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Abstract

Concrete structures in western saline soil regions are subjected to extreme environments
with coupled dry-wet cycles and high concentrations of erosive ions such as C1~, SO42",
and Mg?*, leading to severe degradation of mechanical properties. This study employed
a simulated accelerated, high-concentration solution (Solution A, ~8 x seawater salinity)
similar to the composition of actual saline soil to perform accelerated dry-wet cycling
corrosion tests on ordinary C40 concrete specimens for six corrosion ages (0, 5, 8, 10, 15,
and 20 months). For each age, three replicate cube specimens were tested per property.
The changes in cube compressive strength, splitting tensile strength, prism stress—strain
full curves, and microstructure were systematically investigated. Results show that in
the initial corrosion stage (0-5 months), strength exhibits a brief increase (compressive
strength by 11.87%, splitting tensile strength by 9.23%) due to pore filling by corrosion
products such as ettringite, gypsum, and Friedel’s salt. It then enters a slow deterioration
stage (5-15 months), with significant strength decline by 20 months, where splitting tensile
strength is most sensitive to corrosion. Long-term prediction models for key parameters
such as compressive strength, splitting tensile strength, elastic modulus, peak stress, and
peak strain were established based on grey GM(1,1) theory using the measured data from 0
to 20 months, achieving “excellent” accuracy (C < 0.1221, p = 1). A segmented compressive
constitutive model that considers the effect of corrosion time was proposed by combining
continuous damage mechanics and the Weibull distribution. The ascending branch showed
high consistency with the experimental curves. Life prediction indicates that under natural
dry-wet cycling conditions, the service life of ordinary concrete in this region is only
about 7.5 years when splitting tensile strength drops to 50% of initial value as the failure
criterion, far below the 50-year design benchmark period. This study provides reliable
theoretical models and a quantitative basis for durability design and life assessment of
concrete structures in western saline soil regions.

Keywords: saline soil; dry-wet cycle; grey GM(1,1) model; damage constitutive relationship;
life prediction

1. Introduction

Western China (Qinghai Qaidam Basin, Gansu Hexi Corridor, Xinjiang Lop Nur, south-
ern Xinjiang, etc.) is widely distributed with highly salinized soils, where the surface layer
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of 0-30 cm soil has C1~ content up to 108.64 g/L, SO42~ up to 36.44 g/L, and total salt con-
tent up to 278.96 g/L, far exceeding seawater, making it one of the most severe salt-affected
areas in the world [1,2]. Meanwhile, this region has typical dry-wet alternating climate
characteristics, with dry and low rainfall in spring and winter, and concentrated rainfall in
summer and autumn, causing soil salts to repeatedly crystallize-dissolve-recrystallize with
water migration, producing strong coupled physical salt expansion and chemical corrosion
damage. Extensive engineering surveys show that local highways, railways, transmission
tower foundations, and industrial plants commonly exhibit severe cracking, spalling, and
strength loss after only 5-10 years of service [3-5]. Their actual service life is far below
the 50-year design benchmark, becoming a major technical bottleneck for infrastructure
longevity along the “Belt and Road”.

Existing research on concrete durability in saline soil regions mostly focuses on sin-
gle sulfate [6] or chloride [7] erosion, or continuous immersion conditions [8], while the
most destructive in actual engineering is the coupled effect of “dry-wet cycles + multi-ion
composite erosion”. Dry-wet cycles significantly accelerate capillary migration and crystal-
lization expansion of salts into concrete, promoting rapid formation of corrosion products
such as ettringite, gypsum, Friedel’s salt, and Mg(OH),, generating huge expansion stresses
and leading to early initiation and propagation of microcracks [9,10]. Tests show that under
the same total salt content, dry-wet cycling can increase strength loss in concrete within
20 months by 30%-80% compared to full immersion [11]. Therefore, results based solely on
continuous immersion or single salts fail to truly reflect the damage laws in western saline
soil regions.

The selection of the grey GM(1,1) model for this study is based on the distinct charac-
teristics of concrete degradation in saline soil environments under dry-wet cycles. First, the
process involves complex, coupled physicochemical mechanisms (pore filling, crystalliza-
tion pressure, decalcification) that shift over time, rendering purely mechanistic models
difficult to formulate and calibrate without extensive, long-term data [12]. Second, while
traditional statistical time-series methods (e.g., ARIMA, exponential smoothing) often
require larger datasets and assume certain data distributions [13,14], the accelerated test
here yields only a limited sequence of six observations. The GM(1,1) model is specifically
designed for such “small-sample, poor-information” scenarios, requiring a minimum of
only four data points to build a predictive model [15]. More importantly, it does not pre-
sume a fixed probability distribution or a pre-defined functional form (linear, exponential,
etc.), allowing it to capture inherent non-monotonic trends—such as the initial strength
increase followed by decay—that are often missed by conventional regression [16]. Its
prior successful applications in modeling concrete carbonation, sulfate attack, and chloride
ingress under data-limited conditions further support its appropriateness for the present
multi-ion coupled corrosion problem [17-19].

Current research on the evolution laws of concrete stress—strain full curves and long-
term constitutive relationships under dry-wet cycles + multi-ion composite erosion in
western saline soil regions remains insufficient. Existing constitutive models are mostly
based on non-corroded or single erosion environments and fail to reflect features such as
significantly enhanced brittleness after corrosion, rapid post-peak drop, and sharp loss of
residual bearing capacity [20]. Meanwhile, there is a lack of quantitative models combining
grey prediction with damage mechanics that can extrapolate to natural environment service
life, leading to an inability to accurately assess remaining life and formulate targeted
protective measures at the design stage.

To this end, this paper takes C40 ordinary concrete as the object, using a solution
similar to the chemical composition of typical saline soil in the Qaidam Basin for accel-
erated dry-wet cycling corrosion tests (immersion 15 days + drying 15 days) for 0, 5, §,
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10, 15, and 20 months, systematically studying the evolution laws of cube compressive
strength, splitting tensile strength, prism stress—strain full curves, and microstructure; es-
tablishing long-term prediction models for strength and characteristic parameters based on
grey GM(1,1) theory; proposing a segmented compressive constitutive model considering
corrosion time combining continuous damage mechanics and Weibull distribution; and
extrapolating to predict service life under natural environments. The research results can
provide reliable theoretical basis and quantitative tools for durability design, remaining life
assessment, and maintenance decisions of concrete structures in western saline soil regions.

