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  27 

Abstract:  28 

The study aims to improve the flexural behaviors of ultra-high performance fiber reinforced 29 

concrete (UHPFRC) by applying the concept of layered-structure. Deterministic criteria for layer 30 

cracking and debonding are proposed, formulas to predict the critical load at the first failure stage 31 

are developed, and effects of the layer E-modulus and thickness are assessed in the paper. 32 

Subsequently, double-layered UHPFRC beams are designed and tested under the three-point 33 

bending. Mechanical and interfacial properties of the beams are studied. Influences of the bottom 34 

layer thickness on the peak flexural load and the flexural energy are then investigated, which 35 

presents that a layer thickness ratio of 0.6 gives the optimum load carrying ability and beam 36 

flexural energy. The subsequent section discusses the effects of fiber re-arrangement on the 37 

flexural performances, revealing that the designed double-layered UHPFRC beam is able to 38 

withstand higher flexural load and energy than its single-layered counterpart with the same total 39 

fiber content. Moreover, it is exhibited that the peak flexural load is dependent on the fibers in the 40 

bottom layer while the flexural energy enhancement is related to fibers in both layers. The layered 41 

UHPFRC beam composed of a 40 mm-thick top layer with 0.6% steel fibers and a 60 mm-thick 42 

bottom layer with 1.6% fibers is an optimal choice leading to the superior peak flexural load and 43 

energy. 44 

 45 

Keywords: Layered cementitious composite, ultra-high performance concrete, fiber 46 

reinforcement, flexural strength, fracture. 47 
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1 Introduction 49 

Ultra-high performance fiber reinforced concrete (UHPFRC) is a construction material with 50 

superior mechanical and material properties [1–5]. However, the high production cost of UHPFRC 51 

limits its widespread utilization [5–7]. To broaden the application, achieving lower material costs 52 

of UHPFRC is an important issue. Replacing fine particles with cheaper coarse aggregates could 53 

be one of the solutions. Typically, coarse aggregates are eliminated from traditional UHPFRC to 54 

enhance its homogeneity and thereafter its strength. Despite that, current studies confirm the 55 

potential of incorporating coarse aggregates in UHPFRC. Studies show that UHPFRC with an 56 

appropriate content of coarse aggregates possess advantages on respects such as binder material 57 

saving, shrinkage control and impact resistance [5,8,9], and the strength loss can be limited by 58 

properly packing the granular constituents [8,10].  59 

Besides the binder, another dominant factor in UHPFRC production is the cost of steel fibers 60 

[11,12], which stresses the necessity of  using steel fibers more efficiently. Compared to the 61 

traditional reinforcing rebar, fiber reinforcement possesses a superior ability in controlling crack 62 

propagation and preventing abrupt failure [13,14], making it a common reinforcement employed 63 

in UHPFRC [15]. The application of steel fibers contributes significantly to the enhancement of 64 

UHPFRC tensile properties [15,16], and a strong dependency of the tensile strength on the fiber 65 

content is exhibited [17,18]. Nevertheless, previous studies suggest that steel fibers have less 66 

significant effects on improving the compressive strength of UHPFRC compared with that on the 67 

tensile strength [18–20]. As a consequence, it is uneconomical to distribute steel fibers in the whole 68 

volume of UHPFRC for many applications where the structure is partially in tension and partially 69 

in compression [13], e.g. bending beams and specimens under impact [21,22]. We can take the 70 

bending beam as an example. When a beam works under service situations, half of it is in tension 71 

and the other half in compression [22]; the fibers in the tensile zones could effectively improve the 72 

flexural strength of the beam after cracking occurs while those in the compressive zone have 73 

smaller contributions [23].  74 

To generate a more efficient fiber utilization, optimization is required to selectively 75 

distribute the fibers in UHPFRC where their advantages can be fully exploited. An innovative 76 

approach is designing layered UHPFRC with different fiber contents at specific depths. Cyclic 77 

loading and impact studies on normal concrete have confirmed the benefits of applying layered-78 

structure to cementitious materials [24–26]. From these evidences, it is reasonable to hypothesize 79 
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that a layered UHPFRC with fibers purposefully reinforced in the targeted region would have 80 

superior mechanical properties and advanced fiber efficiency in comparison to the single-layered 81 

UHPFRC with the same amount of fibers distributed randomly in the whole structure.  82 

Load carrying capacity and flexural energy are two important factors for assessing the 83 

performance of cementitious materials, and three-point bending test is often used for the  84 

evaluation [27–29]. Current researches on flexural properties mainly concentrate on single-layered 85 

concrete [30–32], while multi-layered cementitious composites are insufficiently studied. Among 86 

the limited researches, most of them addressed the combination of old and new concretes as layered 87 

repair systems [33–35]. Only several studies investigated the bending performances of multi-88 

layered concrete of which all the layers are freshly cast. Liu et al. [13] assessed the flexural strength 89 

of double-layered concrete beams (compressive strength smaller than 30 MPa), and claimed their 90 

potential applications in real construction. Shen et al. [22] studied the flexural behavior of a four-91 

layered concrete beam with PVA fibers gradually distributed; their results show that the layered 92 

beam has a 50% higher flexural strength compared to its single-layered counterpart. It should be 93 

noted that the design of these layered cementitious composites is empirical, e.g. the thickness of 94 

the layer is randomly chosen and the influences of the layer thickness are not considered. Xu et al. 95 

[36] and Hou et al. [37] presented theoretical and experimental investigations on steel-bar 96 

reinforced concrete with an ultra-high flexural energy concrete (UHTCC) layer, in which effects 97 

of the reinforcement ratio and the layer thickness were discussed. It showed that the interface 98 

cracking and ultimate bonding strengths are related to the reinforcement ratio and UHTCC layer 99 

thickness. Furthermore, an theoretical model developed by Zhang et al. [38,39] was used for 100 

analyzing the flexural behaviors of engineered cementitious composites (ECC) with two layers. 101 

