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ASTM C496-90 [7]. BS 1881-117 [8]. ISO 4108 [9]F1 GB/
T50081 [10].
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R ZhouZE[ 14 R I KSR 1A (AR 150~750 mm)
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SRR . IEAh, Rocco ZE[19TH 4 HH R i 6 45 S % B«
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X BEE (B/D) /NT 4% I, B RS TR % B 24t
FLOREE (R A] LA WA [19]. SRT, AR BREAA/S2 77 7R
AR B RIS, B R SR IR BOE S 1)
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BERSHE 5~20 mm B B, AR H00 35%

NSRBI S R AT BB A T, U ST
MG =Ry CHE R BPREAEFIITZ) TR B
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I, ERAT =ZEREAIA B A b, 1TZ JF R BE N 1~
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[7-8,101), — MR F 37 J7 A R0 B A A s A SR T Fe TR e - B
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B 3. B AFEIARF LA 5 RS CAC =4I . () 5 RBEE (150 mmx150 mmx150 mm); (b) [RAFAAER ($150 mmx300 mm) ;

(c) HAMNFEIF 96T R,

R1REL BRI b TURT AR A ST AR 1 25k

Split-tensile specimen

Load-bearing strip

Standard number

Shape Size (mm) Slenderness Width b (mm) Relative width 8
ASTM C496 [7] Cylinder $150 x 300 2 25 0.17
BS 1881-117 (BS_150/10) [8] Cylinder $150 x 300 2 15+2 0.10
BS 1881-117 (BS 100/4) [8] Cube 100 x 100 x 100 1 4+1 0.04
BS 1881-117 (BS,100/15) [8] Cube 100 x 100x 100 1 15+2 0.15
BS 1881-117 (BS 150/4) [8] Cube 150 x 150 x 150 1 6+1 0.04
BS 1881-117 (BS,150/10) [8] Cube 150 x 150 x 150 1 1542 0.10
GB/T50081 [10] Cube 150 x 150 x 150 1 20 0.13
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RSB R PR 7 AN AT A R X SR T ol ) AR R RN 45
PIRANL e =N R 2 IE T7 AR LG £ € AR
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Ao,= 1 1.35f+3P(1-31/f.), 0<P<0.15f, (1)
1.35(P+f,), P<0
a,+Pl(a,+a,P), P>f/3

Ao, = L5/y(P+f), 0<P<f./3 (2)
3(Pln+f), P<0
Ao, = ay+ Pl(a,+ a,P) (3)

n ( Ao, — Aay) +Ac, (strain hardening)
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Ao= (4)

(strain softening)
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45 9430,50-51], IWIIE RIS S BB e N -
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Ab, FET S SCHR[23]H A R K IR LU IR 2% 1) 77 2 1 B
b, wE C30 M KM B RY Z 50N £, =30 MPa,
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b Cum) BRI, R A i RS B A ) S e
fabr, Rl 2 £ A e A SR FH I BB ORE SZ T A FE
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A B A — P AL TR SRR A R R ) <35t b g X
B, Ik e — OB Al B Rb IR I 75%~80%. AL,
AL CAC H ITZ M HAL S = RE S BN f =
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Specimen geometry ~ Specimen size (mm x mm x mm)  Splitting area (mm?) b (mm) B L (kN) ., (MPa)

Cube 150 x 150 x 150 22500 6 0.04 70.2 1.99
150 x 150 x 150 22500 9 0.06 73.9 2.09
150 x 150 x 150 22 500 12 0.08 86.8 2.46
150 x 150 x 150 22 500 15 0.10 94.2 2.67
150 x 150 x 150 22 500 18 0.12 105.4 2.98
150 x 150 x 150 22500 20 0.13 110.5 3.13

Cylinder $150 x 300 45000 6 0.04 138.6 1.94
$150 x 300 45000 9 0.06 145.8 2.08
$150 x 300 45000 12 0.08 171.2 24
$150 x 300 45000 15 0.10 185.6 2.62
$150 x 300 45000 18 0.12 207.5 2.94
$150 x 300 45000 20 0.13 217.4 3.08

