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Table 1  Chemical composition of Portland cement (%)
SiO, Al; O Fe, O, CaO MgO SO, Na, O LOSS f-CaO C;S C;A
22.35 4.03 2.72 63.73 1. 96 2. 40 0. 54 1.65 0. 43 53.45 6.23
F2 wBRIKRMERE
Table 2 Performance table of Portland cement
National standards
Project Request Test results
GB175-2007
SO; (%) < 3.50 2.58
MgO (%) < 6.00 1.23
Clm (% < 0.06 0. 04
Fineness (%) (0.08 mm) 10. 00
< Qualified
or (0.045 mm) 30. 00
Stability Qualified
= 45 Qualified
Condensation time (min)
< 600 Qualified
3K = 2.5 4.5
Flexural Strength
28 K = 5.5 7.3
3K = 10.0 17.2
Compressive Strength )
28 K = 32.5 37.8
2) IR Mx=2. 38, HLARGL IC 1% Ol FnHe R PERE WLk 3

e FH 2 HE B 45 09 7 T e SR IX O XL 4

M 4.

®3 WREKRE
Table 3 Sand distribution status
Sand sieve pore size Weight Divide the sieve surplus Cumulative sieve residue
(mm) (g) Ai(%) AiCY%)
4.75 21.4 4.3 4.3
2.36 23.7 4.7 9.0
1.18 59.3 11.9 20.9
0. 60 127.5 25.5 46. 4
0. 30 159.9 32.0 78.4
0.15 77.2 15.4 93.8
Fineness modulus calculation Mx=2. 38

Fineness modulus Coarse sand 3. 1-3.7

Sand genus

Medium sand 2. 3-3.0 Fine sand 1. 6-2. 2

Medium sand
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Table 4 Sand technical performance table

Apparent density (g/cm?) Porosity (%)

Water content (%) Mud content (%)

2400 42.0
Fineness modulus Grading area

2.38 2

2.4 0.5
Surface condition

Round granular

(3) WA

WA T T 0 R F R B R MR RE S L R
S;é&ﬁaﬂtﬁﬂn%&/\*@aﬁﬁ%% AR R SR
i % E R R AR A A b BN L L 2.5 mm B
fLJ5 . i A B CRLAR K/NVAE 2.5 mm Lﬁ 5.0 mm 2
() FR) B3 A o ) R EE H ol 37. 7 g, BRI AR A 4 L

CRAZR KT 2.5 mm BYRF A BT A S5 1 A 4 D
1 98.69%. éﬁfEi’%%aﬁ@EE‘]*jﬁéﬁ?ﬁﬁjﬂﬁJ@7
FTHEAEPYES 0 mm £ 16.0 mm Z[E],. F& T
X R A7 G B 5K L R % TR TE TR BB T 0 2% S MR T
YEPERE

x5 HAOBRARMEHE

Table 5 Technical performance table of gravel

Apparent density (g/cm?) 2410
Porosity 39.0%
Gradation 5~16 mm Continuous pellets

Mud content
Water content

Needle flake particle content

1.0%
0.3%
9.1%

x6
Table 6

BRRER
Gravel grading table

Grading status (mm)

Circular sieve hole size (mm)

2.5 5.0 10.0 16.0
Sieve residual weight (g) 37.7 480.0 425.9 28.5
Cumulative sieve residue (by mass) (%) 98. 69 94. 86 46.13 2.89
Nominal particle size (mm)5~16 95~100 90~100 30~60 0~10

4) 7k SR S5 X R BR N 5 100 E AL IR &

S5 g 2ok AR v aURE B AR R R BT KR T I
AROKTTH A SRR R RRE AR TE LR 7.

