
              

City, University of London Institutional Repository

Citation: Wang, L., Shen, N., Fu, F. & Qian, K. (2022). Strengthening mechanism and 

microstructures of fiber reinforced coral concrete. Proceedings of the Institution of Civil 
Engineers: Structures and Buildings, 175(9), pp. 671-681. doi: 10.1680/jstbu.19.00246 

This is the accepted version of the paper. 

This version of the publication may differ from the final published version. 

Permanent repository link:  https://openaccess.city.ac.uk/id/eprint/24195/

Link to published version: https://doi.org/10.1680/jstbu.19.00246

Copyright: City Research Online aims to make research outputs of City, 

University of London available to a wider audience. Copyright and Moral Rights 

remain with the author(s) and/or copyright holders. URLs from City Research 

Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study, 

educational, or not-for-profit purposes without prior permission or charge. 

Provided that the authors, title and full bibliographic details are credited, a 

hyperlink and/or URL is given for the original metadata page and the content is 

not changed in any way. 

City Research Online



City Research Online:            http://openaccess.city.ac.uk/            publications@city.ac.uk

http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk


Strengthening mechanism and microstructures of fiber reinforced coral 

concrete 

Lei WANG 1,2Ni SHEN 1，Dapeng YU 1 ,Feng Fu 3*, Kai Qian1 

 

1.College of Civil Engineering and Architecture, Guilin University of Technology, Guilin Guangxi 541004, China; 

2. Guangxi Key Laboratory of Geomechanics and Geotechnical Engineering, Guilin, Guangxi 541004, China; 

3. School of Mathematics, Computer Science & Engineering, University of London, London, EC1V0HB, UK 

ABSTRACT  

In this paper, the strengthening mechanism of different dosage and length of carbon fiber, sisal 

fiber and polypropylene fiber on the microstructures and mechanical properties of Coral 

Concrete was studied through mechanical tests and microstructure analysis using Scanning 

Electron Microscope (SEM). Based on the mechanical tests and analysis of the microstructure, 

the strengthening effect and strengthening mechanism of fiber in coral concrete, as well as the 

mechanical properties of cementitious coral concrete were investigated. The results show that 

compared to normal mortar, the workability of the coral concrete is poor due to its light weight, 

high porous and rough surface, making the evenly dispersion of fibers in the concrete difficult, 

therefore, reduces the strengthening effect the fibers. However, the addition of fibers can 

significantly enhance the flexural strength and toughness of the coral concrete, improve the 

mechanical properties of coral concrete, but excessive high fiber dosage and extra-long fiber 

will significantly reduce the working performance of coral concrete, due to the fiber curling 

and clustering, especially for carbon fiber. In addition, the optimal length and content of 

different types of fiber are investigated. It is also found that, the strengthening effect of sisal 

fiber is better than polypropylene fiber and carbon fiber. 

Keywords: Concrete structures, Composite structures, Failure ,Coral concrete; 

Mechanical properties; Microstructure; Scanning Electron Microscope; strengthening effect; 

fiber,  

1. Introduction  

In the construction of offshore reef islands, using coral sand as fine aggregate to prepare 

structural concrete can effectively solve the problem of traditional building material shortage 

with good economic benefits [Yodsudjai et al. 2003; Lee 2003; Yi G. 2017; Wang et al. 2018]. 

Coral sand is a kind of natural calcium lightweight aggregate with low compressive strength, 
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high porosity and high water absorption [Da et al. 2016; Lyu et al. 2019]. There are significant 

differences in microstructure between the concrete with coral sand and the concrete with natural 

river sand. Liu [2018] shows that coral aggregate has the characteristics of rough and porous 

surface, which can be "nested" into cement paste and can be more effective compared to river 

sand. Guo [2017] and Ma [2019] found that coral mortar and coral concrete have the same basic 

characteristics, both contain more capillary water and larger porosity. Wang [2017] and Da 