Their model and tests confirm that the ECC layer thickness is an important design parameter, and 102 

that the beam flexural strength increases non-linearly with the ECC thickness. Nonetheless, the 103 

above analytical researches are based on constitutive relationships of concretes (with reinforcing 104 

bars), i.e. stress–crack relations must be obtained in advance. Moreover, the model calculations 105 

require complex processes and massive programming efforts, which thus hinders its engineering 106 

applications. That being the case, proposing theoretical models which are simple and ready to be 107 

applied to layered-structure design is still of urgent importance. 108 

In this study, flexural performances of double-layered UHPFRC composites incorporating 109 

coarse aggregates are investigated theoretically and experimentally. In the theoretical section, 110 
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critical cracking and debonding criteria of the layered beam at the first failure stage are proposed, 111 

formulas for predicting the critical load are developed, and influences of the layer thickness are 112 

analyzed. With the support of the theoretical analysis, double-layered UHPFRC composite beams 113 

are designed in the subsequent experimental section, in which the theoretical and experimental 114 

first cracking loads are also compared. Moreover, enhancements of the flexural performance due 115 

to the fiber re-arrangement in the layered structure, the effects of the layer interface on the crack 116 

development, and the roles of steel fibers in individual layers are discussed in detail. Results from 117 

this study provide an important perspective for understanding the flexural behaviors of layered 118 

UHPFRC. Additionally, with the incorporation of coarse aggregates and the efficient utilization of 119 

steel fibers, the designed double-layered UHPFRC beam can bring great economic benefits and 120 

hence promotes the future technological application of layered UHPFRC in engineering 121 

constructions.  122 

  123 



 
 

6 
 

2 Theoretical analysis of the first failure stage 124 

In this section, a double-layered UHPFRC beam subjected to three point bending is 125 

considered, as shown in Fig. 1. The total thickness and width of the beam are H and b, 126 

correspondingly. E1, h1 and A1 are the E-modulus, layer thickness and cross-sectional area of the 127 

top layer; E2, h2 and A2 are those of the bottom layer, respectively. h0 is the height of the neutral 128 

axis. Fs is the shear force, which equals to half of the external load F according to the force 129 

equilibrium. M is the bending moment in the beam at point x, i.e. M (x) = Fx / 2, and it reaches the 130 

maximum value Mmax = FL / 4 at x = L / 2. 131 

 132 
(a) Layered beam 133 

 134 
(b) Segment at point x                      (c) Cross-section  135 
Fig. 1 Double-layered UHPFRC beam under bending:  136 

 137 

The failure process of the beam under bending can be divided into two stages: (1) a linear 138 

elastic stage until first cracking and (2) a following fictitious crack developing stage [39]. This 139 

section focuses on the stress distribution at the first failure stage, considering the fact that the first 140 

cracking load can be used as an indicator to evaluate the flexural capacity of UHPFRC [40,41], as 141 

well as the simplicity and practicality of the proposed formula to support the structure design. In 142 

addition, since stress-strain relations of materials are not required in the analysis (only basic 143 

mechanical properties, e.g. tensile strength and E-modulus, are necessary), formulas in this section 144 

can also be extended to general layered composite made of materials other than concrete. 145 
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 146 

2.1 Cracking criteria in the layered UHPFRC beam 147 

 Plane section assumption is applied in the analysis, i.e. the cross section of the double-148 

layered UHPFRC beam is considered to remain plane [38]. The equilibrium of the forces is 149 

expressed by: 150 

1 2
1 1 2 2 0

A A
dA dAσ σ =+∫ ∫                                                                                                                  (1) 151 

which can be transformed to: 152 

1 2
1 1 2 2 0

A A
E ydA E ydA+ =∫ ∫                                                                                                            (2) 153 

where σ1 and σ2 are the normal stress in the top and bottom layers, correspondingly. Then the 154 

height of the neutral axis h0 could be obtained as: 155 

 
( )
( )

2

0

1 1 1/
2 1 1 1/

h
H β α

β α

 − − =
− −  

                                                                                                            (3) 156 

where α = E1 / E2 is the layer E-modulus ratio, and β = h2 / H is the layer thickness ratio. For a 157 

single-layered beam, i.e. α = 1, β = 0 or 1, Eq. (3) reduces to h0 = H / 2. 158 

Substituting h2 = h0 to Eq. (3) yields the critical layer thickness ratio βc, in which case the 159 

entire bottom UHPFRC layer is exactly in tension and the entire top layer is exactly in compression: 160 

1c
αβ
α

=
+

                                                                                                                                  (4) 161 

When βc < β ≤ 1 is satisfied, h2 is larger than h0, i.e. the neutral axis is in the bottom layer. In this 162 

situation, the layer interface is within the range of the compression zone. Otherwise, the neutral 163 

axis is in the top layer, and the interface is under tension. 164 

Based on the plane assumption of the beam section, the normal stress distributions in the two 165 

layers can be expressed as: 166 

Top layer: ( )
1

0

Myy
I

σ = , 0 0 2h H y h h− ≤ < −                                                                               (5) 167 
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Bottom layer: ( )2
0

Myy
I

σ
α

= , 0 2 0 h h y h− ≤ ≤                                                                                (6) 168 

I0 is the inertia moment of the layered beam, which is a function of α and β: 169 

( ) ( )
( )

3 3
3

0

3 1
1

12 1
H bI

β βββ
α β α β

 −
= − + + + − 

                                                                                     (7) 170 

For a given external load, the normal stress distribution along the layered beam section is 171 

plotted in Fig. 2a, where α = 0.8, β = 0.5 are taken as an example. It can be seen from the figure 172 

that the normal stresses, i.e. compressive and tensile stresses, reach their maximum values at the 173 

top and bottom surfaces of the beam respectively, and a jump of the compressive stress is observed 174 

at the layer interface due to the change of the material properties of the two layers.  175 

                       176 
(a) Normal stresses                      (b) Shear stress 177 

Fig. 2 Stress distribution along the layered beam in linear elastic stage  178 
 179 

In general, crack initiates when the tensile stress in the UHPFRC beam exceeds its yield 180 

strength [42–44]. If the layer interface is within the range of the compression zone (h2 >h0), 181 

cracking always starts first from the lower position of the bottom layer (Fig. 2a). However, if the 182 

interface is in the tension zone (h0 > h2), the initial crack may appear first in the top layer. Assuming 183 

that the two layers reach their tensile strengths σt,i (i = 1, 2) at the same time: 184 

( )1 0 2 ,1ty h hσ σ= − =                                                                                                                      (8) 185 

( )2 0 ,2 ty hσ σ= =                                                                                                                            (9) 186 

the critical first cracking condition can be obtained: 187 

Compression Shear 

Tension 
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( )
( )

