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Table 1 Physical properties of fibers
Fiber type Length/mm  Diameter/um  Length/diameter Modulus of elasticity/GPa Tensile strength/MPa Breaking elongation/% Density/(kg-m™)
CFs 10 7.3 2740 231.0 4558.0 2.15 1820
BFs 12 16.6 723 95.1 3746.0 3.10 2630
PSFs 30 920.0 33 5.3 5.3 17.90 910

CF is carbon fiber. BF is basalt fiber. PSF is plastic steel fiber.
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Table 2 Coral concrete mix ratio

Mix proportion/(kg-m™)

Cube compressive

Sample No. Cement Water CCAs CFAs CFs BFs PSFs strength/MPa
C00B0OOP00O 480 185.8 774 674 0 0 0 32.9
C00BO0P04 480 185.8 774 674 0 0 4 33.3
CO0BOOPO7 480 185.8 774 674 0 0 7 354
C00BOOP10 480 185.8 774 674 0 0 10 33.6
C00B30P00 480 185.8 774 674 0 7.890 0 36.5
CO0B30P07 480 185.8 774 674 0 7.890 7 34.5
C10B20P00 480 185.8 774 674 1.82 5.260 0 36.1
C10B20P07 480 185.8 774 674 1.82 5.260 7 34.6
C15B15P00 480 185.8 774 674 2.73 3.945 0 35.9
C15B15P04 480 185.8 774 674 2.73 3.945 4 36.6
C15B15P07 480 185.8 774 674 2.73 3.945 7 35.0
C15B15P10 480 185.8 774 674 2.73 3.945 10 334
C20B10P00 480 185.8 774 674 3.64 2.630 0 35.4
C20B10P07 480 185.8 774 674 3.64 2.630 7 33.8
C30B00P00 480 185.8 774 674 5.46 0 0 34.9
C30B00P07 480 185.8 774 674 5.46 0 7 335

CCA is coral coarse aggregate. CFA is coral fine aggregate. The volume of fraction of fibers is taken with the entire volume of concrete.
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Table 3 Characteristic values of stress—strain curve
o/MPa £x107 a/MPa <107 Eo/GPa E/GPa
Sample No.
Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
C00BOOP0OO 38.6 0.85 1.92 0.18 6.18 0.56 4.12 0.35 25.68 1.27 20.10 0.96
C00B0O0OP0O4 41.3 1.21 2.32 0.17 9.37 0.45 4.68 0.87 22.23 0.90 17.80 0.79
C00BOOPO7 41.6 1.00 2.36 0.12 8.14 0.26 5.27 0.71 23.08 1.35 17.63 0.61
C00BOOP10 41.8 0.83 2.40 0.09 8.30 0.19 4.86 1.10 23.14 1.91 17.42 0.68
C00B30P00 42.1 0.20 2.49 0.23 6.78 1.36 4.44 0.75 22.76 0.79 16.91 1.70
C00B30P07 41.2 1.05 2.62 0.29 10.08 0.56 5.10 0.81 20.83 2.00 15.73 1.36
C10B20P00 39.9 0.80 2.50 0.10 7.46 1.80 4.61 0.96 21.62 0.01 15.96 0.68
C10B20P07 394 0.51 2.70 0.12 8.55 1.72 5.23 0.68 22.01 0.86 14.59 0.46
C15B15P00 41.8 0.69 2.54 0.10 5.67 0.84 4.69 0.32 2432 0.61 16.46 0.74
C15B15P04 42.5 0.85 2.63 0.07 5.44 0.20 4.87 0.76 22.15 1.32 16.16 0.25
C15B15P07 41.0 1.06 2.66 0.25 7.48 0.74 6.47 0.84 22.40 0.86 15.41 1.25
C15B15P10 38.8 1.25 2.71 0.19 6.38 0.87 5.56 1.20 19.00 1.06 14.32 1.47
C20B10P00 39.4 0.95 2.59 0.06 5.98 1.25 5.34 0.63 20.76 1.24 15.21 0.59
C20B10P07 38.8 1.23 2.70 0.09 7.60 1.12 5.95 0.74 20.67 1.40 14.37 0.89
C30B00P00 393 0.74 2.60 0.16 5.26 0.69 5.12 0.56 21.37 1.40 15.12 0.92
C30B00PO7 39.8 0.66 2.71 0.19 8.35 1.45 5.16 0.86 20.90 0.68 14.69 1.19
Ey is initial modulus of elasticity. Eis peak secant modulus. Mean is average of the three specimens per group. Std is standard error of the mean.
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Table 4 Fitting parameters for stress—strain curves