[2016] show that the elastic modulus of coral aggregate concrete is lower than that of natural 

aggregate concrete due to the defects of coral aggregate material itself, which leads to large 

shrinkage deformation; Huang [2018] studies the mechanical properties of the specimen by 

uniaxial compression test, and finds that the failure mode of coral aggregate concrete is 

relatively malleable compared to that of natural aggregate concrete, and the failure mode of 

coral aggregate concrete is less ductile. The mode is brittle failure, and the compressive strength 

of coral aggregate concrete is lower than that of natural aggregate concrete. Guo [2017] 

measured the flexural strength of standard sand concrete and coral sand concrete by 3-point 

bending tests, the test results show that the flexural strength of coral sand concrete is lower than 

that of standard sand concrete. Therefore, compared with natural aggregate concrete, coral 

concrete has many disadvantages, such as large shrinkage deformation, high brittleness and low 

flexural strength, which seriously restrict its application in large-scale projects. 

An effective way to solve aforementioned problem such as low flexural strength of coral 

concrete is the addition of proper amount of fibers. Shu [2015] discovered that macro carbon 

fiber has a positive impact on the stiffness and toughness of cement concrete, which can 

effectively improve the mechanical properties of concrete under the tensile action; khushnood 

[2018] showed that adding well dispersed carbon fiber into the concrete matrix greatly improves 

the toughness and anti-crack performance of cement concrete, with the ultimate toughness of 

15% carbon fiber concrete will be increased about 3 times. Wang [2018] soaked the carbon 

fiber bars in seawater at different temperatures, and found that there was no obvious debonding 

and void between the carbon fiber bars and the resin interface, which indicated that the carbon 

fiber had better corrosion resistance; Filho [1999] measured the plastic shrinkage of sisal fiber 

concrete by the test method proposed by Sanjuan and Moragues [1994], and the results showed 

that sisal fiber can delay the first crack and control the crack growth. Reis JML [2012] shows 

that sisal fiber can significantly improve the fracture performance of polymer concrete. 

Izaguirre [2011] found that polypropylene fiber can improve the tensile performance of 

limestone concrete, and control the development of cracks through fiber bridging, so as to 

reduce the amount of limestone. Plastic shrinkage and early drying shrinkage of concrete; Nam 

[2016] and Ostertag [2007] showed that adding polypropylene fiber into cementitious materials 

can effectively reduce drying shrinkage and significantly improve the crack resistance and frost 

resistance of cementitious materials; Jiang [2016] used polypropylene fiber to strengthen and 

repair concrete, and studied its mechanical properties and working properties, the results 

showed that there is no obvious increase its compressive strength but the bond strength and 

bending strength. The shrinkage, wear resistance, impermeability and frost resistance of 

polypropylene fiber cement concrete are reduced. 



Due to the unique feature of coral concrete, the research on fiber-reinforced coral concrete 

is still rare. Therefore, in this paper, the strengthening mechanism of different dosage and length 

of carbon fiber, sisal fiber and polypropylene fiber and their influence on the microstructures 

and mechanical properties of Coral Concrete was studied through mechanical tests and 

microstructure analysis using Scanning Electron Microscope (SEM). Based on the mechanical 

tests and analysis of the microstructure, the strengthening effect and mechanism of fiber, as 

well as the mechanical properties of cementitious coral concrete were investigated. 

2. Test Program  

2.1 Test Material  

The cement is P.O 42.5 grade ordinary Portland cement, mixing with domestic water, 

natural coral sand. Three different types of fiber, carbon fiber (CF), sisal fiber (SF) and 

polypropylene fiber (PPF) are used, as it shown in Fig.1. The concrete mix design is in 

accordance to the ordinary concrete with same gradation method. The tests are performed 

according to the standard test method for basic performance of building concrete (JGJ / T 70-

2009). It can be seen from table 1 that, apparently, the density of coral sand is slightly higher 

than that of standard river sand, but because coral sand contains more internal pores, its bulk 

density is significantly lower than that of standard river sand. Under the same 0.5 water cement 

ratio, its content is less than one quarter of that of standard river sand concrete, and its 

workability is poor. Please refer to Table 2. 

