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Table 1 Chemical composition of cement  w/%

Si0, AL O3 Fey03 CaO MgO SO3 LOI

21.24 5.95 3.15 61.43 3.78 222 2.21

w is the mass fraction.
2 KREMEEMEEIER

Table 2 Main performance indexes of cement

Setting time/min Flexural strength/MPa  Compressive strength/MPa
Initial ~ Final 3d 28d 3d 28d
186 325 5.0 8.2 212 48.3

®3 MRIUFAD
Table 3 Chemical composition of fly ash ~ w/%

SIOZ A1203 CaO F6203 SO3 TIOZ Kzo MgO

51.25 30.47 6.48 4.66 1.55 1.19 0.97 0.66

x4 BEREIEAL

Table 4 Mix proportions of concrete

Water/binder ratio Cement/(kg'm™) Fly ash/(kg'm™)

Water/(kg'm )

Fine aggregate/(kg'm ) Coarse aggregate/(kg'm )

0.35 354.6 88.6
0.45 310.0 77.5

155.3 743.6 1005.1
174.4 743.6 1005.1
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(c) Specimens S121 and S122

(d) Specimens S221 and S222

u(Sijk, ) is the ultrasonic pulse velocity of the specimen Sijk at time #; Exp. (S111) is the experimental value of the specimen Sijk.
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Fig. 1

Relationships between ultrasonic pulse velocity and immersion time

(a) Corroded zone

(b) Non-corroded zone
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Fig.2 Comparison of microstructures in corroded and non-corroded zones
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Table 5 Slopes of ultrasonic pulse velocity-immersion time

curves
Specimen ky/(km-s-d™")
Si11 -1.091x107*
S112 -1.434x107*
S211 —1.414x107*
S212 -2.182x107*
S121 —2.687x107*
S122 -3.980x107*
$221 —2.990x107*
$222 —4.412x107*

ky is the slope of the ultrasonic pulse curve.
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(c) Specimens S121 and S122

(d) Specimens S221 and S222

Am(Sijk, t) is the mass loss rate of the specimen Sijk at time #; Eq. (8) (S111) is the fitted value calculated from Eq. (8).
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Fig. 3 Variations of mass loss rate with immersion time
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Table 6 Values of a and b of various concrete specimens
Specimen ald™® b
S111 1.749x10° -1.017
S112 1.319x10° -1.025
S211 1.430x10° -1.049
S212 1.268x10° -1.076
S121 1.426x10° -1.026
S122 1.223x10° -1.062
S221 1.225%10° -1.058
S222 1.063x10° -1.103
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Fig. 5 Relationships between service life and mass loss rate of concrete
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Af(Sijk, ) is the axial compressive strength loss rate of specimen Sijk at time #; Eq. (16) (S111) is the fitted value calculated from Eq. (16).
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Fig. 6 Variations of axial compressive strength loss rate with immersion time
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Table 7 Values of a and A, of various concrete specimens

Specimen o/(mm-d %) ho/mm
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S112 6.703x10 0.4496
S211 6.754x1072 0.5017
S212 9.577x1072 0.6335
s121 5.937x107 0.4796
S122 1.251x10™" 0.7385
S221 7.441x107 0.4984
$222 1.762x107" 0.8308

Sk = £ (5, + LS00

w=0

= Sk, + LCID an

w=0




. 762 . CRERR Sh2230)

J Chin Ceram Soc, 2026, 54(2): 754-767

2026 4F

h(siikn) | |«
100 mm
B 7 B vk v - R s A
Fig. 7 Cross section of boric acid-corroded concrete specimen
=0 7R TRkt RS2 R VA LA e (R R Ak
FEJ90), IRl o R AR .
f.Sijk,0)|,_ = £.(Sij0,1) (12)
w=1 FIRTREE LB 78 S PIIRIERR I, €
SCHTR) A Ao 0 I 500 P2 55 R 8 kRS gt o B T 5
EZ R B, ARANRA)ATER(13).