2. Materials and Methods
2.1. Materials

According to Chinese standard [21], the cement used is P.O 42.5R ordinary Portland
cement, with density 3.15 g/cm?, specific surface area 384 m? /kg, standard consistency wa-
ter requirement 26.8%, initial setting 240 min, final setting 390 min, 3d and 28d compressive
strengths 24.8 MPa and 48.9 MPa, respectively. According to Chinese standard [22], fine
aggregate is Zone Il medium sand, fineness modulus 2.8, apparent density 2600 kg/m?;
coarse aggregate is 5-20 mm continuous graded gravel, apparent density 2660 kg/m?,
crushing index 8.7%. Mixing and curing water is ordinary tap water. Concrete design
strength grade C40, mix ratio as shown in Table 1.

Table 1. Mix ratio of concrete (kg/ md).

Water—Cement Ratio Water Cement Sand Coarse Aggregate
0.42 166 395 596 1263

The corrosion solution is prepared based on the ion composition of typical high-
saline soil pore water in Qinghai Qaidam Basin (referred to as Solution A), with total salt
content about eight times that of seawater, main ion mass concentrations shown in Table 1.
Analytical pure grade chemicals, such as NaCl, MgCl,, NaySOy4, MgSQOy, CaSOy, and KCl,
were used and dissolved in deionized water. The pH was controlled between 7.0 and 7.5.

The composition of Solution A, with a total salt content of approximately 244 g/L
(~8x typical seawater salinity of ~35 g/L), was selected to directly replicate the high-
salinity pore water in the Qaidam Basin saline soils (Table 2), where Cl~ and SO42~
concentrations far exceed those in marine environments [1,2]. This elevated concentration
accelerates ion diffusion and reaction rates, simulating the intense, coupled physical (crys-
tallization expansion) and chemical (ettringite /gypsum formation, C-S5-H decalcification)
degradation observed in field surveys of western saline soil regions [3-5]. The literature
supports the use of high-concentration solutions (5-10x ambient levels) in accelerated
tests to compress long-term field exposure into manageable lab durations, as higher ionic
gradients proportionally increase erosion kinetics in diffusion-limited processes [23,24].
For instance, studies on sulfate and chloride attack have employed 5-15% salt solutions
to achieve acceleration factors of 4-8 relative to natural conditions, enabling prediction of
decades-long degradation from months of testing [25,26].

Table 2. Comparison of main ion concentrations in Solution A and Qaidam saline soil pore water (g/L).

Type Na* Mg?* K* Cl- SO,42— COj32- HCO;~ Total
Qaidam saline soil 97.17 2.64 3.96 108.64 36.44 25.38 4.60 278.83
Solution A 95 3 2 108 36 - - 244
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2.2. Specimen Preparation and Test Methods

All specimens were prepared under standard laboratory conditions. For each cor-
rosion age group (0, 5, 8, 10, 15, and 20 months), the following specimens were fabri-
cated: cube specimens (100 mm x 100 mm x 100 mm), with three cubes designated for
compressive strength tests and another three separate cubes for splitting tensile strength
tests; prism specimens (100 mm x 100 mm x 300 mm), with three prisms used for ax-
ial compression stress—strain full curve tests; and microstructural analysis specimens
(40 mm x 40 mm x 160 mm), which were prepared separately and exclusively for mi-
crostructural analysis (XRD and SEM). This approach ensured that the observed microstruc-
ture remained unaltered by prior mechanical loading. Following curing, the specimens
intended for mechanical testing underwent the corrosion cycles and subsequent destruc-
tive tests, while the corresponding microstructural specimens were subjected to the same
corrosion regimen but reserved solely for post-corrosion microanalysis.

After compaction, the specimens were covered with plastic film. They were demolded
after 24 h and subsequently cured in a standard curing room at (20 & 2) °C and relative
humidity > 95% for 28 days. Upon completion of curing, the specimens were immersed
in Solution A for 15 days (with the liquid level maintained approximately 30 mm above
the specimen top), after which they were removed and allowed to dry naturally in the
laboratory for 15 days. This process constituted a complete “immersion 15 days + drying
15 days” dry-wet cycle. Each cycle lasted 30 days, and the tests encompassed 0, 5, §,
10, 15, and 20 months (corresponding to 0, 5, 8, 10, 15, and 20 cycles), resulting in six
corrosion ages.

The selection of a 15-day immersion + 15-day drying cycle (totaling 30 days per cycle)
allowed sulfficient time for full specimen saturation during the wetting phase (facilitating
deep ion penetration and product formation) and complete moisture evaporation during the
drying phase (inducing crystallization stresses and microcracking). This regimen mimicked
the seasonal dry-wet alternations characteristic of the Qaidam region, including dry/low-
rainfall periods in spring and winter, and concentrated precipitation in summer and
autumn [3]. Shorter cycles (e.g., 1-7 days) could have underestimated the erosion intensity
per cycle due to incomplete reactions, whereas longer cycles (e.g., >21 days) typically
exhibit diminishing additional damage, as evidenced by parametric studies on dry-wet
periods under sulfate attack [27,28]. This cycle duration was consistent with established
literature protocols for accelerated corrosion testing in saline or sulfate environments,
where 15-day wet-dry cycles have effectively simulated tidal or seasonal exposures while
maintaining experimental efficiency [29,30].

Once the specified corrosion duration was completed, the corresponding specimens
were removed, and any surface floating salt was wiped off using a soft cloth. Macroscopic
mechanical performance tests were then conducted immediately on these specimens, while
the remaining small specimens had their hydration terminated with anhydrous ethanol
and were stored in a vacuum drying oven for subsequent microstructural tests.