Based on the suggestion in Ref. [57], the splitting area of the concrete specimen under split tension is simplified as the vertical cross-sectional area along the load-

ing direction.



i
320 |-Fm— Cube model (OPC) b=0.13D 1 160 |
A Gyinder model (0PC) | & _ = 0.120 2 ! Kadlecek etal. [57] [ o Cube model (OPC) ||
@ Cubemodel(CAC) ¥ ~ T T T T - ===~ 1 150 } K 1
280} @ Cylinder model (CAC) b=010D | —4— Cylinder model (OPC)||
@ -0l Py 1 140 } |
. b =0.08D | 1
= 240} @ —-— =m0l 5 f(/)50x100 |
o a 130 |
= b=0.06D IS |
: @22 I ¢80 x 160 !
% 200} Q- lITIIUTIT 4 U120 b |
2 b=004D 12 1/1OO><200
x 1 ol ¢125 x 250 :
3 160} 7 3\ A/ $150 x 300 |
______ | 100 R —
»"\\b= 07D~ =~~~ 1 100 Pa == |1
1200 W -~ I ; I
R e L Sy I 90t 150 "~ 200° !
~ -~ \
80 1 T T o 11 . ( : 1
0 50 100 150 200 250 300 350 400 450 500 |
1

Fracture area (cm )

(a)

80
0 50 100 150 200 250 300 350 400 450 500'
Fracture area (cm )

B 12. AR LAAR G CACHIFR £, S BRI 2 8 55 & .

TR £ AE 2 B TSR 158 EE[19]. K13 )
7 T CAC 1 OPC [60] 1) B F1IR 56 £, 18 B S A 3 R AT
B FE B AR L[ 29,53-54,60]. 5 EVER A, KR
Fi AR B ST 48 K, CAC I £, {8 B 23 B 22 3% i 1
K, X5 OPC [60] b A —5. thol, AT 5
FE/NF 0.08 15, CAC £, 185 Olesen %5 [60]#3E [ OPC (&
Z R ZERER /N o B SRR ARG B FE I, X P 22 BE R
BR, R CACH fAEE&IA T KT OPC, X5 Mi%¥[29]
Frill 43 1) CAC F1OPC B ik 45 R — 2. Mk, 7~
AR TR B G 1R = 2 i DA b SR A R A 2 T S 3 1) B
HRLZ A B GREMNRES )1, XEBTR&EITZE
SiamfE . BT S A A B R OPC, CACHIffH4m
T OPC. BtAk, 3R E T AR 58 FE o8 0.20 B, AT LA
RILCAC [R5 £ H 2 I R 8h, X EF NS H L
Mk [29,53—54] 7 &1 18 1) CAC X 1 B A A 7] 19 0 % 9 &
(30~60 MPa) .

B L Rk m&ﬁV%twumﬁﬁﬁmiﬁ
A, HAp RS L Z R T R e — AR
I 55040, ﬁu%@uﬁﬁ%hAM§%éﬁﬁmT
HERA . (R, 2% R B S & HR MR 98 B B4, Rocco
1315 R (9) Al (10D SR ST 5 AR A R A A
AR S A

fea=fa=p"-00115]" (9)

Jao=fa=p*)7" (10)

s fopen T oy 73 T 2 525 P 0 (B A A1 £ B 2R BTt

SRPE. Rk, EMFEZMTN, SEO7 R R AR R £ E

Z AR R AT LA R A[19]:

Jaa 1-4*)"

foe (- 22)ﬂf 1)0115 (1)

X CAC HI £, o 1S, o BUE S IR 5 5 1 3 1

iR

A AD I (B4, sTRURIH AR (D iHEA R
CACHEE RERTH LR, b4, TLUER ML
AR (R X 5 BE N 0.04 BN EI 0.13 1, £, R £, 2 T8
(22 AL BB N, X L PRI 25 g Kk R,
FITE YL, B SORE R A 8 R RN, AR LT R
XF CAC f B M RE i FE FE A5 BN 2 2% . 18 e 45 1
R S5 R 2 10 22 50 B R DR, B P far 3 5
FE 4% B A SR R AR B B A OK TE WG i, X5
CRGEFE RN R AR, Hrh, SRR
AT TR BE RO, BB S5 SRS A R (A ) 2 R et
K

