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Abstract  8 

This paper presents, first, a finite element (FE) model for a rubberized ultra-lightweight cement 9 

composite (RULCC), which uses a modified Holmquist-Johnson-Concrete (H-J-C) constitutive 10 

law that is calibrated and validated by new Split Hopkinson pressure bar (SHPB) tests on the 11 

material. The validated FE model is used then as the core of a cloud computing platform using a 12 

multi node cloud simulation framework to carry out the parametric simulations, which generate 13 

required data to develop a meta-model to predict the dynamic impact strength of the RULCC.  14 

Design of experiment (DoE) and Generic Programming techniques are the main instruments in 15 

developing meta-models with reduced size of data. Finally, a meta-model of explicit expression, 16 

which is the first of its kind and considers the effect of rubber ratio, fiber ratio and dynamic impact 17 

strain rate, is proposed to predict the dynamic impact strength of the RULCC. 18 
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1. Introduction 22 

Addition of rubber particles into concrete aims to introduce a “soft” ingredient to improve the 23 

mechanical properties of the brittle material. The rubber particles are randomly distributed in the 24 

cement to absorb micro expansion and shrinkage, which reduces the brittleness of the concrete and 25 

improves its deformation compatibility. The mechanical performance of rubberized concrete is 26 

between that of normal and asphalt concrete. Therefore, it is called elastic or semi-rigid concrete. 27 

Extensive studies have found that rubberized concrete has many advantages, such as high 28 

toughness [1], high crack resistance [2, 3], high freeze-thaw resistance [4, 5], high impermeability 29 

resistance and high damping ratio [6-8]. It has been widely used in various engineering 30 

applications, such as highway pavement, structural retrofitting, and protective structures, etc [9-31 

13]. It has greater potential to be used in marine structures, of which self-weight is one of the major 32 

concerns. Thus, lightweight and high-strength rubberized concrete with adequate ductility is a 33 

promising candidate [14-16].  34 

The static compressive strength, tensile strength and elastic modulus of rubberized concrete 35 

decrease with the increase of rubber content, which has been confirmed by a large number of 36 

experimental studies [17-20]. The reduction in compressive strength is due to that: (1)  rubber 37 

particles are  organic polymers that have weaker bond strength in cement matrix [20]; and (2) the 38 

elastic modulus of rubber is much smaller than that of concrete. As a result, the added rubber 39 

particles in cement matrix are equivalent to distributed pores, which are prone to cause damage 40 

when the concrete is subjected to high stress [18]. To address this problem, Thomas et al. [20] 41 

added silica fume to rubberized concrete improve its compressive strength, which made the cement 42 

composite denser owing to the pozzolanic and filling effect of the silica fume. Some researchers 43 

modified the rubber with surface treating agent. Liu et al. [21] used NaOH and silane  to  pre-treat 44 
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the surface of waste rubber particles, which significantly improved the compressive and flexural 45 

strength of the concrete. Because of the reduction in strength, some studies suggested that the 46 

content of rubber particles should not exceed 20% [22]. The strength is not only related to the 47 

amount of added rubber, but also to the size, the shape and the mechanical properties of the rubber 48 

particles. In principle, the strength of rubberized concrete decreases as the size of the added rubber 49 

particles increases [23]. Zheng et al.[24] replaced coarse aggregates by  rubber particles  of 2.6mm 50 

and 4-15mm to study the effect of rubber size on the compressive strength, elastic modulus and 51 

toughness index of concrete with rubber contents of  15%, 30% and 45% by volume [23]. Siddika 52 

et al. [25] suggested that due to its low density and water absorption, waste rubber could be used 53 

as aggregates for lightweight  concrete in building structures. 54 

Experimental studies have also been carried out to study the dynamics of rubberized concrete, 55 

which have shown that both the rubber content and the particle size have significant impacts on 56 

the dynamic behavior of the concrete. Increasing rubber content and decreasing rubber size in 57 

concrete lead to greater strain rate and higher energy absorption capacity, which indicates a better 58 

impact resistance. Guo et al.[26] investigated the strain rates of rubberized concrete with different 59 

rubber contents. Under the same strain rate, the deformation capacity of a rubberized concrete 60 

becomes higher as the added rubber content increases. Unlike the plain concrete, the failure of 61 

rubberized concrete produces significantly larger concrete debris, indicating that the impact 62 

resistance of rubberized concrete is higher than that of normal concrete. Dehdezi et al. [27] 63 

developed a lightweight concrete with rubber powder replacement ratios of 20% and 50%, and 64 

studied their energy dissipation capacity under impact loads. The addition of rubber to the normal 65 

concrete represents a density reduction from 1823 kg/m3 to 1680 kg/m3 and 1582 kg/m3, 66 

respectively, achieving an increase of energy absorption at failure by 3.6 and 7.6 times. The 67 
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increases in energy absorption clearly demonstrate that the lightweight rubberized concrete has a 68 

much-improved energy dissipation capacity. Ali et al. [28] investigated the impact performance of 69 

a cement composite mixed with hybrid fiber (2% of polyvinyl alcohol-PVA and 1% shape memory 70 

alloy-SMA fibers) by drop hammer tests. The test results showed that the number of impacts the 71 

composite could receive before failure increased significantly, which indicated that the failure was 72 

more ductile, and the addition of fiber had effectively improved the impact performance of the 73 

cement composite. According to ACI 544 [29], Zhao et al. [30] carried out drop hammer tests on 74 

the concrete boards mixed with PVA fiber and rubber, respectively, and found that the impact 75 

resistance of the concrete was 8.3 and 1.3 times higher than that of normal rubber concrete. The 76 

fibers played an important role in the formation of concrete cracks while the rubber particles 77 

provided superior energy dissipation capacity. These studies have shown that rubberized concrete 78 

exhibits good impact resistance, which is particularly suitable for structures requiring high impact 79 

and seismic resistance. Moreover, the development and the applications of ultra-lightweight 80 

cement composite (ULCC) using fly ash cenospheres as lightweight aggregate have been 81 

extensively investigated. These studies include the investigations on the mechanical properties, 82 

functionalities and durability performance of ULCC [31], and on the flexural [32], shear [33], 83 

compression [14-15] and punching shear [34] behavior of ULCC filled sandwich composite 84 

structures. It was concluded that ULCC has excellent properties in mechanical, durability and 85 

structural performance, and has a wide range of industrial applications [35]. However, to the 86 

authors’ best knowledge, the dynamic performance of ULCC has not been properly studied and 87 

well documented in the literature. 88 

Though there has been significant research on the dynamics of rubberized concrete, they were 89 

rather scattered, thus providing, e.g., no simple and practical analytical formulas, which can take 90 
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into account fiber and rubber replacement ratio, to predict dynamic design characteristics of 91 

rubberized concrete, such as the dynamic strength and the dynamic increasing factor (DIF), etc. 92 

CEB-FIP 1990 proposed a DIF regression formula for different types of concrete , where DIF and 93 

strain rate are in a dual logarithmic relationship with the static compressive strength. The formula 94 

was further simplified in CEB-FIP 2010[36] for a specified range of strain rate, while the effect of 95 

the static compressive strength was ignored. Fig.1 summarizes the DIF  for different types of 96 

concrete, where comparisons with the prediction curves of CEB-FIP[36, 37] and the published 97 

models[38-45] are also shown. The comparisons in the figure indicate that the CEB-FIP formulas 98 

are able to predict the DIF for some ordinary concretes but not for most of the lightweight concrete 99 

with rubber or/and fibers. One of the major issues of the existing formulas is that the rubber and 100 

fiber content ratios cannot be taken into account in the predictions. This is why they have failed to 101 

cover a range of lightweight concrete as the influence of rubber particles and fibers on the concrete 102 

dynamic performance is significant and should be considered, as illustrated by the test results in 103 