Cube compressive strength and splitting tensile strength tests were performed in
accordance with GB/T 50081-2019 [31] using a 5000 kN pressure testing machine, with
loading rates controlled at 0.5 MPa/s and 0.05 MPa/s, respectively. Axial compression
stress—strain full curve tests on the prism specimens were conducted using a 1000 kN
electro-hydraulic servo universal testing machine with a displacement control rate of
0.2 mm/min. To collect axial deformation data, 100 mm range displacement gauges
(LVDT) were symmetrically attached to the mid-sides of the specimens, and strain gauges
were pasted on the four mid-faces to monitor lateral deformation, thereby ensuring data
reliability. Three preloads (equivalent to 30% of the estimated peak load) were applied for
centering prior to formal loading.
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For the microstructural tests, XRD analysis was conducted using a German Bruker
D8 Advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany.) with a Cu
target, a step size of 0.02°, and a scan range of 5-80°. SEM and EDS examinations were
performed with a Japanese JEOL JSM-7900F field emission scanning electron microscope
(JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 15 kV, equipped with an Oxford
energy spectrometer (Oxford Instruments plc, Abingdon, UK) for morphology observation
and elemental mapping. All microstructural samples were obtained from fresh fracture
surfaces 5-10 mm below the specimen surface and observed after vacuum gold plating.

2.3. Grey Theory GM(1,1) Model

Among the various models in grey theory, the GM(1,1) model is the most fundamental.
It has only one variable and a first-order grey differential equation, allowing it to predict
future data change laws by analyzing existing data. The GM(1,1) model is characterized by
low requirements for the size of the known dataset and does not necessitate determining
the probability distribution characteristics of the known data, its specific calculation process
is as follows [32]:

(1). Represent the original data as a sequence:

X0 = [x0(1),x0(2),..., 2O (n)] M

Generate the 1-AGO sequence from Equation (1):

k
D) = Zx(O)(i) (k=1,2,...,n) 2)
i=1
Then, the 1-AGO sequence is:
XM = xM(1),xW(2),...,xV(n)] ®)

(2). Use Equations (4) and (5) to check the smoothness of the original sequence.
If the original data satisfies conditions (4), (5), the original sequence can be considered
quasi-smooth.

p(:f(;)l) <1,k=23,...,n—1 @)
xO) (k
(3). For X perform quasi-exponential law check, let oM (k) = %,

k=2,3,...,n. it e (k) € [1,1.5], then determine that X(!) satisfies quasi-exponential law
and can establish the GM(1,1) model.
(4). Construct the immediate mean sequence 7MW, where

zW (k) = % [x(l)(k) +xW (k- 1)],k =2,3,...,n ©6)
(5). Establish parameter solving equation:

a=1[ab]" = (B"B) 'BTY 7)

where
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x(©)(2) -zMW@2) 1
) _z)

y— |[*O| p_ | 7270 1
xO) (n) —ZM(N) 1

The parameters a and b are solved using the least squares method, where -2 and b are
defined as the development coefficient and driving coefficient, respectively.

(6). From the whitening equation: % +ax(D(t) = b, solve the time response function:

xM () = {x(l)(l) - b} ety b (8)
a a
Thus obtain the basic form of GM(1,1) model:
xO (k) + azW (k) = b ©9)
The time response function of the model is:
(1) (1) = 2] ot 4 b
2 (k) = |x (1)—; e —O—E,k:1,2,...,n (10)

(7). The simulated value of the accumulated sequence can be calculated by
Equation (10), and the simulated value of the original sequence restored by:

2O k+1)=01-¢ {x@(l) - ﬂ e ™® k=1,2,...,n (11)

(8). Perform model error check, residual expression:

e(i) = )xm)(i) —2O®W),i=1,2,...,n (12)

Mean and variance of original data sequence:

0 = 2y 20(j) (13)
ni3
1 2
2= EZ [x(O) (i) — y(O)} (14)
i=1
Mean and variance of residuals:
14 .
e=- Y e(i) (15)
i=1
1 2
85 =) le(i) =g (16)
i=1

e(i)
x(0) (4)

ity p = P{le(i) — €| < 0.674551 }.
For evaluating the quality of a prediction model, smaller C is better, generally requiring

Relative error g = x 100%, posterior variance ratio C = g—f, small error probabil-

C < 0.35, maximum not exceeding 0.65. Another indicator of prediction model accuracy
is small error probability p; larger p is better, generally requiring p > 0.95, not less than
0.7. According to inspection indicators, model prediction accuracy can be divided into the
following four grades [33], see Table 3.
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Table 3. Grey theory model accuracy grades.
Evaluation Indicator  Excellent Good General Poor
p > 0.95 0.80 < p <095 0.70 < p < 0.80 < 0.70
C <0.35 0.35 < C <0.50 05 < C<0.65 < 0.65

3. Strength Variation Laws and Mechanism Analysis
3.1. Cube Compressive Strength and Splitting Tensile Strength

Cube compressive strength and splitting tensile strength of concrete after different dry-
wet cycles are shown in Figure 1. From Figure 1a, it can be seen that the cube compressive
strength of concrete generally shows a trend of first increasing and then decreasing with the
increase in dry-wet cycles. The compressive strength of uncorroded specimens is 47.35 MPa,
reaching the peak at 5 months with an average strength of about 52.97 MPa, an increase of
about 11.87% compared to uncorroded concrete. At 8 months, the compressive strength
is 49.85 MPa, a decrease of about 5.89% from the peak; from 8 to 10 months, a decrease of
about 2.61%; from 10 to 15 months, little change in strength; at 20 months, compressive
strength is 47.16 MPa, a decrease of about 2.6% from 15 months.

531 3.7-
e -
=521 £ 3.6
£ 2
c[) -
£ §D3.5-
2 50 5 -
o . £3.41 S
% 49/ \ 2 -
s — £33
o =
i (=
50 S| el :
474 .
. : . : . 3.14+— . : : :
0 5 10 15 20 0 5 10 15 20

Corrosion time(month)

(a) Compressive strength

Corrosion time(month)

(b) Splitting tensile strength

Figure 1. Cube compressive strength and splitting tensile strength of concrete after different dry-
wet cycles.