D, STt s R L, W RURA B FBRA R
5B At R 2 0 AT AN ) SR 8 R B FE (¥ CAC I f, o, F11

fsmy i =Al P
PR
@ _ (1 _ﬁ2 )3/2
fow T A—py 00115 7K (12
TIRA:
Sow o A=F)" (13)

Joe  (1=p*)?=0.0115

X, K AK,EE, 5 l$Es CAC £ fH A TE i |
FRATF PR . XA A B 0.04 2013 36 3. HRHEHE
A ANE] 5 SR 1 CAC I £, 1L, BUBZE R, YI2B
W K, 1K, 23 B 2. 1< 1074 /1 6.6x 1074, #R1, A T 3#E—
W E K MK, & E e A AR 58 SR 1)
(mqmﬁMWMﬁﬁﬂﬁ% HR. BMEZ, BB CAC
B 2B o B 1) PR 2O T 0 SR AN R 98 i S AR 3
F I CAC ) f (B A B LR, XX CAC 45/ B 5t Fl
AR LN U} -A TS



5 T T T
M Cube model (150 mm x 150 mm x 150 mm) ”i\
® Cylinder model (150 mm x 300 mm) Test results for )
A Wuetal. [53] CAC 1ol
¥ Mietal. [29] I ; :
@ Yuanetal [54] \ ]
4t (4
@ Olesen etal. [60] ' X ]
1Al
5 ‘o
. \
% Numerical results \./
= for CAC Il
B

3F ‘\'l.
St N

» Test results for
OPC

2r ° ‘|

0 0.04 0.08 0.12 0.16 0.20
biD

B 13. R AR [RIEAR AN S AR 5 58 5 1) CAC 1 OPC P [ A B 24 bt

B

1.030
Elastic solution
® Numerical value
— = = Upper-limit curve
1.025 F — — - Lower-limit curve 4

cu''st,cy

= 1.020
B
1.015 =
.’
__-_‘_‘Q_— \f P _ (1,/32)3/2
§ stcu' 'st.cy (1 _ B2)5/3 - 0.0115
1.010 L

0 0.04 0.08 0.12 0.16 0.20 0.24
bID

& 14, 3754/ A B R R o 5 SRR AR B 2 AR AR

5. 4518

ARSCR A = YEREH AR ILL 1K) 5 ¥R FE 1 5775 PR A
HEAR CAC Wl R BE Ry S22 E e . 2 T A SCHUE 45
AEATFRIE LR, WHFC 1R LT AR SOR 3R 98 1
Xf CAC f AHRIREMT . LRGN AR LA

(D LT —MNEAREHURFE OBIRRD D 1 =4k
I8 AL 4 U R SR A AI ST 7 (AR [ AL A CAC i i %)
ST AR EAE A4 CAC 1R F KBS 24704 /7 24 1 e AT AR 40
ForHT, BRAUE T AT HE H ) CAC 41U R FR R B 25
ICT TGN

(2) £ CAC KBS R Pt i ferh, RHarx Mk
N SORBPITHRI I YR, B AW T i
PSR A — 000 o LA, AHECT NERISORE S, B
PR SORE AL B AL T BRI IR A RE, 1]
LA RE CAC £ B R HURL A B E T B LS R BIRAT

(3) CAC (1) S Y B A X W 36 Air 387 19) T/ I
—BERIREE . SR, M SORER R I B R IR T
CAC B Hh0 T T BT 22 R AR 2B IR T RLBHR

(4) LR CAC KA (150 mmx150 mmx150 mm)
)£ BUE 25 R KT RSE R 150 mmx300 mm F (R A A4
CACIRF. AU T RAF CAC 14 £, 1) 5 i #HL43E m DA
T £ 5 R R AR (B 58 ROR AT HE s . el
CAC [1 £, 1 2= Fifi A5 1204 Wi 22 T AR A 184 KT o 2b, ix 55
ik o TR IE () OPC 45 SRAH —31[57]

