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A B S T R A C T   

The study aims to improve the flexural behaviors of ultra-high performance fiber reinforced concrete (UHPFRC) 
by applying the concept of layered-structure. Deterministic criteria for layer cracking and debonding are pro
posed, formulas to predict the critical load at the first failure stage are developed, and effects of the layer E- 
modulus and thickness are assessed. Subsequently, double-layered UHPFRC beams are designed and tested under 
the three-point bending. Mechanical and interfacial properties of the beams are studied. Influences of the bottom 
layer thickness on the peak flexural load and the flexural energy are then investigated, which presents that a 
layer thickness ratio of 0.6 gives the optimum load carrying ability and beam flexural energy. The subsequent 
section discusses the effects of fiber re-arrangement on the flexural performances, revealing that the designed 
double-layered UHPFRC beam is able to withstand higher flexural load and energy than its single-layered 
counterpart with the same total fiber content. Moreover, it is exhibited that the peak flexural load is depen
dent on the fibers in the bottom layer while the flexural energy enhancement is related to fibers in both layers. 
The layered UHPFRC beam composed of a 40 mm-thick top layer with 0.6% steel fibers and a 60 mm-thick 
bottom layer with 1.6% fibers is an optimal choice leading to the superior peak flexural load and energy.   

1. Introduction 

Ultra-high performance fiber reinforced concrete (UHPFRC) is a 
construction material with superior mechanical and material properties 
[1–5]. However, the high production cost of UHPFRC limits its wide
spread utilization [5–7]. To broaden the application, achieving lower 
material costs of UHPFRC is an important issue. Replacing fine particles 
with cheaper coarse aggregates could be one of the solutions. Typically, 
coarse aggregates are eliminated from traditional UHPFRC to enhance 
its homogeneity and thereafter its strength. Despite that, current studies 
confirm the potential of incorporating coarse aggregates in UHPFRC. 
Studies show that UHPFRC with an appropriate content of coarse ag
gregates possess advantages on respects such as binder material saving, 
shrinkage control and impact resistance [5,8,9], and the strength loss 
can be limited by properly packing the granular constituents [8,10]. 

Besides the binder, another dominant factor in UHPFRC production 
is the cost of steel fibers [11,12], which stresses the necessity of using 
steel fibers more efficiently. Compared to the traditional reinforcing 
rebar, fiber reinforcement possesses a superior ability in controlling 

crack propagation and preventing abrupt failure [13,14], making it a 
common reinforcement employed in UHPFRC [15]. The application of 
steel fibers contributes significantly to the enhancement of UHPFRC 
tensile properties [15,16], and a strong dependency of the tensile 
strength on the fiber content is exhibited [17,18]. Nevertheless, previous 
studies suggest that steel fibers have less significant effects on improving 
the compressive strength of UHPFRC compared with that on the tensile 
strength [18–20]. As a consequence, it is uneconomical to distribute 
steel fibers in the whole volume of UHPFRC for many applications where 
the structure is partially in tension and partially in compression [13], e. 
g. bending beams and specimens under impact [21,22]. We can take the 
bending beam as an example. When a beam works under service situa
tions, half of it is in tension and the other half in compression [22]; the 
fibers in the tensile zones could effectively improve the flexural strength 
of the beam after cracking occurs while those in the compressive zone 
have smaller contributions [23]. 

To generate a more efficient fiber utilization, optimization is 
required to selectively distribute the fibers in UHPFRC where their ad
vantages can be fully exploited. An innovative approach is designing 
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layered UHPFRC with different fiber contents at specific depths. Cyclic 
loading and impact studies on normal concrete have confirmed the 
benefits of applying layered-structure to cementitious materials 
[24–26]. From these evidences, it is reasonable to hypothesize that a 
layered UHPFRC with fibers purposefully reinforced in the targeted re
gion would have superior mechanical properties and advanced fiber 
efficiency in comparison to the single-layered UHPFRC with the same 
amount of fibers distributed randomly in the whole structure. 

Load carrying capacity and flexural energy are two important factors 
for assessing the performance of cementitious materials, and three-point 
bending test is often used for the evaluation [27–29]. Current researches 
on flexural properties mainly concentrate on single-layered concrete 
[30–32], while multi-layered cementitious composites are insufficiently 
studied. Among the limited researches, most of them addressed the 
combination of old and new concretes as layered repair systems 
[33–35]. Only several studies investigated the bending performances of 
multi-layered concrete of which all the layers are freshly cast. Liu et al. 
[13] assessed the flexural strength of double-layered concrete beams 
(compressive strength smaller than 30 MPa), and claimed their potential 
applications in real construction. Shen et al. [22] studied the flexural 
behavior of a four-layered concrete beam with PVA fibers gradually 
distributed; their results show that the layered beam has a 50% higher 
flexural strength compared to its single-layered counterpart. It should be 
noted that the design of these layered cementitious composites is 
empirical, e.g. the thickness of the layer is randomly chosen and the 
influences of the layer thickness are not considered. Xu et al. [36] and 
Hou et al. [37] presented theoretical and experimental investigations on 
steel-bar reinforced concrete with an ultra-high flexural energy concrete 
(UHTCC) layer, in which effects of the reinforcement ratio and the layer 
thickness were discussed. It showed that the interface cracking and ul
timate bonding strengths are related to the reinforcement ratio and 
UHTCC layer thickness. Furthermore, an theoretical model developed 
by Zhang et al. [38,39] was used for analyzing the flexural behaviors of 
engineered cementitious composites (ECC) with two layers. Their model 
and tests confirm that the ECC layer thickness is an important design 
parameter, and that the beam flexural strength increases non-linearly 
with the ECC thickness. Nonetheless, the above analytical researches 
are based on constitutive relationships of concretes (with reinforcing 
bars), i.e. stress–crack relations must be obtained in advance. Moreover, 
the model calculations require complex processes and massive pro
gramming efforts, which thus hinders its engineering applications. That 
being the case, proposing theoretical models which are simple and ready 
to be applied to layered-structure design is still of urgent importance. 