(5) SEHR I U 45

S R BRAPLIE K AR P R BT L B T LR B AR
T L < 3 K 3 6 B TR N AR 8 6 L TR M A R
3V W 8 0 AL BN 3V R A 5 626

T S P B4 ST B R TG K B R B S e %Yiﬁﬁ
TR A B i A IR 2 )RR R A 2 1) A R w42
AL S AR PR PR WL 3R 8 AR 9. v G A dh i) 4l 12
KT 99.5% . HArF & 58. 44.pH {H7E 5. 0-8. 0
Z ] WU R P s IR . RIS T2
ol 2% T A i R 5 i A R T SR B T S B P A Al
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BRER &M 1 4l B F 99. 0%, AN 4 T/l 142, 04, Table 7 Performance indicators of tap water
R SN A W pH (B AE 5. 0-8. 0 2 [a], 26 FH Hiis WK Test items Relevant content
eSS BRI, KR Y T 2 R % B B OR & Sulfate (mg/L) 200. 00
LUK RV Y R M 1 0. 0050 % . 414 % TR 1o Chloride (me/L) 250..00
0. 2000 94 % + i Fi F 32 % b HE 40016 /K 36 5 10 5 Fluoride tme/1) -0
51 Nitrate nitrogen (mg/L.) 20.00
<L CCl, (ug/L) 3.00
L2 RA#EHESIRRE Anionic synthetic detergent (mg/L) 0. 30
Eﬁt# E"Jﬁ?ﬂﬁﬁﬁ ':F' ) %Fﬁ E@I*%ﬂ*’”ﬁxﬁcfz Total dissolved solids (mg/L) 1000. 00
BTEREEMNINES) S IRE R R SR 150 Residual chlorine (mg/L) 0.48
mmX 150 mm X 150 mm, 7K JK ¥ % 0. 52, 3£ 3} Total hardness (CaCO;) (mg/L) 450. 00
pH 7.3

210 4.

x8 S[UMAS IR

Table 8 Composition of sodium chloride

NaCl GB/T1266-2006
Molecular weight 58. 44 pH(50 g/L.,25 C) 5.0~8.0
NaCl content >=99.5% Clarity test Qualified

Maximum impurity content (index in %)

Water insoluble (w/ %) 0. 00500 Bromide (w/ %) 0.01000
Dry burning is weightless (w/ %) 0. 50000 Todide (w/ %) 0.00200
Sulfate (w/ %) 0.00200 Total nitrogen (w/%) 0.00100
Mg (w/ %) 0. 00200 K (w/ %) 0. 02000
Ca (w/ %) 0. 00500 Fe (w/%) 0. 00200
As (w/ %) 0. 00005 Ba (w/ %) 0. 00100
Phosphate (w/%) 0.00100 Pb (w/%) 0. 00050
Iron(1D) hexacyanide (w/ %) 0.00010
RI MBI ARIER
Table 9 Technical indicators of sodium sulfate
Na, SO, GB/T9853-2008
Molecular formula Na, SO, Relative molecular weight 142. 04
Na, SO, (w/ %) =99. 0000 pH(50 g/L,25 °C) 5.0-8.0
Impurity content (w%)
Clarity test/number <(3. 0000 Water insoluble <20. 0050
Burning weightlessness <C0. 2000 chloride <20. 0010
Phosphate <C0. 0010 Total Nitrogen <C0. 0005
K <£0. 0100 Ca (w/%) <£0. 0020

Fe <C0. 0005 Pb (w/ %) <0. 0005
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22 REITAESBETEMATHEEREEANE
Bl 3 /R TR AE A AL BT W h iR e
DRSBTS B N (- ON R oy S e

AL 7K B PR S A B8 TP A Sl s M o B B R
T I (] 3 e e T K e A e R TR O 4 K
A7 Wy BT FL B, Sl s M A e A B4R T T TE S A B
P B R BR T K A 7 P 6 L B B BT A A
JKIE R IR =BG S AR T R AR AR BN AR
Friedel #h L3 58 A b T IR BE + A B FG.

25.5
250 F /
o
_‘_.
245
=
-
°
K
24.0 - A /
A
235 F -l w/c=0.52, C=0%
—@— w/c=0.52, C=3%NaCl
= w/c=0.52, C=8%NaCl
23.0