From Figure 1b, it can be seen that the overall change trend of concrete splitting
tensile strength with dry-wet cycles is first increasing then decreasing, basically the same
as the compressive strength trend. The splitting tensile strength of uncorroded is 3.36 MPa,
reaching the peak at 5 months dry-wet cycles, 3.67 MPa, an increase of 9.23% compared to
uncorroded, lower than the increase in compressive strength at the same period; after the
peak, strength begins to decline, decreasing about 6.54% at 8 months compared to 5 months,
higher than the decrease in compressive strength at the same dry-wet cycle; between 8
and 15 months dry-wet cycles, concrete splitting tensile strength is in a stable period, with
change amplitude about 1.17%; after 15 months dry-wet cycles, splitting strength shows
a second obvious decline, decreasing about 6.49% at 20 months compared to 15 months,
also higher than the decrease in compressive strength at the same dry-wet cycle, indicating
that cube splitting tensile strength is more sensitive to saline soil environment than cube
compressive strength.

3.2. Prism Stress—Strain Curves and Characteristic Points

Figure 2 shows the stress—strain relationship curves and changes in characteristic
points of concrete after different dry-wet cycles. According to the Chinese standard [34],
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the elastic modulus of concrete is calculated as the ratio of stress to strain at 0.4 times peak
stress point, i.e., the secant modulus E from that point to the origin, as shown in Figure 2b.
The maximum stress in the stress—strain curve is called peak stress, and the corresponding
strain is called peak strain, as shown in Figure 2¢,d, respectively.

0 Non-corrosion 521
— 5 months = / \
40— 8 months , % 48+
; <) .
— 10 months /,{ " 2]
£ 15 h o, | =
E 30 months ) Y 3444
< 20 months \ g
S 204 \ 2 B
& 20 / N 5 40+
, N 3
104 \\\\ S| 364
0+= . . . . . T ; ' ' '
00 02 04 06 08 1.0 0 5 10 15 20
Strain(x1072) Corrosion time(month)
(a) Stress—strain curve (b) Elastic modulus
. 0.76
38 " l/'\
%) . 0.721
364 o
= 3
8 § 0.68-
“ 34+ Z
-—“é B [ ]
a 5 -
&~ 0.64 1
324
T T T T T 0.60 T T T T T
0 5 10 15 20 0 5 10 15 20
Corrosion time(month) Corrosion time(month)
(c) Peak stress (d) Peak strain

Figure 2. Stress-strain relationship curves and changes in characteristic points of concrete after
different dry-wet cycles.

From Figure 2a, comparing the stress—strain curves of concrete after different dry-
wet cycles with uncorroded specimens, at 5 months the strain value is less than that
of uncorroded concrete at the same stress level, indicating that corrosion at this time
has improved the concrete’s resistance to deformation to some extent; as dry-wet cycles
increase, the degree of concrete corrosion gradually intensifies, and it can be clearly seen
from the figure that after 8, 10, 15, and 20 months dry-wet cycles, the concrete’s resistance
to deformation gradually decreases, with corroded strain values greater than uncorroded
at the same stress level, and the gap between the two increases with dry-wet cycles.
The reason is that under the action of external corrosion solution, many microcracks
are generated inside the concrete due to the expansion of corrosion products, and the
number of microcracks gradually increases with corrosion, leading to the need to pass a
gradually increasing distance in the compaction process under compression as dry-wet
cycle time increases at the same stress level, specifically manifested as gradually increasing
concrete strain.

With the increase in dry-wet cycles, the initial slope of corroded concrete stress—strain
curve gradually decreases. In the stress range of 0-5 MPa, the strain change amplitude of
corroded concrete is gradually increasing. The reason is that after external corrosion salts
enter the concrete, they react with internal substances to generate products with expansion
effect. In the initial stage of corrosion, the corrosion products generated inside the concrete
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can fill the original pores of the concrete, which is beneficial to improving the compressive
strength of concrete, but as corrosion intensifies, more microcracks are generated inside the
concrete, damaging the concrete strength. In the initial loading stage, these microcracks
close along the loading direction, macroscopically manifesting as small stress change and
large strain change, and this phenomenon becomes more obvious with the extension of
dry-wet cycles. Subsequently, the elastic modulus (secant modulus) shows a trend of first
increasing then decreasing, indicating that the concrete’s resistance to deformation shows a
trend of first increasing then decreasing with the increase in dry-wet cycles. Note that the
measured elastic modulus values (ranging from approximately 44 to 52 GPa) are higher
than those typically expected for C40 concrete, which may be attributed to the high-quality
gravel aggregate used in this study, characterized by a low crushing index (8.7%) and high
stiffness, leading to an enhanced overall modulus of the concrete mixture. The literature
indicates that aggregate stiffness can increase concrete elastic modulus by up to 30% or
more [35,36].

The peak stress generally shows a trend of first increasing then decreasing with the
increase in dry-wet cycles, reaching the maximum at 15 months dry-wet cycles, a large
increase compared to uncorroded concrete, with small change amplitude between 8 and
15 months, indicating that peak stress is less affected by corrosion in this stage, with a large
decline from 15 to 20 months. The change trend of peak strain with the increase in dry-wet
cycle time is basically the same as peak stress, also showing first increasing then decreasing,
but the peak appears at 10 months.

In summary, in the erosion initial stage, external solution enters the concrete and
reacts with concrete to generate corrosion products that have a filling effect on pores
in concrete, which is beneficial to improving concrete strength; the slow rising stage (8
to 15 months) is because the generated products gradually increase, slowly filling the
internal pores of concrete, to some extent hindering the continued erosion of ions, so the
amplitude of strength change is not large; by 20 months dry-wet cycles, the expansion
substances generated inside the concrete have filled the pores, with continued increase and
expansion of corrosion products causing concrete swelling and cracking, leading to large
strength degradation.

