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Abstract

Aiming at the issue of crystallization and blockage of drainage system due to the massive calcium loss from the tunnel shotcrete, a self-
designed tunnel seepage crystallization modelling system was developed. This system was produced in conjunction with the initial tunnel
support shotcrete construction and drainage pipe installation, and is capable of simulating both the seepage process of groundwater in
the shotcrete and the process of crystallization in the drainage pipe. Based on three different mechanisms of anti-crystallization, which
include absorbing free calcium, reducing the porosity and increasing hydrophobicity, antialkali agent, nano-calcium carbonate, and
silane were selected to test, respectively. Firstly, the suitable dosing ranges of these three external admixtures for resisting calcium loss
in shotcrete were determined by single factor tests, which were 7%—11%, 4%-8%, and 0.3%-0.5%, respectively. Thereafter, the response
surface method was employed to evaluate the interaction of antialkali agent, nano-calcium carbonate and silane on calcium loss in shot-
crete, and to establish the relationship between them, and thus to determine the admixture ratio that can effectively reduce calcium loss
crystallization in shotcrete, with the optimal admixture amounts of antialkali agent being 9.242%, nano-calcium carbonate 4.889% and
silane 0.366%. Lastly, the reliability of the model test results was verified by the microscopic analysis, and the results showed that the
total amount of calcium dissolution in the optimized group could be reduced by 75% compared with the blank control group, and
was basically consistent with that derived from the response surface regression model, validating the high accuracy of the buildup
response surface regression model. The present study can provide some ideas and references for reducing the seepage crystallization
behavior of groundwater in the initial tunnel support shotcrete.
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1 Introduction

With an increasing number of tunnels and longer oper-
ation times worldwide, the problem of drainage systems
clogged by crystals has become an urgent issue that needs
to be addressed. Currently, this phenomenon has occurred
in many tunnels worldwide, such as the Koralm Tunnel in
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Austria (Eichinger et al., 2020), Namsan Tunnel in South
Korea (Jung et al., 2013), Meyssiez Tunnel in France
(Wu et al., 2019), and in Chongqing (Zhang et al., 2018),
Yunnan (Tian et al., 2020), Gansu (Guo, 2020), and
Guangxi (Li et al.,, 2021) in China. The crystallization
and clogging of tunnel drainage pipes cause the effective
drainage area of tunnel drainage systems to become smal-
ler, thereby affecting the normal drainage capacity of the
tunnel. Moreover, it leads to an increase in groundwater
pressure, resulting in lining cracking or ground uplift,
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which has a significant impact on the durability of concrete
(Galan et al., 2019).

The main component of the crystals responsible for tun-
nel drainage blockages is calcium carbonate (Eichinger
et al., 2020; Jung et al., 2013; Ye et al., 2021). The mecha-
nism of crystallization has been thoroughly investigated by
many scholars. Calcium in highly alkaline drainage solu-
tions is mainly from groundwater and shotcrete (Dietzel
et al., 2008; Sun et al., 2022; Ye et al., 2021). Chen et al.
(2019) conducted statistical analyses on a large number
of French tunnels with crystallization problems, revealing
that the formation of crystals is also closely related to the
characteristics of tunnel lining materials and the geometric
dimensions of tunnels. Calcium leaching leads to loss in
alkalinity, increase in porosity, and degradation in the per-
formance of shotcrete. Compared with the secondary lining
shotcrete of the tunnel, as the initial support of the hidden
project, it directly contacts the corrosive medium released
from the surrounding rocks, and the damage is more rapid
(Romer et al., 2003). In general, the leaching of shotcrete
involves dissolution of solid mixtures, usually marked by
the formation of inert or insoluble solid residues (Galan
et al., 2019). The main reason for calcium leaching is attrib-
uted to the concentration gradients and thermodynamic
equilibrium between the pore solution and the surrounding
water, thus leading to the diffusion of Ca*" ions from the
pore solution to the surrounding water (de Larrard et al.,
2010). Owing to the decrease in the Ca®" ion concentration
in the pore solution, the solid-phase calcium in cement,
mainly comprising Ca(OH), (CH) and calcium silicate
hydrate (C-S-H), can dissolve gradually. Then, the compo-
nents of air (such as CO,) and surrounding water con-
stituents (such as CO3~ and HCO3) can form stable
compounds (such as calcium carbonate (CaCQOj)) with
Ca®" ions in the pore solution (Zemann et al., 2019). As
a result of the calcium leaching in cement pastes, two zones
are formed. They are the “leaching zone,” formed by port-
landite leaching, and “corrosion zone,” formed by the dis-
solution of C-S-H (Romer et al., 2003).

The influence of calcium leaching of shotcrete on the
crystallization and clogging of tunnel drainage pipelines
has raised concerns and the need to relieve the deposition
and clogging of crystals in drainage pipeline. To this end,
several scholars have adopted different ideas to prevent
crystallization and clogging. For example, Yee et al
(2015) studied the effect of changing the substrate and coat-
ing on the improvement of crystallization through labora-
tory  tests. The  results showed  that  the
polytetrafluoroethylene (PTFE) coating was the best in
preventing crystallization and clogging of drainage pipes.
Chen et al. (2019) suggested a practice that is easy to imple-
ment in practical construction, proposing that removable
geotextiles can be placed on the surface of tunnel drainage
ditches and replaced on a regular schedule. Wei et al.
(2021) investigated the effect of electric field on anti-
crystallization through indoor tests, and found that the
applied electric field can make the calcium carbonate

crystal structure porous and loose, especially for full-flow
pipes, and the best scale inhibition condition is the parallel
plate electric field with an output voltage of 5 V, and the
scale inhibition rate can even reach 47.25%. Dietzel et al.
(2008) presented that adding scale inhibitor in the drainage
ditch or drainage pipe can effectively prevent groundwater
from precipitation of crystals in the drainage pipe to reduce
the rate of crystallization in the drainage pipe.