Huang et al. [46]. 104 

 105 
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Fig.1 DIF of different types of concrete 106 

From the above review and to the authors’ best knowledge, the current impact design of rubberized 107 

concrete is largely based on simple models that were developed from regression of limited 108 

experimental data and cannot consider the effect of rubber and fiber contents. Though an advanced 109 

finite element (FE) modelling can be adopted for the purpose, it is not practically convenient for a 110 

practitioner engineer to implement a complex numerical model in a design process. There is a lack 111 

of validated design guidelines for performance-based design of rubberized concrete, and the 112 

calculations are still time-consuming and labor-intensive. Therefore, it is very urgent to develop a 113 

new efficient design method to predict dynamic performance of the material with proper 114 

consideration of their rubber and fiber contents. 115 

The research reported in this paper has two main parts. The first part starts with an evaluation of 116 

the dynamic compressive stress-strain relationship and the damage modes of a novel lightweight 117 

(density of less than 1450kg/m3) and high-ductility (direct tensile strain of 6%) cement composite 118 

with added rubber powder and low content PE fibers, using Split Hopkinson Press Bars (SHPB) 119 

tests. The test results, including the failure modes, are used next to validate a FE model that is 120 

developed in LS-DYNA using a modified H-J-C constitutive law. The validated model is then 121 

used to carry out a series of parametric studies to test the effect of the fiber and rubber content 122 

ratios on the performance and failure of the composite. The second part of the research is to 123 

propose a data-driven modelling process, from which a simple analytical formula to predict 124 

dynamic strength of the material is obtained with a full consideration of the replacement ratios of 125 

fibers and rubber, as well as the impact strain rates. With the help of design of experiments (DoE) 126 

sampling technique, an optimized pool of date points, each of which represents a design of the 127 

material, is established to minimize the computational cost.  Full FE analyses are carried out to 128 
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obtain the dynamic strength of each of the sampling design using a Multi-Node Cloud Simulation 129 

Framework. On the basis of the experimental and numerical results, an explicit meta-model for the 130 

dynamic strength is developed through training the DoE selected design using generic 131 

programming (GP). The new formula considers the strain rate effect, fiber content and rubber 132 

content in the model to predict the dynamic strength of the ultra-lightweight rubberized cement 133 

composite. The predictions from the formula are finally compared with independent designs from 134 

the FE simulations. This study offers a new route for performance-based dynamic design of 135 

rubberized cement composite, the principle of which can be extended to the material design in 136 

other similar research areas. 137 

2. Experimental data for model validation  138 

2.1 The rubberized material  139 

The novel rubberized ultra-lightweight high ductility cement composite (RULCC) to be modelled 140 

is composed of cement, fly ash cenospheres (FAC), silica fume, rubber powder aggregates and 141 

polymer polyethylene (PE) fibers. The RULCC has a target 28-day compressive strength around 142 

35MPa with a low density of around 1450kg/m3. Table 1 details the mix proportions of the 143 

RULCC. The RULCC matrix has a water-to-binder ratio of 0.37 to achieve a high strength. The 144 

binder consists of 100% of CEM I 52.5R ordinary Portland cement and 11 wt% of silica fume and 145 

38.7-48.4wt% FAC. The rubber powder to partially replace the FAC is of 380μm in diameter. 146 

Further details about the manufacturing process of the materials can be found in Huang et al. [46]. 147 

To evaluate the properties of the material, the mixes with seven different rubber and fiber contents 148 

were tested in Huang et al. [46], as listed in Table 1, which includes the replacement ratios of 149 

rubber contents (5%, 10%, 15% and 20%) and fiber contents (0% and 0.7%). The mechanical 150 

properties of the PE fibers are shown in Table 2.  151 
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Table 1 Mix proportions of RULCC 152 

Mix ID 
Ce-

ment  
SF FAC Rubber Water SP SRA Fiber 

R0-0 1 0.11 0.484 0.000 0.37 0.001 0.001 0 

R5-0 1 0.11 0.460 0.027 0.37 0.001 0.001 0 

R10-0 1 0.11 0.436 0.054 0.37 0.001 0.001 0 

R15-0 1 0.11 0.412 0.080 0.37 0.001 0.001 0 

R20-0 1 0.11 0.387 0.107 0.37 0.001 0.001 0 

R0-0.7PE 1 0.11 0.484 0.000 0.37 0.001 0.001 0.7% 

R10-0.7PE 1 0.11 0.436 0.054 0.37 0.001 0.001 0.7% 

Note: SF=silica fume; FAC=fly ash cenospheres; SP= superplasticizer; SRA= shrinkage reducing agent. 153 
R10-0.7PE represents the RULCC with 10% rubber powder replacement of FAC and 0.7% PE fiber by volume.  154 

 155 

Table 2 Mechanical properties of surface treated PE fiber 156 

Diameter 

(μm) 
Length (mm) 

Density 

(g/cm3) 

Tensile 

strength (MPa) 

Elastic mod-

ulus (GPa) 

Fracture elon-

gation (%) 

24 12 0.97 3000 120 2-3 
 157 
 158 

2.2 SHPB test 159 

The static compression test was performed by using a 300 tone MTS machine to compress  160 

Φ100x200 concrete cylinders, according to ASTM C39/C39M[47]. Uniaxial static tensile test was 161 

carried out in accordance with the standard recommended by JSCE [41]. To investigate the 162 

dynamic behavior of the RULCC, Split-Hopkinson pressure bar was used to test the material under 163 

impact loads. Fig.2 shows the setup of the SHPB tests. The seven groups of the specimens listed 164 

in Table 1 were loaded to four different strain rates relative to four different air pressures, i.e., 165 

0.2MPa, 0.3MPa, 0.4MPa and 0.5MPa, respectively. 166 
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Fig. 2 Split Hopkinson Pressure Bar and test sample 167 

Fig. 3 shows the failure process of the RULCC which was captured by a high-speed camera. The 168 

pictures were taken at several intervals within 0.0015 seconds from the start of the impact (from 169 

left to right). Among them, Figs. 3 (a)-(b) show the failure of the RULCC with rubber contents of 170 

0% and 15%, respectively.  Fig. 3(c) shows the failure of the RULCC with 10% rubber and 0.7% 171 

PE fibers.  Figs. 3(d) shows the failure process of the RULCC with different rubber replacement 172 

ratios under a pressure of 0.3MPa. Multiple cracks on the surfaces of the specimens were found 173 

immediately after the RULCC was impacted, as shown in Figs. 3 (a) and (b). Due to the greater 174 

deformation and energy absorption capacity of the rubber, part of the impact energy can be 175 

dissipated timely, thus initiating a reduced number of cracks, but increased size of fragments. This 176 

phenomenon is more pronounced as more rubber powder are added. It is worth noting that 177 

compared with Figs. 3(a) and (b) at 0.00025 s, multiple cracks appear in the specimens without 178 

rubber. However, fracture of R15-0 is not obvious when the air pressure is lower than 0.3MPa, and 179 

only a few small cracks appear when the air pressure is greater than 0.3MPa. This shows that the 180 

addition of rubber powder can effectively delay the development of cracks, which demonstrates 181 

Incident bar

Sample

Bullet (Impact bar)

Transmission bar

Strain gauge

Transmission bar
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that the specimens absorb part of the impact energy through the increased deformation, resulting 182 

in larger and less fragments. For the specimens with a low fiber content of 0.7%, though there are 183 

many micro cracks formed at a low strain rate, the final failure is triggered by only one main crack, 184 

while the integrity of the specimen is still maintained, as shown in Fig. 3(c).  185 

Figure 4 shows the Scanning Electron Microscopy (SEM) images of the damaged R0-0 and R0-186 

0.7PE, showing the crushing of the cenospheres in the R0-0 and fiber pulling-out in the R0-0.7PE. 187 