(5) CACHMEEf EE X RB R TEERXR, He
Bl & B AR 5 B B 3G N T AT G K, 1X 5 OPC ARk
MR8 BLA, AR £ NS, Z LR R AR, A
M a2 Ma A3) #iE 7 CACHIf, M f,, 2t
My FIRVER, XX CACES P4 58 B (1wt 78 AT
BABKME S RN, EARKBEFE S, FATRIRICE
Z 1) CAC 55 230 S 08 A 58 45 R Ah 78 A 58 35 1X 48
YNV

260

O E K B R 2 4 (52178190, 51878350,
11832013, 51678304 F151508272) T H 45 5 AR 5 4 52 56
T 42 (6142414200505) < B 5 28 LR K24 70 AR
4 AE N A C 5 R B B A B 8 (KXK-
CXJJ202005) , LA SV 75 8 W 7 A AT THRI (K'Y CX20-0212)
M. BT Bk b B A s A2t R Wb ) 1L

Compliance with ethics guidelines
Zhangyu Wu, Jinhua Zhang, Hongfa Yu, Qin Fang,

Haiyan Ma, and Li Chen declare that they have no conflict

of interest or financial conflicts to disclose.
Data availability
The data used to support the findings of this study are

available from the corresponding author upon reasonable

request.

References

[1] Wright PJF. Comments on an indirect tensile test on concrete cylinders. Mag
Concr Res 1955;7(20):87-96.



[2] Guo Y, Gao G, Jing L, Shim VPW. Quasi-static and dynamic splitting of high-
strength concretes-tensile stress-strain response and effects of strain rate. Int J
Impact Eng 2019;125:188-211.

[3] Jin L, Yu W, Du X, Yang W. Mesoscopic numerical simulation of dynamic size
effect on the splitting-tensile strength of concrete. Eng Fract Mech 2019;209:
317-32.

[4] Chen X, Ge L, Zhou J, Wu S. Dynamic Brazilian test of concrete using split
Hopkinson pressure bar. Mater Struct 2017;50:1.

[5] Heilmann HG. Relations between tensile and compressive strength of concrete.
Beton 19(2): 68—70. German.

[6] Carneiro FL, Barcellos A. Tensile strength of concrete. RILEM Bull 1949;13:
98-125. French.

[7] ASTM C496-90. Standard test method for splitting tensile strength of cylindrical
concrete specimens. West Conshohocken: ASTM International; 1990.

[8] BS 1881-117. Testing concrete—part 117: method for the determination of
tensile splitting strength. British Standard. London: British Standards
Institution; 1983.

[9] Iso 4108. Concrete determination of tensile splitting strength of test specimen.
ISO standard. Geneva: International Organization for Standardization; 1980.

[10] GB/T 50081. Standard for test method of mechanical properties on ordinary
concrete. Chinese standard. Beijing: China Architecture and Building Press;
2019.

[11] Nilsson S. The tensile strength of concrete determined by splitting tests on
cubes. RILEM Bull 1961;11:63-7.

[12] Ince R. Determination of concrete fracture parameters based on peak-load
method with diagonal split-tension cubes. Eng Fract Mech 2012;82:100-14.

[13] Rocco CG, Guinea GV, Planas J, Elices M. The effect of the boundary
conditions on the cylinder splitting strength. In: Fracture Mechanics of
Concrete Structures. Freiburg: Aedificatio Publishers; 1995. p. 75-84.

[14] Zhou H, Che Y, Chen G, Song Y. Size effect on tensile strength of concrete
cubes and cylinders. Concrete 2010;8:13-5. Chinese.

[15] Davies J, Bose D. Stress distribution in splitting test. ACI J Proc 1968;65(8):
662-9.

[16] Tang T. Effects of load-distributed width on split tension of unnotched and
notched cylindrical specimens. J Test Eval 1994;22(5):401-9.

[17] Rocco C, Guinea GV, Planas J, Elices M. Size effect and boundary condition in
the Brazilian tests: theoretical analysis. Mater Struct 1999;32(6):437-44.