3.3. Mechanism Analysis

Figure 3 shows SEM images of concrete under different dry-wet cycles; Figure 4 shows
XRD of concrete under different dry-wet cycles. From Figure 3a, it can be seen that un-
corroded concrete SEM image has more pores, overall is more uniform and loose, and its
constituent substances are mainly flocculent C-S-H. From Figure 3b, it can be seen that
after 5 months of dry-wet cycles, the flocculent C-S-H gel appears less dominant in the
microstructure, with pores increasingly occupied by crystalline formations. Combined
with XRD analysis (Figure 4), these formations are identified as corrosion products such as
ettringite, gypsum, and Friedel’s salt. This observation is consistent with the established
understanding that multi-ion saline environments promote rapid formation of expansive
sulfate- and chloride-bearing phases, thereby altering early-stage pore morphology [6,8].
The deposition of these corrosion products reduces pore size and increases matrix compact-
ness, resulting in a macroscopic strength increase during the early corrosion stage.

From Figure 3¢, it can be seen that there are obvious pores and microcracks inside the
concrete, and a certain number of needle-like and flocculent substances exist. From the
corresponding XRD analysis results, these corrosion products are needle-like ettringite,
gypsum, calcium carbonate, and flocculent Friedel’s salt, etc. The above corrosion products
are the main reason for microcracks inside the concrete, and their existence has a certain
blocking effect on the intrusion of external corrosion ions, so between 8 and 15 months
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dry-wet cycles, concrete compressive strength and splitting tensile strength change little,
and reaction to corrosion damage not obvious. At the same time, the expansion of corrosion
products generates tensile stress inside the concrete, superimposed with external splitting
load, making concrete splitting tensile strength more sensitive to corrosion damage.

I _ 2um EHT = 10.00 KV Signal A=SE2 Date 9 Oct 2016
2um EHT=10.00 kV Sigral A= SE2 Daste :9 Ocf 2016 H WD= 55mm £g= 200K X 77"7:‘/4'35 27
WO = 82mm Meg= 200K X Time 152445
(a) Uncorroded concrete (b) 5 months

2pm EHT = 10.00 KV Signal A = SE2 Date 9 Oct 2016 2ym EHT = 10.00 KV Signal A= SE2 Date 9 Oct 2016
Wo= 64mm Mag= 200KX Time 153912 Wo= 61mm Msg= 200KX Time 162843
(c) 10 months (d) 20 months

Figure 3. SEM of concrete under different dry-wet cycles.

Y Friedel's salt \%4 Frie'deljs salt
V' Friedel's salt A Ettringite A Ettringite
A Ettringite A Gypsum
A Gypsum yp
A Gypsum > CZ]I:JitC v\ /A v Mg-S-H
» Calcite ;
» Calcite
I
\% ».4 v
‘*Nﬁﬂh»ﬂmww WMM “”‘“‘“"L" W\w mﬁ (O T

0 10 20 30 40 S50 60 70 80 0 10 20 30 40 S50 60 70 80 20 30 40 S50 60 70 80
Position[°2Theta] Position[°2Theta] Position[°2Theta]
(a) 5 months (b) 10 months (c) 20 months

Figure 4. XRD of concrete under different dry-wet cycles.

From Figure 3d, it can be seen that numerous pores and microcracks have developed
inside the concrete, indicating that prolonged corrosion has caused significant damage to
the internal structure. XRD analysis results show the existence of M-S-H. After magnesium
ions enter the concrete, they react with C-S-H through ion exchange, displacing Ca?* and
restructuring the silicate chains to generate M-S-H (magnesium silicate hydrate) [8,37,38].
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M-5-H exhibits lower structural integrity and mechanical strength than C-S-H, further
contributing to the decline in concrete performance.

The factors affecting concrete strength are many, so the strength change in corroded
concrete is more complex. On one hand, due to the continuous progress of cement hy-
dration, concrete strength will increase; on the other hand, when concrete is eroded by
corrosion salts, in the initial stage of erosion, corrosion salts react with cement hydration
products to generate substances that have a filling effect on internal pores of concrete,
which can improve the compactness of concrete, thus improving concrete strength, but as
corrosion aggravates, the internal structure of concrete will undergo serious deterioration;
as larger holes and expansion cracks are generated inside the concrete, concrete strength
will gradually decline. Therefore, concrete strength overall shows a trend of first increas-
ing then decreasing with the increase in dry-wet cycle time, which is consistent with the
measured values of concrete strength under different dry-wet cycles in the test results.

4. Strength Prediction Model Based on Grey Theory
4.1. Models for Changes in Strength and Characteristic Points on Stress—Strain Curves

Based on the Grey GM(1,1) model described in Section 2.3, the long-term prediction
models for the mechanical parameters were established and validated as follows. To
analyze the change law of compressive strength of concrete in western saline soil regions
with dry-wet cycles, we took compressive strengths at 0, 5, 10, 15, 20 months as original
sequence X (0), established grey GM(1,1) prediction model by Equations (1)-(10), obtained
the specimen response function of the model, and predicted the compressive strength
change law after 20 months dry-wet cycles.

The original sequence of cube compressive strength is:

X0 = [47.3537,52.9679, 48 5408, 48.4231,47.1637).
The accumulated sequence is obtained as:
X1 = [47.3537,100.3216, 148.8523, 197.2754, 244.4391].

The smoothness of the original sequence is checked:

p(2) =1.1186, 0 < p(3) = 0.4839 < 0.5, 0 < p(4) = 0.3253 < 0.5, 0 < p(5) = 0.2391 < 0.5,

ee) _ pl) _ e _
B3 = 04326 <1, b3l = 0.6722 < 1, bl = 0.7350 < 1.

Thus, the original sequence is a quasi-smooth sequence.
A quasi-exponential law test is performed on X(1):

e (3) =1.4838 € [1,1.5], 0V (4) = 1.3253 € [1,1.5], ¢V)(5) = 1.2391 € [1,1.5].

Therefore, it is determined that X (1) satisfies the quasi-exponential law, and a GM(1,1)
model can be established.
From the accumulated sequence X(1), the immediate mean sequence Z() is obtained as:

zM = [47.3537,73.8377,124.5870, 173.0639, 220.8573].
The parameter equation is:

a=1[ab]" = (B"B) 'BTY
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52.9679 —73.8377 1
48.5408 —124.5870 1
where Y = ,B= .
48.4231 —173.0639 1
47.1637 —220.8573 1

Using the least squares method, we obtain a = 0.0360, b = 54.6047.
From the whitening equation:

dx(M (1)

W (p) =
T ax\"(t) = b.