Table 1 The properties of sand 

Sand type Fineness modulus 

Apparent density/ Packing density/ Standard consistency/ 

(kg·m-3) (kg·m-3) mm 

Standard sand 2.93 2650 1630 86 

Coral sand 2.93 2700 1480 18 

Table 2 The mechanical properties of the fiber  

Fiber type 

Length/ Diameter/ Density/ Elastic modulus/ Tensile strength/ Elongation at break/ 

mm µm (g·cm3) GPa MPa % 

CF 6,12,18 7 1.76 230 3530 1.5 

SF 6,12,18 75 1.45 26 780 6 

PPF 6,12,18 31 0.91 3.5 400 30 

 



         

（a）Coral sand                                         （b）CF 

         

（c）SF                                            （b）PPF 

Fig.1 Test material 

2.2 Test setup  

In accordance to the test method of cement concrete strength in Chinese design code 

GBT17671-1999, 46 groups of coral concrete specimens with carbon fiber, sisal fiber and 

polypropylene fiber in 4 different dosages and 3 different lengths were casted. The water cement 

ratio was 0.5, and the cement sand ratio was 1:3. The coral concrete with the same water cement 

ratio and without fiber (NF) was used as the control group, and the mix proportion was shown 

in Table 3. 40mm × 40mm × 160mm standard size specimens were casted with the curing 

period is 28 days. After the test specimens are casted, they are placed at a lab environment of 

(20 ± 2) ℃ and 95%humidity for curing. The bending and compressive test pieces are 

performed with the specific loading device shown in Fig.2 

Table 3 Mix proportion of concrete 

Concrete type 
Coral sand/ 

kg 

Cement/ 

kg 

Water/ 

kg 

Fiber type 

Fiber length/ 

mm 

Fiber content/ 

(kg·m-3) 

Unmixed Coral 

concrete 
1620 556 278 - - - 

Fiber Coral concrete  1620 556 278 
CF、SF、

PPF 
6、12、18 0.5、1.0、1.5、2.0 



          

（a）compressive test                            （b) Flexural test 

Fig.2 Test set up 

2.3 Microstructure analysis 

To gain further insight of the effective mix proportion for UHPC, the UHPC samples were 

inspected by the Scanning Electron Microscopy (SEM) method at Guilin university of 

technology. SEM observed the high-resolution morphology of the samples to obtain the 

microstructure information of the samples as follows: porosity characteristics of coral mortar 

on the fracture surface of the mortar specimen, adhesion of hydrated products on the fiber 

surface, and interface state of coral mortar and fiber. During the SEM observation, the original 

sample was cut into a specified size and coated with gold (when the sample contained 

conductive substances). The microstructure of the sample was observed and photographed by 

means of SEM -S-4800 available in Guilin university of technology, the device is shown in 

Fig.3. All samples were inspected as taken from the specimen without any further processing. 

Below is the discussion of the effect of different parameters on the SEM observations. 

 

Fig.3 The scanning electron microscope 

3. Test Results and discussion 

3.1 Failure mode of coral concrete  

When the coral concrete without fiber is damaged under compression tests, there is no 

obvious sign of cracking before it is broken into several pieces, showing obvious brittle failure 

characteristics. The addition of fiber has greatly changed the failure modes. The connection of 

the fiber at the crack and fracture surface has made the specimen maintain a certain integrity 



during the failure. However, the brittle failure has been reduced to a certain extent, as shown in 

Fig. 4 (a). The compressive strength of fiber reinforced coral concrete has not been improved, 

only a few specimens have been slightly improved due to the addition of fiber in the test, and 

the strength of most of the fiber specimens has been reduced, especially for the carbon fiber 

specimens with larger fiber dosage of2.0kg/ M-3and fiber length of 18m, the compressive 

strength has been reduced by about 11.4%. The main reason is that the long and excessive 

carbon fiber is very difficult to evenly disperse into the coral cement paste. The weak interface 

and initial defects caused by the carbon fiber reduce the compressive strength of the mortar, as 

shown in Fig.5. 