[18] Rocco C, Guinea GV, Planas J, Elices M. Size effect and boundary condition in
the Brazilian tests: experimental verification. Mater Struct 1999;32(3):210-7.

[19] Rocco C, Guinea GV, Planas J, Elices M. Review of the splitting-test standards
from a fracture mechanics point of view. Cement Concr Res 2001;31(1):73-82.

[20] Wu Z, Yu H, Ma H, Zhang J, Da B, Zhu H. Rebar corrosion in coral aggregate
concrete: determination of chloride threshold by LPR. Corros Sci 2020; 163:
108238.

[21] Wu Z, Zhang J, Yu H, Ma H, Chen L, Dong W, et al. Coupling effect of strain
rate and specimen size on the compressive properties of coral aggregate
concrete: a 3D mesoscopic study. Compos Part B Eng 2020;200:108299.

[22] Lorman WK. Characteristics of coral aggregate from selected locations in the
Pacific Ocean area. Report. Port Hueneme: USN Civil Engineering Laboratory;
1958. Report No.: TN-335A.

[23] Lorman WK. Characteristics of coral mortars. Report. Port Hueneme: US
Naval Civil Engineering Laboratory; 1960. Report No.:TR-041.

[24] Lorman WK. Coral and Coral Concrete. Report. Port Hueneme: US Naval Civil
Engineering Laboratory; 1960. Report No.: TR-068.

[25] Scholer CH. Examination and study of certain structures in the Pacific Ocean
area. Report. Port Hueneme: US Naval Civil Engineering Laboratory. 1959.
Report No.: NBy-3171.

[26] Howdyshell PA. The use of coral as an aggregate for Portland cement concrete
structures. Report. Urbana-Champaign: US Army Construction Engineering
Research Laboratory; 1974.

[27] Yu H, Da B, Ma H, Zhu H, Yu Q, Ye H, et al. Durability of concrete structures
in tropical atoll environment. Ocean Eng 2017;135:1-10.

[28] Da B, Yu H, Ma H, Tan Y, Mi R, Dou X. Experimental investigation of whole
stress-strain curves of coral concrete. Constr Build Mater 2016;122:81-9.

[29] Mi R, Yu H, Ma H. Study on the mechanical property of the coral concrete.
Ocean Eng 2016;34:48-54.

[30] Ma H, Wu Z, Zhang J, Yue C. Experimental and three-dimensional mesoscopic
investigation of coral aggregate concrete under dynamic splitting-tensile
loading. Mater Struct 2020;53(1):12.

[31] Suchorzewski J, Tejchman J, Nitka M, Bobinski J. Meso-scale analyses of size
effect in brittle materials using DEM. Granul Matter 2019;21:9.

13

[32] Skarzynski L, Nitka M, Tejchman J. Modelling of concrete fracture at
aggregate level using FEM and DEM based on X-ray ICT images of internal
structure. Eng Fract Mech 2015;147:13-35.

[33] Zhou X, Hao H. Mesoscale modelling of concrete tensile failure mechanism at
high strain rates. Comput Struc 2008;86(21-22):2013-26.

[34] Schlangen E, Van Mier JGM. Experimental and numerical analysis of
micromechanisms of fracture of cement-based composites. Cement Concr
Compos 1992;14(2):105-18.

[35] Bazant ZP, Tabbara MR, Kazemi MT, Pijaudier-Cabot G. Random particle
models for fracture of aggregate or fiber composites. J] Eng Mech 1990;116(8):
1686-705.

[36] Mohamed AR, Hansen W. Micromechanical modeling of concrete response
under static loading—part 1: model development and validation. ACI Mater J
1999;96(2):196-203.

[37] Yan P, Zhang J, Fang Q, Zhang Y, Fan J. 3D numerical modelling of solid
particles with randomness in shape considering convexity and concavity.
Powder Technol 2016;301:131-40.

[38] Xu W, Chen H. Numerical investigation of effect of particle shape and particle
size distribution on fresh cement paste microstructure via random sequential
packing of dodecahedral cement particles. Comput Struc 2013;114:35-45.