0 70 140 210 280 350
Time (d)
3 TR Bl B A A i e R] A 1 T 4R
Fig. 3 The curve of the specimen dynamic elastic

modulus with time

2.3 REITESBETFRBRRBEFRAEATHR

M EENNE

Pl 4 S TRBE 78 =l BE 1 B TR A 5 AL BATR
B ST Bl O AR S S8 E A S TR] A 3 b
S50 N SEIR S5 K F L O AETE K LA K 3 V0 i R A
556 20 EAL AR A 7 10 rhisRE 11 2l L A R (R B
A5 5l ESF V) P 396 o0 T R0 T B g VR R S VA VR
F18 YR B A 3R T 0 ) 3 L A o (L 1 SEE 210 KT
W BT RIS AE 210 K5 5% G i B R DL R AE
275 RZJa BT B i . 5 i & AH LG, LA
TEG T 210 KRB EE & . HAE 275 KRG
FEAE T B GR. X 3R I Uk B O B TR N A
TR A5 VA5 02 T o A 2 AR 35 7 RS0 R ) T
ﬁ?%fiﬁja_$% PR 3 S B LA F Friedel 57942

R T B 2 ) L S T ) A

ﬂx"&ﬁ?qﬂﬁﬂmwﬁﬂl@iﬁ}iyl_zfﬁﬂﬁi
ST RS 7 A R K T DT S PR S ST B A i i



« 480 - W g 22 4l

2025 42 46 &

26
25 -
g
o ..\
24 | L
—Bl— w/c=0.52,C=0%
—®— w/c=0.52, C=3%Na,SO,+6%NaCl
M~ w/c=0.52, C=5%Na,SO,+10%NaCl
23 E——

0 70 I 140 I 210 I 280 l 350
Time (d)
P& 4 20RE Bl 5P AR S I I ] 22 £ 17 oy 4%
Fig. 4 The curve of the specimen dynamic elastic

modulus with time

P AR R .
2.4 RELIEEERALER

2y PP A T A R R A B R T R B
32 SR T R R AR B 14 T 2 e 2 Al 2 e o b
FEM. EEARE LT =it iR

( mmwwmesn )
( xmwzae )

( mmrem ) ( m@m%%%m ) ( %ﬁmw )
[ %maﬁﬁﬁr ] (%F¢CSH]
%ﬁﬁﬁf b e

{
) [ﬁm)@nm oo ) (w0 )
|

i
=

Friedel#h L 753%

([ wo
l

75 4405 s A
E=E, *$,(t) *4.(2) *$..()

5 Sy B A b A A A 4]
Fig. 5 Derivation of dynamic elastic modulus

evolution model

(1) R ZKk Al ad 72 - 7K P8 B R 7K A6 Y ik R =
5 UKL 5 7K Ak 2 A AR S AR K AR IR 5 . B C-S-H

HRE G 3 5% TR R i g S R R AL S RN T e
mr
2[3Ca0 + Si0, ]+6H,0
—>Ca0 « Si0, *+ 3H,0+3Ca(OH), (D
5 LA B Al 5 SR 3 6y e m] e I Y OB 30k
dCes

& —kCs (2)
o Cos S R K AL RE TR =45 (19 Wk FE L & Oy S 3 6

R
(2) B B [ Ak R 7 i 72« X — i Bl
WAL AT — R AR B T 5 A A kAR
B AR KA s KA 5K B4R IR =45
R AAEE ROV AE B LA B 0L A 0 AR K BE R AE S
ol S 70 TR 5 A LB TR B Y ) A PR RE L SCRETE
FLB 7 AR K S B0 B 400 T 558 1k TR Bk - Y
J15VERE. X — B W R
CH+S0O;” —CSH, +20H"
CA+qCSH, —>C; AS, H.,
HNBERAME, LG KX P TXHEN: CA=
v CA+ v, C,AH,, + v, C,ASH, 5 g =37, + 37, +
2v;. CH & %4655 s CSH, 2 4 78 s CA R L
s Cs ASs Hy, IR K & ¥ 4 58 R 55 (DE) 5 G, A
CiAH,s #1 C, ASleﬁﬁ'J?%ﬂ?%nﬁ&:%\ﬂl%n@&%ﬂ]
PABRERER s g ABLIR LA 1AL it E i R EG Y G
=1=3) RN RIREA 5 B EIRER & 1) A,
55 HOAH L A A2 Sy 3R 38 7 B AT R IR h
dCea ki CeaCi

