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Abstract: 9 

Micro-structures of fibre reinforced composites play a pivotal role in their damage, fracture and failure 10 

mechanisms. This study first carried out ex-situ micro X-ray Computed Tomography (μXCT) tests of three 11 

small ultra-high-performance fibre reinforced concrete (UHPFRC) beams under progressive three-point 12 

bending. The first two beams were continuously loaded until failure and their central regions with the main 13 

flexural crack were scanned by μXCT before and after the test. The third beam was subjected to five cycles 14 

of loading-unloading until failure, and was scanned by μXCT after each unloading. The 3D μXCT images 15 

with 30 μm voxel resolution were then processed and analysed, and the spatial distribution, number, 16 

orientation and dimension of pores and fibres were statistically quantified. The micro-scale failure 17 

mechanisms, such as fibre bridging of cracks, fibre-matrix interfacial slipping and debonding, and matrix 18 

failure, were visualised and analysed. The μXCT images of the first two beams were then segmented and 19 

directly converted to meso-scale finite element models based on orientation-dependent bond-slip relations for 20 

the fibre-matrix interfaces and continuum damage plasticity for the matrix. The simulated load-displacement 21 

curves, fracture processes and final crack morphologies were found in excellent agreement with the tests. It 22 

was also found that the position, dimension and orientation of fibres and pores have significant effects on the 23 

damage and fracture initiation and evolution from both the tests and the simulations.  24 

 25 

Keywords: fibre reinforced concrete; X-ray Computed Tomography; Image-based finite element 26 

modelling; mesoscale model; damage and fracture; pores. 27 

  28 

Revised Manuscript with Changes Marked Click here to view linked References



 

2  

1. Introduction 29 

Plain concrete’s low tensile strength makes concrete structures susceptible to fracture and brittle failure, 30 

and therefore, steel fibres are often added to reinforce the concrete due to its wide availability, recyclability 31 

and reinforcement efficiency. In the last three decades, a new steel fibre reinforced cemetitious composite 32 

material, called ultra-high performance fibre reinforced concrete (UHPFRC), has attracted worldwide 33 

attention [1-5]. The mortar matrix is made from cement, fine sands of 0.1-0.6 mm size, micro-silica or silica 34 

fume, super-plasticiser, and water with very low water cement ratio (typically ≤ 0.25) [6]. It does not have 35 

coarse aggregates. As such, UHPFRC has much higher compressive strength (typically above 120 MPa), 36 

much denser microstructures and much higher resistance against chloride erosion, water penetration, freeze-37 

thaw cycles etc., and thus, much better durability than traditional concrete [7]. The fibres used in  UHPFRC 38 

are 1-10% in volume fraction, 0.15 - 0.2 mm in diameter and are higher than 2000 MPa in strength. The 39 

fibres’ crack restriction and bridging effects lead to 6-15 MPa tensile strength and up to 40,000 J/mm2 40 

fracture energy in UHPFRC, making the material ideal for structural protection against impact and blast [8-41 

10]. However, the material cost of UHPFRC is still 3-10 times that of normal concrete, about half of which is 42 

from the high-strength steel fibres. This limits its use so far to some niche structural applications. Therefore, 43 

material optimisation, especially the amount, spatial distribution, orientation, and geometry of fibres, is 44 

essential before the material can be widely applied in engineering practices. This is only possible after the 45 

material’s microstructure and cross-scale mechanical properties and behaviour including damage and 46 

fracture are fully understood. 47 

Recently, micro X-ray computed tomography (μXCT), a 3D imaging technique routinely used in 48 

medical scanning, has become popular in characterising the internal nano-, micro- and meso-scale structures 49 

of many composite materials, because of its high resolution, non-destructive nature, and clear visualisation of 50 

shapes, sizes and distribution of multi-phases including pores and cracks. This technique also allows 51 

complicated damage and fracture mechanisms to be studied by scanning the specimen at different times as it 52 

is loaded to failure. This in-situ (simultaneous scanning and loading) or ex-situ (scanning after loading-53 

unloading cycles) approach, sometimes called 4D imaging [11], makes accurate investigation of failure 54 

modes at small length scales possible. Although μXCT has been used to visualise internal micro-structures 55 

and analyze fracture mechanisms of a wide range of materials, such as metal composite material [12], carbon 56 

fibre reinforced polymers [13], ceramic matrix composite [14], plain concrete [15], foamed concrete [16], 57 

and fibre reinforced concrete (FRC) [17-23],  4D μXCT studies of composites are still very limited, due to 58 

the lack of in-situ μXCT facilities and high costs of performing such tests. Our recent study [24] appears to 59 

be the only reported 4D μXCT tests of UHPFRC materials, which has demonstrated the powerful capability 60 

of this method in visualising and analysing the complicated deformation and failure process of UHPFRC, 61 

especially the effects of fibre crack-bridging and orientation. 62 

Apart from revealing internal microstructures and eluciding complicated failure mechanisms with 63 

unrivalled resolution, μXCT images can be used to build micro/meso-scale finite element (FE) models for 64 

further linear and nonliear analyses under a varieties of environmental factors or loading conditions. Being 65 
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able to faithfully descibe the material’s micro/meso-structures, including the shape, size and spatial 66 

distribution of all material phases. Such models are more realistic and accurate than those with assumed 67 

micro/meso-structures. They can also be directly validated against in-situ or ex-situ μXCT tests, both 68 

qualitatively and quantitatively, in terms of load-carrying capacities and the whole damage and fracture 69 

processes until failure. To date, very limited studies in μXCT image based simulations have been reported,  70 

mostly for calculating homogenised elastic properties (e.g., metal composites [12], carbon fibre composites 71 

[13], concrete [15], polymer foams [25], and UHPFRC [23]), and rarely for simulating nonlinear damage and 72 

fracture and understanding the failure mechanisms (e.g., ceramic composites [14], foamed concrete [16], and 73 

plain concrete under quasi-static loading [26, 27] and high-speed impact [28, 29]). No μXCT image based 74 