The GM(1,1) prediction model for concrete compressive strength is derived as:

54.6047 54.6047
—0.0360(k—1)

(1) (1) — _
B (k) = |47.3557 — <ro3e 0.0360 ’

k=1,2,...,n (17)
where k represents the dry-wet cycle period, with an interval of 5 months.

The calculation process for the grey theory GM(1,1) prediction models of concrete’s
splitting tensile strength, elastic modulus, peak stress, and peak strain on the stress—strain
curve follows the same procedure as described above. Their respective prediction models are:

The grey theory GM(1,1) prediction model for cube splitting tensile strength is:

3.8885 3.8885

5(1) _ ~0.0455(k—1) —
W (k) = [33590 00455]e + Soas k=12, (18)

The grey theory GM(1,1) prediction model for elastic modulus is:

k=1,2,...,n (19)

f(l)(k) _ [47.0791 58. 6696}6_0 1202(k~1) 4 58.6696

0.1202 0.1202 7

The grey theory GM(1,1) prediction model for peak stress is:

k=1,2...,n (20)

f(l)(k> - [31.7795 _ 40.3717} e—00413(k=1) | 40.3717

0.0413 0.0413 7

The grey theory GM(1,1) prediction model for peak strain is:

2 (k) = [0.6138 - 0'7068] ,-000s1(k-1) , 07068

0.0051 + 00051 = V% 1)

4.2. Model Accuracy Check for Concrete Strength and Characteristic Points

The comparison of simulated sequences and original sequences for concrete in western
saline soil regions obtained by the model is shown in Figure 5. Taking Figure 5a compres-
sive strength as example for model accuracy check and analysis, through analysis, the

residuals are obtained as: ¢(i) = [x(?) (i) — £(9)(i)| = |0.0000,1.0088,1.5911, 0.0735, 0.5238|,

n
residual sequence mean € = 3 ) (i) = 0.6394, residual sequence variance S3 =

2
0) _

[e(i) —&] = 0.3569. Original data sequence mean ¥ = 1 x(0) (i) = 48.8878,

=
Lt
Lt

1 1

2

n

original data variance S? = %‘21 {x(o)(i) fy(o)} = 4.4633. Relative errors q =
1=

xfo(i()i) x 100% = |0.0000%,1.9045%,3.2785%,0.1519%, 1.1106%|, average relative error
52 _

g = 1.2891%. Posterior variance ratio C = g = 0.0800 < 0.35, small error probability
p = P{|e(i) — €| < 0.67455,} = P{le(i) —¢| < 1 4250} (since |e(i) — &, = 0.9516 < 1.4250).
Determine p = 1. Based on accuracy verification results in Table 3, the cube compressive
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strength GM(1,1) prediction model for concrete in western saline soil regions reaches
“excellent” accuracy standard (p = 1, C = 0.080).
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Figure 5. Comparison of simulated sequences obtained by GM(1,1) model and original sequences.

To further illustrate the value added by the grey GM(1,1) model, a comparative analysis
with conventional regression models was conducted. Taking the cube compressive strength
data as an example, a simple linear regression model failed to capture the non-monotonic
trend, yielding a low coefficient of determination (R? = 0.11) and predicting a physically
unrealistic continuous decline from the initial state. An exponential decay model, while
accounting for nonlinearity, could not represent the initial strength increase phase observed
in the first 5 months. In stark contrast, the GM(1,1) model successfully characterized the
complete “increase-then-decrease” degradation trajectory with excellent accuracy. This
comparison underscores the superior suitability of the GM(1,1) model for predicting the
nonlinear deterioration of concrete in saline soil environments, especially when working
with limited sequential data.

The accuracy check processes for strength and characteristic points on stress—strain
curves of concrete in western saline soil regions grey theory GM(1,1) prediction models are
as above. The accuracy check table is Table 4. It can be seen that the GM(1,1) models con-
structed for strength and characteristic points all pass excellent accuracy checks (C < 0.35),
confirming the universality of the model in characterizing performance of concrete in
western saline soil regions, accurately characterizing nonlinear change laws of strength and
characteristic points on stress—strain curves of concrete under saline soil environment in
western regions.

https://doi.org/10.3390/coatings16010003


https://doi.org/10.3390/coatings16010003

Coatings 2026, 16, 3

14 of 21

Table 4. Grey theory model check table for strength and characteristic points of concrete in western
saline soil regions.

Strength and Dry-Wet
Characteristic Cycle x0 %0 (i) q(%) C AModel
Points (Months) ceuracy
0 47.3537 47.3537 0 0
Cube 5 52.9679 51.9591 1.0088 1.9045
compressive 10 48.5308 50.1218 1.5911 3.2785 0.0800 1 Excellent
strength 15 48.4231 48.3495 0.0735 0.1519
20 47.1637 46.6399 0.5238 1.1106
0 3.3590 3.3590 0 0
Splitting tensile 5 3.6707 3.6520 0.0187 0.5099
strength 10 3.4384 3.4895 0.0511 1.4869 0.0162 1 Excellent
15 3.3852 3.3343 0.0509 1.5022
20 3.1710 3.1860 0.0150 0.4727
0 47.0791 47.0791 0 0
5 51.0805 49.9487 1.1318 2.2157
Elastic modulus 10 41.7300 44.2916 2.5616 6.1385 0.0295 1 Excellent
15 41.1221 39.2753 1.8468 44910
20 34.5946 34.8271 0.2325 0.6720
0 31.7795 31.7795 0 0
5 36.3856 38.2636 1.8780 5.1613
Peak stress 10 38.1856 36.7155 1.4701 3.8498 0.1188 1 Excellent
15 38.3000 35.2301 3.0699 8.0155
20 31.1358 33.8047 2.6689 8.5719
0 0.6136 0.6136 0 0
5 0.6564 0.7019 0.0455 6.9335
Peak strain 10 0.7486 0.69839 0.0503 6.7180 0.1221 1 Excellent
15 0.7312 0.6948 0.0364 4.9840
20 0.6497 0.6912 0.0416 6.39591

5. Constitutive Model and Life Prediction Based on GM(1,1)
5.1. Concrete Constitutive Model

In the extreme environment of coupled dry-wet cycling and multi-ion composite
erosion in western saline soil regions, the degradation of concrete’s mechanical properties
exhibits significant nonlinearity and damage accumulation. Its stress—strain relationship
shows distinct characteristics compared to uncorroded concrete, such as markedly en-
hanced brittleness and a sharp drop in post-peak bearing capacity. Existing traditional
constitutive models, based on non-corroded or single-erosion environments, struggle to
accurately describe this complex evolution. Therefore, this section aims to establish a
segmented constitutive model that considers the effect of corrosion time, providing a
more realistic representation of the complete stress—strain behavior of corroded concrete
under compression.