In this study, flexural performances of double-layered UHPFRC 
composites incorporating coarse aggregates are investigated theoreti
cally and experimentally. In the theoretical section, critical cracking and 
debonding criteria of the layered beam at the first failure stage are 
proposed, formulas for predicting the critical load are developed, and 
influences of the layer thickness are analyzed. With the support of the 
theoretical analysis, double-layered UHPFRC composite beams are 
designed in the subsequent experimental section, in which the theoret
ical and experimental first cracking loads are also compared. Moreover, 
enhancements of the flexural performance due to the fiber re- 
arrangement in the layered structure, the effects of the layer interface 
on the crack development, and the roles of steel fibers in individual 
layers are discussed in detail. Results from this study provide an 
important perspective for understanding the flexural behaviors of 
layered UHPFRC. Additionally, with the incorporation of coarse aggre
gates and the efficient utilization of steel fibers, the designed double- 
layered UHPFRC beam can bring great economic benefits and hence 
promotes the future technological application of layered UHPFRC in 
engineering constructions. 

2. Theoretical analysis of the first failure stage 

In this section, a double-layered UHPFRC beam subjected to three 

point bending is considered, as shown in Fig. 1. The total thickness and 
width of the beam are H and b, correspondingly. E1, h1 and A1 are the E- 
modulus, layer thickness and cross-sectional area of the top layer; E2, h2 
and A2 are those of the bottom layer, respectively. h0 is the height of the 
neutral axis. Fs is the shear force, which equals to half of the external 
load F according to the force equilibrium. M is the bending moment in 
the beam at point x, i.e. M (x) ¼ Fx/2, and it reaches the maximum value 
Mmax ¼ FL/4 at x ¼ L/2. 

The failure process of the beam under bending can be divided into 
two stages: (1) a linear elastic stage until first cracking and (2) a 
following fictitious crack developing stage [39]. This section focuses on 
the stress distribution at the first failure stage, considering the fact that 
the first cracking load can be used as an indicator to evaluate the flexural 
capacity of UHPFRC [40,41], as well as the simplicity and practicality of 
the proposed formula to support the structure design. In addition, since 
stress-strain relations of materials are not required in the analysis (only 
basic mechanical properties, e.g. tensile strength and E-modulus, are 
necessary), formulas in this section can also be extended to general 
layered composite made of materials other than concrete. 

2.1. Cracking criteria in the layered UHPFRC beam 

Plane section assumption is applied in the analysis, i.e. the cross 
section of the double-layered UHPFRC beam is considered to remain 
plane [38]. The equilibrium of the forces is expressed by: 
Z

A1

σ1dA1 þ

Z

A2

σ2dA2 ¼ 0 (1)  

which can be transformed to: 

E1

Z

A1

ydA1 þ E2

Z

A2

ydA2 ¼ 0 (2)  

where σ1 and σ2 are the normal stress in the top and bottom layers, 
correspondingly. Then the height of the neutral axis h0 could be ob
tained as: 

h0 ¼
H
�
1 � β2ð1 � 1=αÞ

�

2½1 � βð1 � 1=αÞ� (3)  

where α ¼ E1/E2 is the layer E-modulus ratio, and β ¼ h2/H is the layer 
thickness ratio. For a single-layered beam, i.e. α ¼ 1, β ¼ 0 or 1, Eq. (3) 

Fig. 1. Double-layered UHPFRC beam under bending.  
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reduces to h0 ¼H/2. 
Substituting h2 ¼ h0 to Eq. (3) yields the critical layer thickness ratio 

βc, in which case the entire bottom UHPFRC layer is exactly in tension 
and the entire top layer is exactly in compression: 

βc ¼

ffiffiffi
α
p

1þ
ffiffiffi
α
p (4)  

When βc  β � 1 is satisfied, h2 is larger than h0, i.e. the neutral axis is in 
the bottom layer. In this situation, the layer interface is within the range 
of the compression zone. Otherwise, the neutral axis is in the top layer, 
and the interface is under tension. 

Based on the plane assumption of the beam section, the normal stress 
distributions in the two layers can be expressed as: 

Top layer: σ1ðyÞ ¼
My
I0
; h0 � H � y < h0 � h2 (5)  

Bottom layer: σ2ðyÞ ¼
My
αI0
; h0 � h2 � y � h0 (6)  

I0 is the inertia moment of the layered beam, which is a function of α and 
β: 

I0 ¼
H3b
12

�

ð1 � βÞ3 þ
β3

α þ
3βð1 � βÞ

βþ αð1 � βÞ

�

(7) 

For a given external load, the normal stress distribution along the 
layered beam section is plotted in Fig. 2a, where α ¼ 0.8, β ¼ 0.5 are 
taken as an example. It can be seen from the figure that the normal 
stresses, i.e. compressive and tensile stresses, reach their maximum 
values at the top and bottom surfaces of the beam respectively, and a 
jump of the compressive stress is observed at the layer interface due to 
the change of the material properties of the two layers. 

In general, crack initiates when the tensile stress in the UHPFRC 
beam exceeds its yield strength [42–44]. If the layer interface is within 
the range of the compression zone (h2 >h0), cracking always starts first 
from the lower position of the bottom layer (Fig. 2a). However, if the 
interface is in the tension zone (h0 > h2), the initial crack may appear 
first in the top layer. Assuming that the two layers reach their tensile 
strengths σt,i (i ¼ 1, 2) at the same time: 

σ1ðy ¼ h0 � h2Þ ¼ σt;1 (8)  

σ2ðy ¼ h0Þ ¼ σt;2 (9)  

the critical first cracking condition can be obtained: 

σt;1

σt;2
¼

�

1 �
h2

h0

�

α ¼ 1 � 2β þ β2ð1 � 1=αÞ
1 � β2ð1 � 1=αÞ

α ¼ γc (10) 

Eq. (10) reveals that if the tensile strength of the top layer σt,1 is 
smaller than the value of γc σt,2, then, in theory, the first crack would 
occur in the top layer near the interface at x ¼ L/2. In this case, the 

external load to evoke the first crack is: 

Fc;top ¼
4I0σt;1

Lh0 � h2

¼
2H2bσt;1½1 � βð1 � 1=αÞ�

3L
�
1 � 2β þ β2ð1 � 1=αÞ

�

�

ð1 � βÞ3 þ
β3

α þ
3βð1 � βÞ

β þ αð1 � βÞ

�

(11) 