FE simulations of complicated damage, fracture and failure mechanisms have been reported for steel fibre 75 

reinforced cementitious composites such as SFRC or UHPFRC.  76 

This study aims to investigate the complicated damage and fracture behaviour and various failure 77 

mechanisms of UHPFRC beams under bending, with a particular attention to the effects of steel fibres and 78 

pores on crack initiation and evolution, by a combination of ex-situ μXCT tests and meso-scale image-based 79 

FE simulations. Three UHPFRC beams are tested under progressive three-point bending. The first two beams 80 

are continuously loaded to failure with the cracked central areas scanned by μXCT before and after the test 81 

(i.e., post-mortem). The third beam is first scanned by μXCT and then subjected to five cycles of loading-82 

unloading until failure with a μXCT scanning after each unloading. The 3D images are then processed and 83 

statistically analysed to characterise microstructural features such as the distribution, number, orientation and 84 

dimension of pores and fibres as well as key micro-scale failure mechanisms, such as fibre crack-bridging, 85 

fibre-matrix bond-slip, matrix failure for the third beam. After phasic segmentation, the μXCT images of the 86 

first two beams are converted to meso-scale FE models. Orientation-dependent bond-slip relations extracted 87 

from single fibre pullout tests are used to indirectly model the fibre-matrix interfaces for simplicity of FE 88 

mesh generation. The continuum damage plasticity constitutive law is used for the mortar matrix. The 89 

simulations are compared with the ex-situ μXCT tests in terms of load-displacement curves, fracture 90 

processes and final crack morphologies, with particular interests on the effects of fibre and pores on the 91 

damage and fracture evolution.  92 

2. Experimental Study 93 

2.1   Materials  94 

The mixture design of the UHPFRC material is listed in Table.1. The silica fume has a specific surface 95 

area of 18,200 m2/kg and over 95% silica content. Medium sand with a fineness modulus of 2.5 is used. The 96 

poly-carboxylic acid superplasticiser is used as the water reducing agent, and the water-binder ratio is 0.2. 97 

Copper coated steel fibres with 0.2 mm in diameter, 14 mm in length, 2,400 MPa in strength, and 210 GPa in 98 

elastic modulus are added with a designed fibre content of 1% in volume. The UHPFRC material is cured 99 

with a temperature of 20±2°C and a relative humidity of 95% for 28 days. Six 70.7mm cubic specimens, 100 

three without fibres (i.e., UHPC mortar) and three with 1% fibres (UHPFRC), are tested in compression. The 101 
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28-day compressive strength is 𝑓𝑐
′  =109.51±6.21MPa for UHPC and 120.31±2.05MPa for UHPFRC, 102 

respectively. The tensile strength ft is not tested but estimated as 7 MPa for the UHPC mortar and 11 MPa for 103 

the UHPFRC, respectively, according to [30].  104 

Table 1: Mixture proportions of UHPFRC (kg/m3) 105 

Cement Sand Silica fume Water Superplasticiser Steel fibre 

822 1150 205 205 6 78 

2.2 Test Setup and Results 106 

40 x 40 x 160 mm small beams after 28 days’ curing are loaded under three-point bending by an Instron 107 

electro-hydraulic servo machine. Fig.1 shows the test setup. A beam is placed on two stainless steel rods and 108 

is loaded by another rod at the top center. The distance between the two supports is L=120 mm. Loading is 109 

applied  by the displacement control at a rate of 0.2 mm/min. Three beams are tested. The first two are 110 

loaded continuously until failure, and the third is subjected to five load-unloading cycles. The beams after the 111 

test are shown in Fig.2. All the three beams fail with a dominant flexural crack in the middle region, and no 112 

minor cracks are visually identified. The cracks are inclined in all the beams. 113 

 

 
(a) Beam 1 

 
(b) Beam 2 

 
(c) Beam 3 

Figure 1 The test setup Figure 2 Beams after the test 

 114 

      Fig.3 shows the applied load-crosshead displacement curves. For all the beams, the first peak load of 5kN 115 

is reached after a short elastic stage and the crack initiation. The flexural strength at the first peak load is 116 

calculated as 3PmaxL/(2bh2) = 14.1 MPa. This is followed by a sharp strength drop (to about 3.4 kN), a short 117 

hardening stage to a second peak load representing the maximum bridging strength, and finally a long 118 

softening stage indicating the high ductility of UHPFRC. For Beam 1 and Beam 2, the second peak load is 119 

lower than the first peak, while for Beam 3, a higher second peak 6.3 kN (with flexural strength 17.6 MPa) 120 

than the first is reached during loading in the second cycle. A potential reason for this is the strain hardening 121 
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of steel fibres during cyclic loadings but a thorough investigation is needed, which is beyond the scope of 122 

this study. 123 

 

Figure 3 Experimental load-displacement curves for the three beams (The scan numbers for Beam-3 

are displayed at unloaded points). 

2.3 Ex-situ μXCT tests 124 

μXCT scanning is carried out on a Nikon XTH320LC X-ray Computed Tomography scanner with 180 125 

kV and 160 μA intensity at Zhejiang University, China, as shown in Fig.4. The first two beams are scanned 126 

both before and after the test. The third beam is scanned after each unloading, so it is scanned six times in 127 

total, as indicated in Fig. 3. To obtain high resolution images, only the central region of about 40 x 40 x 53 128 

mm is scanned for each beam. For each scan, the stage is rotated by 360° with an angular speed of ~0.244°/s, 129 

resulting in 2501 2D radiographs with an angular displacement of 0.143° and a pixel resolution of 30 μm.   130 

  
(a) XCT scanner (b) XCT scanner (inner) 

Figure 4 The μXCT facility at Zhejiang University, China 

3. μXCT Image Processing, Segmentation and Statistical Analyses 131 

The obtained 2D CT radiographs are first reconstructed into 3D absorption contrast images using CT 132 