3

dt q
E (4)
oG

o Cea s Cour s 20 91 78 48 B2 =45 FH B PR AR 25+ 19
WRE k) iz b2 ok AR 1 S 23 H K
(3) @A FIRMB N X T RIREE LA
T 5 IR EE 1 b i SRR R & A O A i Friedel £ 1
AR R RIS 4 L 3X — 3o A i A 55 AR TR Bk 1 1
FEaE, M H. Friedel £5 07 DUE 2138 78 R & LB 0 7
FH - HAR A RO D7 R
3Ca0 « Al, Oy +CaCl,+10H,0
—>3Ca0 * ALO, » CaCl, « 10H,O (5)
55 HOAH L A Al 27 S R A 7 R ) R IR H



65 ol A ) R R A AL o 481 -

554 KIEMG L&, i)
d ‘c ~
ditl* —kyCyCen
dCoy ks
4 o CuCea (6)
dCriicael __ k3 o .
& g CaCer

P Co s Cea Tl Craean 73 9 278 S B TS0 R =45 AN
Friedel #h i ¥R i 5 ko & 3K — Ak 2% 2 72 19 ) N 3 %
A
AR 5 R o A SRR B R R 0 ik A B N VR BE Y
B SR AR T A NV 1 5 X = b S R A S R
FHE. HIR L TR BE 1 0 3l St B i v] LR IR A
E,=E, « $(t) (D
Krp (O NBHAT T R g REAR TS iR
=AM R A OC.
MR FATEE T b (0) b (0 s b (0 53 B RN
Yk 2L KAk RS Ak R B R AR 2 1 [ Ak 1% 5, )
$ (1) A[ KRN
P(L)=0,(t) * b (1) * b (1) (8
R AIRTE ¢ =0 B 2B 5 AN 2R84k T LA
$(0) =6, (0)=9¢,(0)=¢,(0)=1 €D
Ak K AL 0 PR B, (O B E < b (0) 19 BRER
T 2N 5 4k LK Ak 2o A5 A O, 3 4k 22 7K Ak AR B
() C-S-H BEIE £, TR BE (10 80l 42 5 15 8 2.

PRI o W32 C-S-HBE I 25 1 1 B 80 35 33 ol 25 YD
b (1) =y (mesn) (10)

&ﬂ]’[%‘ ¢h (mesy )%%ﬁzﬁﬁjg&ﬂ
¢h(7nCSH>7 2 ¢()(O)7n(_SH (11)

U R O R AR I3 W By Gnes ) AT LR 5 3
TRN

¢h(7n(‘,SH):ao+al7nCSH 12
X b 3
d¢,=admecsn (13)

M KA T 2 (O 2, v 0 C-S-H 3% B % B8
HOE T RERR =45 1 R & L ) .

dCesnu=—X11dCes (14)
B ADHXACA QDR AT IR F] .
dCos=— 1 dg, (15)
1A1

B (1O F15) AR A AL 27 O 32 7 2 (2) 2,

(E¥ | PSe W Sia ARG SR
d,

g ﬁ(%—az (16)
fifk M 35k o3 7 FEAG F)
$=1+
{ ‘ 14‘ an
Cl.L:(l*Clz) as s (lgzag(azil)

K aysas HTFESEL

S T TR e pR L B (O B A < ba (1) 5 5L
B AR R =5 S A Ak 2E O AR ) Friedel #1194k
et FEAR G, FRATAY S35 B Friedel 3 AT DU 31 151
FENGE LB VR PRI AT DA s R 1. ST
TR BE b A58 R 1 ¥k B2 7T L4 R PR 4 s — B 43
BT RN A i Friedel #5, %5 — 384 5 5B AR 59
T B0 A S LA R AE e B TR) PN A IR R Wk FE Y
Ak dCoa W FER S, BV :

dCep =dCg, +dC 18

Ao dCEA I dCE 4351 R de s [R] P 5 48085 7 FBL R
R B - A SN 1 S5 TR 6 vk i 8 Ak

e 7 de BB Y ¢ B9 22 fL & déa IE T

Friedel £§ 04 i i, B 5 58 BR 6 09 0/ 1 40 DG R
WAl 2 5y 7 X (5) AT LA ) .
dsoC dCryieqe o — dCE5 19
It LA«
dCey=—2,d$, (20)
A2 O He B R EL
Xt b2 R A5 )
Cér=—2($a—¢i) (21)
A da W IR N R S
200 A2 21 AR A A 2 S0z 3 A 5 #E X
(6)15 % ;
%ﬁiﬁl:—mmﬁfﬁ> (22)
L o MTEESE
X b PR R B AR 15 2
1n[ﬁ{j;§'}::——kzaz (23)
AT AR R
pa=0s T(1—¢i)e “»
1 (24)
tp2:@7 pq =1