In the bending tests, the coral concrete specimen without fiber breaks into two sections 

with a loud noise, and the failure is sudden, showing obvious brittleness. However, for the test 

specimen with fiber, at failure, the integrity of the specimen is still maintained, as the fiber 

across the cracks plays a "bridging role" which significantly improve the toughness of coral 

mortar. The flexural strength of the fiber coral mortar specimens is improved to different extent, 

but the reinforcement effect of the specimens with different fiber and content is different. 

Compared with plain coral mortar, the flexural strength of carbon fiber mortar with fiber length 

of 6 m and content of 1.0 kg/M-3 increased about 27.7%. Different from ordinary river sand, 

because the strength of coral fine aggregate itself is significantly lower than quartz sand, coral 

sands fracture on the surface, and the larger the particle size, the more fractures. As it shown in 

Fig. 4 (b), sisal fiber breaks on the fracture location. As it shown in Fig. 4 (c), polypropylene 

fiber breaks and pulls out together. As it shown in Fig. 4 (d), carbon fiber has high tensile 

strength and is very difficult to disperse, only a few of fiber break, the remaining are pulled out 

in bundles. 

             

（a）The compression failure modes of fiber coral concrete          （b）Flexural failure section of SF coral concrete specimen 

             



（c）Flexural failure section of PPF coral concrete specimen          （d）Flexural failure section of CF coral concrete specimen 

Fig.4 Failure state of different fiber coral concrete 

   

（a）CF                                  （b）SF                                （c）PPF 

Fig.5 Compressive strength of fiber coral concrete specimens 

3.2 The theoretical stress-strain relationship of fiber reinforced coral concrete 

In the current research, stress-strain curve is usually used to investigate the brittleness of 

cement mortar materials. Because this test did not focus on the stress-strain behavior of fiber 

reinforced coral mortar under different loading conditions, it is difficult to get a complete and 

systematic curve. Based on the comprehensive analysis of references [Wang et al. 2017] and 

the test results, the theoretical curves of fiber reinforced coral mortar can be obtained, as shown 

in Fig. 6. 

(1) stress and compaction stage (OA): at the low stress level, the deformation of the 

specimen is larger, and the slope of the stress-strain curve is smaller.At this time, the internal 

structure of coral mortar specimen is compressed and the number of pores decreases. 

(2) crack propagation stage (AB): with the increase of load, the microfracture in the 

specimen gradually increased and expanded to the macroscopic level. The increase of the slope 

of the stress-strain curve is accelerating, and the specimen is in the stage of linear elasticity. 

Due to the random distribution of fiber can prevent the expansion of the original crack and the 

generation of new crack, so adding an appropriate amount of fiber can significantly improve 

the brittleness of coral mortar specimens. As the load continues to increase, the compressive 

strength gradually approaches the ultimate compressive strength, and the curve tends to the 

ultimate compressive strength. It's gentle. 

(3) structural failure stage (BC): the stress decreases slowly in a short period of time, 

but with the microfracture in the specimen continue with transfixion and connect into sections, 

the curve enters a rapid descending stage, and the deformation increases sharply.  

(4) residual stage (after point C): the fiber material being stretched to failure or relative 

slippage at the fiber-mortar interface. The stress-strain curve of the specimen decreases slowly, 

the stress level is low, and there is a certain residual strength. 



 

Fig.6 Theoretical  ~  relationship 

3.3 Effect of coral sand on the mechanical properties and microstructure of the coral 

concrete  

The workability of fresh coral sand is significantly lower than that of standard river sand 

mortar due to its light, porous and rough surface. Under the same gradation and water cement 

ratio, coral paste with low mobility reduce the even dispersion of fibers, which affects the role 

of fibers in improving the performance of coral sand concrete. The SEM results also indicate 

another significant influence. As shown in the SEM image in Fig.7, in addition to the 

atmospheric pores formed inside the mortar in the process of mixing, there are still a lot of fine 

voids in the section of the coral mortar. This may be because coral sand with the porous 

structure contains more air inside, and its porosity is close to 50% [Liu et al. 2019; Yang et al. 

