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Abstract: This study evaluates low-strength concrete with rubber and polymer fiber for “forgiving” 

safety barriers. These barriers should absorb collision energy, reduce vehicle deceleration, and 

minimize accident severity. Key requirements for such concrete are: low strength, low elastic 

modulus, high ductility, high toughness, and minimal dispersion of large fragments upon failure. 

The study examined various concrete mixes with varying percentages of recycled rubber (0-20% by 

volume) and polymer fibers (0-1.2% by volume). Compression, flexural, and dynamic impact tests 

were performed to assess the additions’ effect on the concrete properties. Key findings include: 

Recycled rubber reduces concrete strength with a low contribution to energy absorption. Polymer 

fibers improve concrete’s elongation and toughness, increasing overall energy absorption. The 

number of fibers in the fracture area is crucial to energy absorption. Energy absorption under 

dynamic load is higher than under quasi-static load. However, as the percentage of fibers increases, 

the results become more similar. Quasi-static tests of fiber-reinforced concrete can be used to assess 

its behavior under impact loads. In conclusion, combining recycled rubber and polymer fibers in low-

strength concrete can be used to produce “forgiving” safety barriers. Attention should be paid to the 

distribution of fibers in the concrete, as it significantly impacts energy absorption. 

Keywords: concrete; impact; fiber; rubber; dynamic load 

 

1. Introduction 

Road safety barriers are commonly constructed using concrete. However, conventional concrete 

barriers have a major drawback: they fail to sufficiently reduce vehicle deceleration during impacts 

to a level considered safe [1]. Ideal safety barriers should be capable of absorbing collision energy to 

decrease vehicle deceleration and reduce the severity of accidents. This type of barrier is referred to 

as a “forgiving” barrier. The work-energy theorem states that barriers must undergo deformation to 

absorb energy. Unfortunately, the strength of current concrete safety barriers is excessively high, 

preventing significant deformation when colliding with a passenger vehicle [2]. 

To develop concrete suitable for casting a forgiving safety barrier, several requirements must be 

met: 1) low strength to ensure low maximum acceleration; 2) low elastic modulus; 3) high ductility; 

and 4) high toughness resulting from the combination of low elastic modulus and high ductility. 

Additionally, the concrete should not disperse large fragments upon failure. 

Reducing the concrete strength can be achieved by increasing the W/C ratio, increasing air 

content, or using low-strength aggregates, like recycled tire rubber aggregate. The ductility can be 

increased by incorporating fibers [3] or recycled tire rubber aggregate into the concrete mix [4]. Pan 

et al. found by numerical study that the use of recycled crumb rubber aggregates can be used for the 

construction of forgiving road safety barriers [5]. 
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Many researchers published improved ductility and toughness of concretes that contain 

recycled tire rubber aggregates [6–14]. Rashad [13] performed an extensive review of rubberized 

concrete. From her review, it appears that even when the work was performed by the same group, 

not all research found improved ductility and toughness of the rubberized concrete. Khaloo et al. [15] 

found an optimum rubber aggregate content for maximum toughness at about 25% rubber content 

by volume. Nevertheless, even in their work, concerning concrete with normal mineral aggregates, 

the toughness index was significantly higher with rubber aggregate of any content and ranged up to 

600% higher than the control mix. 

The compressive and flexural strength of rubberized concrete tends to decrease with rubber 

content [13,16–18]. This result repeats in all reported works with no exceptions. The strength decrease 

is usually attributed to increased air content and impaired bond between the rubber surface and the 

cement paste. 

Fiber reinforcement is well known for increasing concrete ductility, toughness, and compressive 

and flexural strength. Fiber reinforcement for concrete is used for improving performance under the 

impact, crack control, and receive tension loads [19–23]. Commercially available constructive fibers 

are made mostly of polymer or steel. Their influence on tensile strength is proportional to their 

volumetric content and their strength. Their influence on ductility depends on the ratio of tensile 

strength achieved by the fibers to the tensile strength of the concrete matrix. As this ratio increases, 

the fracture may be more ductile. Another parameter that plays a role is fiber geometry, i.e., length, 

aspect ratio, roughness, and corrugation. If the fibers are too long or well anchored, they will be torn. 

This may result in a fragile fracture. The pullout of fibers may result in higher energy absorbance 

during fracture than fiber tear. This is due to the friction force which works for a longer distance. 