[39] Wittmann FH, Roelfstra PE, Sadouki H. Simulation and analysis of composite
structures. Mater Sci Eng 1985;68(2):239-48.

[40] Wang ZM, Kwan AKH, Chan HC. Mesoscopic study of concrete I: generation
of random aggregate structure and finite element mesh. Comput Struc 1999;
70(5):533-44.

[41] Hafner S, Eckardt S, Luther T, Konke C. Mesoscale modelling of concrete:
geometry and numerics. Comput Struc 2006;84(7):450-61.

[42] Wriggers P, Moftah SO. Mesoscale models for concrete: homogenisation and
damage behaviour. Finite Elem Anal Des 2006;42(7):623-36.

[43] Ma H, Song L, Xu W. A novel numerical scheme for random parameterized
convex aggregate models with a high-volume fraction of aggregates in concrete-
like granular materials. Comput Struc 2018;209:57—64.

[44] Fang Q, Zhang J. 3D numerical modeling of projectile penetration into rock-
rubble overlays accounting for random distribution of rock-rubble. Int J Impact
Eng 2014;63:118-28.

[45] Chen G, Hao Y, Hao H. 3D meso-scale modelling of concrete material in spall
tests. Mater Struct 2015;48(6):1887-99.

[46] Xu Z, Hao H, Li H. Mesoscale modelling of dynamic tensile behaviour of fibre
reinforced concrete with spiral fibres. Cement Concr Res 2012;42(11):1475-93.

[47] Guo R, Ren H, Zhang L, Long Z, Jiang X, Wu X, et al. Direct dynamic tensile
study of concrete materials based on mesoscale model. Int J Impact Eng 2020;
143:103598.

[48] Malvar LJ, Crawford JE, Wesevich JW, Simons D. A new concrete material
model for DYNA3D—release II: shear dilation and directional rate
enhancements. Report. Glendale: Karagozian and Case Structural Engineers;
1996. Report No.: TM-96-2.1.

[49] Malvar LJ, Crawford JE, Morrill KB. K&C concrete material model—release
III: Automated generation of material model input. Report. Glendale:
Karagozian and Case Structural Engineers; 2000. Report No.: TR-99-24-B1.

[50] Jin Y, Chen T, Meng Q, Hu M. Difference of coral skeletal structure revealed
by compressive strength measurements. J Trop Oceanogr 2017;36(2):33-9.

[51] Wang X, Wang R, Meng Q, Chen J. Research on characteristics of coral reef
calcareous rock in Nansha Islands. Chin J Rocks Mech Eng 2008; 27:2221-6.

[52] Kim SM, Abu Al-Rub RK. Meso-scale computational modeling of the plastic-
damage response of cementitious composites. Cement Concr Res 2011;41(3):
339-58.

[53] Wu Z, Yu H, Ma H. Study on the mechanical properties of new coral aggregate
seawater concrete. Ocean Eng 2018;36(3):59-68.

[54] Yuan Y. Mix design and property of coral aggregate concrete [dissertation].
Nanjing: Nanjing University of Aeronautics and Astronautics; 2015.

[55] Zhou Z, Zou Y, Li X, Jiang Y. Stress evolution and failure process of Brazilian
disc under impact. J Cent South Univ 2013;20(1):172-7.

[56] Neville AM. Properties of concrete. London: Pitman Press; 1981.

[57] Kadle¢ek V, Modry S, Kadleek V. Size effect of test specimens on tensile
splitting strength of concrete: general relation. Mater Struct 2002;35(1):28-34.

[58] Malhotra VM. Effect of specimen size on tensile strength of concrete. Appl
Clin Inform J 1970;67(6):467-9.

[59] Neville AM. General relation for strengths of concrete specimens of different
shapes and sizes. Appl Clin Inform J 1966;63(10):1095-109.

[60] Olesen JF, Ostergaard L, Stang H. Nonlinear fracture mechanics and plasticity
of the split cylinder test. Mater Struct 2006;2006(39):421-32.