Parameter a Parameter b

Sample No. Rumse Adjusted R?
Estimate SE Estimate SE
C00BOOP0OO 1.326 0.0122 5.397 0.1172 0.001 4 0.986
C00B00P04 1.306 0.020 2 4.703 0.0772 0.003 5 0.957
C00BOOPO7 1.351 0.014 3 4.549 0.050 9 0.0019 0.981
C00BOOP10 1.471 0.029 8 5.741 0.1156 0.004 2 0.947
C00B30P00 1.387 0.006 7 17.153 0.108 2 0.008 1 0.989
C00B30P07 1.432 0.032'1 4.557 0.097 9 0.006 1 0.925
C10B20P00 1.449 0.0233 7.071 0.1209 0.003 1 0.966
C10B20P07 1.607 0.0259 5.748 0.080 9 0.002 3 0.976
C15B15P00 1.552 0.0193 10.905 0.152 6 0.001 6 0.983
C15B15P04 1.486 0.018 1 9.559 0.1312 0.001 5 0.984
C15B15P07 1.619 0.0255 2.729 0.032 3 0.0019 0.979
C15B15P10 1.413 0.024 3 5.657 0.099 2 0.002 4 0.968
C20B10P00 1.445 0.012 8 7.748 0.0749 0.008 5 0.991
C20B10P07 1.576 0.026 7 4.081 0.059 4 0.002 7 0.969
C30B00P00 1.541 0.016 6 6.108 0.064 1 0.001 1 0.988
C30B00P0O7 1.528 0.024 8 7.072 0.1172 0.003 1 0.966

Estimate is estimated value of the parameter. SE is standard error of the parameter estimated value. Rysg is root mean square error.

1.0 - 1.0 3 1.0
\ —— Test — Test
08} U Eq.(1) 08} v Eq.(1) 08Ff
06} 06} L0610
L ° L
S 04f S 04t S 04f
02} N 02} g 02t
000 1 2 3 4‘17“ s 0% ! 2 3 4 ”"5 %
ele, ele,
(a) COOBOOPOO (b) COOBOOP04
1.0 1.0
—— Test
o8r /%  cwEa® | oosp /o Eq() | 08f
06} I os}
L L
S 04y : S o4l
0.2+ 0.2
0.0 1 2 é 4 777777 '-"5 0'00
ele,
(d) C15B15P07 (e) C20B10P00 (f) C30B0O0OPO7
10 BRI 2R 5 i Zexs be
Fig. 10 Comparison between experimental curves and calculated curves
S5 A PTESLIA R, R AQ), W RIEE 11 8, S KRBT 7 0y 3 BB
473 R i 55 s X 3) s« 1) WIEAHATIEY B 1 B b Ve ek - i 2R 2 v
I KR, LA, PR R A
- e VEL BT, =)
= s (@ 2a)e " © 2) PO H T B SEF B A 15
D= : () RS RN, HAYER I A
1- £>¢, TR -

2.5 >
ab(e/e —1)" +ae /&, 3) el BB BB+ D 5

R G HHRAF BT & 11 fos. 0K, BEANZIBRI K, 7k 1.



52 55 5 W X

1.0 T : T
Pr¢-peak |Post-peak A
ul |
[ I 1
0.6 /
Q —&— C00BOOP00
04 F —e— C00B30P00
C10B20P00
0.2 —v— C15B15P00
AT —&— C20B10P00
3 —<4— C30B00P00
0.0 f | . |
0.000 0.002 0.004 0.006 0.008 0.010

&

(a) Incorporated with different proportions of microfibers and without macrofibers

1.0

T ———— w v = - L2
Preé—peak i Post-peak
0.8 [
0.6 Il Il
= —=— C00BOOPO0
0.4 —— C00B0O0P0O4
CO00BOOPO7
02 —v— CO0BOOP10
0.0 ; L ; L
0.000 0.002 0.004 0.006 0.008 0.010

&

(c) Incorporated with varying amounts of macrofibers and without microfibers

5 5 2RI Y sm I R B ) sl R 46 M R . 1551 -
1.0 T
Pretpeak Post-peak
08t '
| I
0.6 +
Q —=&— C00B00P00
041 —&— C00B30P07
C10B20P07
—v— CI5BI5P07
02 —&— C20B10P07
. —<4— C30B00P07
0 ! L .
0.000 0.002 0.004 0.006 0.008 0.010
€

(b) Incorporated with different proportions of microfibers and macrofibers

1.0 — ,/‘/';ﬁ:vzw
0.8
i
0.6
Q —=— CO0BOOP00O
0.4 —e— CI15B15P00
C15B15P04
—v— CI5B15P07
0.2 —&—C15B15P10
0.0 i L L
0.000 0.002 0.004 0.006 0.008 0.010

&

(d) Incorporated with varying amounts of macrofibers and microfibers

Area I, II, and IIT in the figure correspond to the OA section, AE section and point E in Fig. 2, respectively.
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Extended Abstract

Introduction Using coral concrete made from coral aggregates instead of conventional coarse and fine aggregates and seawater

instead of freshwater for island reef construction can reduce costs and shorten the construction period for the development of the

marine economy. However, coral concrete has some challenges such as high brittleness, poor toughness, and limited durability, thus

restricting its application in engineering. Previous studies confirm that incorporating fibers can effectively enhance the mechanical

properties of concrete. Therefore, in coral concrete, some microfibers with high elastic modulus are considered to reduce the

microcracks, and some macro-fibers with high fracture toughness and elongation are considered to bridge the macrocracks, enhancing

its mechanical performance in multiple scales. Carbon fibers (CFs) have the maximum elasticity modulus among commonly used

micro-fibers. However, replacing carbon fibers with more economical and relatively high-modulus basalt fibers (BFs) is an effective

approach. In this paper, CFs and BFs were selected as microfibers. High-elongation plastic steel fibers (PSFs) were also selected as
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macro-fibers instead of the steel fibers most commonly used in concrete. The CFs, BFs, and PSFs were incorporated into coral
concrete. The mechanical properties of the hybrid fibers-reinforced coral concrete (HFRCC) under axial compression were
investigated, and the corresponding constitutive model was proposed.