Pro to obtain a cuboid volume with pixel dimensions of 1200 x 1200 x 1600 along the x, y, and z directions, 133 

respectively. The software Avizo is then used to crop and filter these images, segment material phases and 134 

visualise fracture patterns. The detailed procedure is shown in Fig.5.  135 
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Fig. 6a shows an image slice with noises and original dimensions. The median filter and the non-local 136 

means filter are applied to reduce the noise. The former is uses morphological operators to set the grey value 137 

of an image pixel (voxel) to the median grey value of its neighborhood pixels (voxels), while the latter 138 

further denoises the image using a non-local means approximation based on adaptive manifold which is 139 

explained in detail in [31, 32]. The uneven edges are then cropped with negligible reduction to the image 140 

volume. The resultant image slice with higher contrast is shown in Fig. 6b. Fig.7 shows the position of the 141 

scanned region in the beam with three typical grey-scale images in three normal planes with fibres, pores and 142 

cracks labelled after the test. The detailed 3D μXCT images before the test for Beam 1 and Beam 2 are 143 

shown in Fig. 8a and Fig. 8b, respectively, where the fibres are in red, the pores are in green and the mortar 144 

is rendered transparent. These images will be segemented and converted to meso-scale FE models for 145 

simulation.  146 

 
Figure 5 Image processing and mesh generation flow 

CT Pro reconstructed .Raw file

Median Filter:
To reduce image noise

Non-Local Means Filter:
To reduce image noise

Interactive Threshold:
To segment material phases

Resampling and Crop:
Cut and compress image

Resampling and Crop:
Cut and compress image

Cube opening:
To break the connection between pores

Label Analysis:
To label pores

Analysis Filtering:
To screen pores

Surface Generation:
To generate surface segments

Import to Python Gmsh code:
Boolean operation

Automatic Skeleton:
To generate fibre skeleton

Regular and simplify fibre
nodes

Generate finite element mesh

Fibre phase Pore phase

Image processing

Mesh generation
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 147 

  

(a) Original (40 x 40 mm) (b) Filtered and cropped (38.9 x 39.1 mm) 

Figure 6 a μXCT image slice before and after noise filtering and cropping 

 
Figure 7 Reconstructed image slices in three normal planes for Beam 1 after the test 

 

  
Figure 8 The reconstructed and cropped μXCT volumes before loading for Beam 1 (left) and Beam 2 

(right): fibres in red, pore in green and mortar transparent. 

Material phases in the μXCT images are then segmented according to grey value thresholds. The Line-148 

Probe command is used first, as shown in Fig.9 for Beam 2 as an example. The full grey scale of the image is 149 
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0-255 (8 bit image). The line AB passes through the steel fibres, the UHPC mortar and the pores. The grey 150 

value along the line ranges from 86 to 195. It can be seen that the thresholds for the fibres and the pores are 151 

around 120 and 95, respectively, and the pixels between them are mortar matrix. As demonstrated in our 152 

previous studies [23, 25], the pore volume fraction (PVF) is very sensitive to the chosen threshold. A higher 153 

threshold may falsely regard some mortar as pores and thus lead to artificially higher PVF, and vice versa. 154 

Therefore, a sensitivity analysis is carried out to determine the optimal pore threshold, which is assumed to 155 

result in the lowest slope of the PVA-threshold curve (i.e., the 2nd derivative is zero). Fig.10a and Fig.10b 156 

show the sensitivity of PVF in the 3D images to the threshold for Beam1 and Beam 2, respectively. The PVF 157 

data are fitted nicely for the two cases by fourth-order polynomials. The optimal thresholds for pores making 158 

the 2nd derivatives zero are 79 and 94, for Beam 1 and Beam 2, respectively, and the identified pores for an 159 

image slice example for each beam are shown in the central image in Fig. 11a and Fig. 11b, respectively. 160 

     
(a) Line-probe AB 

 
(b) Variation of grey values along line AB; 

 
Figure 9 Initial determination of thresholds for diff erent phases using the A-B line method for Beam 

2 as an example: X (=94) and Y (=120) is the threshold for pores (dark regions) and fibres (bright white 

regions) respectively; the grey regions are mortar. 

 161 
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(a) Beam 1 (b) Beam 2 

Figure 10 Sensitivity analysis of pore volume fraction to the threshold using fitted 4th-order 

polynomials: the optimal threshold is determined with zero 2nd-order derivative of the curve. 

 162 

 

 
73  77  79  81 85 

(a) Beam 1:  the optimal grey value: 79 

 

 
88    92  94 96 100 

(b) Beam 2: the optimal grey value: 94 

Figure 11 Pores identified using diff erent greyscale thresholds in the same image slice: 

the middle slice is used for segmentation with the optimal grey value for each beam. 

With such thresholds, the resultant pore volume fraction is 3.45% and 3.64% for Beam1 and Beam 2, 163 

respectively.  After segmentation of the pores, their connections are broken by the "Cube Opening" operation 164 

using a half-kernel size of 3pt, if a pore’s voxels share at least one vertex with another pore. The number of 165 

segmented pores is 11,142 with an average volume of 0.18 mm3 and average equivalent diameter of 700 μm 166 

for Beam1. The values are 10639, 0.19 mm3 and 713 μm for Beam 2, respectively. Fig.12a and Fig. 12b 167 

show the 3D image of segemented pores for Beam 1 and Beam 2, respectively. It can be seen that most of the 168 

small pores are nearly spherical or ellipsoidal in shape, but those large ones are quite irregular. The 169 
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frequency distributions of pores’ equivalent diameter (de) are plotted in Fig. 13. Among all the pores, 33.7% 170 

has de = 30-400 μm, 53.1% has de = 400-800 μm, 12.2% has de = 800-1600 μm and 0.9% has de larger than 171 

1600 μm, respectively. The percentages for Beam 2 are 34.0%, 53.0%, 12.0% and 1.0%, resepctively. It 172 

should be noted that the pores smaller than 30μm are not detectable due to the limitation of the μXCT facility 173 

used and the specimen sizes. 174 

  
(a)  Beam 1 (b)  Beam 2 

Figure 12 Segmented 3D images of pores for Beam 1 and Beam 2 

For the steel fibres, the optimal grey value threshold should yield an average fibre diameter of all the 175 

fibres in the 3D image that is closest to the real fibre diameter 0.2 mm. The identified threshold is 99 for 176 