The existing literature mostly considers the prevention
of crystal deposition and clogging in tunnel drainage pipes
with respect to the drainage pipe itself. However, avoiding
or relieving the formation of crystals by adjusting and opti-
mizing the shotcrete is a solution to this problem from the
source. Mehta and Ashish (2020) reviewed the influence of
fly ash on the properties of concrete. The oxide in fly ash
reacts with cement hydration products and consumes a
large amount of Ca(OH),. The physical filling effect of fly
ash results in a smaller pore size distribution in concrete,
making it a widely used supplementary cementitious mate-
rial. Pedro et al. (2017) discussed how fly ash can transform
most of the continuous pores in cement paste into discon-
tinuous pores, reducing the porosity in the transition zone
and creating a denser microstructure, thereby increasing
strength. Wang and Niu (2018) showed that 10% to 30%
of fly ash can reduce the total porosity of shotcrete from
15.1% to 10.3%, then to 14.6%. Some researchers have
added fly ash to cement paste and observed a large number
of closely adhered Ca(OH), crystals and C-S-H gel with
intertwined growth, with calcium aluminate penetrating
the dense C-S-H gel, forming a dense microstructure
(Kiattikomol et al., 2001). Hossain and Lachemi (2007)
confirmed that mineral admixtures can refine the pore
structure of concrete and improve its performance. The
improvement of concrete performance by mineral admix-
tures is widely recognized and is mainly due to the morpho-
logical effect, micro-aggregate effect, and volcanic ash
effect, which not only promote cement hydration, but can
also react with hydration products Ca(OH), to form stable
and dense products, while improving the pore structure
and interface transition zone of concrete (Langan et al.,
2002). As can be seen above, the use of admixtures greatly
influences the microstructure of shotcrete and the develop-
ment of hydrate formation, which makes the initial support
exhibit special characteristics when subjected to groundwa-
ter erosion. A detailed examination of the constituents in
water dissolved out of initial support may provide indirect
evidence of leaching interactions in the interior of the shot-
crete. Therefore, it is imperative to study the influence and
improvement effect of setting admixtures on the calcium
leaching of shotcrete.

In this study, antialkali, nano-calcium carbonate, and
silane were selected as admixtures for shotcrete. Through
the self-designed laboratory test, the appropriate dosage
range of each admixture was determined. The interaction
between the admixtures was explored based on the
response surface method, and their optimal combination
and optimal response values were obtained. Finally, the
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effect of anti-calcium leaching crystallization of the opti-
mization group compared with that of the control group
and the accuracy of the response surface regression model
were verified through laboratory tests, and the optimiza-
tion mechanism was analyzed through scanning electron
microscopy (SEM).

2 Experimental methodology
2.1 Test device

In this paper, a self-designed modelling test system is
used to simulate the process of seepage crystallization in
the tunnel. The test system comprises four main compo-
nents: a water supply device, a constant-pressure seepage
device, a drainage device, and a collection device, as illus-
trated in Figs. | and 2. (1) The water supply device is a
plastic water tank with an elevation higher than the initial
seepage device, capable of storing a specific solution; (2)
The constant-pressure seepage device is designed to simu-
late the seepage process of surrounding groundwater in
the tunnel’s shotcrete. It is composed of an inlet pipe, a
float switch (Fig. 2(a)), a reaction barrel (Fig. 2(b)), a reac-
tion barrel support frame, and a circular funnel (Fig. 2(e)).
The reaction barrel is cast from 1 cm-thick acrylic material,
with a radius of 15 cm and a height of 50 cm, and is filled
with shotcrete (Fig. 2(c)) and groundwater (Fig. 2(d)) dur-
ing experiment. The float switch, connected to the water
supply device via the inlet pipe, maintains constant water
pressure by regulating the liquid level in the reaction barrel.
The circular funnel, situated at the center of the reaction
barrel’s bottom, allows the solution to flow through small
holes in the reaction barrel’s base and into the drainage
pipe. (3) The drainage device is intended to simulate the
drainage pipe with a particular slope in the tunnel, and it
includes a semi-open drainage pipe (Fig. 2(f)) and an
expandable support frame (Fig. 2(g)). The semi-open drai-
nage pipe employs different materials of drainage pipes

Fig. 1. Testing device.
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Fig. 2. Detailed diagram of the test device.

with a diameter of 110 mm, while the expandable support
frame comprises inner and outer square pipes, which con-
trol the slope of the drainage pipe by altering their heights.
(4) The collection device employs a plastic water tank mea-
suring 30 cm x 40 cm x 80 cm to gather the waste filtration
solution flowing out of the drainage device.

The working principle of this test system is as follows:
the configured groundwater enters into the constant-
pressure seepage device through the pressure difference,
and the liquid level is controlled by the float at a uniform
height. Then the groundwater passes through the shotcrete
under the constant water pressure, passes through the filter
cloth, funnel, and enters into the drainage pipe. Finally, the
groundwater enters into the water collection tank through
the drainage pipe, and the wastewater is discharged or used
in the cycle test after treatment.

2.2 Raw materials

2.2.1 Basic composition of shotcrete

Tunnel initial support construction mainly uses four
basic materials: cement, sand, fine stone, and water. The
experiment was conducted using the same shotcrete pro-
portion as used at the project site, and the proportion of
cement : sand : stone : water = 453 : 853: 840 : 150 (unit:
kg/m?). Huaxin ordinary Portland cement P-O 42.5 was
used as the cement material. The chemical composition
and performance parameters of the cement are presented
in Tables 1 and 2, respectively. Xi’an quartz sand was used
as the fine sand material, and its performance parameters
are listed in Table 3. Xi’an Shangxi brand coarse aggregate
was used as the coarse aggregate material, and its perfor-
mance parameters are provided in Table 4. The test mixing
water was laboratory underground water, and its relevant
performance indicators are documented in Table 5. The
accelerator used in the experiment was of the same type
and dosage as that used in the field, with a model number
of Jiangsu Chaoli CNF-ZW, a dosage of 10%, and its tech-
nical indicators are presented in Table 6.
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Table 1

Chemical composition of test cement.

Chemical composition CaO SiO, Al,O4 Fe, 05 MgO SO, Na,O TiO, LOI
Mass fraction (%o) 63.6 22.7 7.7 42 0.62 0.05 0.14 2.7 1.78
Table 2

Physical property parameters of cement.