Under a high compressive impact, the RULCC without fails due to cenosphere crushing rather 188 

than matrix failure, which is similar to the failure mode of the material under static compressive 189 

loading. However, for the R0-0.7PE, the failure mode is fiber pulling-out from the cement matrix, 190 

which is different. A small portion of the cement matrix is still adhered to the fibers, indicating the 191 

fibers and the cement matrix are still well-bonded. This indicates that the addition of fiber leads to 192 

the changes in the failure mechanism of the RULCC from brittle cenosphere crushing to ductile 193 

fiber pulling-out, which dissipate more energy in the process. This also indicates that the fiber 194 

plays a positive role in improving the damage morphology under high strain rate impact. 195 

  

  
(a) R0-0 196 

0.0000 s 0.00025 s 0.001 s 0.00125 s 0.0015 s

R0-0(0.2MPa)

0.0000 s 0.00025 s 0.001 s 0.00125 s 0.0015 s

R0-0(0.3MPa)

0.0000 s 0.00025 s 0.001 s 0.00125 s 0.0015 s

R0-0(0.4MPa)

0.0000 s 0.00025 s 0.001 s 0.00125 s 0.0015 s

R0-0(0.5MPa)
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(b) R15-0 197 

  

  

(c) R10-0.7PE 198 

  

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R15-0(0.2MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R15-0(0.3MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R15-0(0.4MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R15-0(0.5MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R10-0.7PE(0.2MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R10-0.7PE(0.3MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R10-0.7PE(0.4MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R10-0.7PE(0.5MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R5-0(0.3MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R10-0(0.3MPa)
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(c) RULCC (0.3MPa) 199 

Fig. 3 Failure process of RULCC 200 

  
(a) Cenospheres crushing-R0-0 (b) Fiber pulling out-R0-0.7PE 

Fig. 4 SEM photo of RULCC with/without fibers (under 0.5MPa pressure) 

 201 

More detailed and the insight studies of the experiments and the results can be found in Huang et 202 

al. [46]. The numerical data from the tests are used in the following section to develop and validate 203 

the numerical models. 204 

3. Numerical simulation 205 

3.1 Finite element modeling  206 

3.1.1 H-J-C constitutive model 207 

This section simulates the SHPB impact tests of the RULCC using the explicit codes in LS-208 

DYNA[48]. The material properties of the SHPB steel bar adopt the J2 plasticity model (type 209 

MAT_24). The properties of the RULCC utilize the Holmquist-Johnson-Concrete (H-J-C) model 210 

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R15-0(0.3MPa)

0.0000 s 0.00025 s 0.00075 s 0.001 s 0.00125 s

R20-0(0.3MPa)
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that can present the dynamic compressive behaviour of concrete well when the concrete is sub-211 

jected to high strain rate impact[49]. Adopted also by some other researchers[50, 51] to simulate 212 

cementitious composites under dynamic loadings, this model considers the effect of large strain, 213 

high strain rate and high pressure using both Lagrange and Euler meshes. The H-J-C model con-214 

sists of three parts, namely, the strength model, the damage evolution equation and the state equa-215 

tion. The strength model of H-J-C is defined in terms of the normalized parameters, as shown in 216 

Fig.5, which is underpinned by Eq.(1) below, 217 

* * *[ (1 ) ][1 ln( )]NA D BP C                                                  (1) 218 

where, A, B, C and N are material constants; * is the normalized effective strengh, 219 

*

max/ cf S   and maxS is the normalized maximum strength; cf is the uniaxial compresive 220 

strength; * / cP P f is the normalized pressure; *

0/    is the effective strain rate,   is the true 221 

strain rate while 1

0 1.0s   is the reference strain rate; * / cT T f  and  T is the maximum tensile 222 

strength of the concrete.  223 

 224 
Fig.5 H-J-C strength model 225 

The damage specified by the H-J-C model evolves from plastic strain accumulation, as shown in 226 

Fig. 6. The plastic strain includes the equivalent plastic strain and the plastic volume strain. The 227 

damage evolution equation is as follows, 228 

*P

*

1( )D fractured

0( )D undamaged

maxS

* >1.0

* =1.0

* * *[ (1 ) ][1 ln( )]NA D BP C    

*(1 )T D
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2* *

1= ( )Df f

p p D P T                                                    (3) 230 

where, D1 and D2 are damage constants; D denotes damge factor, [0,1]D ; 2* *

1 ,min( )
D

fD P T   ,231 

,minf is the minimum fracture strain that can be determined by a tensile test; 
p and

p  represent 232 

the effective plastic strain and plastic volume strain, respectively, for the element at each integral 233 

step; f f

p p   is the plastic strain at the current integration step. 234 

 235 
Fig. 6 Material damage evolution relationship 236 

The state equation is used to describe the relationship between the volume strain and the  hydro-237 

static pressure. The state equation of the H-J-C model is divided into three stages, i.e., elastic, 238 

transition and compaction stages, as shown in Fig.7. The first stage ( - (1 ) crushT D P P   ) is linear 239 

elastic, and the relationship between the hydrostatic pressure P and the volume strain is as follow, 240 

=P K                                                                (4) 241 

where, P is the hydrostatic pressure; K is the bulk modulus;   is the volume strain; Pcrush is the 242 

hydrostatic pressure at elastic limit. 243 
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The second stage ( crush lockP P P  ) is the transition stage, in which the voids in the material is grad-244 

ually compacted to produce plastic deformation. The loading and unloading equations are as fol-245 

lows, 246 

  - -
=

-

crush lock crush

crush

p crush

P P
P P

 

 
                                               (5) 247 

   0 1 0= - 1- + -P P F K FK                                                   (6) 248 

0 -
=

-

crush

p crush

F
 

 
                                                           (7) 249 

where, 
p  is the volume deformation corresponding to the compaction hydrostatic pressure lockP ; 250 

0P  is the hydrostatic pressure corresponding to the volume deformation 0  before unloading; F is 251 

the unloading proportionality coefficient. 252 

The third stage ( lockP P ) is the pore free compaction stage, during which the material has been 253 

completely damage. The loading and unloading equations are as follows: 254 

          2 3

1 2 3P K K K                                                   (8) 255 

    1P K                                                             (9) 256 

-
=

1+

crush

lock

 



                                                         (10) 257 

where, lock  is the volume strain at the compaction limit;   is the modified volume strain, which 258 

is to prevent the material from softening when it just enters the third stage; K1, K2 and K3 are the 259 

pressure constants. 260 
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 261 

Fig.7  Pressure-volumetric strain curve 262 

To reduce the computational costs without sacrificing the accuracy, the absorption rod is not in-263 

cluded in the FE model. Hence, the model includes the impact bullet, the incident bar, the concrete 264 

samples and the transmission bar. The incident and transmission bars as well as the cement com-265 

posite are meshed using the eight-node solid elements with reduced integration and hourglass con-266 

trol. Fig.8 is an illustration of the full-scaled FE model in the numerical analysis. The concrete 267 

sample is sandwiched between the two SHPBs to represent the boundary conditions in the test.  268 

 269 

Fig.8 Full-scaled FE model for concrete under SHPB test  270 

crushP

lockP

1K

lockK

K

lockcrush

(1 )T D

+

P





17 Draft, 12/3/2020 

 

The interfaces between the SHPBs and the specimens are simulated by the surface-to-surface con-271 

tact with a penalty algorithm. For the two deformable surfaces in contact, the master surface usu-272 

ally refers to the stiffer one or the surface with a coarser mesh if the two surfaces have comparable 273 

stiffness. Therefore, the FE model selects the SHPBs surfaces as the master surface. 274 

