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Determination of size-independent tensile strength and fracture toughness
of seawater sea sand concrete
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Abstract: Seawater sea sand concrete (SSC) has a wide range of applications in the construction of islands and
coastal projects. In marine environments, concrete is prone to cracking, which can significantly affect the durability
of structures. In order to ensure the safe service of this new type of concrete in the marine environment, it is crucial
to study the fracture mechanical properties of SSC and to determine the fracture parameters reasonably. However,
the size effect is inevitably present due to the neglect of material inhomogeneity when using the determined fracture
parameters based on traditional linear elastic fracture model. To address this issue, this article aims to determine
the size-independent fracture parameters of SSC, utilizing a non-linear fracture theory based on boundary effect
model, taking into account the material discontinuity and heterogeneity. In this paper, SSC with the maximum
aggregate sizes of 10 and 20 mm were prepared. Three-point bending tests of with heights of 100 and 200 mm were
carried out respectively, and the initial crack length-to-beam depth ratios were set from 0.1 to 0.7 in each group.
Additionally, fresh water and river sand were used to replace seawater and sea sand in order to prepare ordinary
Portland concrete (OPC) as the control group for the experiments. Based on the boundary effect model and by
incorporating the average aggregate size of concrete, the size-dependent tensile strength f,, fracture toughness K. of
SSC can be obtained analytically from small and medium-sized specimens. Furthermore, the means, upper and
lower limits of two fracture parameters with 95% reliability were determined based on the normal distribution
analysis. The ultimate load of SSC specimens under any size condition was successfully predicted by using obtained
tensile strength. Moreover, the results show that under the same aggregate gradation, compared with ordinary

Portland concrete, SSC exhibits a higher proportion of aggregate fracture on the fracture surface and demonstrates
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higher tensile strength and fracture toughness. With the increase in the maximum aggregate size, the proportion of

aggregate fracture in both SSC and OPC decreased. However, the fracture toughness K. increased, while f,

decreased. The above model and related results can provide references for the practical engineering design of

seawater sea sand sea sand concrete.

Keywords: seawater sea sand concrete; boundary effect; non-linear fracture mechanics; fracture toughness;

tensile strength

MK R B B PT AR R b IR K T b
AR, T B P Y T e 85 R i 1 5 f T At
B AR MBI | 45 A R BRI T AR AR
H R E A2 35 60 i 7K W iP IR BE 1 (seawater sea
sand concrete,SSC) JEAR Jj=HREC AR TR Z
WH5E, 20 h THU R T Ry FoE . STk 1 -2 ]
T K R R B A oK Je kAL, i1 SSC
FUDHT 58 B2 i 75 T3 38 YR % 1 (ordinary Portland
cement, OPC) ; SCHR[ 3 ] BFRX R W] SSC K Wit o JiE
[FIRE T OPC; SCHR [ 4 TRFFE SR B, HR S 40 e ik
JE5 OPC AR W SCHR [ 5 ] 704 T R H MRS
P4 H v IR Bk A Ty 2 Ve Re Je R B, TR
X TR BE A T T 0 B R S AT AN

K RS T B R T S A (TR B
A AR S5 R A I B T SR ki
FRP i i & —Fh AT 2 A 800 vk (HIR B+
TFRLE IR EE T LB b i SR B SRS K
SHERAE R T 200 FRP AN Ak REE T
FCAH I3 A REIRE | AN R SR A7 TR B | ELVRETE 2R
BT, 5 IR R 24EE PRI BT IR ) 28t SSC
PEATHUEAE T BARIE N

LA i B AN W R A A E R ) e S
B, HA T s A O TR BE TR RE R G
HE (HAEET IR KA R A B 1) B 2 hr
SRS R T, AN R IR - LS R AR
FAEAERSERON  eah SR /s RH it 3
TAG G L L W 2L 75 B TR BE + 2B B2 AT 47
FERERON 1 R SR 13 ] B R o B
AR T RSP RN AR | HZ AR AL 5 2 LA AR Bl
7, AR AR RRE SR . STk 15 - 16
WE5E R BT O AL YA B DR O < ph T 22882
Ui AT AL A DX RS AR Tl e B 1K
S IRY 5 A X5 BRI AL T v A T SR
IR A G R S W 28 T 2 e R A Hh /NRGTHR
i WY o W N I VA S RS G {1 v S i
T RN AL (BEM) |, B R WU EE AR5
PERURZESE M 1 2850, HAG 7 6 bl 7545 B o 2%
F o AT TRV S SRAGHEA B 52 T8 RO RO A HE Ao BE
MBTEPEEK,"7 , BEM Jo T ™% A9 JLAAT A L 5%
F AT RS, BA ME— T

SSC H FHAPEE K5 B R RRak P | LW 2445
5 OPC S —EMER, BEIIZIRE &
KRARMGFEIREE T & 2 R, P IEXT SSC KT 244 fE 7
i 2, SCHR[ 18 ] R K Wr Bt T
K ERPRIAE A 10 mm () SSC AW B H XL K
Wir 284 2 B0 S AT A T R b W S B X T
S A R A H NIRRT B K TS0 R
PRV AN]SR SO e AT =
RIS ST TR /NRSE (100 1200 mm) SSC 22 WG 54
PERE , M AS Rl R RBPREAR (10 .20 mm) FIH) 4R 5%
(0.1 ~0.7) By, #E1f7, 3T BEM, #i € T
SSC HASLTRHN £5 K, I 5MFERC G i
OPC #7174,