Hence, the pullout mechanism is desirable for ductile fracture [24]. The combined influence of the 

reinforcing fibers is defined as the reinforcement index, RI, where the fiber content, the fiber length, 

and the fiber diameter are incorporated [25]. 

Mechanisms that absorb energy during quasi-static loads, like friction, do not necessarily absorb 

energy during dynamic load, because the strain increases to the fiber tensile strength before pullout. 

On the other hand, in dynamic load, part of the energy goes to the acceleration of the broken parts of 

the specimen. Hence, energy absorbance during quasi-static load not necessarily will be equal to that 

of the dynamic load. The dynamic strength and energy absorbance tend to be higher than their quasi-

static equivalents [26]. 

There is no standard method for the measurement of dynamic load on concrete. Several authors 

proposed different methods, for example falling weight, with [27] or without [23] load measurement; 

a double pendulum where the concrete specimen rises to the height equivalent to the energy that was 

not absorbed [26]; and the Split Hopkinson Pressure Bar (SHPB) which has been the most popular in 

recent years [28–35]. These investigations found significant maximum stress and energy absorption 

increase as the strain rate increases. However, the SHPB method measures compression behavior. 

The compression failure is caused by sheer loads induced due to the poison modulus by the 

compression load [36]. On the other hand, cantilevers are prone to fail in bending load, which induces 

a tension load at one side of the beam and compression on the other. Hence, the dynamic results of 

compression failure cannot be adapted to the bending scheme. 

The strain rate of the collision is another variable. Published data of car-rigid concrete barrier 

collisions do not include strain rate or barrier deformation data. Strain rates found in the literature 

are based on material testing, not on actual measurement. To make it more complicated, the strain 

rate depends on the car, the barrier, and the car’s velocity. Results from laboratory testing show that 

the strain rate is not fixed during collision [37]. 

Energy absorbance requires deformation. Usually, no visible deformation can be detected, i.e., 

the concrete does not fail. Deformation can be seen only in the segmented barrier, where the barrier 

does not act as a cantilever [38,39]. It may be concluded that there are many knowledge gaps to enable 

the designing of a forgiving concrete safety barrier. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 March 2025 doi:10.20944/preprints202503.1126.v1

https://doi.org/10.20944/preprints202503.1126.v1


 3 of 16 

 

The aim of this study is to evaluate and compare the dynamic and quasi-static loads of low-

strength concrete incorporating rubber and fibers at varying contents. These compositions were 

selected to encompass the range of materials identified in the literature as effective for energy 

absorption. The findings address a portion of the existing knowledge gap, contributing to the 

advance toward concrete road safety barriers designed for forgiving road systems. 

2. Materials and Methods 

Materials 

The cement used was CEM II 42.5 N B/LL according to EN 197 by Nesher™. The aggregate 

properties are given in Table 1. The crumb rubber aggregates were produced by Tyrec™ from used 

tires. The rubber aggregate water absorption and apparent specific gravity were measured with the 

addition of an antifoam agent, as has been used in the concrete mixes. Concrete mixes were prepared 

according to Table 2. The rubber and fiber percentage is volume/mix volume. All mixes have a W/C 

ratio of 0.7 to achieve a relatively low compressive strength. 

Table 1. aggregates properties. 

Aggregate name Material Grain size (mm) 
Apparent specific 

gravity (SSD) 

Fine Quartz 0-4.75 2.62 

Medium Dolomite 9.5-14 2.641 

Coarse Dolomite 14-19 2.663 

Rubber Rubber 2.36-4.75 1.082 

Table 2. concrete mixes (kg/m3 if not otherwise mentioned). 

Mix # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Rubber 

(%) 
0 0 0 5 5 5 10 10 10 15 15 15 20 20 20 

Fiber (%) 0 0.6 1.2 0 0.6 1.2 0 0.6 1.2 0 0.6 1.2 0 0.6 1.2 

Cement 286 286 286 286 286 286 286 286 286 286 286 286 286 286 286 

Water 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 

Coarse 541 541 541 541 541 541 541 541 541 541 541 541 541 541 541 

Medium 272 272 272 272 272 272 272 272 272 272 272 272 272 272 272 

Fine 958 942 927 831 815 800 704 689 673 577 562 546 450 435 420 

Rubber 0 0 0 55 55 55 110 110 110 165 165 165 220 220 220 

Fibers 0 5.5 11 0 5.5 11 0 5.5 11 0 5.5 11 0 5.5 11 

Antifoam 

agent 
0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Concrete Mix Preparation Procedure 

The mixes were prepared in a horizontal concrete mixer. Before each mix, the drum was 

moistened with a wet fabric. The aggregates were inserted with 80% of the water and the antifoam 

agent. The materials were mixed for one minute and left to absorb water for 3 minutes. The cement 

and the rest of the water were added and the materials were mixed for an additional 3 minutes. 