The impact loads are simulated by changing the impact velocities of the bullet on the SHPBs. Fig.9 275 

shows the input waves obtained from the tests and those from the simulations. It can be seen that 276 

both the strains measured from the SHPB tests and from the FE analysis agree very well, which 277 

demonstrates that the predicted input waves are sufficiently accurate. 278 

 279 

Fig.9 Validation between FE simulation and test for incident wave 280 

3.1.2 Optimized H-J-C model 281 

The Holmquist-Johnson-Cook (HJC) constitutive model is a dynamic model for concrete, as it 282 

considers pressure, strain-rate-dependent strength and void crushing damage. For the RULCC with 283 

fibers and rubber, due to the changes in the dynamic strength,  the H-J-C model for concrete has 284 

to be modified, so that it can take into account  the toughness and strength of the novel RULCC. 285 
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Some researchers[52-54] have considered the influence of the strength and toughness of the fiber, 286 

and introduced reinforcement factors to adjust the yield surface equation. In this study, a 287 

normalized cohesive strength influence factor α,  and a normalized pressure hardening influence 288 

factor β, are proposed to represent the characteristic parameters of the PE fibers and the size of the 289 

rubber. It is also assumed that the effect of these two materials on the RULCC is linear as shown 290 

in Eqs.(11) and (12). 291 

-PE PE
r r

PE

V l
a b M V

d
                                                          (11) 292 

-PE PE

r r

PE

V l
c d M V

d
                                                          (12) 293 

where, VPE is the PE fiber content in volume; lPE is the PE fiber length; dPE is the PE fiber diameter; 294 

Mr is the rubber size (test sieve of Mr=40 mesh according to ASTM E11-01[55], which is 380 μm 295 

in size in this study); Vr is the rubber content in volume.  The four constant coefficients in Eq.(11) 296 

are determined by binary regression on the experimental results presented in [56], which are, 297 

respectively, a=0.3016, b=0.0239, c=0.2997, and d=0.0247. Thus, Eq.(1) is modified by 298 

introducting the two fiber- and rubber-dependent parameters from Eq.(11) and Eq.(12), as 299 

presented in Eq.(13). The original state and the damage evolution equations of the H-J-C model 300 

stay the same in the following simulations.   301 

* * *[ (1 ) ][1 ln( )]NA D BP C                                             (13) 302 

3.1.3 Determination of H-J-C model parameters 303 

There are 21 material parameters in the original H-J-C constitutive model. Some of the material 304 

parameters can be calibrated by experiments, while the remaining parameters are obtained from 305 

calculations or the defalult values recommended by the software. Table 3 lists the parameters of 306 

the modified H-J-C model for the RULCC in the FE simulation. According to Wu et al.’s work[57] , 307 
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εfmin is determined by using the peak strain of the quasi-static state under low strain rate loading. 308 

Based on the parametric study, it is noted that εfmin has little influence on the FE results. Therefore, 309 

for all the  models in this study, the default value εfmin=0.01 is selected for the RULCC with and 310 

without fibers. Smax uses the defaut value of 7.0MPa in the H-J-C model [58], which is 311 

recommended by other researchers[59, 60]. The crush stress curshp under uniaxial compression is 312 

given by, 313 

 / 3cursh cp f                                                                 (14) 314 

According to  Holomquist et al.[61], the volume strain, crush , is related to crushp  by, 315 

/cursh curshp K                                                                 (15) 316 

in which, the volume modulus K is determined by, 317 

3(1 2 )

E
K





                                                                (16) 318 

Pcrush is the compaction stress of the concrete shown in Fig 7, which is between 0.8-1.2MPa ac-319 

cording to previous investigations [61, 62].  320 

The volume strain μlock at full compaction is,   321 

0

0

1 1
1

grain

lock

g

V w

V w





    


                                                     (17) 322 

where, 
grain , 0 , 

gV , 0V  and w are compaction density, initial density, compaction volume, initial 323 

volume and porosity ratio of the concrete, respectively. It should be noted that for lightweight 324 

cocnrete, the porosity ratio w is high and of 28%-50% [63].  325 

It is not recomended to use the compact desity of light weight concrete in the above calculations 326 

since its high porosity may cause early concrete crush before being fully compacted,  which is 327 

different to the copaction of normal weight cocnrete with low porosity. Therefore, the cement 328 

matrix densities, 
grain  and 0 , are used instead. From Eq.(17),  lock  can be expressed as 329 
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0 1
1g

V w

V w
 


, where 0V and 

gV are the initial volume and the volume after compaction of cement 330 

matrix, respectively. From Li and Huang’s investigation[64], the porosity ratio of hardened cement 331 

matrix with a W/C of 0.3 to 0.4 are between 11.21% and 12.63%. Hence, the porosity of the ULCC 332 

matrix with a W/C of 0.34 in this paper can be obtained by interpolation. fs takes the value in Li[65] 333 

or 0.004 as proposed by Liu et al.[11]. T is the tensile strength of lightweight concrete from tensile 334 

test or  Eurocode 2[66] , which is,  335 

1 ctkT f                                                                    (18) 336 

1 0.04 0.6
2200


                                                                 (19) 337 

in which, ctkf is the concrete strength from Table 3.1 in Eurocode 2; 1 is the reduction factor; 338 

represents the upper limit of  concrete density  in accordance with Table 11.1 in Eurocode 2. 339 

The elasatic modulus, Ec, of the ULCC was measured by experiments [67] in accordance with the 340 

ASTM C469/C469M[68]. The shear modulus G is then obtained by, 341 

2(1 )

cE
G





                                                                   (20) 342 

where v is taken from the test results in reference[67]. The parameters of the modifed H-J-C model 343 

are shown in Table 3. 344 

Table 3 Parameters of the modified H-J-C model 

Material R0-0 R5-0 R10-0 R15-0 R20-0 R0-0.7PE R10-0.7PE 

Density ρ 

(kg/m3) 
1395 1397 1399 1401 1403 1405 1409 

G  

(GPa)  
5.833 4.917 4.125 3.958 3.875 4.958 4.125 

A 0.54 0.56 0.50 0.48 0.46 0.57 0.48 

B 2.25 2.25 2.20 2.18 2.15 2.36 2.09 

C 0.007 0.007 0.007 0.007 0.007 0.007 0.007 

N 1.36 1.36 1.36 1.36 1.36 1.36 1.36 

fc 

(MPa) 
52.2 36.8 27.3 23.6 20.7 43.5 24.9 
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T 

(MPa) 
2.4 1.9 1.6 1.4 1.3 2.1 1.4 

 0  1 1 1 1 1 1 1 

εfmin 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Smax 7 7 7 7 7 7 7 

Pcursh (MPa) 17.40 12.27 9.10 7.87 6.90 14.50 8.30 

μcursh 
0.00223

7 
0.001871 0.001655 0.001491 0.001335 0.002193 0.001509 

Plock (GPa) 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

μlock 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

D1 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

D2 1 1 1 1 1 1 1 

K1 (GPa) 85 85 85 85 85 85 85 

K2 (GPa) -171 -171 -171 -171 -171 -171 -171 

K3 (GPa) 208 208 208 208 208 208 208 

fs 0.004 0.004 0.004 0.004 0.004 0.004 0.004 

 345 

3.2 Validation of FE analysis  346 

3.2.1 Comparison of impact simulations and tests 347 

The modified H-J-C constitutive model presented in the previous section is used in the FE simu-348 

lations. The impact stress-strain responses and failure modes of the RULCC are compared. Figs.10 349 

(a)-(g) compare the stress-strain relations measured from the tests with those from the simulations 350 

of the RULCC with varying strain rates. It is found that for the RULCC, the simulation results 351 

agree very well with the test ones, especially when the content of PE fibers is low, which indicates 352 

that the modified H-J-C constitutive model with the newly calibrated parameters is capable of 353 

capturing satisfactorily the stress-strain responses of the novel rubberized concrete. Detailed com-354 

parisons of the numerical simulations and the SHPB test results are shown in Table 4, which shows 355 

that the predicted peak stresses and strain rates are in good agreement with the test results with an 356 

average difference of less than 2.91%, and 4.51%, respectively. 357 



Note: SCS=Static compressive strength; DIS=Dynamic impact strength; DPS=Dynamic peak strain; SR=Strain rate.358 