Beam 1 with the resultant average fibre diameter of 0.199 mm, and it is 120 for Beam 2 with the resultant 177 

average diameter of 0.191 mm. With such thresholds, the fibre volume fraction is 1.24% and 1.17% for 178 

Beam 1 and Beam 2 respectively. They are slightly higher than 1% in the mixture design, indicating the non-179 

uniform fibre distribution during casting. Fig. 14a and Fig. 14b shows the segemented fibres for Beam 1 and 180 

Beam 2, respectively. The skeleton algorithm is then used to obtain the centre lines (skeleton) of fibres. The 181 

node position and the connectivity of fibre skeletons will be used for subsequent FE simulations. 182 

  
(a) Beam 1 (b) Beam 2 

Figure 13 Frequency distributions of pores’ equivalent diameters (de). 
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(a)  Beam 1 (b)  Beam 2 

Figure 14 Segmented 3D images of fibres for Beam 1 and Beam 2 

4. 2D Visualization and Analysis of Fracture Mechanisms 183 

Typical 2D cropped vertical μXCT image slices in the YZ plane at different loading stages for Beam 3 184 

are chosen to illustrate the damage and fracture mechanisms. It should be noted that the fibres in Figs 15-19 185 

are nearly parallel to or have small angles with the YZ plane, so the measured fibre lengths, embedment 186 

lengths, end slips, and inclination angles are all approximate. 187 

Fig.15 shows the fibre bending and crack bridging phenomena in the same image slice from three scans. 188 

The crack in the 2nd scanned image (Fig.15a) is visible but closed, due to unloading from the first peak load 189 

(see Fig. 3). As shown in Fig.15b and Fig.15c, the fibre near the bottom gradually bends as the crack 190 

propagates and widens. In the 5th scan (Fig.15c), plastic hinges appear at the fibre exit points due to highly 191 

concentrated forces from the matrix. This phenomenon is called fibre snubbing [33]. The fibres’ crack 192 

bridging and restriction lead to high post-crack ductility, as shown in Fig. 3. In the zoomed views (Fig.15d-193 

Fig.15f), the fibre’s original length and orientation, the end slip and the crack width can all be measured from 194 

the images. The fibre has an origianl length of 12.41 mm, an angle with the crack path of 83.95° and an 195 

embedment length 5.62mm on the left side of the crack. The left-end slip is almost invisible throughout the 196 

loading process, but the right-end slip increases from 1.65mm to 3.73mm and the crack width increases from 197 

1.64mm to 3.72 mm, from the 4th scan to the 6th scan (Fig. 15e and Fig. 15f). The final fibre length at the 6th 198 

scan is 12.47 mm with an overall axial strain of 0.06/12.41=0.0048, which leads an overall axial stress of 199 

1008MPa, lower than the fibre’s yield strength 2000MPa. However, from Fig. 15f it is clear that the left part 200 

of this fibre is hardly deformed. By taking this into account, the strain should be calculated based on the fibre 201 

length of 12.41-5.62=6.79mm in which the strain is 0.06/6.79=0.0088, very close to the fibre yield strain of 202 

2000/2.1e5=0.0095. Furthermore, as the slip of the fibre’s right part is considerable, it is reasonable to 203 

assume the strain in the right part of 3.30mm is negligible. In this case, the strain in the fibre length across 204 

the crack is calculated as 0.06/(12.41-5.62-3.3)=0.017>0.0095, indicating local yielding occurs. This is 205 

clearly reflected by the much thinner fibre part bridging the crack in Fig. 15f. The above image analyses 206 

demonstrate the use of progressive μXCT scannings in quantifying micro/meso-scale deformation and crack 207 
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evolution in regions of interests for fibre reinforced composites, which is beyond the capabability of 208 

conventional macroscopic tests. 209 

   
(a) 2nd scan (b) 4th scan (c) 6th scan 

   
(d) 2nd scan zoomed view  (e) 4th scan zoomed view (f) 6th scan zoomed view 

Figure 15 Crack propagation, fibre bridging, bending and snubbing, and measurement of fibre length and 

orientation, end slips and crack width in 3 scans of Beam 3 

Figs.15 and 16 reveal the fibre slip and pullout behaviour in different image slices. As shown in 210 

Fig.16a, the embedded length of the labelled fibre at the right side of the crack is 1.8 mm which is much 211 

shorter than that at the left side. The fibre inclination angle to the crack is 63.6°. In the 4th scan (Fig. 16b), 212 

fibre slip from the matrix at the right end is clearly seen and the measured slip is 1.16 mm. In the 6th scan 213 

(Fig.16c), the fibre is fully pulled out from the matrix with a slip of 1.80 mm. Because the embedment length 214 

is short at the right end, this fibre is slightly bent at the left exit point only, which is consistent with the 215 

finding in [24].  216 

   
(a) 2 n d  scan (b) 4 t h  scan (c) 6th scan 

Figure 16 Fibre slip and pullout 

Fig.17 shows the influence of a bridging fibre on the crack propagation direction (Fibre 1 as labelled in 217 

Fig.17b). When the crack reaches the bridging fibre, its propagation is stopped by the fibre, which forces the 218 

crack to propagate along its axial direction or the weaker fibre-matrix interface. Crack bifurcation also 219 
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happens because the stress state at the crack tip is significantly affected by the existence of the bridging fibre. 220 

A similar phenomenon can be observed in Fig.18, where the fibre forces the crack to propagate along the 221 

fibre-matrix interface. This so called ‘pseudo-debonding’ phenomenon [34] is also noted in [24] where in-222 

situ μXCT tests of UHPFRC specimen under wedge-split loading is reported. 223 

    
(a) 2nd scan (b) 4th scan (c) 6th scan 

Figure 17 Crack direction change: bifurcation due to fibres 

   
(a) 2nd scan (b) 3rd scan (c) 4th scan 

Figure 18 Crack direction change due to fibres: along fibre axis direction 

Fig.19 illustrated the development of cone-shaped matrix failure caused by the pulling of fibres with 224 

short embedment length, as also demonstrated by FE simulations in [33].   225 

   
(a) 2 n d  scan (b) 4 t h  scan (c) 5th scan 
Figure 19 Matrix failure at three CT scans: matrix spalling due to fibre crack-bridging 