o 482 - W g 22 4l

2025 42 46 &

ATRLVE Y oo 1R BOE K smEL
B R AR B F Tl 52 e oR B b (o) 1Y B E
b (1) HORERAR B T R IR — 45 &k A b2 R R
RS AT B A 27 R AR 5L V% T B b () £ 75
AR5 - R A5 B A1 35 70 VR 6 - L B 4G SR R BE 1 1Y
RIOE o AT 55 AL A1 2 K 0 3k s T O - 405 59 kTR
Bt AL
b (1) =bc, (1) —D (1) (25)
T b, () 0 B R AR B8~ 184 58 45007 114 52 1) o1 5
D (¢) Ay Bt TR AR 85 B8 ok ™ A= g A 473
[ 1 B AE e B[] e B2 AR B deaan
IE HEF A5 00 A 09 A A B S B R R Y /N A G
HRAE AL 27 K FE X (3) AT AR 5]
dC = — Xy e, (26)
XA, o E B R AL
X b AP R 13 3
C=—2s (P, — Pl 27
X b, AR ESHL.
2 (26) FT K (27) A b 2 i 3 % R X
(DOIF3] .

d(¢(sul)r * ‘f’{ium ) —
dr

X o Wi EZS .
R AR (28305 (22) XAA M R p e L Witk
$eanr 3 bt BATAE B L B

Peaatrr = Plaan, T (1 —9up, e s
1 (29)

b ey Pl =1
AT LLE Y b, R 48 B0 < R 2L
TEBRRR AR 0T o A0 B S5 N K 7 W B S AL B
PR A T Ry DA 6 9 B 7 2E 45 455 Chen S0
S5 G SO R B 3 A8 T AR HE S S 4 I K
JIEA R T3 B IR AR A5 A3 22 A I DA g AT 2R 3
A7 BRE S YT — OB A 0 T AR T L AT DL
1 R A P AR el T YR B T el 0 45 )RR AE . AR
BT

D(t) =1*exp{* [77(11;;;% a 1j:t/crt;1t,,4 ” }

30)
AP g Tl D TG A RE 280 ¢ R A AE 19 R AIE 10

7k181 (¢(sul)r 7¢(*sul)r) (28)

[61) s 2. Shy 5495 66 A B4 400 e ek 220 Pl S 56 40 SR B 4R R

ALY 238 5L 5 S 56 FH - TR BB - g e A v Ak
BEAD AR A AR A (7-8) 5. HRHE % 07 FE L
F MATLAB 5t 52 56 W0 45 (14 45 21 3l 5t 45 i J0 s ik
TG B 6 18 7 8 4 4 T AR i S I 4 R T
2 PRI LA 2

26
25 -
=
[-W
)
53]
24 |
0 w/c=0.52, C=0%Na,SO,
O w/c=0.52, C=3%Na,S0,
A w/c=0.52, C=8%Na,SO,
23 1 n 1 L 1 n 1 n 1 " 1
0 70 140 210 280 350
Time (d)

6 BRERAR B R b R R B L B e A
AR AL 5 L 45 21
Fig. 6 Evolution model and experimental results of dynam-
ic elastic modulus of concrete under sulfate ion cor-

rosion

O w/c=0.52,C=0%
255 -1 5 wie=0.52, C=3%NaCl a
A w/c=0.52, C=8%NaCl )
250 1
@
-9
°
o 245 )
24.0 |
A"
A
23‘5 1 1 n 1 n 1 n 1 I 1
0 70 140 210 280 350
Time (d)

B 7 G T YRE B v A e v A T Y SO 2
Fig. 7 Evolution model and experimental results of dy-
namic elastic modulus of concrete under chloride

ion corrosion



5 43

R SE . Al I b i R B0 YR o A i Al

+ 483 -

E (GPa)

26

A o
A
.90
25 Lo
R 8
og." A
24t
O w/c=0.52,C=0%
O w/c=0.52, C=3%Na,SO,+,%NaCl
A w/c=0.52, C=5%Na,SO,+ ,%NaCl
23 1 1 1 1 1 1 1 1 1 1
0 70 140 210 280 350
Time (d)

B8 i R AR B - S0 ol T SR 6 - gl 50 M A e A A R g S 4 2R

Fig. 8 Evolution model and experimental results of dynamic elastic modulus of concrete under sulfate

ion-chloride ion corrosion

HAIKAE R a0 F as 435120 0. 0015 A1 0. 0019.