Table 4 Comparison of test and simulation 

MIX ID SCS /MPa 
Test Numerical simulation Difference  

DIS /MPa DPS SR (/s) DIF DIS /MPa DPS SR (/s) DIF DIS DPS SR 

R0-0 52.20 

79.70 4203 94.10 1.53 80.12 5206 96.70 1.53 0.53% 23.86% 2.76% 

88.70 2112 130.60 1.70 88.16 2030 121.30 1.69 0.61% 3.88% 7.12% 

96.40 2267 150.70 1.85 96.71 2309 154.60 1.85 0.32% 1.85% 2.59% 

100.80 3467 183.40 1.93 102.43 3480 199.60 1.96 1.62% 0.37% 8.83% 

R0-0.7PE 43.50 

68.00 4312 102.10 1.56 70.26 4627 96.70 1.62 3.32% 7.31% 5.29% 

76.30 3601 128.30 1.75 78.07 3843 117.30 1.79 2.32% 6.71% 8.57% 

97.30 5778 146.80 2.24 97.75 6219 147.70 2.25 0.46% 7.63% 0.61% 

117.50 5734 166.40 2.70 115.86 6370 159.60 2.66 1.40% 11.09% 4.09% 

R5-0 36.80 

76.30 3948 91.90 2.07 75.35 3849 97.30 2.05 1.25% 2.50% 5.88% 

91.20 5515 123.40 2.48 87.17 5499 114.70 2.37 4.42% 0.30% 7.05% 

93.70 7838 149.90 2.55 94.85 6337 156.70 2.58 1.23% 19.15% 4.54% 

95.80 7527 178.60 2.60 91.96 7167 175.60 2.50 4.01% 4.78% 1.68% 

R10-0 27.30 

49.60 4532 105.30 1.82 49.50 3264 100.60 1.81 0.20% 27.98% 4.46% 

62.10 3964 128.40 2.27 63.53 4508 134.40 2.33 2.31% 13.72% 4.67% 

65.00 4631 155.70 2.38 65.24 4387 149.30 2.39 0.37% 5.27% 4.11% 

74.60 5506 181.50 2.73 73.00 7124 196.40 2.67 2.14% 29.38% 8.21% 

R10-0.7PE 24.90 

37.40 3236 93.10 1.50 35.08 1861 87.30 1.41 6.21% 42.50% 6.23% 

41.90 1242 138.20 1.68 40.63 2021 132.10 1.63 3.04% 62.73% 4.41% 

48.30 2002 158.70 1.94 48.45 2152 155.60 1.95 0.32% 7.47% 1.95% 

57.60 3140 185.10 2.31 59.80 2854 192.10 2.40 3.81% 9.11% 3.78% 

R15-0 23.60 

49.40 2644 104.80 2.09 50.66 1958 100.90 2.15 2.54% 25.93% 3.72% 

50.30 4567 129.20 2.13 46.61 1722 119.70 1.97 7.35% 62.29% 7.35% 

56.80 2561 159.80 2.41 58.58 2198 158.70 2.48 3.13% 14.18% 0.69% 

65.30 2391 180.90 2.77 67.93 2426 177.60 2.88 4.03% 1.44% 1.82% 

R20-0 20.70 

40.80 1938 99.70 1.97 35.37 2719 94.30 1.71 13.32% 40.29% 5.42% 

46.80 2107 123.50 2.26 48.16 2794 119.60 2.33 2.90% 32.59% 3.16% 

53.70 2696 150.50 2.59 55.63 2580 144.40 2.69 3.60% 4.29% 4.05% 

57.40 2650 186.50 2.77 60.06 2447 180.60 2.90 4.63% 7.68% 3.16% 

Mean.          2.91% 17.01% 4.51% 

Std.          0.027 0.177 0.023 



  

(a) R0-0 (b) R5-0 

  

(c) R10-0 (b) R15-0 

  

(e) R20-0 (f) R0-0.7PE 
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(g) R10-0.7PE 

Fig.10 Comparison of stress-strain curves for different strain rates 359 

3.2.2 Failure modes 360 

Figure.11 illustrates the failure modes of the specimens R0-0, R10-0 and R0-0.7PE under the air 361 

pressures of 0.4MPa, 0.3MPa and 0.2MPa, respectively. The pictures were captured by a high 362 

speed camera at intervals within 0.00025 seconds from the start of the impact. It can be seen that 363 

the damage of the RULCC with added rubber (R10-0) and fibers (R0-0.7PE) is not as serious as 364 

that of R0-0. Figs.11 (a)-(c) also show the strain contours from the FE model, which are compara-365 

ble to the damage shown in the images captured by the high-speed camera. The blue and red colors 366 

represent no damage and fully damaged, respectively. It can be seen from the contour plots of the 367 

predicted damage zone in Figs.11 (a)-(c) that  the modified H-J-C FE model is able to reproduce 368 

the failure process and the damage of the RULCC specimens under high strain rate impact. Fig.12 369 

shows the detected cracks in the FE model by removing elements whose strains have exceeded the 370 

maximum plastic strain of the material. In general, the numerical model provides reasonable esti-371 

mations of the dynamic stress-strain curves for most of the tested specimens, including the maxi-372 
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mum stress, damage initiation, failure process as well as the peak stresses and strain rates, as pre-373 

sented in Table 4. It can be concluded that the modified H-J-C constitutive model proposed in this 374 

study can be used to estimate the impact performance of the RULCC subjected to various loading 375 

strain rates. Thus, the validated model is used in the next section to generate data for metamodeling 376 

of  the RULCC . 377 

   378 

 379 

(a)R0-0(0.4MPa)                      (b)R10-0(0.3MPa)                  (c)R0-0.7PE(0.2MPa) 380 

Fig.11 Comparison of failure modes between FE and tests 381 

 382 
Fig.12 Failure of RULCC under different loading pressure 383 

4.  Data-driven model from metamodeling 384 

It is evident that traditional engineering design processes may require expensive and labour inten-385 

sive experimental tests, which may be ineffective and practically unaffordable. Benefiting from 386 
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the development of reliable and robust finite element analysis, such as the simulations presented 387 

in the previous section, computer-aided-design has virtually replaced the traditional design pro-388 

cess, especially, of large scale and complex systems. However, due to the increase of design com-389 

plexities, a set of design variables have to be considered in order to assess a design, especially 390 

when optimization is involve. This process may be prohibitively expensive. Thus, it is ideal if an 391 

accurate and explicit meta-model (surrogate) can be used to replace the original FE simulations so 392 

that a design can be evaluated based on simple algebraic calculations. In this section,  a meta-393 

model is developed to evaluate the dynamic strength of the RULCC that have varying volume 394 

ratios of rubber and fibers when they are subjected to varying impact strain rates.  395 

4.1 DoE sampling 396 

In order to construct an efficient meta-model, design of experiment (DoE) is used to effectively 397 

select sampling points in the design space for data acquisition. In this paper, a uniform Latin hy-398 

percube DoE based on the use of the Audze-Eglais criterion is used to explore the design space 399 

with reduced sampling points, which minimizes the function, U, defined in Eq.(21), using the 400 

squared Euclidean distances between all pairs of experimental points 401 

21 1

1P P

p q p
pq

U
L  

                                                            (21) 402 

where, P is the total number of points, Lpq is the Euclidean distance between points p and q (p≠q). 403 