Otherwise, the bottom layer cracks earlier and the corresponding 
critical load is: 

Fc;bottom ¼
4αI0σt;2

Lh0

¼
2αH2bσt;2½1 � βð1 � 1=αÞ�

3L
�
1 � β2ð1 � 1=αÞ

�

�

ð1 � βÞ3 þ
β3

α þ
3βð1 � βÞ

βþ αð1 � βÞ

�

(12) 

In the specific case of a single-layered beam only composed of the 
UHPFRC 1 material (Fig. 1), i.e. h2 ¼ 0, h0 ¼H/2, the critical load is 
expressed in Eq. (13), coinciding with the result obtained by substituting 
σ1 (y ¼ H/2) ¼ σt,1 in Eq. (5): 

Fc;top;0 ¼
8I0σt;1

LH
(13) 

Similarly, when h2 ¼H, the beam is only composed of the UHPFRC 2 
material. The critical load is Eq. (12) with h2 ¼H and h0 ¼H/2, α ¼ 1, as 
given by: 

Fc;bottom;0 ¼
8I0σt;2

LH
(14) 

It is identical to Eq. (6) with σ2 (y ¼ H/2) ¼ σt,2 substituted. These 
agreements also confirm the correctness of the proposed equations. 

Furthermore, it is worth to note that when the two layers have an 
equal E-modulus (α ¼ 1), the neutral axis is always at h0 ¼H/2, and the 
value of I0 as well as Fc,bottom remain constant, i.e. changing the layer 
thickness h2 has no influence under this circumstance. Fc,top can be re- 
written as Eq. (15) when α ¼ 1 is substituted, the value of which in
creases with the increase of β, viz. when the crack initiates from the top 
layer (0 < β < 0.5 and σt,1 < γc σt,2), the thicker the bottom layer the 
higher the first cracking load. 

Fc;topðα¼1Þ ¼
2H2bσt;1

3Lð1 � 2βÞ
(15)  

2.2. Debonding criteria in the layered UHPFRC beam 

The shear stress distributions in the two layers can also be obtained 
by the equilibrium of forces in x-axis direction (see Fig. 1): 

Top layer:
Z

A1

My
I0

dAþ τ1αbdx ¼
Z

A1

ðM þ FsdxÞy
I0

dA (16)  

Bottom layer:
Z

A2

My
αI0

dAþ τ2bdx ¼
Z

A2

ðM þ FsdxÞy
αI0

dA (17) 

The corresponding shear stresses in the two layers are given as: 

Top layer: τ1ðyÞ ¼
F

4I0

h
ðH � h0Þ

2
� y2

i
; h0 � H � y < h0 � h2 (18)  

Bottom layer: τ2ðyÞ ¼
F

4αI0

�
h2

0 � y2�; h0 � h2 � y � h0 (19) 

It is noted that the maximum shear stress along the beam depth is at 
the neutral axis y ¼ 0 and the value is expressed as: 

τmaxðy ¼ 0Þ ¼
Fh2

0

4αI0
(20) 

Differing with the normal stresses, the shear stress changes contin
uously along the beam depth (see Fig. 2b) and the peak is at the location 
of the neutral axis, which is usually nearby the layer interface when the 
E-modulus of the two layer are not very distinct, e.g. α ¼ 0.8 in Fig. 2b. Fig. 2. Stress distribution along the layered beam in linear elastic stage.  
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This maximum shear stress can induce the possibility of layer debonding 
since the interface usually presents a weak part in the composite [45]. 
More specifically, debonding due to shear occurs when the interfacial 
shear stress reaches the bond strength σb: 

τ1ðy ¼ h0 � h2Þ ¼ τ2ðy ¼ h0 � h2Þ ¼ σb (21) 

This leads to the critical debonding load provoked by shear: 

Fd;shear ¼
4αI0σb

h2ð2h0 � h2Þ

¼
αHbσb½1 � βð1 � 1=αÞ�

3βð1 � βÞ

�

ð1 � βÞ3 þ
β3

α þ
3βð1 � βÞ

βþ αð1 � βÞ

�

(22) 

On the other hand, when the layer interface is within the tension 
zone (0 < h2  h0), the tensile stress at the interface can also procure layer 
debonding when 

σ2ðy ¼ h0 � h2Þ ¼ σb (23) 

Then the corresponding critical debonding load due to tension can be 
expressed as: 

Fd;tension ¼
4αI0σb

Lðh0 � h2Þ

¼
2αH2bσb½1 � βð1 � 1=αÞ�
3L
�
1 � 2β þ β2ð1 � 1=αÞ

�

�

ð1 � βÞ3 þ
β3

α þ
3βð1 � βÞ

β þ αð1 � βÞ

�

(24) 

When the critical debonding load is smaller than the critical cracking 
load, layer debonding occurs prior to layer cracking, which will strongly 
affect the effectiveness of the layered composite beam. To avoid early 
layer debonding, the following critical condition for the bond strength 
should be satisfied:  

(1) If h2 � h0, the condition is Fd,shear � Fc,bottom: 

σb �
2βð1 � βÞH

�
1 � β2ð1 � 1=αÞ

�
L

σt;2 (25)    

(2) If h2  h0, it turns to be Min (Fd,shear, Fd,tension) � Fc,top, for σt,1 < γc 
σt,2: 

σb � Max
�

σt;1

α ;
2βð1 � βÞH

�
1þ β2ð1 � 1=αÞ � 2β

�
L

σt;1

α

�

(26)  

or Min (Fd,shear, Fd,tension) � Fc,bottom, for σt,1 � γc σt,2: 

σb � Max
�

2βð1 � βÞH
�
1 � β2ð1 � 1=αÞ

�
L

σt;2;
1þ β2ð1 � 1=αÞ � 2β

1 � β2ð1 � 1=αÞ
σt;2

�

(27)  

2.3. Influences of α and β on stress distribution and critical load 

Based on the above analysis, the critical load at the first stage of the 
failure process Fcritical and the failure modes can be concluded as follows 
(also given in Table 1):  

(1) For h2 ¼ 0 (β ¼ 0): Fcritical ¼ Fc,top,0, the first failure stage ends 
with cracking of the beam (made of UHPFRC 1 material).  