Specific surface Setting time (min) Flexural strength (MPa) Compressive strength (MPa)
(m’/kg) Initial setting time Final setting time 3d 28d 3d 28 d

135 215 320 3.9 7.1 20.2 447

Table 3

Technical requirements for construction sand.

Index Silt content (%) Mud content (%) Chloride (%) Lightweight material (%) Mica (%) Sulfide (%)
Content 1.0 2.0 0.01 0.5 1.6 0.4

Table 4

Technical requirements for test gravel.

Index Particle size (mm) Bulk density (g/cm?) Apparent density Mud content Crushing value Water absorption
(g/em’) (o) (%) ()

Requirement 1.0 2.0 0.01 0.5 1.6 0.4

Table 5

Technical requirements for mixing water in the test.

Index pH SO3~ (mg/L) CO3™ (mg/L) HCO5 (mmol/L) Ca®" (mg/L) Mg*" (mg/L)

Content 7.04 24.6 0.01 1.01 6.4 43

Table 6

Technical requirements of the accelerator.

Specification/Model number Fineness (%) Setting time (min)

Initial time Final time

1 d compressive strength (MPa) 28 d compressive strength ratio (%)

CNF-ZW type 10.4 3 10

12.6 76

2.2.2 Shotcrete admixtures

Based on market research, the accelerators and admix-
tures that can affect the crystallization of calcium dissolu-
tion are summarized into three aspects: consumption of
free Ca(OH),, filling the shotcrete pores, and generating a
waterproof film to reduce groundwater infiltration. The
main technical ideas are as follows.

(1) Free CH was consumed to reduce the source of crys-
tal formation. For example, antialkali can directly
react with CH to form stable admixtures, which can
effectively consume free CH formed in the early stage
of concrete. This reduces the process of calcium car-
bonate crystals formed by CH combined with bicar-
bonate and carbon dioxide, thereby directly
reducing the dissolved calcium in seepage water.

(2) Concrete pores were filled to reduce groundwater
seepage channels. Admixtures with the nucleation
effect and micro-aggregate effect, such as nano-

calcium carbonate, can fill and plug pores of concrete
and improve the compactness of concrete (Huang &
Cao, 2012).

(3) A waterproof film was formed to reduce the contact
between groundwater and CH in concrete. For exam-
ple, silane can form a waterproof film between molec-
ular particles in concrete, and this can improve the
waterproofing performance of mortar, thus reducing
the dissolution of CH and calcium silicate hydrate
in seepage water.

In summary, a single admixture can only play a role to a
certain extent, and since tunnel initial support is a multi-
phased complex system, the leaching crystallization of cal-
cium will be affected by not only the concrete pore struc-
ture, but also by the chemical reactions between
components and other factors. Therefore, the common
engineering admixtures such as antialkali, nano-calcium
carbonate, and silane are selected to facilitate the study
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of a compound admixture. This is to optimize the internal
structure of shotcrete in multiple directions and prevent
calcium loss, crystallization, and clogging of shotcrete.

The antialkali agent used in the test is produced by a
biotechnology company in Shandong, model DV-77V,
which is mainly composed of highly reactive unqualified sil-
ica, alumina and adsorptive materials. The chemical com-
position of the antialkali agent is shown in Table 7. The
nano calcium carbonate used is NM-8 model provided by
a nano material manufacturer in Xi’an, Shaanxi Province,
and the technical index of nano calcium carbonate is shown
in Table 8. The silane used is SHP50 water-repellent pow-
der produced by an international trade company in
Guangzhou, which is easy to disperse in water and has
good fluidity, and the technical index of silane is shown
in Table 9.

2.3 Test scheme

In the first step, the suitable dosing range of the three
external admixtures was determined by single-factor test.
Then, the optimal combination ratio was determined by
the response surface test. Therefore, this chapter elaborates
from the single admixture test design and response surface
experimental design respectively.

2.3.1 Single admixture test design

Three kinds of admixtures, antialkali, nano-calcium car-
bonate, and silane, were selected to study the improvement
effect on the calcium loss of shotcrete. The total calcium
loss was calculated by testing the crystallization of the drai-
nage pipe, the concentration of calcium ions in the seepage
fluid, and the change in the flow rate of the seepage fluid.
This was done to select the optimal dosage that can reduce
the calcium loss and determine the test ranges for the
response surface to optimize the ratio levels of the admix-
tures. The test was divided into three groups, and each
group was tested at four different dosage levels. Twelve sin-
gle admixture tests were performed. The test levels for each
group of different admixtures are shown in Table 10.

2.3.2 Response surface test design

Response surface methodology (RSM) is a statistical
approach that utilizes designed experiments to construct
a mathematical model to predict the optimal settings of a
set of experimental factors (Box & Wilson, 1992). The tech-
nique facilitates the exploration of the interaction effects
among factors and identification of the optimal settings
for each factor that leads to the desired response. The
two most commonly employed RSM methods are the cen-
tral composite design (CCD) and the Box-Behnken design

Table 7
Chemical composition of antialkali agent.

(BBD) method. CCD is a five-level experimental design
that uses a central point and axial points on three axes to
assess the significance of the experimental model. The
method is capable of evaluating first- and second-order
polynomial models and offers the advantages of high preci-
sion, rotatability, and orthogonal division of the experi-
mental groups. In contrast, BBD is a three-level
experimental design that aims to explore the relationship
between the influencing factors and response values. BBD
does not include axial points in its design points, leading
to fewer experimental groups and lower precision than
CCD.

When the cement content is certain, the content of nano-
calcium carbonate, antialkali, and silane are the three fac-
tors that affect calcium loss. In the process of calcium loss,
the total amount of calcium ions from the dissolved water
becomes the response value. The total amount of calcium
ions is defined as the mass of calcium ions dissolved in
the process of continuous hydration of shotcrete and corro-
sion by seepage water, including the mass of calcium ions
in the liquid phase in the solution and the mass of calcium
ions in the solid phase in the crystal in the drainage pipe.
The test and calculation methods were the same as those
for the single admixture test.