2
,1 2

2
,2 0

1 2 1 1/
1 =

1 1 1/
t

c
t

h
h

σ β β α
α α γ

σ β α
− + − 

= − =  − − 
                                                                           (10) 188 

Eq. (10) reveals that if the tensile strength of the top layer σt,1 is smaller than  the value of γc σt,2, 189 

then, in theory, the first crack would occur in the top layer near the interface at x = L / 2. In this 190 

case, the external load to evoke the first crack is: 191 

( )[ ]
( )

( ) ( )
( )

0 t ,1

0 2

2 3
3t ,1

2

,top

4

2 1 1 1 / 3 1
1

3 1 2 1 1 / 1

c

I

L h h

H b

L

F
σ

σ β α β ββ
β

β β α α β α β

=
−

− − −
= − + +

− + − + −

 
     

（ ）
                                                               192 

(11) 193 

Otherwise, the bottom layer cracks earlier and the corresponding critical load is:   194 

( )[ ]
( )

( ) ( )
( )

0 t ,2

0

2 3
3t ,2

2

,bottom

4

2 1 1 1 / 3 1
1

3 1 1 1 / 1

c

I

Lh

H b

L

F
α σ

α σ β α β ββ
β

β α α β α β

=

− − −
= − + +

− − + −

 
     

                                                              (12) 195 

In the specific case of a single-layered beam only composed of the UHPFRC 1 material (Fig. 196 

1), i.e. h2 = 0, h0 = H / 2, the critical load is expressed in Eq. (13), coinciding with the result 197 

obtained by substituting σ1 (y = H / 2) = σt,1 in Eq. (5): 198 

0 t,1
,top,0

8
c

I
F

LH
σ

=                                                                                                                            (13) 199 

Similarly, when h2 = H, the beam is only composed of the UHPFRC 2 material. The critical load 200 

is Eq. (12) with h2 = H and h0 = H / 2, α = 1, as given by: 201 

0 t,2
,bottom,0

8
c

I
F

LH
σ

=                                                                                                                         (14) 202 

It is identical to Eq. (6) with σ2 (y = H / 2) = σt,2 substituted. These agreements also confirm the 203 

correctness of the proposed equations. 204 
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Furthermore, it is worth to note that when the two layers have an equal E-modulus (α = 1), 205 

the neutral axis is always at h0 = H / 2, and the value of I0 as well as Fc,bottom remain constant, i.e. 206 

changing the layer thickness h2 has no influence under this circumstance. Fc,top can be re-written 207 

as Eq. (15) when α = 1 is substituted, the value of which increases with the increase of β, viz. when 208 

the crack initiates from the top layer (0 < β < 0.5 and σt,1 < γc σt,2), the thicker the bottom layer the 209 

higher the first cracking load. 210 

( ) ( )

2
t,1

,top 1

2
3 1 2c

H b
F

Lα

σ
β= =

−
                                                                                                                (15) 211 

2.2 Debonding criteria in the layered UHPFRC beam 212 

The shear stress distributions in the two layers can also be obtained by the equilibrium of 213 

forces in x-axis direction (see Fig. 1): 214 

Top layer: 215 

( )
11

0 0
1A A

sM F dx yMydA bdx dA
I I

τ α+
+

=∫ ∫                                                                                      (16) 216 

Bottom layer:  217 

( )
22 2

0 0

s

A A

M F dx yMy dA bdx dA
I I

τ
α α

+
=+ ∫∫                                                                                      (17) 218 

The corresponding shear stresses in the two layers are given as: 219 

Top layer:  220 

( ) ( )2 2
1 0

04
Fy H h y
I

τ  = − −  , 0 0 2h H y h h− ≤ < −                                                                      (18) 221 

Bottom layer:  222 

( ) ( )2 2
2 0

04
Fy h y

I
τ

α
= − , 0 2 0 h h y h− ≤ ≤                                                                                    (19) 223 

It is noted that the maximum shear stress along the beam depth is at the neutral axis y = 0 and the 224 

value is expressed as: 225 
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( )
2
0

0

0
4max
Fhy

I
τ

α
= =                                                                                                                      (20) 226 

Differing with the normal stresses, the shear stress changes continuously along the beam 227 

depth (see Fig. 2b) and the peak is at the location of the neutral axis, which is usually nearby the 228 

layer interface when the E-modulus of the two layer are not very distinct, e.g. α = 0.8 in Fig. 2b. 229 

This maximum shear stress can induce the possibility of layer debonding since the interface usually 230 

presents a weak part in the composite [45]. More specifically, debonding due to shear occurs when 231 

the interfacial shear stress reaches the bond strength σb: 232 

( )1 0 2 2 0 2( = = by h h y h hτ τ σ= − = −)                                                                                           (21) 233 

This leads to the critical debonding load provoked by shear: 234 

( )
( )[ ]

( )
( ) ( )

( )

0

2 0 2

3
3

,shear
4

2

1 1 1 / 3 1
1

3 1 1

b

b

d

b

h

H

I

h h
F α σ

α σ β α β ββ
β

β β α β α β

=
−

− − −
= − + +

− + −

 
 
 

                                                                   (22) 235 

On the other hand, when the layer interface is within the tension zone (0 < h2 < h0), the 236 

tensile stress at the interface can also procure layer debonding when 237 

( )2 0 2 by h hσ σ= − =                                                                                                                    (23) 238 

Then the corresponding critical debonding load due to tension can be expressed as: 239 

( )[ ]
( )

( ) ( )
( )

0

0 2

2 3
3

2

,tension
4

( )

2 1 1 1 / 3 1
1

3 1 2 1 1 / 1

b

b

d
I

L h h

H b

L

F α σ

α σ β α β ββ
β

β β α α β α β

−

− − −
= − + +

− + − + −

=

 
     

                                                              (24) 240 

When the critical debonding load is smaller than the critical cracking load, layer debonding 241 

occurs prior to layer cracking, which will strongly affect the effectiveness of the layered composite 242 

beam. To avoid early layer debonding, the following critical condition for the bond strength should 243 

be satisfied: 244 

(1) If h2 ≥ h0, the condition is Fd,shear ≥ Fc,bottom: 245 
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( )
( ) ,22