(2) For 0 < h2 < h0 (0 < β < βc) and σt,1 < γc σt, 2: Fcritical ¼Min 
(Fc,top, Fd,shear, Fd,tension), the first failure stage ends with top 
layer cracking or layer debonding. (3) For 0 < h2 < h0 
(0 < β < βc) and σt,1 � γc σt, 2: Fcritical ¼Min (Fc,bottom, Fd, 
shear, Fd,tension), the first failure stage ends with bottom layer 
cracking or layer debonding.  

(4) For h0 � h2  H (βc � β < 1): Fcritical ¼Min (Fc,bottom, Fd,shear), the 
first failure stage ends with bottom layer cracking or layer 
debonding due to shear.  

(5) For h2 ¼ H (β ¼ 1): Fcritical ¼ Fc,bottom,0, the first failure stage ends 
with cracking of the beam (made of UHPFRC 2 material). 

The influences of α and β on h0 and Fcritical are plotted in Figs. 3 and 4, 
in which H ¼ 0.1 m, L ¼ 0.4 m, σt,1 ¼ σb ¼ 12 MPa and σt,2 ¼ 16 MPa are 
taken as an example. Fig. 3 confirms that when the two layers have an 
identical E-modulus, i.e. α ¼ 1, the neutral axial is always at the middle 
of the beam depth regardless of the layer thickness, as expected. 
Consequently, the top half of the beam is always under compression 
while the bottom half is always in tension. On the other hand, h0 changes 
with β when the two layers have different E-moduli. Moreover, if the top 
layer has a larger E-modulus, e.g. α ¼ 1.2, then h0 is in the top half of the 
composite beam, indicating a larger tension region in the composite 
beam; otherwise, the compression region is more dominant (see Fig. 2a) 
and it extends with the decrease of α. 

As analyzed, the damage modes at the first failure stage are related to 
β. For β ¼ 0.2–1.0, the critical debonding load is much higher than the 
critical cracking load, and the first failure stage always ends with bottom 
layer cracking. In contrast, cases with β ¼ 0.1 experience distinct dam
age modes (see Fig. 4): (1) for α ¼ 0.8 and 1.2, the initial crack appears in 
the top layer rather than in the bottom one since β < βc and σt,1 < γc σt,2; 
(2) for α ¼ 0.6, debonding due to tension occurs prior to cracking (Fd, 

tension < Fc,top), hence the failure is dominated by layer debonding; (3) 
for α ¼ 1.0, Fd,tension ¼ Fc,top, i.e. debonding and cracking take place at 
the same time. 

Furthermore, the relationship of Fcritical and β is also depicted in 
Fig. 4. In the case of α ¼ 1.0, Fcritical remains constant when β varies from 
0.2 to 1.0, which is in line with the analysis in Section 2.1. In contrast, 

Table 1 
Critical load at first failure stage and the corresponding failure modes: Fcrit

ical ¼ critical load, β ¼ layer thickness ratio, βc ¼ critical layer thickness ratio, σt,i 
(i ¼ 1, 2) ¼ layer tensile strength, γc ¼ critical layer tensile strength ratio, Fc, 

top ¼ critical cracking load of the top layer, Fc, bottom ¼ critical cracking load of 
the bottom layer, Fd,shear ¼ critical debonding load by shear, Fd,tension ¼ critical 
debonding load by tension.  

Conditions Fcritical First stage failure modes 

β ¼ 0 Fc,top,0 (Single-layered) beam cracking 
0 < β < βc and 

σt,1 < γc σt,2 

Min (Fc,top, Fd,shear, Fd, 

tension) 
Top layer cracking or layer 
debonding 

0 < β < βc and 
σt,1 � γc σt,2 

Min (Fc,bottom, Fd,shear, 
Fd,tension) 

Bottom layer cracking or layer 
debonding 

βc � β < 1 Min (Fc,bottom, Fd,shear) Bottom layer cracking or shear 
debonding 

β ¼ 1 Fc,bottom,0 (Single-layered) beam cracking  

Fig. 3. Influences of the layer E-modulus ratio α and thickness ratio β on the 
neutral axial height h0. 
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for α ¼ 0.6 and 0.8, Fcritical is improved when β increases from 0.2 to 1; 
the improvement is limited when β goes beyond 0.3, especially for 
α ¼ 0.8. In the case of α ¼ 1.2, a gradual decrease of the critical load is 
observed with the increase of β in the range of 0.2–1.0, indicating a 
negative effect of enhancing the bottom layer thickness on the cracking 
load despite its higher tensile strength. 

3. Experimental program 

3.1. Materials and mix design 

The raw materials used for the UHPFRC are Portland Cement CEM I 
52.5 R, densified micro-silica (Elkem Grade 920E D), limestone powder 
(CB2M, France), standard sand (based on DIN EN 196-1), basalt aggre
gates (produced in Gelderland, the Netherlands), tap water, a PCE based 
superplasticizer and smooth straight steel fiber. The chemical compo
sitions and physical properties of powder are summarized in Table 2. 
The detailed properties of other raw materials can be found in Ref. [46]. 

The recipe of the UHPFRC matrix is based on the previous study [46], 
as presented in Table 3. The water to binder ratio remains a constant for 
all groups, i.e. w/b ¼ 0.2. The coarse basalt aggregates applied have two 
size groups namely 2–5 mm and 5–8 mm, the fraction of which are 
calculated applying the Brouwers mix design method [47–50]. Smooth 
straight steel fibers (length ¼ 13 mm, diameter ¼ 0.2 mm, tensile 

strength ¼ 2750 MPa) are utilized in the double-layered UHPFRC beams 
with different volume fractions in the individual layers. The amount of 
superplasticizer is adjusted with the fiber content [51] until a flowability 
around 560 mm is achieved [46] (measured with Abrams cone in 
accordance with EN 12350-8:2007 [52]). 

3.2. Design of double-layered UHPFRC composite beams 

An identical recipe is applied for the matrixes in the individual 
UHPFRC layers while only the fiber and SP content vary (see Table 3). 
Consequently, the top and bottom layers of the UHPFRC composite 
beams have a similar compressive strength due to the insignificant ef
fects of fiber content [18]. The similar matrixes of the two layers, on the 
one hand, can prevent interfacial debonding [53]; on the other hand, 
can benefit a direct comparison for investigating the effects of the 
layered structure. 