In further exploring the composite effect of three admix-
tures, fly ash, alkali resistants and silane, on the dissolution
resistance of concrete, in order to minimise the analytical
error between the model and the actual project, we selected
CCD for the experimental design. The optimum dosage
range of admixtures was determined by a single admixture
test. The content of each admixture was divided into lower,
low, middle, high, and higher levels. The effects of the three
types of admixtures were coded and designed at these five
levels. The content of the antialkali was expressed as X,
the content of nano-calcium carbonate was expressed as
X,, the content of silane was expressed as x3, and the coding
conversion was then carried out. The total number of CCD
experiments was 2K + 2K + M, where K represents the
total number of independent variables, and M, represents
the number of central experiments. Equation (1) is an inde-
pendent variable-coding transformation formula.

(x; — x9)
X =2, (1
where X; represents the coding variable of the independent
variable, x, represents the value of the independent variable
at the center point, and Ax; represents the step length of the
independent variable.

By using the standard polynomial regression method to
fit experimental data, a quadratic polynomial is obtained as
an empirical model for describing the relationship between

Composition SiO, CaO Al,O3

Highly absorbent materials MgO SO, Fe,O

Content (%) 65.4 3.6 17.3

0.39 0.44 0.74
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Table 8
Nano calcium carbonate technical specifications.

Type Nano-CaCO; Average particle size Whiteness pH (5% Specific surface area Hydrochloric acid insoluble
(%) (nm) (%) suspension) (m*/g) content

NM-8  >95.0 <100 >90 9.64 >20.0 <0.2

Table 9

Silane technical specifications.

Specifications Appearance Main bio-actives content (%) Particle size (um)

Specific details white powder 25 100-200

Table 10 ity in the drainage pipe was determined using the weighing

Level table of single admixture test. method. The test procedure is shown in Fig. 3.

Admixture Dosage

Antialkali 3% 6% 9% 12%

Nano-calcium carbonate 3% 6% 9% 12% 3 Single admixture test results and analysis

Silane 0.2% 0.4% 0.6% 0.8%

the response surface dependent variable and the indepen-
dent variable. The model can be expressed as Eq. (2):

Y=by+ > biXi+ D bXX;+ > X2, (2)

where Y represents the predicted response value, by repre-
sents the intercept, b; represents the linear coefficient, b;
represents the quadratic coefficient, and b;; represents the
interaction coefficient.

2.4 Test method and process

In the test, there are two forms of calcium loss in shot-
crete. The first involves the loss of solid calcium, which
manifests as a crystal form on the drainage pipe. The other
is the loss of liquid calcium, which manifests in the form of
calcium ions in the seepage solution. The loss of solid cal-
cium was determined by the weighing method; that is, the
crystal mass on the drainage pipe was calculated by the dif-
ference in the quality of the drainage pipe before and after
the weighing test, and subsequently the loss of solid cal-
cium ion mass could be calculated. The loss of calcium in
the liquid phase was obtained by measuring the concentra-
tion of calcium ions in the leaching solution, followed by
conversion. The concentration of calcium ions was deter-
mined by titration with an ethylenediaminetetraacetic acid
(EDTA) solution. The flow quantity of the dissolved solu-
tion is measured by the volumetric method.

The seepage fluid in the drainage pipe was sampled
every three hours, and the calcium concentration and flow
rate were tested to calculate the calcium loss in the seepage
fluid. The test was stopped after the calcium concentration
test value stabilized. After the seepage test, the crystal qual-

3.1 Variation of calcium concentration

The seepage water passes through the internal pores of
the shotcrete, continuously dissolves the shotcrete, and car-
ries calcium ions inside the shotcrete. The calcium concen-
tration in the leaching solution of shotcrete reflects the
serious degree of calcium loss in shotcrete and can charac-
terize the tendency of calcium carbonate crystals generated
by the leaching solution in the drainage pipe. The higher the
calcium concentration in the leaching solution, the greater
the tendency to produce calcium carbonate crystals, and
the more likely it is to cause crystallization and clogging
of the drainage pipe. The results are presented in Fig. 4.

As shown in Fig. 4, the initial calcium concentration of
each dosage in the antialkali group was below 0.012 mol/L,
and the difference in the initial concentration of the four
groups was large. At 45 h, the calcium concentration at
each dosage level was 0.002 mol/L. The initial calcium con-
centration of each dosage in the nano-calcium carbonate
group was above 0.014 mol/L. At 45 h, the calcium concen-
tration at each dosage level was 0.003 mol/L, and there was
no significant difference between the groups. The initial cal-
cium concentration of each dosage in the silane group was
approximately 0.016 mol/L. At 45 h, the calcium concen-
tration at each dosage level was 0.004 mol/L. In general,
the calcium concentration in the dissolution solution of
each group showed a downward trend, and the calcium
concentration gradually tended to be flat during 30-40 h,
and gradually approached 0.001 mol/L calcium concentra-
tion in the test water. The cement hydration rate tended to
be gentle after 20-40 h (Mostafa & Brown, 2005), and this
indicates that the variation trend of the calcium concentra-
tion in shotcrete is related to the hydration process of
cement. The incorporation of antialkali, nano-calcium car-
bonate, and silane does not affect the hydration process of
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Fig. 3. Test procedure.
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Fig. 4. Calcium concentration variation curve. (a) Antialkali, (b) Nano-calcium carbonate, and (c) Silane.
cement but affects the dissolution of calcium ions in shot-  three groups of admixtures are different, reflecting that

crete through its adsorption, microfilling, and hydrophobic ~ the improvement of calcium loss in shotcrete by admixtures
effects. The final stable concentrations of calcium in the  is also different.
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Fig. 5. Flow rate variation curves in drainage solutions. (a) Antialkali, (b) Nano-calcium carbonate, and (c) Silane.

3.2 Variation of flow rate in drain solution

There are pore structures of different sizes inside the
concrete specimens, and the pore structures provide the
space structure for the erosion fluid to dissolve the calcified
material. This experimental device can provide a fixed
water pressure for the calcium dissolution process of con-
crete specimens, and therefore the change of solution flow
rate during calcium dissolution reflects the change of inter-
nal pores of concrete, and also indirectly reflects the change
of compactness of concrete. The variation of solution flow
rate of drainage for each condition is shown in Fig. 5.