2 1
1 1 1/b t

H
L

β β
σ σ

β α
−

≥
 − − 

                                                                                                       (25) 246 

(2) If h2 < h0, it turns to be Min (Fd,shear, Fd,tension) ≥ Fc,top, for σt,1 < γc σt,2: 247 

 ( )
( )

,1 ,1
2

2 1
Max

1 1 1/ 2
t t

b

H
L

σ σβ β
σ

α αβ α β

 −
 ≥
  + − −  

，                                                                        (26) 248 

or Min (Fd,shear, Fd,tension) ≥ Fc,bottom, for σt,1 ≥ γc σt,2: 249 

( )
( )

( )
( )

2

,2 ,222

2 1 1 1 1/ 2
Max ,

1 1 1/1 1 1/b t t

H
L

β β β α β
σ σ σ

β αβ α

 − + − −
 ≥
 − − − −  

                                                (27) 250 

 251 

2.3 Influences of α and β on stress distribution and critical load 252 

Based on the above analysis, the critical load at the first stage of the failure process Fcritical 253 

and the failure modes can be concluded as follows (also given in Table 1): 254 

(1) For h2 = 0 (β = 0): Fcritical = Fc,top,0, the first failure stage ends with cracking of the beam 255 

(made of UHPFRC 1 material). 256 

(2) For 0 < h2 < h0 (0 < β < βc) and σt,1 < γc σt,2: Fcritical = Min (Fc,top, Fd,shear, Fd,tension), the first 257 

failure stage ends with top layer cracking or layer debonding. 258 

(3) For 0< h2 < h0 (0 < β < βc) and σt,1 ≥ γc σt,2: Fcritical = Min (Fc,bottom, Fd,shear, Fd,tension), the first 259 

failure stage ends with bottom layer cracking or layer debonding. 260 

(4) For h0 ≤ h2 < H (βc ≤ β <1): Fcritical = Min (Fc,bottom, Fd,shear), the first failure stage ends with 261 

bottom layer cracking or layer debonding due to shear. 262 

(5) For h2 =H (β = 1): Fcritical = Fc,bottom,0, the first failure stage ends with cracking of the beam 263 

(made of UHPFRC 2 material). 264 

Table 1 Critical load at first failure stage and the corresponding failure modes: Fcritical = critical load, β = layer 265 
thickness ratio, βc = critical layer thickness ratio, σt,i (i = 1, 2) = layer tensile strength, γc = critical layer tensile 266 
strength ratio, Fc,top = critical cracking load of the top layer, Fc, bottom = critical cracking load of the bottom layer, 267 
Fd,shear = critical debonding load by shear, Fd,tension = critical debonding load by tension 268 

Conditions Fcritical First stage failure modes 
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β = 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 = 1 Fc,bottom,0 (Single-layered) beam cracking 

 269 

The influences of α and β on h0 and Fcritical are plotted in Figs. 3 and 4, in which H = 0.1 m, 270 

L = 0.4 m, σt,1 = σb =12 MPa and σt,2 = 16 MPa are taken as an example. Fig. 3 confirms that when 271 

the two layers have an identical E-modulus, i.e. α = 1, the neutral axial is always at the middle of 272 

the beam depth regardless of the layer thickness, as expected. Consequently, the top half of the 273 

beam is always under compression while the bottom half is always in tension. On the other hand, 274 

h0 changes with β when the two layers have different E-moduli. Moreover, if the top layer has a 275 

larger E-modulus, e.g. α = 1.2, then h0 is in the top half of the composite beam, indicating a larger 276 

tension region in the composite beam; otherwise, the compression region is more dominant (see 277 

Fig. 2a) and it extends with the decrease of α. 278 

 As analyzed, the damage modes at the first failure stage are related to β. For β = 0.2-1.0, 279 

the critical debonding load is much higher than the critical cracking load, and the first failure stage 280 

always ends with bottom layer cracking. In contrast, cases with β = 0.1 experience distinct damage 281 

modes (see Fig. 4): (1) for α = 0.8 and 1.2, the initial crack appears in the top layer rather than in 282 

the bottom one since β < βc and σt,1 < γc σt,2; (2) for α = 0.6, debonding due to tension occurs prior 283 

to cracking (Fd,tension < Fc,top), hence the failure is dominated by layer debonding; (3) for α = 1.0, 284 

Fd,tension = Fc,top, i.e. debonding and cracking take place at the same time.  285 

Furthermore, the relationship of Fcritical and β is also depicted in Fig. 4. In the case of α = 1.0, 286 

Fcritical remains constant when β varies from 0.2 to 1.0, which is in line with the analysis in Section 287 

2.1. In contrast, for α = 0.6 and 0.8, Fcritical is improved when β increases from 0.2 to 1; the 288 

improvement is limited when β goes beyond 0.3, especially for α = 0.8. In the case of α = 1.2, a 289 

gradual decrease of the critical load is observed with the increase of β in the range of 0.2-1.0, 290 

indicating a negative effect of enhancing the bottom layer thickness on the cracking load despite 291 

its higher tensile strength. 292 

 293 
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 294 
Fig. 3 Influences of the layer E-modulus ratio α and thickness ratio β on the neutral axial height h0 295 

                296 
                           297 

Fig. 4 Influences of the layer E-modulus ratio α and thickness ratio β on 298 
the critical load at the first stage of the failure process Fcritical   299 

Fc,top= Fd,tension, top layer cracking and debonding 

Fc,top, top layer cracks 

Fd,tension, layer debonding 
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3 Experimental program 300 

3.1 Materials and mix design 301 

The raw materials used for the UHPFRC are Portland Cement CEM I 52.5 R, densified 302 

micro-silica (Elkem Grade 920E D), limestone powder (CB2M, France), standard sand (based on 303 

DIN EN 196-1), basalt aggregates (produced in Gelderland, the Netherlands), tap water, a PCE 304 

based superplasticizer and smooth straight steel fiber. The chemical compositions and physical 305 

properties of powder are summarized in Table 2. The detailed properties of other raw materials 306 

can be found in [46].  307 

Table 2 Physical and chemical properties of the powders: CEM = Portland cement, mS = micro-308 
silica, LP = limestone powder 309 

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 

 310 

The recipe of the UHPFRC matrix is based on the previous study [46], as presented in 311 