In this study the effect of the volume ratios of rubber and fibesr on the impact strength of the 404 

material under varying strain rates is investigated. Hence, bounds are set on these three variables 405 

to cover a range of the materials for different engineering applications, as shown in Table 5. 406 

Table 5 Bounds of design variables 407 

Design Variables Lower bound Upper Bound 

Fiber contents (%) 0 0.7 
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Rubber contents (%) 0 20 

Strain rates (/s) 20 200 

After some initial tests on the sampling process and comparisons with the experimental results, it 408 

is decided that 60 representative designs of the materials, which are determined by 60 almost 409 

equally spaced sampling points in the design space specified in Table 5, are used for the develop-410 

ment of the meta-model. Details of the 60 designs, which are the 3D spatial point locations de-411 

fined in the fiber ratio-rubber ratio-strain rate space, is given in the Appendix. Fig.13 illustrates 412 

the uniformness of the distribution of the sampling points (designs) within the design space by 413 

calculating the minimum Euclidean distance between each of  the points to their surrounding 414 

points, i.e., 415 

min min{ }i

ijD L     1,2, 1, 1,j i i n                                     (22) 416 

where min

iD  is the minimum distance from point i (=1,….60) to all the surrounding points. The Lij 417 

are the Euclidean distances calculated after Eq.(22) is minimized. Fig.13 shows that a reasonable 418 

uniform spacing has been achieved. 419 
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Fig.13 Minimum distances between points generated by OLH within the design space 421 

4.2 Data generation 422 
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The required data for the DoE selected sampling points (designs) are generated in this section 423 

using the experimentally validated H-J-C model presented in Section 3.1. At the selected sampling 424 

points, the material properties, such as the compressive strength, elastic modulus and tensile 425 

strength, are obtained by solving multiple nonlinear functions through Levenberg Marquardt 426 

method based on the laboratory database [56]. The remaining parameters including A, B, Pc and uc 427 

are calculated by the state equation, the hydraulic pressure volume relationship and the damage 428 

evolution equation shown in Section 3.1. A summary of all the parameters used in the FE simula-429 

tions of the 60 designs are presented in Table 6. The computation of the 60 models was completed 430 

using a cloud computing platform, where a multi node cloud simulation framework was built, as 431 

shown by the flowchart in Fig.14. The multi model calculation based on the  elastic scaling work 432 

and the multi-server method has demonstrated that the process is effective and efficient in terms 433 

of both the computing time and the laboratory resources.  434 
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 435 

Fig.14 Multi node cloud simulation framework based on cloud platform 436 
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Table 6 Parameters of HJC model for extended FE simulation 

Material 
Density ρ 

(kg/m3) 

G  

(GPa) 
A B C N 

fc 

(MPa) 

T 

(MPa) 0  εfmin Smax 
Pc  

(MPa) 
μc 

P1  

(GPa) 
μ1 D1 D2 

K1  

(GPa) 

K2 

 (GPa) 

K3  

(GPa) 
fs 

No.1 1400 4.848 0.55 2.33 0.007 1.36 41.2 2.0 1 0.01 7 13.73 0.0021246 0.9 0.12 0.04 1 85 -171 208 0.004 

No.2 1400 4.332 0.50 2.20 0.007 1.36 25.5 1.72 1 0.01 7 8.51 0.0014737 0.9 0.12 0.04 1 85 -171 208 0.004 

No.3 1400 4.421 0.50 2.21 0.007 1.36 27.4 1.76 1 0.01 7 9.12 0.0015475 0.9 0.12 0.04 1 85 -171 208 0.004 

No.4 1400 4.477 0.50 2.21 0.007 1.36 28.8 1.79 1 0.01 7 9.61 0.0016092 0.9 0.12 0.04 1 85 -171 208 0.004 

No.5 1400 5.050 0.54 2.24 0.007 1.36 40.0 2.06 1 0.01 7 13.33 0.0019796 0.9 0.12 0.04 1 85 -171 208 0.004 

No.6 1400 4.945 0.53 2.24 0.007 1.36 38.2 2.01 1 0.01 7 12.73 0.0019302 0.9 0.12 0.04 1 85 -171 208 0.004 

No.7 1400 5.098 0.54 2.25 0.007 1.36 41.3 2.08 1 0.01 7 13.77 0.0020256 0.9 0.12 0.04 1 85 -171 208 0.004 

No.8 1400 3.832 0.47 2.14 0.007 1.36 21.1 1.48 1 0.01 7 7.02 0.0013742 0.9 0.12 0.04 1 85 -171 208 0.004 

No.9 1400
 

3.889
 

0.47
 

2.15
 

0.007
 

1.36
 

21.7
 

1.51
 

1
 

0.01
 

7
 

7.23
 

0.0013950
 

0.9
 

0.12
 

0.04
 

1
 

85
 

-171
 

208
 

0.004
 

No.10 1400 3.558 0.45 2.11 0.007 1.36 17.8 1.35 1 0.01 7 5.94 0.0012522 0.9 0.12 0.04 1 85 -171 208 0.004 

No.11 1400 4.711 0.52 2.22 0.007 1.36 34.8 1.90 1 0.01 7 11.60 0.0018460 0.9 0.12 0.04 1 85 -171 208 0.004 

No.12 1400 3.994 0.48 2.15 0.007 1.36 23.2 1.56 1 0.01 7 7.72 0.0014494 0.9 0.12 0.04 1 85 -171 208 0.004 

No.13 1400 5.275 0.55 2.27 0.007 1.36 44.7 2.16 1 0.01 7 14.89 0.0021170 0.9 0.12 0.04 1 85 -171 208 0.004 

No.14 1400 4.622 0.52 2.21 0.007 1.36 33.6 1.85 1 0.01 7 11.19 0.0018156 0.9 0.12 0.04 1 85 -171 208 0.004 

No.15 1400 4.743 0.52 2.22 0.007 1.36 35.8 1.91 1 0.01 7 11.92 0.0018853 0.9 0.12 0.04 1 85 -171 208 0.004 

No.16 1400 4.252 0.50 2.17 0.007 1.36 27.4 1.68 1 0.01 7 9.14 0.0016131 0.9 0.12 0.04 1 85 -171 208 0.004 

No.17 1400 5.340 0.56 2.28 0.007 1.36 45.7 2.19 1 0.01 7 15.25 0.0021415 0.9 0.12 0.04 1 85 -171 208 0.004 

No.18 1400 3.687 0.46 2.09 0.007 1.36 18.8 1.41 1 0.01 7 6.25 0.0012721 0.9 0.12 0.04 1 85 -171 208 0.004 

No.19 1400 4.098 0.49 2.14 0.007 1.36 25.1 1.60 1 0.01 7 8.37 0.0015314 0.9 0.12 0.04 1 85 -171 208 0.004 

No.20 1400 5.122 0.55 2.27 0.007 1.36 42.4 2.09 1 0.01 7 14.14 0.0020704 0.9 0.12 0.04 1 85 -171 208 0.004 

No.21 1400 3.566 0.46 2.06 0.007 1.36 16.9 1.35 1 0.01 7 5.65 0.0011874 0.9 0.12 0.04 1 85 -171 208 0.004 
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No.22 1400 4.106 0.49 2.14 0.007 1.36 25.4 1.61 1 0.01 7 8.46 0.0015456 0.9 0.12 0.04 1 85 -171 208 0.004 

No.23 1400 4.937 0.54 2.25 0.007 1.36 39.5 2.00 1 0.01 7 13.17 0.0020011 0.9 0.12 0.04 1 85 -171 208 0.004 

No.24 1400 4.026 0.48 2.12 0.007 1.36 24.1 1.57 1 0.01 7 8.05 0.0014991 0.9 0.12 0.04 1 85 -171 208 0.004 

No.25 1400 5.050 0.54 2.27 0.007 1.36 41.4 2.05 1 0.01 7 13.81 0.0020507 0.9 0.12 0.04 1 85 -171 208 0.004 