PSTRD - By 1 (sij0.0)
00 |,

PR A2 M)A R A 2K (14).
£.(Sijk,t)=[1-(1- B) x @]x f,(Sij0,t)
2(2) 58 ST E B A e Ay

80

(13)

(14)

0L S111

60 |
50 |- e

40 - 4

t/a

30 .

1 1
0 5 10 15 20 25
A (Sijk,t)/%
%0 (a) Specimens S111 and S112

ok S121

60 -

/a

N

S
T

1 1
0 5 10 15 20 25
A (Sijk,t)/%
(c) Specimens S121 and S122

K 8

Af,.(Sijk,t) = (1— B,)x @x100%

(15) 521 B 27 dpb R R A2,

fEffE RS IS5 B ER, A 6
HRIZ A ) 90 d BAREE B AT A A b o
SRR BRI o, dd /NP 7 A
HARIATIG, REIRBH B HILE TR 8. 4
Wr&Wi: B EMAiTeEEN 0.2096~0.2867, A
N 0.2391. FHZIHEARNI(1S) T1F OB 58
EHREG— AR

Af, (Sijk,1) = 0.760 90x100%, t =90 d (16)

¥R (16) 512 90 d J& R E R T X LE,
SR 6 B, B 6 Al i, K (16)5 55
RIFWIE, BRI R B KT 0.9633.

*8 HRBEHRMHME A

Table 8 Values of Bl of various concrete specimens

(15)

S111 S112 S211 S212 S121 S122 S221 S222

02581 0.2359 0.2435 0.2264 0.2172 02867 0.2096 0.2356

BT RO RO PUR RERIRFARA, KB
HE— BT RN R 8 P A B T TRt - A A A i 1)
TN, ZRNE 8 R, % ASTMARHERY, ¥

60

S211
50 -

1 1
0 5 10 15 20 25
A(Sijk,t)/%
(b) Specimens S211 and S212

50

S221

40

30

t/a

20 +

10 b

i 1
0 5 10 15 20 25
A (Sijk,t)/%
(d) Specimens S221 and S222

TR 8 Y A7 iy 5 O TS SR BB R 0 2R

Fig. 8 Relationships between service life and axial compressive strength loss rate of concrete
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Ms(Sijk, t) is the splitting tensile strength loss rate of the specimen Sijk at time ¢; Eq. (18) (S111) is the fitted value calculated from Eq. (18).
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Fig. 9 Variations of splitting tensile strength loss rate with immersion time
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Fig. 10 Relationships between service life and splitting tensile strength loss rate of concrete
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Degradation of Microstructure and Macroscopic Performance of Boric Acid-Corroded
Concrete in Nuclear Power Plants

RONG Hua', GENG Yan', TAO Jun®, ZHOU Xinzh', ZHENG Jianjun®
(1. Metallurgical Group Corporation of China, Beijing 100088, China; 2. Operation and Maintenance Technology Co., Ltd., China
National Nuclear Corporation, Hangzhou 311215, China; 3. College of Civil Engineering, Zhejiang University of Technology,
Hangzhou 310023, China)

Extended Abstract

Introduction During the operational lifespan of nuclear power plants, the accidental leakage of boric acid solutions is a potential
event that can lead to the corrosion of concrete structures. This corrosive attack induces degradation in the macroscopic mechanical
properties of concrete, posing a significant threat to the long-term structural integrity and operational safety of the facility.
Consequently, a profound investigation into the mechanisms and patterns of this degradation is of paramount engineering importance
for the accurate assessment of the long-term safety and service life of nuclear power plant structures. The general deterioration of
concrete in aggressive environments is a well-studied field. The specific effect of boric acid as a prevalent chemical in nuclear power
plant primary circuits on the microstructural and macro-mechanical performance evolution of concrete needs to be investigated. This
work was to systematically investigate the degradation of concrete subjected to boric acid environments via integrating experimental
tests with theoretical analysis. The primary objectives were to quantitatively characterize the deterioration of both microstructural and
macro-mechanical properties in order to elucidate the influence and coupling effects of key factors (i.e., immersion time, boric acid
concentration, temperature and water/binder ratio) and ultimately to develop predictive models for assessing the service life of
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concrete structures under the corrosive conditions.