2019]. In the process of mixing and water absorption, part of the air is discharged from the 

inside of the particles, and part of the air can be discharged from the fresh concrete through 

mixing. The air that cannot be discharged formed the space between the cement paste and coral 

particles after mortar hardening. In addition, during the compacting process of fresh coral 

concrete, the rising and discharging of bubbles in coral concrete, the porosity in the upper part 

of the specimen is more than that in the lower part. 

The addition of fiber into the slurry of cement forms a complex fiber matrix, which can 

reduce the segregation tendency of coral concrete due to the settlement of aggregate in the slurry, 

reduce early cracking of due to water evaporation or temperature change, and further reduce 

the number and scale of internal cracks of coral mortar [Aly et al. 2008; Ardanuy et al. 2015; 

MA et al. 2018]. However, the fibers will also hinder the discharge of air bubbles inside the 

coral concrete, resulting in the increase of porosity and the decrease of compactness of the coral 

concrete, which is quite different from the ordinary concrete. The increase of porosity reduces 

the compressive strength of the specimen, and at the same time affects the bond performance 

between the fiber and the mortar matrix. 



   

Fig.7 Porosity of coral concrete specimen (Microstructure observed at 30,250 and 500 magnification) 

3.4 Effect of type of fiber on the mechanical properties and microstructure of the coral 

concrete  

According to the mechanism of fiber strengthening and toughening, the mechanism of fine 

fiber and coarse fiber reinforced concrete is quite different under almost the same composition. 

Assuming that the fiber can be evenly distributed, the larger number of fine fibers tends to 

control the development of micro cracks, they are also forming a larger bonding zone with sand 

slurry, to improve the strength of cement paste. For coarse fiber, it is only before they are pulled 

out, it also helps to restrain the development of macro cracks and improve the toughness of the 

composite.  

As shown in Fig.8, the fiber can effectively improve the flexural strength of coral concrete, 

but the reinforcement effect is quite different. Among them, the flexural compression ratio of 

sisal fiber coral mortar is the highest, which is 38.0% higher than that of plain coral mortar on 

average. 

It should be noted that the behavior of specimens largely depends on the properties of fiber 

itself and the interface between fiber and cement matrix. Therefore, the strength, toughness, 

surface condition and dispersion ability of fiber have significant influence on the performance 

of fiber mortar. As shown in the SEM image in Fig.9, carbon fiber [Lin et al. 2011; Lestari et 

al. 2013; Ryan et al. 2013] has poor dispersion performance due to its hydrophobicity and 

agglomeratability under the same test conditions and test steps, and there are forming many 

blusters in mortar. Coral slurry cannot fully wrap carbon fiber, as the surface of carbon fiber is 

smooth, the bond between carbon fiber and slurry is relatively weak, and the high tensile 

strength of carbon fiber is not fully utilized, which leads to the strengthening effect of carbon 

fiber coral mortar lower than expected. Compared with carbon fiber, sisal fiber [Fernandes et 

al. 2013; Klerk et al. 2015; Haque et al. 2015] and polypropylene fiber [Ausias et al. 2013; 

Ruan et al. 2013; Coppola et al. 2015] have good dispersion and no obvious agglomeration 

phenomenon. Because sisal fiber has rough surface and has obvious hydrophilic characteristics, 

cement hydration products are easy to be embedded in the fiber surface, which increases the 

adhesion between fiber and coral mortar, and its reinforcement effect is better than 

polypropylene fiber. The failure modes for sisal fiber coral mortar specimens is mainly fiber 

fracture, while for polypropylene fiber, most of them are pulled-out. 



