebars yielding; ∆u: ultimate deflection; μcr: post-cracking 

deflection ductility; μu: deflection ductility index; Pcr: first cracking load; Py: load 

at longitudinal steel rebars yielding; Pu: ultimate load; Fc: resultant force of the 

concrete in the compressive zone; Ft: resultant force of the concrete in the 

tensile zone; Ft1: resultant force of the concrete in the tensile zone (top flange); 

Ft2: resultant force of the concrete in the tensile zone (web); Fs: resultant force 

of the steel rebars in the tensile zone.
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