Table 3. The water to binder ratio remains a constant for all groups, i.e. w / b = 0.2. The coarse 312 

basalt aggregates applied have two size groups namely 2-5 mm and 5-8 mm, the fraction of which 313 
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are calculated applying the Brouwers mix design method [47–50]. Smooth straight steel fibers 314 

(length = 13 mm, diameter = 0.2 mm, tensile strength = 2750 MPa) are utilized in the double-315 

layered UHPFRC beams with different volume fractions in the individual layers. The amount of 316 

superplasticizer is adjusted with the fiber content [51] until a flowability around 560 mm is 317 

achieved [46] (measured with Abrams cone in accordance with EN 12350-8:2007 [52]).  318 

Table 3 Recipes of the UHPC and the UHPFRC: CEM = Portland cement, mS = micro-silica, LP = limestone 319 
powder, S = sand, BA 2-5 = basalt aggregate with a diameter of 2-5 mm, BA 5-8 = basalt aggregate with a 320 
diameter of 5-8 mm, W = water, SP = superplasticizer, SF = steel fiber. 321 

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. 322 
b: The solid content is 35%. 323 
 324 

3.2 Design of double-layered UHPFRC composite beams 325 

An identical recipe is applied for the matrixes in the individual UHPFRC layers while only 326 

the fiber and SP content vary (see Table 3). Consequently, the top and bottom layers of the 327 

UHPFRC composite beams have a similar compressive strength due to the insignificant effects of 328 

fiber content [18]. The similar matrixes of the two layers, on the one hand, can prevent interfacial 329 

debonding [53]; on the other hand, can benefit a direct comparison for investigating the effects of 330 

the layered structure.  331 

Since the first cracking load can be used as an indicator to represent the maximum flexural 332 

capacity [40,41], thicknesses of the double-layered UHPFRC beams in this study are designed 333 

according to the theoretical first cracking load in Section 2. The relation between the critical load 334 

Fcritical and the layer thickness ratio β is referred. As suggested in Fig. 4 with α = 0.8 and 1 (the 335 

layer E-modulus ratios of the designed beams are within this range), the enhancement of Fcritical is 336 

prominent when β increases from 0.1 to 0.3, whereas further thickening the bottom layer would 337 
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not generate eminent improvement, viz. β = 0.3 is a threshold, below which the first cracking load 338 

still has a potential to increase. Thence, the thickness of the bottom layer h2 should be larger than 339 

0.3H, otherwise Fcritical does not achieve its maximum. Additionally, considering the crack 340 

propagation at the second stage of the failure process and to investigate the effects of layer 341 

thickness on the composite flexural properties, three different layer thickness ratios are designed 342 

in the experimental section, namely β = 0.4, 0.6 and 0.8.  343 

Table 4 Layered UHPFRC composite beam: For the identification, U indicates UHPFRC; the first two 344 
numbers denote the fiber volume fraction and thickness of the top layer; and the last two numbers are 345 
those for the bottom layer. 346 

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 

 347 

Detailed information about the designed double-layered UHPFRC beam is given in Table 4. 348 

The identification is defined as follows: U indicates the beam is a UHPFRC composite, the first 349 

number denotes the fiber volume fraction Vf in the top layer, and the following one in the brackets 350 

is the layer thickness in mm; the third and the fourth numbers are those for the bottom layer, 351 

correspondingly. For instance, U0.6(40)-1.6(60) is a double-layered UHPFRC beam of which the 352 

top layer has 0.6% fibers with a thickness of 40 mm, and the bottom layer contains 1.6% fibers 353 

and its thickness is 60 mm. Three single-layered UHPFRC beams (100 mm thick) with 0%, 1.2% 354 

and 2% fibers are included as reference groups, i.e. U0(100), U1.2(100) and U2(100), respectively. 355 

The groups are such designed that three influencing factors are addressed in the study as shown in 356 

Sections 4.2 to 4.4: five different values of β are analyzed in Section 4.2, which are typical and 357 

cover the main effective layer thickness range (β > 0.3); two different fiber re-arrangements in the 358 
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layered structure and one single-layered beam are compared in Section 4.3, the fiber content in the 359 

bottom layer varying from 1.2% to 2% as they can represent the most typical fiber amount in 360 

UHPFRC (further increasing the fiber content may lead to workability problems, especially for 361 

UHPFRC with coarse aggregates). It should be noted that these fiber volume fractions are just 362 

examples, and the concept and benefits of layered structure are also applicable to UHPFRC with 363 

higher fiber contents as long as the workability is satisfying. In Section 4.4, the effects of fiber in 364 

the individual layers on the flexural load and the energy are discussed, revealing the mechanisms 365 

of the fiber reinforcement.  366 

 367 

3.3 Mixing and casting procedures 368 

The following mixing procedure was adopted for the UHPFRC matrix: dry mixing for two 369 

minutes with all powders and sand; adding 75% of the water and mixing for two minutes; 370 

sequentially adding the remaining water with the superplasticizer and mixing for another four 371 

minutes, after which the steel fibers were added sequentially. Then the basalt aggregates were 372 

added to the mix and stirred for three minutes. The mixing procedure was conducted at room 373 

temperature (20 ± 1 ℃). 374 

100 × 100 × 500 mm3 moulds were used for casting the beams. With regard to the double-375 

layered UHPFRC beams, the bottom layer of the UHPFRC beam was cast in the mould with the 376 

designed thickness, and the top layer mixture was poured into the mould carefully 45 minutes later. 377 

This casting time interval is determined based on a preliminary study, considering both the 378 

experimental operability and the relation between the bond strength and the time interval. At the 379 

time of casting the top layer, the bottom layer was strong enough to support the top layer matrix, 380 

i.e. deformation of the layer interface was avoided; while the initial setting of the bottom layer 381 

matrix had not been reached [37,51], resulting in a strong interfacial bond. This casting method, 382 

on the one hand, induces to a sufficient layer bond strength; on the other hand, the existence of the 383 

layer interface can act as a source of micro-cracking, which consumes more fracture energy during 384 

the cracking process (this will be further explained in Section 4.3). Cubic moulds (100 ×100 ×100 385 

mm3) were used for the compressive, tensile and bond tests. The same casting method was applied 386 

for the double-layered cubes to test the interfacial bond strength. Cubes of single type UHPFRC 387 

mixtures (Table 3) were also cast to test the basic mechanical properties of the individual layers. 388 
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The cast specimens were covered with plastic sheets for 24 hours. Then they were demolded and 389 

cured in water for additional 27 days.  390 

 391 

3.4 Testing methods  392 

The compressive strengths of the UHPFRC samples were measured using a DIGIMAXX C-393 