No.26 1400 3.558 0.46 2.04 0.007 1.36 16.7 1.35 1 0.01 7 5.57 0.0011733 0.9 0.12 0.04 1 85 -171 208 0.004 

No.27 1400 4.389 0.51 2.17 0.007 1.36 30.4 1.74 1 0.01 7 10.15 0.0017342 0.9 0.12 0.04 1 85 -171 208 0.004 

No.28 1400 4.477 0.51 2.18 0.007 1.36 32.0 1.78 1 0.01 7 10.67 0.0017875 0.9 0.12 0.04 1 85 -171 208 0.004 

No.29 1400 4.534 0.52 2.19 0.007 1.36 33.0 1.81 1 0.01 7 11.01 0.0018211 0.9 0.12 0.04 1 85 -171 208 0.004 

No.30 1400 5.203 0.55 2.30 0.007 1.36 43.9 2.12 1 0.01 7 14.65 0.0021112 0.9 0.12 0.04 1 85 -171 208 0.004 

No.31 1400 3.421 0.45 1.99 0.007 1.36 14.5 1.28 1 0.01 7 4.84 0.0010600 0.9 0.12 0.04 1 85 -171 208 0.004 

No.32 1400 3.929 0.48 2.09 0.007 1.36 22.8 1.52 1 0.01 7 7.61 0.0014522 0.9 0.12 0.04 1 85 -171 208 0.004 

No.33 1400 4.759 0.53 2.23 0.007 1.36 37.0 1.91 1 0.01 7 12.33 0.0019431 0.9 0.12 0.04 1 85 -171 208 0.004 

No.34 1400 5.235 0.56 2.32 0.007 1.36 44.5 2.14 1 0.01 7 14.84 0.0021255 0.9 0.12 0.04 1 85 -171 208 0.004 

No.35 1400 3.776 0.47 2.05 0.007 1.36 20.3 1.45 1 0.01 7 6.78 0.0013458 0.9 0.12 0.04 1 85 -171 208 0.004 

No.36 1400 3.703 0.47 2.03 0.007 1.36 19.1 1.41 1 0.01 7 6.38 0.0012913 0.9 0.12 0.04 1 85 -171 208 0.004 

No.37 1400 3.824 0.48 2.06 0.007 1.36 21.2 1.47 1 0.01 7 7.07 0.0013865 0.9 0.12 0.04 1 85 -171 208 0.004 

No.38 1400 4.751 0.53 2.24 0.007 1.36 37.0 1.91 1 0.01 7 12.35 0.0019492 0.9 0.12 0.04 1 85 -171 208 0.004 

No.39 1400 4.227 0.50 2.14 0.007 1.36 28.2 1.66 1 0.01 7 9.41 0.0016697 0.9 0.12 0.04 1 85 -171 208 0.004 

No.40 1400 4.993 0.55 2.29 0.007 1.36 41.0 2.02 1 0.01 7 13.66 0.0020516 0.9 0.12 0.04 1 85 -171 208 0.004 

No.41 1400 3.276 0.45 1.92 0.007 1.36 12.1 1.21 1 0.01 7 4.02 0.0009210 0.9 0.12 0.04 1 85 -171 208 0.004 

No.42 1400 5.074 0.55 2.31 0.007 1.36 42.3 2.06 1 0.01 7 14.09 0.0020829 0.9 0.12 0.04 1 85 -171 208 0.004 

No.43 1400 4.550 0.52 2.20 0.007 1.36 33.9 1.81 1 0.01 7 11.30 0.0018622 0.9 0.12 0.04 1 85 -171 208 0.004 

No.44 1400 4.606 0.52 2.22 0.007 1.36 34.9 1.84 1 0.01 7 11.62 0.0018925 0.9 0.12 0.04 1 85 -171 208 0.004 

No.45 1400 4.308 0.51 2.15 0.007 1.36 29.9 1.69 1 0.01 7 9.96 0.0017334 0.9 0.12 0.04 1 85 -171 208 0.004 

No.46 1400 4.106 0.50 2.11 0.007 1.36 26.4 1.60 1 0.01 7 8.81 0.0016091 0.9 0.12 0.04 1 85 -171 208 0.004 
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No.47 1400 3.647 0.47 1.99 0.007 1.36 18.5 1.38 1 0.01 7 6.15 0.0012648 0.9 0.12 0.04 1 85 -171 208 0.004 

No.48 1400 3.478 0.46 1.95 0.007 1.36 15.5 1.30 1 0.01 7 5.18 0.0011168 0.9 0.12 0.04 1 85 -171 208 0.004 

No.49 1400 3.308 0.45 1.90 0.007 1.36 12.6 1.22 1 0.01 7 4.21 0.0009545 0.9 0.12 0.04 1 85 -171 208 0.004 

No.50 1400 3.752 0.48 2.01 0.007 1.36 20.4 1.43 1 0.01 7 6.79 0.0013580 0.9 0.12 0.04 1 85 -171 208 0.004 

No.51 1400 4.163 0.50 2.12 0.007 1.36 27.6 1.62 1 0.01 7 9.20 0.0016580 0.9 0.12 0.04 1 85 -171 208 0.004 

No.52 1400 4.413 0.51 2.18 0.007 1.36 31.9 1.74 1 0.01 7 10.64 0.0018087 0.9 0.12 0.04 1 85 -171 208 0.004 

No.53 1400 4.921 0.54 2.31 0.007 1.36 40.2 1.98 1 0.01 7 13.40 0.0020429 0.9 0.12 0.04 1 85 -171 208 0.004 

No.54 1400 4.751 0.54 2.27 0.007 1.36 37.6 1.90 1 0.01 7 12.52 0.0019769 0.9 0.12 0.04 1 85 -171 208 0.004 

No.55 1400 3.357 0.45 1.90 0.007 1.36 13.6 1.24 1 0.01 7 4.52 0.0010106 0.9 0.12 0.04 1 85 -171 208 0.004 

No.56 1400 4.767 0.54 2.28 0.007 1.36 37.9 1.91 1 0.01 7 12.63 0.0019869 0.9 0.12 0.04 1 85 -171 208 0.004 

No.57 1400 3.470 0.46 1.92 0.007 1.36 15.6 1.29 1 0.01 7 5.20 0.0011250 0.9 0.12 0.04 1 85 -171 208 0.004 

No.58 1400 3.945 0.49 2.06 0.007 1.36 24.1 1.52 1 0.01 7 8.03 0.0015259 0.9 0.12 0.04 1 85 -171 208 0.004 

No.59 1400 4.163 0.50 2.12 0.007 1.36 27.9 1.62 1 0.01 7 9.31 0.0016766 0.9 0.12 0.04 1 85 -171 208 0.004 

No.60 1400 4.445 0.52 2.20 0.007 1.36 32.8 1.75 1 0.01 7 10.92 0.0018423 0.9 0.12 0.04 1 85 -171 208 0.004 



4.3 Meta-model building by Genetic Programming (GP) 439 

Genetic programming (GP) is used in this paper to select a structure of high-quality global approx-440 

imations to the predictions of the dynamic strength of the composites that fall within the design 441 

space set in Table 5. Unlike building empirical model which is usually problematic in selecting 442 

the structure of the approximation function, GP searches for the structure by following an effective 443 

tree structure, as shown in the flowchart in Fig.15 for a typical expression of  
2

1 2 3x x x  . The 444 

process starts with an introduction of the parameters. The fitness is evaluated then to determine 445 

the quality of the approximations of the current generations. A poor fitness value will activate 446 

tuning algorithms. The common tuning algorithms used in GP are reproduction, mutation and 447 

crossover, which perform on the connections between mathematical operators and the terminal 448 

nodes. The whole process terminates only when the fitness reaches an acceptable level.  449 