Since the first cracking load can be used as an indicator to represent 
the maximum flexural capacity [40,41], thicknesses of the 
double-layered UHPFRC beams in this study are designed according to 
the theoretical first cracking load in Section 2. The relation between the 
critical load Fcritical and the layer thickness ratio β is referred. As sug
gested in Fig. 4 with α ¼ 0.8 and 1 (the layer E-modulus ratios of the 
designed beams are within this range), the enhancement of Fcritical is 
prominent when β increases from 0.1 to 0.3, whereas further thickening 
the bottom layer would not generate eminent improvement, viz. β ¼ 0.3 
is a threshold, below which the first cracking load still has a potential to 
increase. Thence, the thickness of the bottom layer h2 should be larger 
than 0.3H, otherwise Fcritical does not achieve its maximum. Addition
ally, considering the crack propagation at the second stage of the failure 
process and to investigate the effects of layer thickness on the composite 
flexural properties, three different layer thickness ratios are designed in 
the experimental section, namely β ¼ 0.4, 0.6 and 0.8. 

Detailed information about the designed double-layered UHPFRC 
beam is given in Table 4. The identification is defined as follows: U in
dicates the beam is a UHPFRC composite, the first number denotes the 
fiber volume fraction Vf in the top layer, and the following one in the 
brackets is the layer thickness in mm; the third and the fourth numbers 
are those for the bottom layer, correspondingly. For instance, U0.6(40)- 
1.6(60) is a double-layered UHPFRC beam of which the top layer has 
0.6% fibers with a thickness of 40 mm, and the bottom layer contains 
1.6% fibers and its thickness is 60 mm. Three single-layered UHPFRC 
beams (100 mm thick) with 0%, 1.2% and 2% fibers are included as 
reference groups, i.e. U0(100), U1.2(100) and U2(100), respectively. 
The groups are such designed that three influencing factors are 
addressed in the study as shown in Sections 4.2 to 4.4: five different 
values of β are analyzed in Section 4.2, which are typical and cover the 
main effective layer thickness range (β > 0.3); two different fiber re- 
arrangements in the layered structure and one single-layered beam are 
compared in Section 4.3, the fiber content in the bottom layer varying 
from 1.2% to 2% as they can represent the most typical fiber amount in 
UHPFRC (further increasing the fiber content may lead to workability 
problems, especially for UHPFRC with coarse aggregates). It should be 
noted that these fiber volume fractions are just examples, and the 
concept and benefits of layered structure are also applicable to UHPFRC 
with higher fiber contents as long as the workability is satisfying. In 
Section 4.4, the effects of fiber in the individual layers on the flexural 
load and the energy are discussed, revealing the mechanisms of the fiber 
reinforcement. 

3.3. Mixing and casting procedures 

The following mixing procedure was adopted for the UHPFRC ma
trix: dry mixing for 2 min with all powders and sand; adding 75% of the 
water and mixing for 2 min; sequentially adding the remaining water 
with the superplasticizer and mixing for another 4 min, after which the 
steel fibers were added sequentially. Then the basalt aggregates were 

Fig. 4. Influences of the layer E-modulus ratio α and thickness ratio β on the 
critical load at the first stage of the failure process Fcritical. 

Table 2 
Physical and chemical properties of the powders: CEM ¼ Portland cement, 
mS ¼micro-silica, LP ¼ limestone powder.  

Substituent (%) CEM mS LP 

Chemicals 
CaO 64.60 0.90 97.21 
SiO2 20.08 93.06 0.87 
Al2O3 4.98 – 0.17 
Fe2O3 3.24 2.06 0.13 
K2O 0.53 1.15 – 
Na2O 0.27 0.63 – 
SO3 3.13 1.28 0.11 
MgO 1.98 0.70 1.17 
TiO2 0.30 – 0.01 
MnO 0.10 0.07 0.01 

Compounds 
C3S 63.3 – – 
C2S 9.8 – – 
C3A 7.7 – – 
C4AF 9.8 – – 

Specific density (g/cm3) 3.15 2.32 2.71 

BET surface area (m2/kg) 1416 18432 1081  
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added to the mix and stirred for 3 min. The mixing procedure was 
conducted at room temperature (20 � 1 �C). 

100 � 100 � 500 mm3 moulds were used for casting the beams. With 
regard to the double-layered UHPFRC beams, the bottom layer of the 
UHPFRC beam was cast in the mould with the designed thickness, and 
the top layer mixture was poured into the mould carefully 45 min later. 
This casting time interval is determined based on a preliminary study, 
considering both the experimental operability and the relation between 
the bond strength and the time interval. At the time of casting the top 
layer, the bottom layer was strong enough to support the top layer 
matrix, i.e. deformation of the layer interface was avoided; while the 
initial setting of the bottom layer matrix had not been reached [37,51], 
resulting in a strong interfacial bond. This casting method, on the one 
hand, induces to a sufficient layer bond strength; on the other hand, the 
existence of the layer interface can act as a source of micro-cracking, 
which consumes more fracture energy during the cracking process 
(this will be further explained in Section 4.3). Cubic moulds 
(100 � 100 � 100 mm3) were used for the compressive, tensile and bond 
tests. The same casting method was applied for the double-layered cubes 
to test the interfacial bond strength. Cubes of single type UHPFRC 
mixtures (Table 3) were also cast to test the basic mechanical properties 
of the individual layers. The cast specimens were covered with plastic 
sheets for 24 h. Then they were demolded and cured in water for addi
tional 27 days. 

3.4. Testing methods 

The compressive strengths of the UHPFRC samples were measured 
using a DIGIMAXX C-20 universal testing machine with a maximum load 
capacity of 4000 kN according to EN 12390-3 [54]. Splitting tensile tests 
based on EN 12390-6 [55] were conducted to obtain the tensile and 
interface bond strengths [56]. 

To investigate the flexural performances of the double-layered 
UHPFRC beams, three-point bending tests were conducted at the age 
of 28 days [39]. The span length was 400 mm [57]. The beams were not 
notched in this study because the notch would weaken the bottom layer 
and lead to difficulties in comparing fibers effects on individual layers. 