         

Fig.8 The flexural strength and growth rate of flexural and compressive strength ratio of different fiber coral concrete 

          

（a）CF 

         

（b）SF 

         

（c）PPF 

Fig.9 SEM images of fracture of different fiber in coral concrete (Microstructure observed at 30,250 magnification) 

 

3.5 Effect of dosage and length of fiber on the mechanical properties of the coral 

concrete  

Similar to other kinds of mortar, the fiber content and length have significant influence on 



the mechanical properties of coral mortar. With the increase of sisal fiber content, the flexural 

strength of coral mortar gradually increases and then decreases, and the flexural and 

compression strength gradually increases. When the fiber dosage is between 1.0kg/M-3 - 

1.5kg/M-3, the flexural strength reaches the maximum value. With the increase of the content, 

the flexural strength increases gradually, and the flexural compression ratio also increases 

gradually; carbon fiber belongs to fine fiber. When the dosage is between 0.5kg/M-3 and 

1.0kg/M-3, the flexural strength enhancement is more obvious. With the increase of the content, 

the enhancement is gradually weakened, as shown in Fig.10 and Fig.11. 

The ratio of fiber length to diameter determines the tensile peak stress of the fiber. 

Therefore, under the condition of evenly dispersion, the longer the sisal fiber is, the more 

obvious the reinforcement effect is. As shown in Fig.10, when the fiber content is the same, the 

flexural strength of 18mm sisal fiber coral mortar is 11.9% and 7.9% higher than that of 6mm 

and 12mm respectively, which is obviously better than that of 6mm and 12mm. At failure, most 

of carbon fiber is pulled out rather than broken. The high fiber content and length diameter ratio 

significantly reduce the working performance of mortar, causing fiber curling and clustering, 

reduce the overall performance of fiber mortar. It can be seen from Fig.12 that in a certain range, 

with the increase of the aspect ratio, the flexural properties of sisal fiber and polypropylene 

fiber coral mortar are enhanced, while the properties of carbon fiber coral mortar are reduced. 

In this paper, 6mm long carbon fiber is the best reinforcement for coral mortar, and its flexural 

strength is 21.3% higher than that of plain coral mortar, which is obviously different from sisal 

fiber and polypropylene fiber. 

   

（a）CF                                 （b）SF                                （c）PPF 

Fig.10 The flexural strength of coral concrete with different content of fiber 

   

（a）CF                                 （b）SF                                （c）PPF 



Fig.11 The flexural strength of coral concrete with different dosage of fiber 

 

Fig.12 Effect of fiber length on flexural strength of coral concrete 

In general, the mechanical properties of coral concrete are obviously lower than that of 

ordinary concrete. Although the addition of fiber can improve the flexural strength and 

toughness to a certain extent, the effect is not ideal. However, coral sand contains a lot of salt, 

due to the erosion, the conventional steel fiber cannot be used. The future research on new type 

of fibers and mixing proportion is in need.  

4. Conclusion  

In this study, the experimental tests and microstructural analysis of fiber reinforced coral 

concrete are performed, below findings can be made: 

1) Due to the large porosity and rough surface of coral sand, the workability of fresh 

coral mortar is poor, and the evenly dispersion of fibers is difficult, therefore, the 

enhancement of the fibers in improving the performance of coral concrete is limited. 

2) The addition of fiber cannot effectively improve the compressive strength of coral 

mortar but can significantly enhance the flexural strength of coral concrete.  

3) The fiber coral concrete specimen can still maintain a certain integrity at failure 

stage, and the brittle failure characteristics can be improved to a certain extent. The 

reinforced effect of sisal fiber is better than that of polypropylene fiber and carbon 

fiber. 

4) Under the condition of uniform dispersion, increasing fiber content and length can 

improve the performance of coral concrete, but relative high fiber content and 

length diameter ratio will greatly reduce the working performance of concrete and 

cause fiber curling and clustering, therefore, reduce the overall performance of the 

coral concrete. 
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