Under the same water pressure conditions, the flow rate
under each condition basically shows a decreasing trend,
which indicates that during the leaching of shotcrete by
groundwater, the hydration process of shotcrete mixed

with these external admixtures is still continuing, and the
rate at which hydration products continue to fill the inter-
nal pores of concrete is faster than the rate at which
groundwater carries them out. As can be seen from
Fig. 4, the starting flow rate of each admixture in the
antialkali agent group is above 7.0 mL/s, and at 45 h, the
flow rate of each admixture in the antialkali agent is above
2.0 mL/s; the starting flow rate of each admixture in the
nano-calcium carbonate group is in the range of 6.5-
8.0 mL/s, and at 45 h, the flow rate of each admixture in
the nano-calcium carbonate group is in the range of 0.5—
1.5 mL/s; the starting flow rate of each admixture in the
silane group flow rate in the range of 4.0-4.5 mL/s, and
the starting flow rate of each doping in the silane group
in the range of 1.25-2.25 mL/s at 45 h. It can be seen that
the nano-calcium carbonate is lower than the antialkali
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Fig. 6. Total liquid calcium loss of different admixtures. (a) Antialkali, (b)
Nano-calcium carbonate, and (c) Silane.

agent and silane at 45 h for each condition, indicating that
the smaller particle size of nano-calcium carbonate can
fully fill the concrete pores and increase its compactness.

Table 11
Calcium leaching under various test conditions.

(b)

Fig. 7. Crystallization on the drainage pipe. (a) Antialkali, (b) Nano-calcium carbonate, and (c) Silane.
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3.3 Calculation of calcium ion leaching from shotcrete

The amount of calcium dissolved in concrete includes
calcium in the drain outflow solution and calcium depos-
ited in the drain: in the former, the calcium concentration
tested every 3 hours and the flow rate of the corrosion solu-
tion were taken as the average value, and the average loss
of liquid calcium in 3 hours was calculated using Eq. (3),
and the calculation results are shown in Fig. 6; in the latter,
the crystals were weighed and determined by drying the
drain naturally at the end of the test, and the test results
are shown in Fig. 7, and using Eq. (4) to calculate the mass
of calcium ions in the crystals. Finally, the amount of dis-
solved calcium from the drain outflow solution and the cal-
cium carbonate deposited in the drain are shown in
Table 11 and Fig. 8.

_0.1-a-3-60-60-v,-40.08 (3)
B V- 1000 ’

where m,, is the calcium ion dissolution in the nth 3 h (g); a
is the volume of EDTA standard solution consumed for
titration (mL); v, is the flow rate of the solution within
nth 3 h (mL/s); V is the volume of the solution to be mea-
sured (mL); and 40.08 is the molar mass of calcium ions

(g/mol).

0.2% 0.4% | 0.6% 10.8%

©

my

." S
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Types Dosage Liquid calcium dissolution (g) Solid calcium dissolution (g) Total calcium dissolution (g)
Antialkali 3% 124.07 17.42 141.49
6% 114.05 15.67 129.72
9% 107.04 13.24 120.28
12% 109.35 13.34 122.69
Nano-calcium carbonate 3% 138.15 19.24 157.39
6% 127.76 17.73 145.49
9% 130.74 17.92 148.66
12% 130.56 18.04 148.60
Silane 0.2% 132.79 17.73 150.52
0.4% 105.37 12.41 117.78
0.6% 112.30 13.26 125.56
0.8% 112.44 13.47 125.91
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where m;; is the calcium ion mass of crystals on the drai-
nage pipe after 45 h of the ith admixture at a dosage of j
(g); mcacos 1s the crystal mass on the drainage pipe after
45 h of the ith admixture at the dosage of j (g); 40.08 is
the molar mass of calcium ions (g/mol); and 100.09 is the
molar mass of calcium carbonate (g/mol).

Table 11 shows that the total amount of calcium disso-
lution in concrete varies with the type and dosage of the
admixture. When the dosage of anti-alkali is 3%, the dis-
solved calcium in both liquid and solid phases reaches
the highest dissolution, which is 124.07 g and 17.42 g,
respectively. The calcium dissolution under the dosage of
the admixture is 6% is close to that under the dosage of
the admixture is 12%, and they are both higher than that
under the 9% dosage. This indicates that the anti-calcium
dissolution effect when adding 9% anti-alkali outperformed
another two scenarios. Similarly, we found that adding a
6% dosage of nano-calcium carbonate or adding a 0.4%
dosage of silane can also improve the anti-calcium dissolu-
tion effect of sprayed concrete. Through the single-factor
experiments, we confirmed that the optimal dosages of
these admixtures are as follows: anti-alkali (7%—11%),
nano-calcium carbonate (4%-8%), and silane (0.3%—
0.5%). These results can serve for the subsequent response
surface experiments.

Another noteworthy experiment result is that there is a
certain correlation between the dissolved calcium in the lig-
uid phase and the solid phase within sprayed concrete. In
Fig. 8, the trends of changes in the dissolved calcium in
the liquid and solid phases are consistent. For instance,
for different dosages of anti-alkali, the dissolved calcium

in the liquid and solid phases both decrease in the order
of 3% > 6% > 12% > 9%. As for silane, the dissolved cal-
cium in the liquid and solid phases both decrease in the
order of 0.2% > 0.8% > 0.6% > 0.4%. However, for
nano-calcium carbonate, the dissolved calcium in the liquid
phase decreases in the order of 3% > 12% > 9% > 6%, while
the dissolved calcium in the solid phase decreases in the
order of 3% > 9% > 12% > 6%. Despite this, the dissolved
calcium in liquid and solid phases at the dosages of 9% and
12% are very close to each other, and we speculate that this
may be caused by experimental biases.