Displacement control under a rate of 0.2 mm/min was used in the test 
[58]. The applied load was measured by the Instron 5985 testing ma
chine and the mid-point deflections were measured with two linear 
variable differential transducers (LVDTs) [36,59]. 

4. Experimental results and discussion 

4.1. Mechanical and interfacial properties 

The compressive and splitting tensile strengths of the individual 
UHPFRC layers with Vf ¼ 0%, 0.6%, 1.2%, 1.6% and 2% are given in 
Fig. 5. As expected, the splitting tensile strength increases significantly 
with the increasing fiber content. For instance, a 97.3% enhancement of 
the 28d splitting tensile strength is observed for the UHPFRC incorpo
rating 2% fibers compared to that of the mixture without fibers. In 
contrast, the improvement of the compressive strength is limited, i.e. the 
28d compressive strengths for the matrixes are within the range of 
140–153 MPa. 

Fig. 6 shows the layer interface in the cube for the bond test, in which 
the combination of Vf ¼ 2% and 0% layers is given as an example. The 
layer interface is rather invisible, but can be observed with careful look 
(see Fig. 6a). Cohesion failure occurs in the bond spitting test and the 
failure surface is shown in Fig. 6b and c. Fig. 7 plots the bond strengths 
of the tested group. The maximum bond strength is obtained for the 
interface between the Vf ¼ 0.6% and 1.6% layers, which is around 
9.28 MPa. 

After acquiring the basic properties, the flexural performances of the 
designed double-layered UHPFRC composite beams are investigated. 
During the three-point bending tests, no debonding is observed thanks to 
the excellent interfacial bond strength resulted from the efficient casting 
method. The tested beams were cut with a saw after the bending ex
periments to check the layer interface. Photos of half of the tested U0 
(40)-2(60) beam are given in Fig. 8 as an example. A straight layer 
interface is observed in the outer surface of the beam (Fig. 8a), and it can 

Table 3 
Recipes of the UHPC and the UHPFRC: CEM ¼ Portland cement, mS ¼micro-silica, LP ¼ limestone powder, S ¼ sand, BA 2–5 ¼ basalt aggregate with a diameter of 
2–5 mm, BA 5–8 ¼ basalt aggregate with a diameter of 5–8 mm, W ¼water, SP ¼ superplasticizer, SF ¼ steel fiber.  

Materials CEM (kg/m3) mS (kg/m3) LP (kg/m3) S (kg/m3) BA 2–5 (kg/m3) BA 5–8 (kg/m3) Wa (kg/m3) SPb (kg/m3) SF (%) 

Quantity 588 39.2 156.8 839.9 413.2 232.3 157 5.0 0 
7.0 0.6 
9.0 1.2 
14.0 1.6 
17.0 2.0  

a Water from SP is included. 
b The solid content is 35%. 

Table 4 
Layered UHPFRC composite beam: For the identification, U indicates UHPFRC; 
the first two numbers denote the fiber volume fraction and thickness of the top 
layer; and the last two numbers are those for the bottom layer.  

Identification Layer thickness (mm) Fiber content (%) 

Top layer Bottom layer Top layer Bottom layer 

U0(60)-2(40) 60 40 0 2 
U0(40)-2(60) 40 60 0 2 
U0(20)-2(80) 20 80 0 2 
U0.6(40)-1.6(60) 40 60 0.6 1.6 
U0(40)-1.2(60) 40 60 0 1.2 
U0.6(40)-1.2(60) 40 60 0.6 1.2 
U0(100) 100 0 
U1.2(100) 100 1.2 
U2(100) 100 2  

Fig. 5. Compressive and tensile strengths of mixtures in individual layers.  
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also be observed in the cutting surface (Fig. 8b) where the bright dots in 
the bottom layer are the cross sections of the fibers. As presented in the 
figures, the layer interface is straight, confirming that the deformation of 

the bottom layer is very limited; and the material transition of the two 
layers is smooth, attributing to the strong bond of the layered beam. 
Additionally, it should be noted that since the top layer was cast before 
the bottom layer had reached the initial setting, the fresh mixture of the 
top layer should be poured slowly and evenly on the bottom layer with 
care to avoid large deformation of the bottom layer. Furthermore, in this 
study the top layer was cast on the bottom layer without special treat
ment of the contact surface, i.e. the strong interfacial bond is achieved 
by controlling the casting time interval rather than using any surface 
treatments. Nevertheless, when using the layered structure for com
mercial UHPFRC, surface treatment such as roughening the contact 
surface in fresh state would also be a solution to further enhance the 
bond strength [60], especially in the situation where the time interval is 
difficult to be controlled. 

4.2. Effects of layer thickness 

Fig. 9 plots the flexural performances of the double-layered UHPFRC 
beams with different layer thicknesses, of which the bottom layers 
contain 2% steel fibers and the top layers are without fibers. The per
formances of the single-layered beams with 0% and 2% fibers are also 
illustrated in the figure, i.e. U0(100) and U2(100). Distinct failure 
modes are observed for the beams with and without the fiber-reinforced 
layer, i.e. the plain single-layered beam experienced a catastrophic and 
brittle failure as opposed to the gradual failure of the composite beams 
reinforced with the 2% fiber layer. In addition, the first crack always 

Fig. 6. Bond interface and failure surface.  

Fig. 7. Bond strengths of the layer interface.  

Fig. 8. Bond interface of the tested U0(40)-2(60) beam.  Fig. 9. Flexural load-deflection curve with various bottom layer thickness.  
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initiated from the bottom layer of the UHPFRC beam, and no debonding 
was observed. These observations are coincident well with the theo
retical analysis in Section 2.3: for β ¼ 0.4–0.8, the critical debonding 
loads are higher than the cracking loads, and the crack condition for the 
bottom layer is satisfied prior to that for the top layer. 

The relationship between the first cracking load and the layer 
thickness are illustrated in Fig. 10. It depicts that the first cracking load 
is insensitive to the change of β in the given range, corresponding with 
the findings in Section 2.3 (see Fig. 4 with α ¼ 0.8 and 1). The calculated 
first cracking loads applying Eq. (12) are also compared with the 
experimental data. A reasonable agreement is achieved between the 
calculated and the averaged experimental results (with errors smaller 
than 7%, see Table 5), demonstrating the validity of the proposed 
formulas. 