A W SER SR 10,58 11 F15k 12 Fis.

x®10 MBRBEFEATIUESHEE
Table 10 Fitting parameters under sulfate ion corrosion
Concentration blaar Ly () m 7 £, ()
3% Before injury 1. 0006 2.5695
3% After the injury 1. 0006 2. 5695 3. 4968 2.9999 319. 9339
8% Before injury 1.0199 62.9042
8% After the injury 1.0199 62.9042 1.5092 25.6594 2.3807 X 10"
1 AETHMTHASHE
Table 11  Fitting parameters under chloride corrosion
Concentration b tp (D
3% 1.0067 2.0178
8% 0.9902 29.2543
x12 WmMBREBEFEATUSSEE
Table 12 Fitting parameters under sulfate-chloride corrosion
Concentration 5 tp () Béunr tps (D) m 7 tp (d)
3% +6% 0. 9554 0. 9786 1. 0582 1.1673
5% +10% Before injury 0.6777 47.6393 1.5315 84.5184
5% 410% After the injury 0.6777 47.6393 1.5315 84.5184 1.1205 1. 4075 1.2359X10°
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Concrete Modulus Evolution in Multiple Chemical Corrosion Processes

Haoming Zhu Tianheng Hou Jiankang Chen
(Zhejiang Provincial Engineering Research Center for the Safety of Pressure Vessel and Pipeline .
Ningbo University , Ningbo, 315211)

Abstract Concrete structures in marine environments will be attacked by corrosive ions in seawater,
including chloride ions, sulfate ions, etc. Those ions can significantly cause the degradation of the mechan-
ical properties and durability of concrete. They can also cause problems like reinforcement corrosion,
cracking, and spalling, and lead to the decrease of the service life of concrete structures and pose serious
threats to structural safety. Investigating the evolution of mechanical properties of concrete under the com-
bined action of sulfate and chloride ions is crucial for designing more durable concrete structures in marine
environment. However, there is currently no consensus on the evolution of concrete modulus under such
combined corrosion conditions. To address this gap, this paper presents an experimental study on the mod-
ulus evolution of concrete under the combined corrosion of sulfate and chloride ions. Concrete samples
were prepared and subjected to accelerated corrosion experiments in artificial seawater. Ultrasonic non-de-
structive testing (NDT) was used to measure the changes in ultrasonic wave velocity in concrete. This al-
lowed us to track the evolution of concrete modulus under corrosion conditions. Based on the experimental
results, a mechanical-chemical model was developed. The model integrates the continuous hydration of
concrete, the chemical reactions of sulfate ions with concrete, the complexation reactions of chloride ions,
and other chemical processes. The model helps explain the competitive mechanism between sulfate and
chloride ions during the corrosion process. The results show that the elastic modulus of concrete initially
increases due to the filling effect of hydration products and the formation of ettringite and Friedel’s salt.
However, as the corrosion continues, the excessive filling of pores by expansive products caused by sulfate
ions leads to a gradual decrease in modulus. The model successfully captures these changes and fits well
with the experimental data. Additionally, it was found that chloride ions react with tricalcium aluminate to
form Friedel’s salt. This reduces the amount of ettringite formed by sulfate ions, thereby reducing the ex-
pansion force and delaying the decline in dynamic elastic modulus. This also reduces the damage caused by
the expansion force. The findings provide a theoretical basis for designing concrete structures in marine en-
vironments with stronger resistance to sulfate and chloride corrosion. This can help engineers develop more
effective strategies to enhance the durability of concrete in marine environments. This, in turn, can extend
the service life of marine infrastructure and reduce maintenance costs.

Key words concrete, modulus evolution, multi-chemical process, chloride ion corrosion, sulfate ion

corrosion, continuous hydration, mechanical-chemical model