During this mix, the fibers were added manually in small portions. In the case of fiber aggregation 

(hedgehog formation), the aggregation was manually broken and the concrete was remixed to 

achieve a homogenous mix. 

The apparent specific gravity was measured according to EN 12350-6:2009. A slump test was 

performed according to EN 12350-2:2009. Air content was measured according to EN 12350-7:2009. 
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Every mix was cast into 12 beams sized 10 × 10 × 50 cm3 and 3 cubes sized 10 × 10 × 10 cm3 

(Error! Reference source not found.). The cast was aided by a vibratory table. The specimens were 

cured under a polyethylene sheet for 24 hours, then underwater for 7 days, and in the air for 20 days. 

 

Figure 1. Specimen dimensions (cm). 

Measurement 

The compressive strength of the concrete cube specimens was measured on 3 cubes of every mix 

at 28 days according to EN 12390-3:2019. 

Quasi-static measurement of bending strength was performed with a central single force on a 

450 mm opening, with displacement control, at a rate of 1 mm/min on 6 beams for each mix. the 

maximum displacement of the measurement was limited to 35 mm by the extensometers. 

Dynamic measurement was measured under load in a cantilever static scheme on 6 beams for 

each mix. The concrete beam was fixed 380 mm away from the impact point (Error! Reference source 

not found.). The impact force was applied by a 24.6 kg hammer of a 300 Joule impact testing Machine, 

Model: JB-300 by Jinan Precision Equipment Co. LTD. The absorbed energy is equivalent to the 

change in the pendulum height at rest before and after, impact; and is read by a dial on the machine. 

A correction of the reading was done by subtracting the kinetic energy of concrete pieces that fell 

away from the impact place. The pieces’ distance from the impact point was measured, and the 

velocity was calculated using a ballistic equation. 
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Figure 2. Schematic of the dynamic loading machine (units in mm). 

For the comparison of the quasi-static and dynamic loading equivalent forces and displacements 

were calculated according to equations 1 and 2. 

3. Results & Discussion 

Concrete Properties 

Fresh Concrete 

For rubber content of up to 10%, there is no clear tendency of air content to change with rubber 

or fiber content (Figure 3). The R is -0.068 and the p is 0.86. This is not in agreement with the literature, 

which finds an increase in air content with each of the above. It can be explained by the addition of 

the antifoam agent. For rubber content of 10% and up, there is a clear tendency for increased air 

content with rubber content (R=0.74 and p=0.021). It seems that above 10% rubber, a larger antifoam 

agent is needed to prevent air entrainment at the rubber-cement paste interface. 
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Figure 3. Air content in the fresh concrete mixes. 

The apparent specific gravity of the fresh concrete decreases linearly with rubber content (Figure 

4). This is mostly due to the lower apparent specific gravity of the rubber aggregate. The air content 

contribution to the apparent specific gravity is minor. 

 

Figure 4. Technological apparent specific gravity vs. rubber content. 

The concrete slump decreased for any addition above 5% of rubber (Figure 5). The addition of 

fibers tended to reduce the slump, but no significant difference between 0.6% and 1.2% can be 

observed. 
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Figure 5. Slump test results vs. rubber content. 

Harden Concrete 

The compression strength of the concrete mixes is reduced almost linearly with the rubber 

content (Figure 6), regardless of the fiber content with a reduction of 0.74 Mpa for each percentage of 

rubber content, or 3.1% of the no rubber strength for each percentage of rubber content. This 

observation is in good agreement with the literature [6,12,40–47]. Since there is no significant change 

in air content, the decrease in the compressive strength can be attributed to the weaker paste-

aggregate interface, or the transformation of stresses from the compressing axes to the perpendicular 

axes by the compression of the rubber aggregates (check if there are references for this). 