To depict the effects of the layer thickness more clearly, changes of 
the peak flexural load Fmax and the energy E with the layer thickness 
ratio β are given in Fig. 11. For Fmax, three stages can be distinguished, i. 
e. the first stage (β ¼ 0–0.4) has a relatively slow rate of strength in
crease; the second stage (β ¼ 0.4–0.6) exhibits a faster increase; and the 
third stage (β ¼ 0.6–1.0) has a slower improvement again. A similar 
tendency is also observed in Ref. [38], which investigates the normal 
concrete beam reinforced with engineered cementitious composites. 
Physically, Fmax is associated with the aggregate governed bridging and 
fiber governed bridging mechanisms [38,61]. The significant increase of 
Fmax at the transition point from the first stage to the second stage in
dicates that the bridging mechanism changes from the aggregate gov
erned to the fiber governed one [38]. In other words, for a 
double-layered UHPFRC beam with β < 0.4, the fiber-reinforced bot
tom layer is so thin that the crack-bridging effect provided by the fibers 
is insufficient, and thus the peak load mainly depends on the bridging of 
the aggregates; conversely, with the increase of the bottom layer 
thickness the fiber reinforcements can then effectively restrain the crack 
propagation, hence leading to the jump of Fmax. 

The flexural energy E, defined geometrically by the area below the 
flexural load-deflection curve, is also significantly improved due to the 
application of the bottom UHPFRC layer. With β varying from 0.4 to 0.6 
and 0.8, E increases approximately 20, 31 and 32 times in comparison to 
that of U0(100). And the improvement of E is more prominent within the 
range of β < 0.6, while further increasing to 0.8 only provides limited 
enhancement. To further evaluate the contribution of fibers to the 
flexural performances, the concept of fiber efficiency efff is proposed: 

efff ¼
E
mf

(28)  

where E is the beam flexural energy, mf is the mass of the fiber incor
porated in the beam, and mf ¼ ρβHLbVf with the fiber density 

ρ ¼ 7850 kg/m3. The relation between the fiber efficiency and layer 
thickness ratio is plotted in Fig. 12, in which the maximum efff is reached 
at β ¼ 0.6. Consequently, considering the tendency of the first cracking 
load as well as the improvements of Fmax and E, β ¼ 0.6 is selected for the 
double-layered UHPFRC composite beams and applied in the succeeding 
analysis. 

4.3. Effects of fiber re-arrangement in layered structures 

The flexural load-deflection curves of two double-layered UHPFRC 
beams and a reference single-layered beam are depicted in Fig. 13. The 
three categories namely U1.2(100), U0(40)-2(60) and U0.6(40)-1.6(60) 
have an identical total fiber amount, i.e. the equivalent fiber volume 
fraction is Vf ¼ 1.2%. However, they exhibit distinct flexural capacities 
due to the fiber re-arrangement in the layered structure. Comparing with 

Fig. 10. First cracking strength with various bottom layer thickness.  

Table 5 
Experimental and calculated first cracking strengths.  

Layer thickness ratio β Averaged first cracking load F1 (kN) Error (%) 

Experimental values Calculated values 

0.4 25.67 27.02 5.3 
0.6 26.17 27.68 5.8 
0.8 26.63 27.77 4.3 
1 26.69 28.46 6.6  

Fig. 11. Peak flexural strength and energy with various bottom layer thickness.  

Fig. 12. Fiber efficiency with various bottom layer thickness.  
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the single-layered UHPFRC beam, the double-layered ones achieve 
improved peak flexural loads. Fmax of U0(40)-2(60) and U0.6(40)-1.6 
(60) are around 30.12 kN and 32.79 kN, which are approximately 14% 
and 24% higher than that of U1.2(100). In the layered beams, steel fibers 
are more concentrated at the beam bottom that they efficiently bridge 
across the lower portion of the crack and delay the opening of the crack 
upper portion, attributing to the increased load carrying ability of the 
composite beam. 

The fiber re-arrangement also affects the flexural energy E. Due to 
the lack of steel fibers in the top layer, the post-peak stage of U0(40)-2 
(60) shows a steeper drop than that of the single-layered beam, which 
leads to an approximate 10% energy reduction than that of U1.2(100). 
In contrast, incorporating a small amount of fibers in the top layer 
generates a superior energy absorption capacity, i.e. E of U0.6(40)-1.6 
(60) is about 14% higher than that of U1.2(100). On that account, for 
the purpose of flexural energy enhancement, a small amount of steel 
fibers is required in the top layer of the UHPFRC composite beam. 

It should be noted that the equivalent fiber volume fraction 
Vf ¼ 1.2% is taken as an example in this section, but the advantages of 
applying layered-structure would also be expected when a higher 
equivalent fiber volume fraction is considered. Furthermore, the higher 
Fmax and E of U0.6(40)-1.6(60) also indicate the potential of utilizing a 
layered beam containing fewer fibers to achieve the same flexural per
formances as U1.2(100). 

The crack propagation is also influenced by the fiber re-arrangement. 
For the single-layered beam U1.2(100), a single crack is observed during 
the flexural process, initiating from the middle of the beam bottom and 
gradually propagating to the beam top surface (Fig. 14). A different 
cracking process is observed for the double-layered beam U0.6(40)-1.6 
(60). As illustrated in Fig. 15, the crack first appears at the bottom of 
U0.6(40)-1.6(60) at around t ¼ 12 min after the start of the loading. 
With the increase of the bending load, the crack opens more widely. At 
t ¼ 13.5 min, a newly-developed small crack appears in the top layer 
near the layer interface owing to the stress concentration caused by the 
incompatibility between the layers [53]. The small crack propagates 
further downwards into the bottom layer as the external load increases, 
which interrupts the potential layer debonding [62]. At t ¼ 16.5 min, the 
small crack from the interface is connected with the previous crack at 
the beam bottom, creating a macro-crack. Then this macro-crack further 
develops upwards, during which fibers at the bottom surface of the beam 
are gradually pulled out from the matrix. At about t ¼ 35 min, fibers near 
the interface are also pulled out and the failure of the beam is acceler
ated afterwards. 