Based on the theoretical framework of continuum damage mechanics, the compressive
failure of concrete in corrosive environments can be viewed as a process of continuous initi-
ation, propagation, and eventual coalescence of internal micro-defects (e.g., microcracks)
under load, leading to macroscopic performance deterioration. To quantify this irreversible
damage evolution, a damage variable D (0 < D < 1) is introduced, where D = 0 represents
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intact material and D = 1 represents complete failure. Assuming elastic behavior [39], the
stress—strain relationship for the damaged concrete can be expressed as:

c=E(1—D)e (22)

where E is elastic modulus.

To define the evolution of the damage variable D with strain ¢, the Weibull statistical
distribution is adopted [40]. This distribution has a solid theoretical foundation for charac-
terizing the strength and failure probability of brittle and quasi-brittle materials, and its
form can effectively reflect the randomness of internal defect distribution. The damage
evolution equation based on the Weibull distribution is expressed as:

e.m
Dzl—exp[—(a) ] (23)
where u is the scale parameter, related to the characteristic strain of the material; m is the
shape parameter, controlling the shape of the damage accumulation curve and closely
related to the brittleness of the material. Substituting Equation (23) into Equation (22)
yields the damage-considered stress—strain relationship (ascending branch):

m

7= Eeexpl—(>) | (24)

The model parameters m and u can be determined using key characteristic points on
the stress—strain curve. These points include the peak point (& = ¢y, ¢ = 0p) and the
boundary condition of zero tangent slope at that point ( ‘fi—‘z = 0). Solving these equations
simultaneously yields the expressions for the parameters:

1
n<‘77k)
£
u= P (26)

1
( 1 ) i
m
Substituting Equations (25) and (26) back into Equations (24) gives the constitutive
equation for the ascending branch expressed in terms of measurable macroscopic parameters:
1 e m

=E ——(— 27
o= Beexpl—, ()] 7)
To enable the constitutive model to predict long-term corrosion processes, it is crucial to
endow the parameters E, 0, and ¢, with time-dependent evolution capabilities. Therefore,
this study incorporates the long-term prediction models (Equations (19)—(21)) established
based on grey GM(1,1) theory in Section 4, which have been experimentally validated, into
Equation (27). Thus, an explicit expression for the ascending branch of the stress—strain

curve incorporating the dry-wet cycle corrosion time t (months) is obtained:

1
o = E(t)eexp[— )] (e<ep) (28)
Here, the time-varying parameters E(t), 0, (t), €k (t), and m(t) are calculated using
Equations (19)—(21), and (25), respectively.
For the descending branch, due to the pronounced brittleness of corroded concrete,
the curve exhibits a steep decline, and the experimental data show increased scatter. For
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practical purposes, the following empirical formula, derived from regression analysis of
the experimental data, is used to describe the descending branch:

£

o €pk

Opk b(i _

(8 > 8pk) (29)

1) ’ + 2
€pk

Substituting different corrosion times (t = 0, 5, 10, 15, 20 months) into Equations (28)
and (29) yields the corresponding theoretical complete curves. As shown in Figure 6, the
model-calculated curves compare well with the experimental results. The ascending branch
shows high agreement with the test curves at all corrosion ages, indicating that the model
accurately captures the stiffness degradation law of concrete caused by corrosion. Although
the experimental data for the descending branch show some scatter due to increased
material brittleness and damage accumulation, the empirical Formula (29) still reasonably
reflects the overall trend of rapid loss of bearing capacity, achieving satisfactory accuracy
within an engineering-acceptable range.

€
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Figure 6. Comparison of experimental stress—strain curves and calculated curves.

The descending branch in Equation (29) employs the empirical rational function
form, where b is a dimensionless coefficient determined via regression of the experimental
stress—strain data. Physically, b governs the curvature and steepness of the post-peak
stress decay: a larger value of b results in a more rapid decline in normalized stress,
corresponding to increased material brittleness and reduced ductility. This aligns with
the corrosion-induced microstructural changes observed in our study, such as extensive
microcracking, pore coarsening, and C-S-H decalcification, which diminish the concrete’s
ability to sustain plastic deformation post-peak. In our model, b is related to the corrosion
time ¢, quantitatively reflecting the progressive embrittlement over extended dry-wet cycles.

This empirical form is not unique to our study but is a standard representation in
concrete mechanics, notably adopted in the Chinese code GB 50010-2010 for the compressive
constitutive behavior of various concrete grades, where a similar coefficient a; (analogous to
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b) is calibrated based on strength class and controls the energy dissipation in the softening
regime [34]. The literature confirms its robustness across diverse mixtures, including
high-strength concrete, fiber-reinforced concrete, and those under different environmental
exposures (e.g., sulfate attack or freezing-thawing), provided the coefficient b is refitted to
account for variations in mix design parameters like water—cement ratio, aggregate type,
or admixtures [41-43]. For instance, in high-performance concretes with silica fume, the
form holds but with lower b values indicating enhanced ductility [41]. Thus, while derived
from our C40 ordinary Portland cement concrete, the equation is expected to apply to other
mixtures through recalibration of b using mixture-specific tests, though direct validation is
advised for substantially different compositions to ensure accuracy.