Fig. 20 show the crack initiation and propagation in the bottom view (XZ plane) for Beam 3. As the 226 
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beam and loading conditions are all symmetric, the crack shoud have initiated and propagated vertically 227 

upwards but it is deviated away from the central line by more than 10mm. Since no notches exist in the 228 

beams tested in this study, such deviation should mainly caused by non-symmetric distribution of internal 229 

fibres or pores. Detailed 3D views of pores with different sizes at the 3rd scan for Beam 3 are shown in Fig. 230 

21, using a grey threshold of 66 for the pores. Zoomed views near the bottom are also shown in Figs 21d-f. 231 

Comparing Fig. 21e and Fig. 21f indicates that although there are two pores> 0.36mm3 near the central line, 232 

they are much smaller than the two pores >1.08mm3 near the crack. Therefore, it is reasonable to infer that 233 

the on/near-surface big pores have significant effects on the crack initiation location, probably due to the 234 

stress concentration caused by their existance. This also happens in Beam 1 and Beam 2, as will be shown in 235 

Section 5.4.3. This leads to the inclined macroscopic cracks on the elevation views for all three beams 236 

(Fig.2). 237 

   
(a) 2nd scan (b) 3rd scan (c) 5th scan 

Figure 20: The influence of bottom near-surface pores on the crack initiation position 

   

(a) All pores without filtering (b) Pores>0.36mm3 (c) Pores>1.08mm3 

   
(d) Zoomed view of all pores (e) Zoomed view with 

pores>0.36mm3 
(f) Zoomed view of 

pores>1.08mm3 
Figure 21: The influence of bottom near-surface pores on the crack shape (3D view) 
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5. Numerical Simulations and Validation 238 

Two-scale FE models are built for Beam 1 and Beam 2 with nonlinear damage and fracture processes 239 

until structural failure simulated and compared with the test results. The FE mesh for each beam consists of 240 

two parts: a fine mesoscale mesh consisting of fibres, mortar and pores, with a general elemental size of 241 

1mm in the central region converted from the segmeneted 3D μXCT image (Fig. 12 and Fig. 14), and coarse 242 

meshes with elemental size of 10 mm on the two sides with homogenised material properties of UHPFRC. 243 

Analytical rigid bodies are used to model the supporting and loading steel rods, with surface to surface 244 

contact simulated between them and the beam. The whole mesh, the central mesh, and the central mesh with 245 

fibres highlighted, are shown in Figs. 22a-c for Beam 1. There are 80,263 nodes and 431,737 four-noded 246 

tetrahedron elements in total. The mesh for Beam 2 is similar. The models with the same meshes but without 247 

fibres are also simulated for comparison. All the simulations are conducted in ABAQUS using the implicit 248 

solver with displacement control. 249 

 250 

 
(a) The whole mesh 

  
(b) The central mesh (c) The central interior mesh 

Fig. 22 Two-scale finite element mesh for Beam 1 

5.1 Mesh Generation 251 

Modelling all the pores (over 10,000) as small as 3.48E-5 mm3 in Fig. 12 and Fig. 14 would lead to 252 

extremely fine local meshes with gigantic number of degrees of freedom. To limit the computational cost as 253 

well as to capture key mechanisms, only the 37 and 57 pores larger than 3.0 mm3 are included in the FE 254 

models, as shown in Fig. 23a and Fig. 23b for Beam 1 and Beam 2, respectively. Ignoring smaller pores 255 
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would make negligible difference to the crack path and load-carrying capacity, when there was one dominant 256 

crack in the specimens, as demonstrated in our previous CT-image based simulations of concrete [26-29]. It 257 

can be seen that most of the pores are irregular in shape. In addition, Fig. 20 and Fig. 21 shows that the pores 258 

on the surfaces signifcantly affect the crack initiation and propagation. Therefore, the pores are modelled 259 

with polyhedrons defined by surface segments after smoothing, as shown in Fig. 24, rather than spheres 260 

assumed by other studies such as [19].  261 

  
(a) Beam 1 (b) Beam 2 

Fig. 23 Pores used in FE models 

 262 

    
   

 

(a) Original μXCT image 
(b) After surface 

smoothing 
(c) Surface mesh (d) Simplified mesh 

Figure 24: Meshing irregular pores from μXCT image to surface segments 

A Python code (with Gmsh SDK API [35]) is then developed to conduct a Boolean operation to remove 263 

the polyhedrons representing pores. The 3D Delaney algorithm is then used to generate the mesh of mortar 264 

with tetrahedral elements, followed by mesh quality optimisation using the Netgen algorithm [35].  265 

The steel fibres are modelled by two-noded truss elements and are embedded into the mortar mesh, with 266 

the fibre-matrix interaction simulated indirectly by the approximate method presented in section 5.3. The 267 

length of fibre elements is about 1 mm, short enough to simulate bent fibre segments during casting and is 268 

also consistent with the surrounding mortar elements’ size. The nodes of the fibre elements are not 269 

necessarily coincident with those of surrounding mortar elements, i.e., non-conforming; this simplifies mesh 270 

generation considerably.  271 



 

17  

5.2 Constitutive Models and Parameters for Fibres and Mortar 272 

The concrete damage plasticity (CDP) constitutive law in ABAQUS is widely used for modelling the 273 

damage behaviour of  concrete, mortar and FRC[1, 26]. In this study, the CDP model is used to model the 274 

mortar in the central region as well as the homogenised UHPFRC material in other regions. The basic 275 

material parameters of the homogenised UHPFRC, the mortar (without fibres) and the fibres are listed in 276 