1 SSC Wr 2t 4

1.1 RIeHEsR
L11 5k

T il R R TR A AU S Ll AR LK K 8
A RA R A0 P. 0. 42,5 358 i FRER K e 5
R S50 3 A AROK, /K 2 I ASTM D141 -
98"V BC i A TR s ML RER T 2 R K bR
PR e T A1, REARTE [ 730 5 ~ 10 mm |5 ~
20 mm; DTS H T PR D AT L,
AR AT b SO D A B AR S B SR 1,75
A (REV D) (GB/T 14684—2011) P FsRk | H
Wh RIS A R B L IR ALTE ) (JG) 206—
2010) P ESR

R1 ARIBVHELSH
Tab.1 Basic parameters of river sand and sea sand

R, WEORBEE,  EIORBEE
R AR 8

(kg-m™*) (kg-m™*) (kg-m™*)
bR 2.5 2613 1 366 1610
D 3.0 3047 1 680 1820
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MIRBEE L (OPC-20) HH A IR K AT R 43 S0 25 ok 5 4
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Tab.2 Mix proportion of SSC-10  (kg/m’)
ok 7K KU w HF UK
hiiks 197.4 537.5 691.9 955.6 1.6779
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Fig. 1  Test setup
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Tab.3 Cubic compressive strength and elastic modulus

TREE+ Pl S/ MPa E./GPa
SSC-10 63.5(0.4) 30.0(0.2)
SSC-20 61.6(1.9) 32.7(0.6)
OPC-10 65.0(1.9) 28.3(1.5)
OPC-20 60.6(2.2) 31.0(1.0)
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Fig.2 Typical load—crack mouth opening displacement curves
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Fig.3 Typical fractured section
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Fig.4 Boundary effect on the nominal strength o,

M TR EE ARG AR E SeE FaE I 511, ik
SR B for 20T, 97 4R 2488 R JE WL FPZ, WLIEL 5, 2
e R FEUR B ST R T Y, 2 e S BE it i Rt
i T BRI X B P A AN LY
J' AR BE Y R B SR S TR BE B R R AR AT G,
tFE B R SR L, e RORL AR R R R
HiA L2 DX 38 P AN [ A A% A B BEAIL A A 1Y)
W B I v DX I8 PN 1 R I AR 4 2 B AR e K R
M T RIERRAR d,,,, , FSIACF BRI d, 5
AR IR R Y SR Aa, K d, T
DI—AEi R p™ . WEiR R, 4, MIIA%E
J&T FPZ R/ R 5 BT 5 0 AW A 5 AR, [F)
B, AT LA h/d,,, 1R/ B B A e i) 34 5]
JE WA SO

@ -
‘_

Bl5 ZEERImHHNLE

Fig.5 Micro cracks at crack-tip
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Fig. 6 Stress distribution indicating nominal strength in the
cracked section in the ultimate state
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Tab.4 Summary of fracture parameters