In summary, the segmented constitutive model established in this section, which inte-
grates grey long-term prediction and Weibull damage distribution, can accurately describe
the complete stress—strain behavior of concrete evolving with corrosion time in western
saline soil environments. This model provides a reliable theoretical tool for assessing the
damage state and nonlinear mechanical response of corroded concrete structures.

5.2. Concrete Life Prediction

Figure 7 shows the prediction results based on grey GM(1,1) model for compressive
strength, splitting tensile strength, and peak stress of concrete in western saline soil regions
under long-term dry-wet cycles. The three strength curves all show obvious nonlinear decay
characteristics: faster decline rate in early stage, gradually slowing in later stage, consistent
with the physical-chemical mechanism of intense reaction in initial saline soil erosion,
slower deterioration rate in later stage due to partial pore filling by corrosion products.
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Figure 7. Strength prediction curves for concrete in western saline soil regions.

From prediction results, splitting tensile strength’s sensitivity to dry-wet cycling
environment in saline soil is significantly higher than compressive strength and peak
stress. When dry-wet cycles reach 200 months, compressive strength, splitting tensile
strength, and peak stress decline to 26.9%, 18.5%, and 24.0% of initial values, respectively,
with largest decay amplitude for splitting tensile strength. Taking 50% of design strength
as bearing capacity critical threshold (compressive strength 23.68 MPa, splitting tensile
strength 1.68 MPa, peak stress 15.89 MPa), three strengths reach this threshold at about
115 months, 90 months, and 112 months respectively. Controlled by most unfavorable
indicator, the service life of ordinary concrete in western saline soil regions under natural
dry-wet cycles and salt erosion coupled environment is only about 90 months (7.5 years),
far below the 50-year design benchmark period required by code. This result is highly
consistent with engineering surveys of severe salt erosion cracking, spalling, etc., in built
concrete structures within 5-10 years in areas like Qinghai Qaidam Basin, Gansu Hexi
Corridor, verifying the accuracy and applicability of the model.
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The selection of 50% residual splitting tensile strength as the failure criterion is justi-
fied by its widespread use in concrete durability assessments, particularly in aggressive
environments where tensile strength governs serviceability limits due to cracking, spalling,
and loss of structural integrity [44,45]. This threshold represents a conservative point at
which corrosion-induced damage typically compromises the structure’s ability to withstand
service loads. It is also supported by literature indicating that approximately 50% strength
loss is a common indicator of advanced corrosion in reinforced concrete, beyond which
repair or replacement is often required to prevent failure [46].

To evaluate sensitivity, we used the GM(1,1) model for splitting tensile strength to
recalculate the service life under natural dry-wet cycling conditions for thresholds of 60%
and 30% residual strength. For a 60% threshold (indicating earlier intervention for less
severe degradation), the predicted life is approximately 5.8 years (70 months), a 22.7%
reduction compared to 7.5 years for 50%. For a 30% threshold (allowing more degradation
before failure), the life extends to approximately 12 years (144 months), a 60% increase.
These results highlight the model’s responsiveness to threshold variations, with higher
thresholds yielding shorter conservative life estimates to prioritize safety, while lower ones
extend life but risk greater structural compromise.

Combining analyses of Figures 6 and 7, the segmented constitutive model established
in this paper based on grey theory GM(1,1) predicting key parameters and continuous
damage mechanics can not only describe stress—strain full curves of concrete at different
corrosion ages with high accuracy (ascending branch almost coincides with test, descending
branch accurately reflects brittleness enhancement feature), but also can further extrapolate
to achieve strength long-term prediction and life assessment. Research shows that under
the extreme environment of coupled saline soil and dry-wet alternation in western regions,
tensile performance of concrete is the weakest link, and rapid microcrack expansion and
interface transition zone deterioration dominate the structural failure process.

Therefore, for concrete structures in western saline soil regions, we must abandon
traditional “strength meeting standard is enough” design concept, and urgently need to take
targeted durability enhancement measures from the material level (such as adding high-
quality mineral admixtures, selecting low water—cement ratio, using corrosion-resistant
reinforcement, applying efficient surface protective coatings, etc.), or implement zoned
protection and regular maintenance strategies from the structural level, to extend actual
service life to design requirement level, avoid high early maintenance and reconstruction
costs. The constitutive model and life prediction method proposed in this paper provide
a reliable theoretical basis and quantitative tools for durability design, remaining life
assessment, and maintenance decisions of concrete structures in this region.

6. Conclusions

(1) Under dry-wet cycling environment in western saline soil, mechanical properties of or-
dinary concrete show typical three-stage characteristics of “initial enhancement—mid-
term slow—Ilate sharp decline”, compressive strength and splitting tensile strength
increase by 11.87% and 9.23%, respectively, at 5 months corrosion, drop to near initial
value at 20 months, with splitting tensile strength most sensitive to corrosion.

(2) Microscopic analysis shows that early strength enhancement originates from filling
pores by ettringite, gypsum, Friedel’s salt, etc., mid-term strength stability benefits
from blocking effect of corrosion products on erosive ions; late sharp strength decline
dominated by Mg?* induced C-S-H decalcification generating non-cohesive Mg-S-H
and Mg(OH); as well as expansive crack expansion.

(3) Established grey GM(1,1) prediction models for key parameters such as cube com-
pressive strength, splitting tensile strength, elastic modulus, peak stress, and peak
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strain achieve “excellent” fitting and prediction accuracy (posterior variance ratio
C <0.1221, small error probability p = 1), verifying their applicability in characterizing
nonlinear laws of saline soil corrosion under small data conditions.

(4) The proposed segmented compressive constitutive model combining grey prediction
and Weibull damage distribution can describe stress—strain full curves of concrete at
different corrosion ages with high accuracy (ascending branch almost coincides with
test, descending branch accurately reflects brittleness enhancement feature).

(5) Extrapolation life prediction shows that under natural dry-wet cycling conditions, or-
dinary concrete in western saline soil regions with tensile strength drop 50% as failure
criterion, service life is only about 7.5 years; targeted durability enhancement measures
from material (mineral admixtures, low water-cement ratio, anti-corrosion coatings)
and structural (zoned protection, regular maintenance) levels are urgently needed.
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