Table 2. They are from the compressive cube tests, calculated according to relevant equations in [36] and 277 

estimation.  278 

Table 2: Basic material properties used in FE simulations 

UHPFRC (with fibres embedded) on two sides 

𝐸0 (MPa) Density (kg/m3) 𝑣 𝑓𝑐
′ (MPa) 𝑓𝑡 (MPa) 𝐺𝑓 (N⋅mm) 

40554 2000 0.2 120 11 0.5 

UHPC mortar (without fibre) in the centre 

𝐸0 (MPa) Density (kg/m3) 𝑣 𝑓𝑐
′ (MPa) 𝑓𝑡 (MPa) 𝐺𝑓 (N⋅mm) 

39048 2000 0.2 110 7 0.05 

Steel fibres in the centre 

𝐸0 (MPa) Density (kg/m3) 𝑣 𝑓𝑦 (MPa) 𝑓𝑢 (MPa) 𝜀𝑢 (ultimate strain) 

200,000 7850 0.3 2000 2400 0.2 

For both mortar and UHPFRC, the RPC200 uniaxial compressive stress-strain curve proposed by Ma 279 

[37] is used to describe the pre-peak hardening curve and the post-peak softening curve in the CDP models: 280 

 𝑦 = {
𝐴𝑥 + (5 − 4𝐴)𝑥4 + (3𝐴 − 4)𝑥5 (0 ≤ 𝑥 ≤ 1)

𝑥
𝛼(𝑥−1)2+𝑥

(𝑥 ≥ 1)  (1) 281 

where the parameter x is the ratio between the strain (ε) and the strain at the peak stress (εc); 𝑦 is the ratio 282 

between the stress(σ) and the strength 𝑓𝑐
′;  A is the ratio of the initial elastic modulus 𝐸0  to the tangent 283 

stiffness Ep at the peak load. 𝛼 is a coefficient describing the descending branch of the curve. According to 284 

the experiments in [37], the optimal ranges of 𝐴 and 𝛼  are: 1.1 ≤ 𝐴 ≤ 1.4, and 6.0 ≤ 𝛼 ≤ 10.0. In this  285 

study, α is assumed to be 6.0. The value of A is calculated using an empirical equation [38]: 286 

 A = 11.788𝑓𝑐
′+2522.5

17.2𝑓𝑐
′+836.4

    𝑓𝑜𝑟    80MPa ≤ 𝑓𝑐
′ ≤ 220MPa (2) 287 

The elastic modulus 𝐸0 is calculated as: 288 

 𝐸0 = 103

0.0142+1.255/𝑓𝑐
′ (3) 289 

The traction-crack opening displacement softening relationship proposed by Hordijk [39] is used to 290 

model the tensile behaviour of mortar and UHPFRC, in order to minimize the mesh dependence of results:  291 

 𝜎𝑡
𝑓𝑡

= [1 + (3 𝑤
𝑤0

)
3

] 𝑒(−6.93 𝑤
𝑤0

) − 10 𝑤
𝑤0

𝑒(−6.93) (4) 292 

where 𝑤0 is the crack opening displacement when the tensile stress becomes zero and it is calculated as: 293 
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 𝑤0 = 5.4 𝐺𝑓

𝑓𝑡
 (5) 294 

The CDP model requires the definition of other five plasticity parameters, i.e. , the dilation angle the 295 

flow potential eccentricity, the ratio of initial bi-axial compressive yield stress to initial uni-axial 296 

compressive yield stress, the ratio of the second stress invariant on the tensile meridian to that on the 297 

compressive meridian, and the viscosity parameter. 45°, 0.1, 1.16, 0.667 and 3e-6 are used in this study. 298 

5.3 Indirect Modelling of Fibre-matrix Interfacial Bond-slip 299 

The nonlinear bond-slip softening behaviour of fibre-mortar interfaces plays a key role in the damage 300 

and fracture mechanisms and the load-carrying capacities in the UHPFRC specimens, as demonstrated by a 301 

2D discrete-continuum coupled model developed in our previous study [40]. However, extending such a 302 

model to 3D with randomly distributed fibres is very challening and still underway. Instead, for simplicity of 303 

meshing in this study, the fibre elements are perfectly bonded to the mortar elements and consequently, the 304 

fibre-mortar interfacial bond-slip behaviour is modelled indirectly, using the following method (similar to 305 

that in [41]). 306 

The equivalent interfacial shear stress τ(s) is defined using the fibre pull-out load-displacement 307 

relationship as   308 

 𝜏(𝑠) = 𝑃(𝑠)
𝜋𝑑𝑓𝐿𝐸

= 𝜏0 + 𝜏𝐻 × 𝑠
𝐿𝐸

+ 𝜏𝐴(𝑠) (6) 309 

where s is the pull-out displacement, LE is the effective length of the fibre (assumed as half fibre length for 310 

simplicity), and df is the fibre perimeter. τH is the slip-hardening shear stress and ranges from 1 to 32 MPa for 311 

hooked end or twist fibres. No slip-hardening behaviour is expected for straight smooth fibres used in this 312 

study. τ0 is the average static shear stress when the fibre is fully debonded from the mortar, and it is 313 

approximated as a ratio to the mortar’s tensile strength: 314 

 𝜏0 ≈ 2
3

𝑓𝑡 (7) 315 

τ0=4.67MPa in this study.  316 

         τA(s) is the equivalent shear stress associated with the anchorage force Q:   317 

 𝜏𝐴(𝑠) = 𝑄
𝜋𝑑𝑓(𝐿𝐸−𝑠)

 (8) 318 

 From Eqs (6)-(8), the equivalent axial stress-pullout displacement relation (σf -s) of fibres is obtained 319 

as:   320 

 𝜎𝑓(𝑠) = 𝜏(𝑠)𝑑𝑓𝜋(𝐿𝐸−𝑠)
𝐴𝑓

 (9) 321 

         The corresponding stress-strain relationship (𝜎𝑓 − 𝜀𝑓) is:   322 

 𝜎𝑓(𝜀𝑓) = 𝜏(𝜀𝑓)𝑑𝑓𝜋𝐿𝐸(1−𝜀𝑓)
𝐴𝑓

 (10) 323 

with 324 

 𝜀𝑓 = 𝑠/𝐿𝐸 (11) 325 

Parameters Q, τH  and the initial ascending stiffness Einit are dependent on the fibre inclination angle 326 
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relative to the crack surface. The influences of Q and τH  are shown in Fig.25a and Fig. 25b, respectively. A 327 

higher Q moves the curve up without changing its shape, and a higher τH not only moves the curve up but 328 

changes its shape from concavity to convexity. A positive τH  leads to a convex curve indicating a slip-329 

hardening behaviour while a negative value results in a concave curve with a slip-softening behaviour. 330 