20 universal testing machine with a maximum load capacity of 4000 kN according to EN 12390-394 

3 [54]. Splitting tensile tests based on EN 12390-6 [55] were conducted to obtain the tensile and 395 

interface bond strengths [56].  396 

To investigate the flexural performances of the double-layered UHPFRC beams, three-point 397 

bending tests were conducted at the age of 28 days [39]. The span length was 400 mm [57]. The 398 

beams were not notched in this study because the notch would weaken the bottom layer and lead 399 

to difficulties in comparing fibers effects on individual layers. Displacement control under a rate 400 

of 0.2 mm/min was used in the test [58]. The applied load was measured by the Instron 5985 testing 401 

machine and the mid-point deflections were measured with two linear variable differential 402 

transducers (LVDTs) [36,59].  403 

  404 
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4 Experimental results and discussion 405 

4.1 Mechanical and interfacial properties  406 

The compressive and splitting tensile strengths of the individual UHPFRC layers with Vf = 407 

0%, 0.6%, 1.2%, 1.6% and 2% are given in Fig. 5. As expected, the splitting tensile strength 408 

increases significantly with the increasing fiber content. For instance, a 97.3% enhancement of the 409 

28d splitting tensile strength is observed for the UHPFRC incorporating 2% fibers compared to 410 

that of the mixture without fibers. In contrast, the improvement of the compressive strength is 411 

limited, i.e. the 28d compressive strengths for the matrixes are within the range of 140-153 MPa.  412 

Fig. 6 shows the layer interface in the cube for the bond test, in which the combination of Vf 413 

= 2% and 0% layers is given as an example. The layer interface is rather invisible, but can be 414 

observed with careful look (see Fig.6a). Cohesion failure occurs in the bond spitting test and the 415 

failure surface is shown in Fig.6b-c. Fig.7 plots the bond strengths of the tested group. The 416 

maximum bond strength is obtained for the interface between the Vf = 0.6% and 1.6% layers, which 417 

is around 9.28 MPa.  418 

After acquiring the basic properties, the flexural performances of the designed double-419 

layered UHPFRC composite beams are investigated. During the three-point bending tests, no 420 

debonding is observed thanks to the excellent interfacial bond strength resulted from the efficient 421 

casting method. The tested beams were cut with a saw after the bending experiments to check the 422 

layer interface. Photos of half of the tested U0(40)-2(60) beam are given in Fig.8 as an example. 423 

A straight layer interface is observed in the outer surface of the beam (Fig.8a), and it can also be 424 

observed in the cutting surface (Fig.8b) where the bright dots in the bottom layer are the cross 425 

sections of the fibers. As presented in the figures, the layer interface is straight, confirming that 426 

the deformation of the bottom layer is very limited; and the material transition of the two layers is 427 

smooth, attributing to the strong bond of the layered beam. Additionally, it should be noted that 428 

since the top layer was cast before the bottom layer had reached the initial setting, the fresh mixture 429 

of the top layer should be poured slowly and evenly on the bottom layer with care to avoid large 430 

deformation of the bottom layer. Furthermore, in this study the top layer was cast on the bottom 431 

layer without special treatment of the contact surface, i.e. the strong interfacial bond is achieved 432 

by controlling the casting time interval rather than using any surface treatments. Nevertheless, 433 

when using the layered structure for commercial UHPFRC, surface treatment such as roughening 434 
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the contact surface in fresh state would also be a solution to further enhance the bond strength [60], 435 

especially in the situation where the time interval is difficult to be controlled. 436 

 437 

 438 
Fig.5 Compressive and tensile strengths of mixtures in individual layers 439 

 440 

                    441 
(b) After bond splitting test                        (c) Cohesion failure 442 

Fig. 6 Bond interface and failure surface 443 

 444 

(a) Before bond splitting test 

Vf = 0% layer 

Interface 

Vf = 2% layer 
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 445 
Fig.7 Bond strengths of the layer interface 446 

 447 

 448 
(a) Beam outer surface 449 

 450 
(b) Beam cross section  451 

Fig. 8 Bond interface of the tested U0(40)-2(60) beam 452 
 453 

4.2 Effects of layer thickness  454 

Fig. 9 plots the flexural performances of the double-layered UHPFRC beams with different 455 

layer thicknesses, of which the bottom layers contain 2% steel fibers and the top layers are without 456 

fibers. The performances of the single-layered beams with 0% and 2% fibers are also illustrated in 457 

the figure, i.e. U0(100) and U2(100). Distinct failure modes are observed for the beams with and 458 

without the fiber-reinforced layer, i.e. the plain single-layered beam experienced a catastrophic 459 

and brittle failure as opposed to the gradual failure of the composite beams reinforced with the 2% 460 

Vf = 0% layer 

Interface 

Vf = 2% layer 

Vf = 0% layer 

Interface 

Vf = 2% layer 
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fiber layer. In addition, the first crack always initiated from the bottom layer of the UHPFRC beam, 461 

and no debonding was observed. These observations are coincident well with the theoretical 462 

analysis in Section 2.3: for β = 0.4-0.8, the critical debonding loads are higher than the cracking 463 

loads, and the crack condition for the bottom layer is satisfied prior to that for the top layer.  464 

The relationship between the first cracking load and the layer thickness are illustrated in 465 

Fig.10. It depicts that the first cracking load is insensitive to the change of β in the given range, 466 

corresponding with the findings in Section 2.3 (see Fig. 4 with α = 0.8 and 1). The calculated first 467 

cracking loads applying Eq. (12) are also compared with the experimental data. A reasonable 468 

agreement is achieved between the calculated and the averaged experimental results (with errors 469 

smaller than 7 %, see Table 5), demonstrating the validity of the proposed formulas.  470 

 471 
Fig. 9 Flexural load-deflection curve with various bottom layer thickness 472 

 473 
Fig.10 First cracking strength with various bottom layer thickness          474 

      475 
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Table 5 Experimental and calculated first cracking strengths 476 

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 

                     477 

To depict the effects of the layer thickness more clearly, changes of the peak flexural load 478 