For a given admixture at different dosages, both liquid-
phase calcium dissolution and solid-phase calcium dissolu-
tion increase. This phenomenon can be explained by the
theory of solid-liquid equilibrium of calcium carbonate
crystallization and the kinetics of calcium carbonate
growth (Romer et al., 2003; Sawada, 1997; Xiao et al.,
2010). Specifically, the occurrence of crystallization
depends on the equilibrium between the solid and its solu-
tion. The solid solute precipitates from the solution, and a
certain degree of supersaturation must first be generated as
the driving force for the crystallization process. The degree
of supersaturation is determined by the ionic solubility
product. The higher the ionic concentration, the more
intense the driving force for the crystallization process,
and the greater the potential for sedimentation and crystal-
lization in the drainage pipe. From another perspective,
ions in the solution in the drainage pipe continuously col-
lide and aggregate to form molecular clusters, which even-
tually form nuclei of a certain size. The higher the
concentration of the solution, the greater the probability
of collision between ions, the more intense the nucleation
effect, and the greater the increase in solid-phase crystal-
lization on the tunnel drainage pipe.
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Fig. 8. Histogram of solid calcium mass and liquid calcium loss.
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4 Response surface test results and analysis

4.1 Response surface experimental design, results and
variance analysis

The three factor doping range of the single doping test
was coded to design a three factor, five level test, which
is coded in Table 12.

Based on the response surface method and CCD, the
total amount of calcium loss was measured and calculated,
and a regression fitting analysis was performed. The test
combinations and test results are listed in Table 13, and
the model variance analysis is shown in Table 14.

According to Table 14, the variance analysis of the
quadratic equation is more significant (P < 0.0001), and
the variance analysis of the cubic equation is suitable.
Therefore, the highest order of the test results should take
the second order, indicating that the fitting of the quadratic
equation is suitable. The fitting equation is given by Eq.
(5):

k ko k k
Y:b0+2biXi+Z Zbinin-l-ZbiiX,-za (5)
i—1 T i—1

where k is 3, by is a constant, b; is a linear coefficient, b;; is
an interactive coefficient, and b;; is a square coefficient.

The test data were fitted using a quadratic polynomial
regression. The regression equation and its coefficient vari-
ance analysis results are presented in Table 15. In the sta-
tistical analysis of the F distribution, F = 52.50 > F0.1
(9.3) = 5.24, P <0.0001 < 0.001, indicating that the model
simulated in this test was significant. The fitting degree of
the model needs to be judged by whether the determination
coefficient is close to 1, and it represents the ratio of
explainable variation to the total variation. Table 15 shows
that the R> correction value is 0.9606, indicating that
approximately 96.06% of the total calcium dissolution is
variably distributed among the three factors in the test.
Only the remaining 3.94% cannot be explained by the
model, indicating that the fitting is better. The variation
coefficient in Table 9 refers to the ratio of the standard
deviation of the test data to the average value. The varia-
tion coefficient in the model was 7.67% < 15%, and this
indicates that the dispersion and variation of the data were
small.

For the one-degree item, the difference of X; (P = 0.00
09 < 0.1) is significant, and the difference between X, and
X; (P <0.001) is extremely significant. In the interaction

Table 12
Test factor level and coding.
Factor Variable Level
Coding variable True variable —1.682 -1 0 1 1.682
Antialkali X X1 5.6364 7 9 11 12.3636
Nano-calcium carbonate X, X 2.6364 4 6 8 9.3636
Silane X3 X3 0.2318 0.3 0.4 0.5 0.5682
Note: X; = 'rlggi%, X, = XZ;;E%, X3 = La?;%
Table 13
Test results.
Number Xi X5 X3 Calcium loss
Total calcium loss Predicted value
1 -1 -1 -1 79.97 85.32
2 1 -1 -1 69.44 76.46
3 -1 1 -1 125.20 121.22
4 1 1 -1 93.82 93.16
5 -1 -1 1 88.74 90.57
6 1 -1 1 75.92 81.07
7 -1 1 1 188.63 182.77
8 1 1 1 158.24 154.06
9 —1.682 0 0 98.48 100.62
10 1.682 0 0 72.82 69.03
11 0 —1.682 0 85.12 74.17
12 0 1.682 0 156.45 165.74
13 0 0 —1.682 95.71 91.68
14 0 0 1.682 144.93 147.31
15 0 0 0 65.72 67.09
16 0 0 0 65.55 67.09
17 0 0 0 62.53 67.09
18 0 0 0 71.65 67.09
19 0 0 0 62.13 67.09
20 0 0 0 74.68 67.09
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terms, only the difference of X1 X3 (P = 0.9518 > 0.1) was
not significant, whereas the difference between XX,
(P =0.0927 < 0.1) and X,X; (P = 0.0003) was significant.
This indicates that X, X, and X3 have significant linear
effects on total calcium dissolution. Furthermore, each fac-
tor has a significant curved surface effect on the total cal-
cium dissolution, and the interaction effect of X;X, and
X,X; was significant, but the interaction effect of X;X3
was not significant. The pseudo-loss term was not signifi-
cant (P > 0.1), indicating that this model could explain
the interaction among the three test factors and could also
predict and evaluate the total calcium dissolution under
different combinations of admixtures. After removing
insignificant elements, Eq. (6) is obtained as

Y =67.09 —9.39X,+27.22X, + 16.54X 5
—4.80X X, +14.07X,X;5+6.27X2+18.69X2+18.53X2.  (6)

4.1.1 Distribution of residual normal law
The analysis of residuals is an analysis of the difference
between each test data and the predicted values of the

model, and thus the reliability or correctness of the fit of
the test model and equation. The closer the residual distri-
bution is to normality, the better the model fit, indicating
that the model has effectively captured the underlying
trends and patterns in the data. Figure 9 shows the normal
distribution of residuals from the Design-Expert software.
The closer the test data is to the straight line in the graph,
the better the model and equation fit. It is observed that
each test data in the graph are basically distributed on or
near the straight line, indicating that the fit is good.

4.1.2 Distribution of residual value and predictive value
Because this test was designed based on the response
surface method and CCD, there was no predictability
between the residual value and the predictive value. That
1s, the distribution of the residual value should not have
certain regularity or explainable prediction properties for
the predictive value. Therefore, the distribution law
between the residual values in this experiment is also a rea-
sonable parameter. Figure 10 shows the distribution graph
between the residual values that there is no uncertain regu-

Table 14

Regression analysis.