The comparisons between Figs. 14 and 15 demonstrate that the 
double-layered UHPFRC beam cracks more slowly than its single- 
layered counterpart due to the more concentrated fibers at the beam 
bottom, redistributing the tensile stress and prohibiting the crack initi
ation. It also takes longer for the double-layered beam to reach the final 
failure status, i.e. being completely separated into two parts, which is 

attributed to the combined effects provided by the fibers in both the top 
and the bottom layers. Additionally, the layer interface also serves as a 
cracking initiator due to the stress concertation and the lack of fiber 
connection in the interfacial zone. The multiple micro-cracks and fine 
crack branches in the beam consume more energy during the flexural 
process and thus improve the flexural energy of the composite beam. 

4.4. Effects of fiber content in individual layers 

The effects of the fiber content in the individual layers of the 
UHPFRC composite beam are further evaluated in this section. Figs. 16 
and 17 compare the flexural behaviors of U0(40)-1.2(60), U0.6(40)-1.2 
(60) and U1.2(100). The presented beams have the same fiber content of 
Vf ¼ 1.2% in the bottom layer, while Vf in the top layer are 0%, 0.6% and 
1.2%, respectively. It is obvious that the compared beams have similar 
Fmax although the Vf in their top layers differ, indicating that Fmax is 
more related to the fibers in the bottom layer. Nevertheless, improve
ments of E are observed with an increasing Vf in the top layer, which is 
associated with the pull-out process of fibers in both the top and the 
bottom layers. However, the energy enhancement is nonlinear that it is 
more obvious when top layer Vf increases from 0.6% to 1.2% than from 
0% to 0.6%. 

On the other hand, changing Vf in the bottom layer generates more 
prominent effects (see Figs. 18 and 19). Comparing U0(40)-1.2(60) with 
U0(40)-2(60) reveals that when the top layer is plain concrete, 
increasing bottom layer Vf from 1.2% to 2% leads to 13% and 16% in
crease of Fmax and E, respectively. These improvements become more 
significant when 0.6% steel fibers are incorporated in the top layer, i.e. 
U0.6(40)-1.2(60) and U0.6(40)-1.6(60). Namely, 19% and 38% en
hancements of Fmax and E are achieved for these beams when the bottom 
layer Vf increases from 1.2% to 1.6%. 

The above analysis shows the different effects of steel fibers in the 
individual layers. The enhancement of peak flexural load is more related 
to the fibers in the bottom layer as they increase the stiffness of the 
beam, thanks to the bond interaction with the matrix. Fibers in the both 
layers contribute to the beam flexural energy by connecting the crack 
surfaces, decelerating the crack development and extending the time for 
the beam to reach its final failure. Furthermore, considering that the 
crack width in the upper section of the beam is much narrower than that 
in the beam bottom, incorporating a small amount of steel fibers in the 
top layer is sufficient to generate pronounced effects. 

5. Conclusions 

This paper presents theoretical and experimental investigations on 
the flexural properties of double-layered UHPFRC with coarse aggre
gates incorporated and fibers efficiently distributed. Deterministic 
criteria and formulas for calculating the critical failure load at the first 
failure stage are developed in the theoretical section, based on which the 
double-layered beams are designed for the experimental section. Basic 
mechanical properties as well as the interfacial characteristics of the 
double-layered UHPFRC are investigated, and three-point bending tests 
are conducted to study the beam flexural performances. Both the elastic 
stage and the post-peak behavior are taken into account, providing Fig. 13. Flexural load-deflection curve with various fiber re-arrangement.  

Fig. 14. Crack development in U1.2(100).  

Y.Y.Y. Cao et al.                                                                                                                                                                                                                                



Composites Part B 171 (2019) 154–165

163

valuable information for better designing layered composites. The ef
fects of layer thickness, fiber re-arrangement in the layered structure, as 
well as the fiber content in the individual layers are discussed, which 

Fig. 15. Crack development in U0.6(40)-1.6(60).  

Fig. 16. Flexural load-deflection curve with various fiber contents in top layer.  

Fig. 17. Effects of fibers in top layer on peak flexural load and flexural energy.  

Fig. 18. Flexural load-deflection curve with various fiber contents in bot
tom layer. 

Fig. 19. Effects of fibers in bottom layer on peak flexural load and flex
ural energy. 
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sheds light on the enhancement mechanisms in the layered structure. 
The following conclusions can be drawn from the acquired results:  

(1) As confirmed by both the theoretical analysis and the experiment 
results, the first failure stage of the double-layered beam tends to 
end with bottom layer cracking rather than layer debonding in 
most cases (layer thickness ratio β ¼ 0.2–1.0 with sufficient bond 
strength, e.g. σb ¼ σt,1).  

(2) The peak flexural load Fmax and the flexural energy E are 
remarkably improved with the increase of the bottom layer 
thickness until β ¼ 0.6 is reached. A jump of Fmax is observed at 
β ¼ 0.4, which is associated with the transition from aggregate 
governed bridging to fiber governed bridging.  

(3) Fiber re-arrangement in the layered structure affects Fmax and E, 
as well as the cracking process in the double-layered UHPFRC 
beam. Compared to the single-layered UHPFRC beam with the 
same total fiber content, the designed double-layered beam U0.6 
(40)-1.6(60) achieves a 24% higher of Fmax and a 14% higher of E. 
This also indicates the potential of utilizing layered beams con
taining fewer fibers to obtain advantageous flexural 
performances.  

(4) Fibers in the bottom layer contribute to the improvement of Fmax 
while the increase of E is affected by the fiber content Vf in both 
layers. A combination of a small Vf in the top layer and a large Vf 
in the bottom layer can result in the optimal flexural perfor
mances with both improved peak flexural load and energy. 

This study presents a detailed analysis on the static bending perfor
mances of the double-layered UHPFRC, and confirms the advantages of 
applying layered structure by both theoretical and experimental in
vestigations. Based on this study, layered UHPFRC with an increased 
layer number and optimal layer thicknesses can be one direction for the 
further investigations. Moreover, since UHPFRC has a wider military 
application to resist impacts [63], comprehensive studies of layered 
UHPFRC exposed to dynamic loads are also of great significance for the 
further work. 
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