Fmax and the energy E with the layer thickness ratio β are given in Fig. 11. For Fmax, three stages 479 

can be distinguished, i.e. the first stage (β = 0-0.4) has a relatively slow rate of strength increase; 480 

the second stage (β = 0.4-0.6) exhibits a faster increase; and the third stage (β = 0.6-1.0) has a 481 

slower improvement again. A similar tendency is also observed in [38], which investigates the 482 

normal concrete beam reinforced with engineered cementitious composites. Physically, Fmax is 483 

associated with the aggregate governed bridging and fiber governed bridging mechanisms [38,61]. 484 

The significant increase of Fmax at the transition point from the first stage to the second stage 485 

indicates that the bridging mechanism changes from the aggregate governed to the fiber governed 486 

one [38]. In other words, for a double-layered UHPFRC beam with β < 0.4, the fiber-reinforced 487 

bottom layer is so thin that the crack-bridging effect provided by the fibers is insufficient, and thus 488 

the peak load mainly depends on the bridging of the aggregates; conversely, with the increase of 489 

the bottom layer thickness the fiber reinforcements can then effectively restrain the crack 490 

propagation, hence leading to the jump of Fmax.  491 

The flexural energy E, defined geometrically by the area below the flexural load-deflection 492 

curve, is also significantly improved due to the application of the bottom UHPFRC layer. With β 493 

varying from 0.4 to 0.6 and 0.8, E increases approximately 20, 31 and 32 times in comparison to 494 

that of U0(100). And the improvement of E is more prominent within the range of β < 0.6, while 495 

further increasing to 0.8 only provides limited enhancement. To further evaluate the contribution 496 

of fibers to the flexural performances, the concept of fiber efficiency efff is proposed: 497 

𝑒𝑒𝑒𝑒𝑒𝑒f = 𝐸𝐸
𝑚𝑚𝑓𝑓

                                                                                                                                  (28) 498 

where E is the beam flexural energy, mf is the mass of the fiber incorporated in the beam, and mf 499 

= ρβHLbVf with the fiber density ρ=7850 kg/m3. The relation between the fiber efficiency and 500 

layer thickness ratio is plotted in Fig.12, in which the maximum efff is reached at β = 0.6. 501 
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Consequently, considering the tendency of the first cracking load as well as the improvements of 502 

Fmax and E, β = 0.6 is selected for the double-layered UHPFRC composite beams and applied in 503 

the succeeding analysis.  504 

 505 
Fig. 11 Peak flexural strength and energy with various bottom layer thickness 506 

 507 
Fig. 12 Fiber efficiency with various bottom layer thickness 508 

 509 

4.3 Effects of fiber re-arrangement in layered structures 510 

The flexural load-deflection curves of two double-layered UHPFRC beams and a reference 511 

single-layered beam are depicted in Fig. 13. The three categories namely U1.2(100), U0(40)-2(60) 512 

and U0.6(40)-1.6(60) have an identical total fiber amount, i.e. the equivalent fiber volume fraction 513 

is Vf = 1.2%. However, they exhibit distinct flexural capacities due to the fiber re-arrangement in 514 

the layered structure. Comparing with the single-layered UHPFRC beam, the double-layered ones 515 
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achieve improved peak flexural loads. Fmax of U0(40)-2(60) and U0.6(40)-1.6(60) are around 516 

30.12 kN and 32.79 kN, which are approximately 14% and 24% higher than that of  U1.2(100). In 517 

the layered beams, steel fibers are more concentrated at the beam bottom that they efficiently 518 

bridge across the lower portion of the crack and delay the opening of the crack upper portion, 519 

attributing to the increased load carrying ability of the composite beam. 520 

The fiber re-arrangement also affects the flexural energy E. Due to the lack of steel fibers in 521 

the top layer, the post-peak stage of U0(40)-2(60) shows a steeper drop than that of the single-522 

layered beam, which leads to an approximate 10% energy reduction than that of U1.2(100). In 523 

contrast, incorporating a small amount of fibers in the top layer generates a superior energy 524 

absorption capacity, i.e. E of U0.6(40)-1.6(60) is about 14% higher than that of U1.2(100). On that 525 

account, for the purpose of flexural energy enhancement, a small amount of steel fibers is required 526 

in the top layer of the UHPFRC composite beam.  527 

It should be noted that the equivalent fiber volume fraction Vf = 1.2% is taken as an example 528 

in this section, but the advantages of applying layered-structure would also be expected when a 529 

higher equivalent fiber volume fraction is considered. Furthermore, the higher Fmax and E of 530 

U0.6(40)-1.6(60) also indicate the potential of utilizing a layered beam containing fewer fibers to 531 

achieve the same flexural performances as U1.2(100). 532 

 533 
Fig. 13 Flexural load-deflection curve with various fiber re-arrangement 534 

 535 

The crack propagation is also influenced by the fiber re-arrangement. For the single-layered 536 

beam U1.2(100), a single crack is observed during the flexural process, initiating from the middle 537 

of the beam bottom and gradually propagating to the beam top surface (Fig. 14). A different 538 
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cracking process is observed for the double-layered beam U0.6(40)-1.6(60). As illustrated in Fig. 539 

15, the crack first appears at the bottom of U0.6(40)-1.6(60) at around t = 12 min after the start of 540 

the loading. With the increase of the bending load, the crack opens more widely. At t = 13.5 min, 541 

a newly-developed small crack appears in the top layer near the layer interface owing to the stress 542 

concentration caused by the incompatibility between the layers [53]. The small crack propagates 543 

further downwards into the bottom layer as the external load increases, which interrupts the 544 

potential layer debonding [62]. At t = 16.5 min, the small crack from the interface is connected 545 

with the previous crack at the beam bottom, creating a macro-crack. Then this macro-crack further 546 

develops upwards, during which fibers at the bottom surface of the beam are gradually pulled out 547 

from the matrix. At about t = 35 min, fibers near the interface are also pulled out and the failure of 548 

the beam is accelerated afterwards.  549 

The comparisons between Figs. 14 and 15 demonstrate that the double-layered UHPFRC 550 

beam cracks more slowly than its single-layered counterpart due to the more concentrated fibers 551 

at the beam bottom, redistributing the tensile stress and prohibiting the crack initiation. It also takes 552 

longer for the double-layered beam to reach the final failure status, i.e. being completely separated 553 

into two parts, which is attributed to the combined effects provided by the fibers in both the top 554 

and the bottom layers. Additionally, the layer interface also serves as a cracking initiator due to 555 

the stress concertation and the lack of fiber connection in the interfacial zone. The multiple micro-556 

cracks and fine crack branches in the beam consume more energy during the flexural process and 557 

thus improve the flexural energy of the composite beam.  558 

            559 
(a) t=5 min                         (b) t= 10 min                        (c) t= 15 min                      (d) t= 30 min 560 