Variance source Quadratic sum Freedom Mean square F value P value Suggestion
Average model vs Total 187 350.21 1 187 350.21 - - -

Linear model vs Average model 15 061.71 3 5020.57 6.97 0.0033 -
Two-factor vs Linear model 1769.53 3 589.84 0.79 0.5228 -

Quadratic equation vs Two factors 9204.55 3 3068.18 55.68 <0.0001 Suitable
Cubic equation vs Quadratic equation 416.14 4 104.03 4.63 0.0479 Not suitable
Residual variance 134.88 6 22.48 - - -

Total 213 937.02 20 10 696.85 - - -

Note: The F-value assesses the variance differences among different groups, with a larger F-value indicating the potential presence of significant differences.
The P-value is used to determine whether to reject the null hypothesis, with a P-value less than the significance level indicating significant differences.

Table 15

Significance test and regression analysis.

Variation source Quadratic sum Freedom Mean square F value P value
Model 26 035.79 9 2892.87 52.50 <0.0001
X 1204.79 1 1204.79 21.86 0.0009
X 10 121.44 1 10 121.44 183.69 <0.0001
X3 3735.49 1 3735.49 67.79 <0.0001
X1 X 184.53 1 184.53 3.35 0.0972
X1X; 0.2119 1 0.2119 0.0038 0.9518
X2 X3 1584.79 1 1584.79 28.76 0.0003
X3 566.43 1 566.43 10.28 0.0094
X3 5035.05 1 5035.05 91.38 <0.0001
X3 4947.05 1 4947.05 89.78 <0.0001
Residual term 551.02 10 55.10 - -
Pseudo-loss term 422.97 5 84.59 3.30 0.1079
Error 128.05 5 25.61 - -
Total 265 86.81 19 - - -

R’ 0.9793 - - - -

R? correction value 0.9606 - - - -
Variation coefficient 7.67% - - - -

Note: When P > 0.1, the difference was not significant; when 0.1 > P > 0.001, the difference was significant; and when P < 0.001, the difference was

extremely significant.
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larity, thus indicating that the test results and fitting results
are generally better, and that there is no unilateral excessive
deviation.

4.1.3 Distribution of residual value and test value

The residual value distribution reflects whether some
unconsidered test factors have unnecessary influence on
the test results, resulting in a certain tendency of the test
results as a whole. For example, the influence of unconsid-
ered factors, such as the carbon dioxide concentration in
the laboratory, on the amount of calcium loss. As shown
in Fig. 11, the fluctuation of each residual value is not reg-
ular, indicating that the factors not considered in the test
did not have a significant impact on the test results.

4.2 Interaction analysis

4.2.1 Interaction between antialkali and nano-calcium
carbonate

According to Fig. 12, when the silane content was fixed
at 0.4%, the nano-calcium carbonate content changed from
1.88% to 9.46%, and the antialkali content corresponding
to the minimum total calcium dissolution decreased first
and then increased. This shows that a low content of
nano-calcium carbonate is beneficial for reducing the loss
of calcium in shotcrete with an antialkali. Based on these

results, we conducted a corresponding analysis. When the
content of nano-calcium carbonate is relatively small, it
can fill the small pores inside the shotcrete and reduce
the pore channel of seepage water into the shotcrete. Thus,
the calcium ions generated by the cementitious material in
the pore water corrosion shotcrete decrease, and the
amount of free nano-calcium carbonate in the shotcrete
absorbed by the antialkali decreases accordingly. When
the content of nano-calcium carbonate increases to a cer-
tain extent, nano-calcium carbonate plays a leading role
in providing crystal nuclei for the cement hydration pro-
duct C-S-H gel. However, it promotes cement hydration
to generate nano-calcium carbonate, so it is necessary to
increase the dosage of the antialkali to reduce the total cal-
cium dissolution in shotcrete.

When the dosage of the antialkali increases to a certain
extent, CaO in the antialkali is hydrated to a large amount
of nano-calcium carbonate, and this promotes the forma-
tion of calcium carbonate crystals. From Fig. 10, it can
be seen that the response surface under the same dosage
of nano-calcium carbonate (with the change in antialkali
dosage) has a concave shape, indicating that there is a min-
imum value under the interaction between the antialkali
and nano-calcium carbonate. That is, the total calcium dis-
solution can be reduced to a certain minimum value under
a certain amount of two admixtures. Then, it can be deter-
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Residuals vs. Predicted
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Fig. 13. Interaction between nano-calcium carbonate and silane.

mined that when the dosage of the antialkali is approxi-
mately 9.126% and the dosage of nano-calcium carbonate
is approximately 4.725%, the effect of calcium loss resis-
tance of shotcrete is the best.

4.2.2 Interaction between nano-calcium carbonate and silane

As shown in Fig. 13, when the dosage of the antialkali
was fixed at 9%, the total calcium dissolution was affected
by the interaction between nano-calcium carbonate and
silane, showing a concave surface. When the dosage of
nano-calcium carbonate changed from 1.88% to 9.46%,
and the silane dosage corresponding to the minimum total
calcium dissolution increased first and then decreased, this
gives indication that a low dosage of silane is conducive to
the synergistic effect with nano-calcium carbonate to
reduce the loss of calcium in shotcrete. Based on these
results, we conducted a corresponding analysis. When the

silane content is low, with an increase in the silane content,
silane is hydrolyzed into siloxane in the internal pores of
shotcrete, and then reacts with the hydroxyl on the internal
surface of shotcrete to form a small amount of siloxane
chain. This has the effect of waterproofing and plugging
pores. However, when more silane was added, a large num-
ber of siloxane chains were wrapped in cement and other
gel materials, which reduced the hydration process of
cement and made the silane particles independent of the
unwrapped cement. In contrast, it increased the porosity
and reduced the density of shotcrete.