 450 

Fig.15 (a) Tree structure for the expression  
2

1 2 3x x x  , (b) a brief flowchart of ge-451 

netic programming process 452 

 453 
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After implementing the above meta-modeling procedures and conducting the FE simulations for 454 

the 60 sampling results, the following analytical expression are found, as presented in Eq.(23). 455 

1 4 71.43 0.68 1.82 0.32 1.43rDIS f f V f                                    (23) 456 

where 1 = (69 )rf V  , 
2 = +

1+
f

r

f V
V


, 3 f rf V V   , 3
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7 670( )rf V f   . 458 

In Eq.(23),  DIS denotes Dynamic Impact Strength of the RULCC, Vf, Vr and   are, respectively, 459 

the fiber ratio, the rubber ratio and the dynamic strain rate. 460 

Fig.16 presents the comparisons between the dynamic strength of the RULCC predicted by the 461 

simple meta-model (Eq.23) and those from the experimental tests and the FE simulations. 462 
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(c) FE results (independent FE simulations: MPa)  465 

Fig.16 Comparisons between the metamodeling predictions and (a) Experimental and FE results 466 

used in the data training process, (b) Independent experimental results, and (c) Independent finite 467 

element results. 468 

 469 

Figure.16(a) compares the predicted dynamic strength using Eq.(23) with the strength of the 60 470 

designs selected by the DoE. The FE simulation results of the 60 samples were used in the data 471 

training process. The comparisons demonstrate that the meta-model approximates the FE models 472 

very well. To further validate the meta-model, dynamic strength of the RULCC from Eq.(23) are 473 

compared with those from independent experiment results and FE simulations (not used in the data 474 

training process) in Fig.16(b) and Fig.16(c), respectively. Evidently, the meta-model is sufficiently 475 
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accurate in predicting dynamic strength of the RULCC with a range of fiber or/and rubber rein-476 

forcement ratios, and subjected to different dynamic strain rates. It is worth of stressing that by 477 

using Eq.(23), only simple hand calculations or a programmable calculator are required to replace  478 

costing experimental tests or/and sophisticated FE simulations.   479 

 
(a) variation of DIS as function of rubber and 

fiber ratios 

 
(b) contour plot of DIS 

Fig.17.  DIS of the RULCC at impact strain rate of 200/s 480 

Figure 17 presents a snapshot and the contour plot of the DIS at a strain rate of 200/s for varying 481 

fiber and rubber ratios. The contour plot shows that the RULCC has a maximum DIS when the 482 

rubber ratio is somewhere between 4~5%.  Above this ratio, any increase of rubber ratio will re-483 

duce the DIS. Hence,  a proportional increase of fiber ratio is required to maintain the strength. 484 

When the rubber ratio is smaller than this threshold, to maintain the dynamic strength at a certain 485 

level, an increase of rubber ratio may require an increase of fiber ratio as well. 486 

5. Conclusions  487 

This study developed a modified constitutive law for lightweight cement composite with added 488 

rubber or/and fibers, based on the H-J-C constitutive model that was developed for normal concrete. 489 
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New SHPB experimental tests on a novel rubberized ultra-lightweight high-ductility cement com-490 

posite (RULCC) were carried out  and comparisons were made between the test results and the FE 491 

simulations using the modified constitutive law.  492 

To facilitate the assessment and design of the RULCC, a simple and practical design formula was 493 

proposed to predict the dynamic impact strength of the material using a data-driven meta-modeling 494 

process. To reduce the amount of data required in the data training process, the unified Latin hy-495 

percube DoE based on Audze-Eglais criterion was used to collect sampling points. An explicit 496 

formula was then developed from genetic programming, which can predict the dynamic impact 497 

strength (DIS) of the RULCC with full consideration of the interactions between fiber ratio, rubber 498 

ratio and impact strain rate. The formula is the first of its kind and can be easily implemented in a 499 

design process using hand calculation or a programmable calculator. 500 

In a general term, the methods adopted and developed in this study can be used in many other areas 501 

of engineering to develop better and more inclusive design formulas. 502 

This work reported in this paper was concentrated on achieving an appropriate balance of strength, 503 

density and ductility without considering the environmental impact of using high quantity cement. 504 

Future work includes reduction of the cement content in the RULCC to reduce the impact on the 505 

sustainable construction. The ongoing work is to replace cement with  supplementary cementitious 506 

materials (SCMs), e.g., calcined clay [69], ground granulated blast-furnace slag (GGBS) [70], etc., 507 

which appears to be among the most economical and effective approach to develop sustainable 508 

construction materials. The method developed in this paper will play an important role in evaluate 509 

the performance of these new materials. 510 
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Appendix 675 

 676 

The DoE selected fiber content ratios, rubber content ratios and dynamic strain rates of the 60 677 

RULCC sampling designs are shown in Table A1. 678 

 679 
Table A1 DoE selected fiber content ratios, rubber content ratios and dynamic 680 

strain rates of 60 RULCC materials  681 

NO. 
fiber con-

tent (%) 

rubber 

content 

(%) 

strain 

rate (/s) 

 
NO. 

fiber con-

tent (%) 

rubber 

content 

(%) 

strain 

rate (/s) 

1 0 12.20339 44.40678 31 0.35593 13.89831 196.9492 

2 0.01186 11.18644 166.4407 32 0.3678 5.08475 59.66102 

3 0.02373 10.50847 105.4237 33 0.37966 0 93.22034 

4 0.03559 4.40678 111.5254 34 0.39153 15.25424 29.15254 

5 0.04746 5.42373 178.6441 35 0.40339 15.9322 99.32203 

6 0.05932 3.72881 65.76271 36 0.41525 14.57627 148.1356 

7 0.07119 16.94915 71.86441 37 0.42712 4.74576 120.678 

8 0.08305 16.27119 160.339 38 0.43898 10.16949 90.16949 

9 0.09492 19.66102 132.8814 39 0.45085 2.0339 172.5424 

10 0.10678 7.45763 32.20339 40 0.46271 20 68.81356 

11 0.11864 14.91525 117.6271 41 0.47458 1.01695 53.55932 

12 0.13051 1.35593 154.2373 42 0.48644 6.44068 200 

13 0.14237 8.13559 81.01695 43 0.49831 5.76271 23.05085 

14 0.15424 6.77966 145.0848 44 0.51017 8.81356 138.9831 

15 0.1661 11.86441 193.8983 45 0.52203 10.84746 47.45763 

16 0.17797 0.33898 56.61017 46 0.5339 15.59322 190.8475 

17 0.18983 17.62712 41.35593 47 0.54576 17.28814 38.30508 

18 0.20169 13.22034 20 48 0.55763 18.98305 157.2881 

19 0.21356 2.37288 102.3729 49 0.56949 14.23729 74.91525 

20 0.22542 18.64407 87.11864 50 0.58136 9.83051 181.6949 

21 0.23729 12.88136 151.1864 51 0.59322 7.11864 84.0678 

22 0.24915 4.0678 26.10169 52 0.60508 1.69492 108.4746 

23 0.26102 13.55932 77.9661 53 0.61695 3.38983 169.4915 

24 0.27288 2.71186 187.7966 54 0.62881 17.9661 96.27119 

25 0.28475 18.30508 175.5932 55 0.64068 3.05085 62.71186 

26 0.29661 9.49153 50.50847 56 0.65254 16.61017 135.9322 

27 0.30847 8.47458 123.7288 57 0.66441 11.52542 114.5763 

28 0.32034 7.79661 184.7458 58 0.67627 9.15254 35.25424 

29 0.3322 0.67797 142.0339 59 0.68814 6.10169 129.8305 

30 0.34407 19.32203 126.7797 60 0.7 12.54237 163.3898 

 682 

 683 

 684 