Fig. 14 Crack development in U1.2(100) 561 
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              562 
(a) t=5 min                         (b) t= 10 min                        (c) t= 12 min                      (d) t= 13.5 min 563 

                 564 
(e) t=15 min                         (f) t= 16.5 min                        (g) t= 25 min                      (h) t= 35 min 565 

Fig. 15 Crack development in U0.6(40)-1.6(60) 566 

 567 

4.4 Effects of fiber content in individual layers 568 

The effects of the fiber content in the individual layers of the UHPFRC composite beam are 569 

further evaluated in this section. Figs. 16 and 17 compare the flexural behaviors of U0(40)-1.2(60), 570 

U0.6(40)-1.2(60) and U1.2(100). The presented beams have the same fiber content of Vf = 1.2% 571 

in the bottom layer, while Vf in the top layer are 0%, 0.6% and 1.2%, respectively. It is obvious 572 

that the compared beams have similar Fmax although the Vf in their top layers differ, indicating that 573 

Fmax is more related to the fibers in the bottom layer. Nevertheless, improvements of E are observed 574 

with an increasing Vf in the top layer, which is associated with the pull-out process of fibers in 575 

both the top and the bottom layers. However, the energy enhancement is nonlinear that it is more 576 

obvious when top layer Vf increases from 0.6% to 1.2% than from 0% to 0.6%. 577 

On the other hand, changing Vf in the bottom layer generates more prominent effects (see 578 

Figs. 18 and 19). Comparing U0(40)-1.2(60) with U0(40)-2(60) reveals that when the top layer is 579 

plain concrete, increasing bottom layer Vf from 1.2% to 2% leads to 13% and 16% increase of Fmax 580 

and E, respectively. These improvements become more significant when 0.6% steel fibers are 581 

Small crack 
         Interface 

Fiber pull-out 
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incorporated in the top layer, i.e. U0.6(40)-1.2(60) and U0.6(40)-1.6(60). Namely, 19% and 38% 582 

enhancements of Fmax and E are achieved for these beams when the bottom layer Vf increases from 583 

1.2% to 1.6%.  584 

The above analysis shows the different effects of steel fibers in the individual layers. The 585 

enhancement of peak flexural load is more related to the fibers in the bottom layer as they increase 586 

the stiffness of the beam, thanks to the bond interaction with the matrix.  Fibers in the both layers 587 

contribute to the beam flexural energy by connecting the crack surfaces, decelerating the crack 588 

development and extending the time for the beam to reach its final failure. Furthermore, 589 

considering that the crack width in the upper section of the beam is much narrower than that in the 590 

beam bottom, incorporating a small amount of steel fibers in the top layer is sufficient to generate 591 

pronounced effects.  592 

 593 
Fig. 16 Flexural load-deflection curve with various fiber contents in top layer 594 

 595 
Fig. 17 Effects of fibers in top layer on peak flexural load and flexural energy 596 



 
 

30 
 

 597 

 598 
Fig. 18 Flexural load-deflection curve with various fiber contents in bottom layer 599 

 600 
Fig. 19 Effects of fibers in bottom layer on peak flexural load and flexural energy   601 
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5 Conclusions 602 

This paper presents theoretical and experimental investigations on the flexural properties of 603 

double-layered UHPFRC with coarse aggregates incorporated and fibers efficiently distributed. 604 

Deterministic criteria and formulas for calculating the critical failure load at the first failure stage 605 

are developed in the theoretical section, based on which the double-layered beams are designed 606 

for the experimental section. Basic mechanical properties as well as the interfacial characteristics 607 

of the double-layered UHPFRC are investigated, and three-point bending tests are conducted to 608 

study the beam flexural performances. Both the elastic stage and the post-peak behavior are taken 609 

into account, providing valuable information for better designing layered composites. The effects 610 

of layer thickness, fiber re-arrangement in the layered structure, as well as the fiber content in the 611 

individual layers are discussed, which sheds light on the enhancement mechanisms in the layered 612 

structure. The following conclusions can be drawn from the acquired results: 613 

(1) As confirmed by both the theoretical analysis and the experiment results, the first failure 614 

stage of the double-layered beam tends to end with bottom layer cracking rather than layer 615 

debonding in most cases (layer thickness ratio β = 0.2-1.0 with sufficient bond strength, 616 

e.g. σb = σt,1).  617 

(2) The peak flexural load Fmax and the flexural energy E are remarkably improved with the 618 

increase of the bottom layer thickness until β = 0.6 is reached. A jump of Fmax is observed 619 

at β = 0.4, which is associated with the transition from aggregate governed bridging to fiber 620 

governed bridging.  621 

(3) Fiber re-arrangement in the layered structure affects Fmax and E, as well as the cracking 622 

process in the double-layered UHPFRC beam. Compared to the single-layered UHPFRC 623 

beam with the same total fiber content, the designed double-layered beam U0.6(40)-1.6(60) 624 

achieves a 24% higher of Fmax and a 14% higher of E. This also indicates the potential of 625 

utilizing layered beams containing fewer fibers to obtain advantageous flexural 626 

performances. 627 

(4) Fibers in the bottom layer contribute to the improvement of Fmax while the increase of E is 628 

affected by the fiber content Vf in both layers. A combination of a small Vf in the top layer 629 

and a large Vf in the bottom layer can result in the optimal flexural performances with both 630 

improved peak flexural load and energy.  631 
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This study presents a detailed analysis on the static bending performances of the double-632 

layered UHPFRC, and confirms the advantages of applying layered structure by both theoretical 633 

and experimental investigations. Based on this study, layered UHPFRC with an increased layer 634 

number and optimal layer thicknesses can be one direction for the further investigations. Moreover, 635 

since UHPFRC has a wider military application to resist impacts [63], comprehensive studies of 636 

layered UHPFRC exposed to dynamic loads are also of great significance for the further work.  637 

  638 
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