  
(a) Q (b) τH 

Figure 25 Parametric studies of Q and τH: Q determines the height of the curve and τH determines the 

concavity/convexity of the curve 

 For randomly distributed fibres, it is impossible to have a one-to-one σf - εf  relationship for every fibre 331 

inclination angle and embedment length. Therefore, the σf - εf relationships from the pull-out tests in [42] 332 

with the angle of 0°, 15°, 30°, 45° and 60° are assigned to the fibre elements with an inclination angles ranging 333 

from 0°-7.5°, 7.5°-22.5°, 22.5°-37.5°, 37.5°-52.5°, and 52.5°-67.5°, respectively. The fibres with the inclination 334 

angle from 67.5°-90° are assumed to be perfectly bonded with the mortar and they are modelled by the 335 

elastoplastic constitutive law with material properties given in Table.2. Fig.26 shows the fitted curves, 336 

compared with original experimental data, using Eqs (6)-(10) with the parameters listed in Table 3 for the 337 

five inclination angle groups. 338 

   
(a) 0° (b) 15° (c) 30° 
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(d) 45° (e) 60° 
Figure 26 Equivalent fibre stress-strain curves for five inclination angles: fitted using Eq.(6)-Eq.(10) 

with parameters listed in Table 3 

Table 3: Parameters for fitting the equivalent fibre stress-strain curves 

Inclination angle Einit (MPa) τH (MPa) Q (MPa) 

0◦ 1e5 0 8 
15◦ 1e5 -4 25 
30◦ 4e4 -8 35 
45◦ 2e4 -16 45 
60◦ 1e4 -32 60 

Fig.27a and Fig. 27b shows the histogram of fibre element inclination angle for Beam 1 and Beam 2, 339 

respectively. For both beams, the inclination angle of most fibres ranges 52.5°-90°, and there are about 700 340 

more fibre elements in Beam 2 in this angle range than in Beam 1. This may contribute to the higher post-341 

peak load-carrying capacity for Beam 2 (Fig. 3). 342 

  
(a) Beam 1 (b) Beam 2 

Figure 27 Histograms of fibre element inclination angles in six fibre inclination ranges. 

5.4 Simulation Results and Discussion 343 

5.4.1 Comparison of crack paths 344 

Fig.28 and Fig.29 compare the predicted cracks in three views (front, back and bottom) from the FE 345 

modelling and in the tested beam, for Beam 1 and Beam 2, respectively. The simulated cracks are 346 

represented by the mortar elements with tensile damage index DAMAGET ≥0.4. Both the crack paths and 347 

shapes are highly similar. 348 

 

  
(a) Front view 
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(b) Back view 

  
(c) Bottom view 

Figure 28 Comparison of simulated and tested cracks of Beam 1 

 349 

 

  
(a) Front view 

  
(b) Back view 

  
 (c) Bottom view 

Figure 29 Comparison of simulated and tested cracks of Beam 2 

5.4.2 Comparison of load-displacement curves 350 

Fig. 30a compares the load-displacement curves obtained from the tests and simulations for both 351 

UHPFRC beams. Good overall agreement is achieved as well as the cracking load and the maximum 352 

bridging load. However, the initial parts of simulation curves are stiffer than the corresponding experimental 353 

parts. This may be caused by the machine compliance, which is unknown and neglected in the FE 354 

simulations. The descending parts of the simulated curves are steeper than those of the experimental curves, 355 

probably because the fibre-mortar interfacial bond-slip behaviour is modelled by the approximate method in 356 

Section.5.3. Fig. 30b compares the load-displacement curves from the simulations of UHPFRC beams and 357 

UHPC beams (without fibres). It can be seen that although the cracking loads (the first peak loads) of the 358 

models without fibres are only slightly lower than those of the models without fibres, the models without 359 

fibres are very brittle. On the contrary, the models with fibres are very ductile, demonstrating the fibres’ 360 

strong crack bridging effects.  361 



 

22  

  
(a) UHPFRC beams from experiments and 

simulations (b) UHPFRC and UHPC beams from simulations 

Figure 30 Comparison of load-displacement curves 

5.4.3 3D Crack evolution and comparison with μXCT images 362 

Fig. 31 and Fig. 32 shows the 3D cracks represented by mortar elements with DAMAGET ≥0.4 for 363 

Beam 1 and Beam 2, respectively, at six load steps as marked in Fig.30a. It can be seen that the crack 364 

initiates at the areas with densely-distributed pores at the beam bottom (Fig. 31a and Fig. 32b), as reflected 365 

by the deviation of crack paths from the central lines of both beams in the test. The crack stops propagating 366 

at early stage (point 4 in Fig. 30a) but keeps widening thereafter without losing strength. This again 367 

demonstrates the strong crack-bridging effects of steel fibres on structural ductility. It can also be seen that 368 

the crack initiates later in Beam 2 than in Beam 1, although there are more pores near the bottom surface in 369 

Beam 2. This may be again due to the more fibres in Beam 2, which exert higher constraints against crack 370 

initiation. 371 

   
(a) d = 0.15 mm (b) d = 0.17 mm (c) d = 0.20 mm 

   
(d) d =0.45 (e) d = 0.80 mm (f) d = 1.45 mm 

Figure 31 Simulated 3D crack evolution of Beam 1 in six loading steps: the cracks are represented by 

mortar elements with DAMAGET>0.4  
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(a) d = 0.15 mm (b) d = 0.17 mm (c) d = 0.20 mm 