 

Figure 6. Compressive strength vs. rubber content. 

For mixes that do not contain rubber, the compressive strength rises with the fiber content, 33% 

for 0.6% fibers and 53% for 1.2% fibers. This is also in agreement with the literature [48–50]. The 

increase in compressive strength is attributed to an increase in the shear strength achieved by the 

fibers, as cubes in compression tend to fail in shear. 

As the compressive strength, also the flexural strength decreased with the rubber content (Figure 

7). This is also in agreement with the literature [40,41,51–55]. This result is in agreement with the 

hypothesis that the main mechanism of strength reduction is the paste-aggregate weaker interface. 

The fiber content didn’t have a significant influence on the flexural strength. The increase of fiber 

content from 0.6% to 1.2% had no observable effect. 
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Figure 7. Flexural strength vs. rubber content. 

The contribution of the fiber to the mechanical behavior of the concrete was observed after the 

concrete failure. This can be seen in the residual strength and elongation which contribute to the 

energy absorbance after failure, as in Figures 8. and 9. For example, mixes without rubber with 0.6% 

and 1.2% fibers absorbed 62 and 89 times more energy than the control mix without fiber. While the 

increase of fiber content from 0.6% to 1.2% had no significant influence the flexural strength, it had a 

significant effect on the energy absorbance to failure. 

 

Figure 8. Typical quasi-static force-deflection curves of plain and fiber-reinforced concrete. 
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Figure 9. Quasi-static energy to failure vs. rubber content for concretes with different fiber content. 

While the contribution of fibers to energy absorbance was significant, there is a clear trend to 

demonstrate the contribution of rubber aggregate to energy absorbance. For 1.2% fiber mixes there is 

some increase from 0 to 5% rubber. For the 0% fiber mixes there is a slight increase in energy 

absorbance, which is insignificant relative to the energy absorbance of the mixes with fibers. Other 

studies also found only a small contribution of rubber aggregate to the energy absorbance [56,57]. 

Since the standard deviations are in a similar magnitude to differences between different rubber 

content, the results are not good enough to draw a firm conclusion. 

Energy to Failure 

Quasi-Static 

Figure 10 presents the energy to failure (or 35 mm displacement) of the beams. The inclusion of 

fiber in the concrete significantly increases the energy absorption. This is with good agreement with 

the literature (references). The increment of the energy to failure is not linear with fiber content. 

Doubling the fiber content added less the double the energy. The difference was minimal for the mix 

with 20% rubber. 
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Figure 10. energy to failure in quasi-static load. 

The inclusion of rubber in the mix increased the energy to failure for the fiber-less mix only. But, 

this increment is negligible relative to the energy absorbed by the fibers. Moreover, the increment is 

in the range of the standard deviation of the repetitions. 

The combined effect of fibers and rubber is not clear. The mixes with 1.2% fibers demonstrate 

some increment of energy to failure for 5% and 10% rubber relative to the mix without fibers. The 

mixes with 0.6% fibers show no clear tendency. The behavior of the 1.2% fibers may be a real 

phenomenon or random result due to the high variability of test results. 

Dynamic 

Figure 11 presents the energy to failure of the different mixes in dynamic loading. The 

differences between 0.6% to 1.2% fibers were small. Both fibers contents demonstrated higher energy 

to failure than the 0% fibers. When the rubber content increased, the energy to failure for the 0% and 

1.2% increased, and for the 0.6% decreased. The p-values are 0.08, 0.28, and 0.60 respectively. That 

means the rubber content has no significant effect on the dynamic energy absorbance, once fibers are 

used in the concrete mix. 

 

Figure 11. energy to failure in dynamic test. 

These results are not in good agreement with the literature, which reports a significant 

enhancement of energy absorbance for rubberized concrete [7,8,12,43,58–61]. The disagreement can 

be settled by considering the following: 1) most experimental procedures measured the concrete 

under compression load [58–60,62] while the present investigation measured it under a bending load. 

2) several investigations measured the energy to failure with repeated impacts [43,58,60,61,63] or only 

quasi-static load [8,53,64]. There is no reason to assume the overall energy of repeated impacts is 

correlated to the energy of a single impact. In repeated impact setting, part of the energy is stored 

and released as elastic energy [58,62]. So as the number of impacts increases, the elastic energy of 

each impact is summed into the alleged total energy to failure. And 3) the energy absorbance of the 

fiber makes the rubber contribution insignificant. 