RIS ag/mm F../N S/MPa  K/(MPa-m"?) |43 8#H  ap/mm F../N f,/MPa Ko/ (MPa-m'?)
10.0 8 515.08 5.82 1.687 15.0 8118.9 6.25 1.811
13.3 7 143.54 5.30 1.535 14.7 8221.2 6.28 1.820
12.7 7 438.80 5.43 1.573 12.0 7 872.3 5.65 1.638
11.3 7 333.80 5.18 1.503 12.0 7708.7 5.53 1.604
20.0 6312.48 5.46 1.583 21.0 6395.3 5.66 1.641
20.3 6 616.45 5.77 1.671 24.0 6 380.0 6.06 1.755
21.0 6 399.20 5.66 1.642 22.0 6108.6 5.48 1.587
21.0 6 522.58 5.77 1.673 22.0 6188.7 5.55 1.608
26.3 5 898. 60 5.92 1.716 28.3 5864.8 6.18 1.791
30.3 5141.38 5.70 1.651 33.7 4566.1 5.51 1.598
30.3 5 498.48 6.09 1.765 35.0 4492.4 5.62 1.628
30.7 5 660. 88 6.32 1.831 33.0 4951.0 5.87 1.701
30.0 6 065.99 6.65 1.929 33.3 5019.6 6.00 1.739
34.3 5093.10 6.25 1.811 29.0 5855.4 6.27 1.817
34.7 4 691.90 5.81 1.684 — — — —
SSC-10 41.3 4 002.62 5.96 1.727 OPC-10 41.0 4237.9 6.24 1.810
42.7 4 249.47 6.57 1.904 40.7 4161.0 6.08 1.761
42.7 4175.16 6.46 1.871 — — — —
41.0 4.094.45 6.04 1.750 — — — —
53.3 2995.84 6.54 1.895 49.0 3430.6 6.46 1.872
52.0 2 761.69 5.77 1.671 47.0 3972.9 6.90 1.999
52.7 3035. 84 6.47 1.876 53.0 2946.9 6.25 1.811
50.0 2 675.80 5.23 1.516 53.0 3059.2 5.87 1.701
49.3 3136.70 5.98 1.733 — — — —
62.7 2335.02 7.33 2.125 60.0 2199.3 6.20 1.796
62.7 2 126.61 6.70 1.940 61.7 1881.8 5.70 1.652
62.0 2 009. 90 6.16 1.786 59.7 1713.2 4.80 1.391
71.3 1 464.77 7.06 2.045 60.0 1774.5 5.03 1.458
72.3 1517.78 7.71 2.235 69.0 1529.9 6.52 1.889
71.7 1584.83 7.75 2.246 70.0 1481.0 6.65 1.926
73.3 1458.31 7.85 2.275 70.7 1143.9 5.38 1.558
71.0 1 480.80 7.00 2.030 70.3 1349.3 6.18 1.792
XA 6.24 1.809 SEHE 5.93 1.720
(PRifER) (0.73) (0.211) (FrifEZ) (0.48) (0.139)
22.3 28 130.3 6.49 2.661 27.0 16 862.6 3.98 1.632
26.3 25 059.3 6.19 2.539 21.0 15 362.7 3.63 1.487
— — — — 22.0 17 032.0 4.02 1.649
37.3 21 155.8 5.95 2.438 42.0 12 588.2 3.81 1.563
42.0 21 845.0 6.21 2.544 41.0 13 691.5 3.96 1.624
— — — — 40.0 14727.7 4.34 1.780
65.7 15 418.0 5.82 2.387 60.0 10 224.2 3.77 1.545
61.7 15 811.8 5.82 2.385 62.0 10 694.4 4.14 1.696
81.7 12 141.7 5.53 2.267 78.0 9 696.5 4.52 1.854
84.3 13 538.9 6.29 2.580 79.0 9 499.9 4.96 2.032
SSC-20 — — — — 0PC-20 81.0 9589.2 4.80 1.966
100.7 9 486.0 6.02 2.466 103.0 6367.4 4.55 1.865
105.3 7 963.8 5.39 2.211 102.0 6 869.6 4.81 1.972
— — — — 100.0 5956.9 4.13 1.693
— — — — 100.0 6 875.2 4.58 1.878
121.3 7305.3 6.61 2.711 126.0 4010.0 4.29 1.759
123.7 6 846.3 6.38 2.615 128.0 4758.4 4.93 2.021
119.3 7282.7 6.35 2.601 122.0 5393.1 5.02 2.056
— — — — 125.0 4150.1 4.34 1.778
135.7 3 826.5 4.65 1.905 139.0 2 863.3 4.69 1.922
146.3 3993.9 6.42 2.630 138.0 3169.0 4.76 1.951
143.7 3628.2 5.48 2.247 141.0 3135.0 5.09 2.086
XA 5.98 2.449 SEHE 4.41 1.809
(hrifiE2) (0.51) (0.211) (hpifiEE) (0.44) (0.180)
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Tab.5 Resulis of AD hypothesis test

IREETFIZE  SSC-10 SSC-20  OPC-10  OPC-20  [HIfH
p 0.0858 0.1931 0.4442 0.5465 >0.050
AD 0.6414 0.4909 0.3542 0.3122 <0.787
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Tab.6 Mean value of fracture parameter calculation results and

upper and lower limits of 95% assurance rate

IREEL A S/ MPa K./ (MPa-m'"?)
SSC-10 6.24 £1.46 1.809 £0.422
SSC-20 5.98 £1.02 2.449 +0.422
OPC-10 5.93 £0.96 1.720 +0.278
0PC-20 4.41 £0.88 1.809 +0.360
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Tab.7 Effect of d,, on predicted f, and K. values

f./MPa Kio/ (MPa-m'?) f,/MPa Kio/ (MPa-m'?)
i 4] _ _ _ — _ _ i 4 _ _ _ — — _
B 4= dy= dy= dy= dy= dy= B q = 4= d,=  d,= dyy=  dy,=
6 mm 7 mm 8 mm 6 mm 7 mm 8 mm Bmm 14 mm 15 mm 13 mm 14 mm 15 mm
SSC-10 6.62 6.24 5.92 1.775  1.809 1.834 SSC-20 6.15 5.98 5.82 2.427 2.449 2.468
OPC-10 6.28 5.93 5.64 1.686 1.720 1.746 0PC-20 4.54 4.41 4.30 1.794 1.809 1.823

®8 BITHEERIFM
Tab. 8 Effect of B on predicted f, and K, values

t

s f,/MPa K/ (MPa-m'?)
B=1.0 B=1.5 B=2.0 B=1.0 B=1.5 B=2.0
SSC-10 6.92  6.24  5.69  2.006 1.809 1.649
SSC20  6.61  5.98  5.46  2.709 2.449 2.237
OPC-10  6.55  5.93 543 1.898 1.720 1.574
OPC20  4.90  4.41  4.02 2.007 1.809 1.649
3 £
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