Methods A combined approach of experimental testing and theoretical analysis was employed to systematically investigate the
degradation of concrete in boric acid environments. Concrete specimens with varying mix proportions, specifically different
water/binder ratios, were prepared and exposed to boric acid solutions at different concentrations and temperatures, simulating a range
of potential leakage scenarios. A comprehensive set of tests was conducted at regular intervals to monitor the evolution of concrete
properties for an extended period (i.e., up to 360 d).

The experimental program included non-destructive and destructive tests to capture both microstructural changes and
macro-mechanical degradation. Ultrasonic pulse velocity measurements were utilized as a non-destructive technique to probe the
internal microstructural integrity and its evolution, providing an indicator of the extent of damage and micro-cracking induced by
boric acid attack. Destructive tests were performed to quantify the mass loss, axial compressive strength loss, and splitting tensile
strength loss. The mass loss rate was calculated to assess the leaching of cementitious components and overall material loss. The axial
compressive strength loss rate and splitting tensile strength loss rate were determined to evaluate the degradation of key mechanical
properties critical for structural load-bearing capacity.

Based on the extensive dataset obtained from these tests, a detailed quantitative analysis was performed. The effects of individual
factors, immersion time, boric acid concentration, temperature, and water/binder ratio on the performance degradation indicators were
analyzed. Furthermore, the interactions and coupling effects among boric acid concentration, temperature, and water/binder ratio were
investigated. For the current volume of experimental data, a bilinear function approach was adopted for the preliminary analysis of
these coupling effects. Finally, empirical prediction models for mass loss rate, axial compressive strength loss rate, and splitting
tensile strength loss rate were proposed based on the experimental data, forming a basis for service life assessment.

Results and discussion The experimental results reveal significant trends in concrete degradation under boric acid attack. The
microstructural deterioration quantified through ultrasonic pulse velocity measurements shows consistent intensification with
increasing boric acid concentration, temperature, and water/binder ratio. The relative ultrasonic pulse velocity is decreased by
15.49%—111.46% after 360 d, while the ultrasonic pulse velocity-time curve slope is reduced by 25.98%—134.37%, indicating an
accelerated micro-damage. The factor interactions exhibit weak coupling characteristics. A distinctive two-phase behavior emerges
across all the measured parameters. During initial immersion (i.e., 0-90 d), the negative values are obtained for mass loss rate and
strength loss rates due to pore-filling effects of corrosion products and ongoing hydration. Beyond 90 d, all the parameters are positive
and show monotonic increases, reflecting net material loss and structural deterioration. The degradation rates significantly amplify at
higher boric acid concentrations, elevated temperatures, and increased water/binder ratios. Based on the comprehensive data,
empirical predictive equations were proposed for mass loss and strength degradation, enabling quantitative service life assessment of
concrete structures in nuclear power plants under a boric acid exposure.

Conclusions The results revealed a clear two-phase degradation mechanism, driven by microstructural evolution. During the initial
immersion period (i.e., 0-90 d), the formation of calcium metaborate crystals in the near-surface region that could not be fully
corroded introduced a dominant filling effect. This led to a temporary increase in density and strength, manifested as negative mass
and strength loss rates. Beyond 90 d, the development and progression of a fully corroded zone became a prevailing factor. This
process could cause a sustained microstructural deterioration, which was effectively characterized by ultrasonic pulse velocity
measurements. The deterioration intensified with increasing boric acid concentration, temperature, and water/binder ratio.
Consequently, the mass loss and strength loss rates both became positive and exhibited a monotonic increasing trend. The empirical
models were developed to predict the mass loss and strength loss, providing a reliable basis for assessing the structural performance
and remaining a service life of concrete structures in nuclear power plants, thus offering valuable tools for durability and safety
assessment.
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