   
(a) d = 0.45 mm (b) d = 0.80 mm (c) d = 1.45 mm 

Figure 32 3D Simulated crack evolution of Beam 2 in six loading steps: the cracks are represented by 

mortar elements with DAMAGET>0.4 

The simulated final 3D crack surfaces are compared with the μXCT images in Fig. 33 and Fig. 34, respectively, 372 

with excellent qualitative agreement. The very uneven crack surfaces demonstrate the significant effects of 373 

micro/meso-structures near the crack paths, especially the distribution of pores and orientation of fibres (see 374 

below). On the contrary, the models without fibres lead to nearly vertical crack paths and smooth crack 375 

surfaces, which are not shown here. 376 

    
(a) XCT image (b) Simulated (a) XCT image (b) Simulated 

Fig. 33 Comparison of crack path and surfaces of 

Beam 1 

Fig. 34 Comparison of crack path and surfaces of 

Beam 2 

 377 
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5.4.4 Evolution of fibre stress and deformation 378 

Fig. 35 and Fig. 36 shows the stress evolution in the crack-bridging fibres in Beam 1 and Beam 2, 379 

respectively. It can be seen that when the crack initiates, some fibres experience about 150-300 MPa stress 380 

already, indicating the fibre constraining effects on crack initiation. The stress level in some fibres increases 381 

to about 900 MPa before the second hardening stage begins (Fig. 35c and Fig. 36c). At the second peak with 382 

displacement of 0.45 mm, the stress in a few fibres approaches the yield strength (2000 MPa). The crack 383 

keeps widening afterwards and the stress in more and more fibres exceeds the yield strength. At the final 384 

stage (Fig. 35f and Fig. 36f), many fibres have reached the fibre tensile strength 2400 MPa. This 385 

demonstrates again the strong crack-bridging and constraint effects of steel fibres. It should be noted that the 386 

present model is not capable of accurately predicting the true stress in the fibres because of the indirect 387 

simulation of fibre-mortar interfacial bond-slip behaviour, and the stress values above (and those in Fig. 35 388 

and Fig. 36) are only rough estimations.  389 

 390 

    
 (1) d = 0.15 mm (2) d = 0.17 mm (3) d = 0.20 mm 

 

   
 (4) d = 0.45 mm (5) d = 0.80 mm (6) d = 1.45 mm 

Fig. 35 Simulated equivalent stress evolution in crack-crossing fibres of Beam 1 
 

    
 (1) d = 0.15 mm (2) d = 0.17 mm (3) d = 0.20 mm 
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 (4) d = 0.45 mm (5) d = 0.80 mm (6) d = 1.45 mm 

(a) Beam 2 
Fig. 36 Simulated equivalent stress evolution in crack-crossing fibres of Beam 2 

Fig. 37 and Fig. 38 shows the crack-crossing fibres, with those highly deformed fibre segments 391 

highlighted, for Beam 1 and Beam 2, respectively, with comparison with the corresponding μXCT images. It 392 

can be seen that the deformed fibres are highly similar, indicating the effectiveness of the image-based 393 

models. There are 292 and 325 fibres across the crack for Beam 1 and Beam 2, respectively. This again 394 

explains why Beam 2 has higher post-peak strength and toughness than Beam 1.  395 

 396 

    

(a) XCT image (b) Simulated (a) XCT image (b) Simulated 

Figure 37 Deformation of crack-crossing fibres: 

Beam 1 (severely deformed fibres in red) 

Figure 38 Deformation of crack-crossing fibres: 

Beam 2 (severely deformed fibres in red) 

6. Conclusions 397 

(1) Ex-situ micro X-ray computed tomography tests of three UHPFRC beams subjected to continuous 398 

and load-unload cyclic three-point bending have been carried out. The distribution, number, 399 

orientation and dimension of pores and fibres are statistically quantified by development of a 400 

detailed image processing procedure and a new approach for determination of accurate pore 401 

segmentation thresholds; 402 

(2) Various micro/meso-scale deformation and failure mechanisms of UHPFRC are captured by the 403 

μXCT images, such as the mortar spalling, fibres’ bending, constraining, bridging and dispersion of 404 

cracks, and fibre-mortar interfacial slip and debonding. The fibre elongation and end slips can be 405 
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accurately measured for calculation of fibre strain. It is found local yielding can occur in the fibre 406 

bridging the main crack, and the on/near-surface big pores have significant effects on the crack 407 

initiation position; 408 

(3) 3D μXCT image-based meso-scale FE models are built with pores and fibres modelled explicitly, 409 

and they are well validated by the ex-situ μXCT images, in terms of load-displacement curves, crack 410 

paths and surfaces, and deformation of fibres. The simulations have confirmed the significant effects 411 

of fibre orientation and pore distribution on crack initiation and propagation as found in the tests. 412 

Although the fibre-mortar interfaces are not simulated directly, such meso-scale models are capable 413 

of reproducing the global fracture behaviour and structural responses of the UHPFRC beams within 414 

reasonable computational times, and thus can be used for optimisation of material-level features such 415 

as the dimensions, orientations and distributions of pores and fibres; and   416 

(4) This study demonstrates the powerful synergy between ex-situ μXCT tests and image-based FE 417 

modelling in elucidating fundamental deformation and failure mechanisms of complicated composite 418 

materials such as UHPFRC, which cannot be rivalled by macroscopic tests and homogenisation-419 

based numerical simulations.   420 
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(1) Ex-situ μXCT tests of UHPFRC beams under bending are carried out for the first time 

(2) The whole process of 3D crack initiation and evolution is obtained with various 
micro/meso-scale failure mechanisms captured by the μXCT images; 

(3) Internal 3D microstructures including pores and fibres are statistically quantified and 
are used to build nonlinear mesoscale FE models of high fidelity; 

(4) The simulated load-displacement curves, fracture processes and final crack 
morphologies are found in excellent agreement with the tests; and  

(5) The distribution and orientation of fibres and pores are found to significantly affect 
damage and fracture evolution from both the tests and the simulations. 
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