Methods Cement used was ordinary Portland cement P-O 42.5, adhering to the code GB175. A coarse aggregate used was a crushed
coral with a continuous gradation of 5 mm to 20 mm and a tube compressive strength of 3.1 MPa. A fine aggregate used was a coral
sand with a fineness modulus of 3.0. Seawater was taken from Beibu Gulf, Guangxi, China. The admixtures include a polycarboxylate
superplasticizer, a hydroxypropyl methyl cellulose (HPMC), and an antifoaming agent. The study involved sixteen mix proportions
for HFRCCs with different dosages of CFs, BFs and PSFs.

A uniaxial compression test was conducted on prismatic specimens with the dimensions of 100 mmx100 mmx300 mm by a
model RMT-201 electro-hydraulic servo testing machine (1 500 kN). To measure the axial deformation of specimens, two LVDTs
were placed in the middle of the specimen. Simultaneously, during the loading, a digital image correlation (DIC) system was arranged
at the front and rear positions of the specimen to record complete deformations throughout the specimen failure. The failure process,
failure modes, and stress-strain curves of the specimens were determined via uniaxial compression tests. Key parameters such as peak
stress, peak strain, residual stress, and ultimate strain were extracted from the stress-strain curves. The strain field and failure process
were analyzed by digital image correlation (DIC) system. In addition, a modified constitutive model suitable for HFRCC was also
established based on the experimental data.

Results and discussion The uniaxial compression process of HFRCC can be divided into four stages, i.e., linear elasticity, stable
crack development, unstable crack propagation, and post-peak failure. Microfibers predominantly affect the crack development before
the peak stage, while macro-fibers play a crucial role in the post-peak stage. In the post-peak failure stage, a combination of DIC
system obtained horizontal strain distribution cloud maps reveals that HFRCC with micro-fibers exhibits a more uniform strain
distribution, compared to HFRCC without fibers or with only macro-fibers. However, in HFRCC with macro-fibers, the main through
crack has a width of approximately 1 mm, which is smaller than that of HFRCC without fibers or with only micro-fibers
(approximately 1.5 mm). The incorporation of high-modulus microfibers and high-fracture toughness macro-fibers into coral concrete
enhances its mechanical properties in multiple scales. This is attributed to a ability of micro-fibers at low dosages to form a randomly
oriented fiber network in the concrete matrix. This network bridges the micro-cracks, suppresses the extension of initial cracks, and
transfers stress across micro-cracks to reduce stress concentration as well as enhances the performance of the interface transition zone.
However, most of them break or pull out after macro-crack formation due to the high modulus and low fracture toughness of
micro-fibers. Also, macro-fibers with a higher fracture toughness can continue to bridge macro-cracks and transfer stress between
them even after the formation of macro-cracks. For the both strength and toughness, HFRCC exhibits a superior performance when
the volume fractions of CFs and BFs are 0.15% each, and PSFs dosage is 7 kg/m®. Compared to the coral concrete without fibers, the
peak stress, peak strain, and post-peak compressive toughness of HFRCC are increased by 6.22%, 38.54% and 116.44%, respectively.

A modified constitutive model suitable for HFRCC is proposed based on the CEB-FIP model and the Guo Zhenhai model, and
the calculated data of the model fit well with the measured results. The damage evolution process of HFRCC investigated by the
modified constitutive model reveals that the incorporation of CFs, BFs, and PSFs can synergistically delay the damage progression of
coral concrete.

Conclusions The uniaxial compression process of HFRCCs could be divided into four stages, i.e., linear elasticity, stable crack
development, unstable crack propagation, and post-peak failure. Microfibers played a crucial role in expanding microcracks during
the first three stages, showing beneficial effects on the peak stress, peak strain, and pre-peak compressive toughness. Macro-fibers
acted as bridging elements for macro-cracks in the peak failure stage, demonstrating a more significant impact on the residual stress,
ultimate strain, and post-peak compressive toughness. Each type of fiber had an optimal dosage level, and the reasonable dosage of
fibers could generate positive synergistic effects. When only micro-fibers were added, BFs contributed more to the increase in peak
stress rather than CFs, but their improvement in peak strain and compressive toughness was slightly lower than that of CFs. This
indicated that for engineering applications with lower toughness requirements, it could be feasible to replace CFs entirely with more
cost-effective BFs. The calculated data of the modified constitutive model aligned well with the experimental results. This work
investigated the damage evolution process of HFRCC, revealing that the incorporation of CFs, BFs, and PSFs could collaboratively
delay the damage progression of coral concrete.

Keywords constitutive model; compressive toughness; synergy effect; damage evolution; coral concrete; hybrid fibers