Counting the number of fibers in the fractured surface of the beams after the impact test, found 

a good correlation (p-value equal to 0.0051) between the number of fibers and the energy to failure 

(Figure 12). This holds for all specimens, regardless of the fiber content. This indicates that the fiber 

distribution in the cast is of prime importance for energy absorption. In future studies, it advised 

casting a plate, and then cutting it into beams, to receive fiber distribution similar to this of a real cast. 
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Figure 12. Number of fibers at fracture versus energy to failure in impact. 

The maximum acceleration on impact decreased with the increase in rubber content (Figure 13). 

A higher variety of mixes has to be measured to indicate whether the cause is the lower concrete 

strength or the higher rubber content. The lower acceleration is important because it is a component 

of the ASI (acceleration severity index), which is the parameter used to define whether the safety 

barrier is forgiving. Lower acceleration means milder injuries for the vehicle passengers in the case 

of a crush [1]. Anyway, the maximum W/C ratio is dictated by durability concerns, and the rubber 

enables reducing the strength without increasing the W/C ratio. 

 

Figure 13. Maximum acceleration at impact versus rubber content. 
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𝛿𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟 = 4𝛿𝑏𝑒𝑛𝑑𝑖𝑛𝑔 (
𝐿𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟
𝐿𝑏𝑒𝑛𝑑𝑖𝑛𝑔

)

2

 
(1) 

𝐹𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟 =
1

4
𝐹𝑏𝑒𝑛𝑑𝑖𝑛𝑔

𝐿𝑏𝑒𝑛𝑑𝑖𝑛𝑔

𝐿𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟
 (2) 

Where 𝛿 is the deflection and 𝐹 is the applied force. The corrected force-displacement graph was 

numerically integrated using the trapezoid method. The Comparison between the quasi-static and 

dynamic methods is presented in Figure 14. The mixes that do not contain fibers demonstrated much 

higher energy absorption in the dynamic test relative to the quasi-static, 14 to 68 times higher. The 

mixes that contain fiber also gave higher energy absorbance in the dynamic load, but as the energy 

became higher, the results became more similar to the results in the quasi-static test. 

 

Figure 14. Comparison of quasi-static and dynamic energy absorption. 

One explanation for the higher energy absorbance during the dynamic load is the mod of fibers 

failure. Examination of the fracture of the quasi-static loaded beams found that the fibers failed by 

pull-out. This is a typical failure mode for polypropylene fibers, which erode by friction when they 

are pulled, leaving holes on the fractured surface [65]. The fibers on the fracture surface of beams 

failed by dynamic load, higher portion of the fibers failed by tear. 

All the quasi-static loaded beams failed at the maximum moment location, i.e., in the middle of 

the opening. No visible parallel fissures could be found at the beam’s bottoms. Hence, the fibers 

absorbed energy only while gapping the fracture. On the other hand, all beams failed by dynamic 

load had parallel fissures. The multiple cracking can explain some of the additional energy absorbed. 

Beams of the mixes that do not contain fibers failed in two places. This alone, cannot explain the 

increase in energy to failure for these mixes. The explanation has to come from the mechanism of 

fracture under different strain rates as have been found in many investigations under compression 

load [26,29–34,36,59,66,67] 

4. Conclusions 

The quasi-static and dynamic behavior of low-strength concrete containing different crumb 

rubber and polymer fiber contents were studied. The following conclusions were deduced: 

Recycled tiers rubber aggregate can be used to reduce concrete strength and maximum acceleration 

upon impact. 
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• Recycled tiers’ rubber aggregate contribution to energy absorption in bending load is negligible 

relative to the fiber contribution. 

• The contribution of the fibers to the energy absorbance was not linear with fiber content. 

Doubling the fiber dose increased the energy absorbance less than the first dose. 

• The main factor contributing to the energy absorbance of fiber-reinforced beams was the number 

of fibers in the fracture surface. hence, the improvement of energy absorbance by fibers depends 

on its distribution in the concrete. 

• The energy absorbance under dynamic load is higher than under quasi-static load. But, as the 

fiber content increased, the results became more similar. Therefore, a quasi-static test of fiber-

reinforced concrete can be used to assess the fiber-reinforced concrete behavior under the impact 

load of a car crashing. 
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