Nano-calcium carbonate plays a filling role in shotcrete,
and silane plays the role of a hydrolysis film to prevent cor-
rosion, but both have a certain extreme dosage. The inter-
action between nano-calcium carbonate and silane has a
significant impact on calcium loss. With respect to adding
an appropriate amount of nano-calcium carbonate, adding
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a certain amount of silane to isolate shotcrete and seepage
water can strengthen the anti-corrosion effect. However,
attention should be paid to the incorporation of both to
achieve the best anti-corrosion effect. From Fig. 13, when
the content of nano-calcium carbonate was 4.725% and
the content of silane was 0.395%, the anti-calcium loss
effect of shotcrete was the best.

4.3 Verification test

Through the analysis of the response value in the regres-
sion model, the predicted value of the total amount of cal-
cium dissolution in the model reached a minimum of
56.217 g at a mass fraction of antialkali (9.242%), nano-
calcium carbonate (4.889%), and silane (0.366%). The pre-
dicted ratio obtained by the regression model was used as
the test optimization group, and the ratio of tunnel initial
support construction was used as the blank control group
(cement : sand : fine stone : water = 453 : 853 : 840 :
150, with 10% accelerator dosage). The test optimization
and blank control groups were tested to verify the accuracy
of the prediction results of the response surface regression
model and the effect of admixtures on improving the cal-
cium loss of tunnel shotcrete.

The verification test was based on the device and
method of the single admixture test. The anti-calcium loss
rate of the optimization group can be obtained by compar-
ing the total calcium loss of the optimization and control
groups. The anti-calcium loss rate was equal to the ratio
of the difference between the total calcium loss in the opti-
mization group and the control group to the total calcium
loss in the control group. The comparison results of the
optimization and control groups are presented in Table 16.

The verification test results show that the total calcium
dissolution of the optimization group is 54.74 g, which is
far less than that of the control group (226.35 g). The
anti-calcium loss rate in the optimization group reached
75.8%. The total calcium dissolution of the optimization
group was close to the predicted value of 56.217 g, corre-
sponding to the response surface regression model, thereby
indicating that the prediction results of the regression
model have high accuracy.

The shotcrete of the optimization and control groups
after the verification tests were cut and sampled, respec-
tively. The samples were dried and sprayed with gold and
then scanned using an electron microscope. The ZEISS
Sigma 300 electron microscope was employed to meticu-
lously examine the microscopic pore structure and material
composition of the shotcrete samples, utilizing a magnifica-
tion of 10 000 times. Figure 12 shows the SEM images of

Fig. 14. Micro morphology of control group.

the control group, and Fig. 13 shows the SEM images of
the optimization group.

When comparing the control group with the optimiza-
tion group, it becomes evident from Fig. 14 that the former
contains an abundance of plate-shaped and square sheet-
shaped calcium hydroxide, as well as low-crystallinity cal-
cium aluminate. Additionally, there are more unhydrated
cement particles and larger internal pores present in the
shotcrete. Under conditions of water seepage and corro-
sion, these larger pores provide an easier path for water
flow, which can further contribute to the deterioration of
the shotcrete structure.

In contrast, the addition of nano calcium carbonate to
the shotcrete mixture, as seen in Fig. 15(a), results in a
more complete hydration of the mixture and fewer unhy-
drated cement particles. The shotcrete structure becomes
more compact due to the combination of short rod-like cal-
cium aluminate and C-S-H gel clusters, which are bound
together by the denser gel and nano calcium carbonate fill-
ing in the interface area. The presence of nano-calcium car-
bonate provides a filling effect, nucleation effect, and
volcanic ash activity (Singh et al., 2017), which helps to
strengthen the pores and micro-cracks and improve the
bond strength of the interfacial transition zone (ITZ) (Li
et al., 2004). This finding is consistent with previous
research (Huang & Zu, 2013; Lin et al., 2016). On the other
hand, the addition of silane waterproofing agent to the
shotcrete mixture, as seen in Fig. 15(b), results in the com-
plex distribution of short rod-like and needle rod-like cal-
cium aluminate, which are tightly connected throughout
the hydration structure, and no obvious CH crystals were
observed. Additionally, a layer of mesh can be observed

Model predictions (g) Anti-calcium loss rate (%)

Table 16

Comparison results of the optimization group and the control group.
Type Total calcium dissolution (g)
Control group 226.35

Optimization group 54.74

56.217 75.8
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within the microstructure, as indicated in the figure. This is
a result of numerous C-S-H connections forming a mesh-
like structure within the pores of the shotcrete. Studies
have shown that the active substances in the silane water-
proofing agent are easily chelated with a large amount of
Ca®" after cement hydration, and this chelation mainly
occurs in the areas where the Ca>" concentration is high.
The resulting calcium chelate is water-soluble and unstable.
As it diffuses through the water solution, the calcium che-
late infiltrates into areas of lower concentration in the shot-
crete, where SiO3~ and AlO5 ions easily replace the active
substances in the calcium chelate and cause a transforma-
tion of Ca(OH), crystals, filling the pores of the shotcrete
(Wang et al., 2022).

5 Conclusions

In this study, the effect of antialkali agent, nano calcium
carbonate and silane on the resistance to crystallization
was first investigated using a single-factor method in an
indoor model test, from which a suitable dosing range
was obtained. Then the response surface method was
employed to identify the optimal combination of these
three dopants and the corresponding best response values.
Finally, the reliability of the experimental conclusions was
verified by microscopic analysis. Some conclusions and
summaries are listed as below.

(1) The appropriate dosage ranges of the antialkali,
nano-calcium carbonate, and silane were determined
to be 7%—11%, 4%-8%, and 0.3%-0.5%. The influ-
ence of the three admixtures on the calcium loss of
shotcrete first decreased and then increased.

(2) The interaction effect of antialkali, nano-calcium car-
bonate, and silane on the calcium loss of shotcrete
was studied using the response surface method and
CCD. The interaction between nano-calcium carbon-
ate and antialkali as well as nano-calcium carbonate

(b)

Fig. 15. Micro morphology of optimization group. (a) Nano calcium carbonate, and (b) Silane.

and silane is significant, whereas the interaction
between silane and antialkali is not significant.

(3) According to the test results, the proportion of
admixtures that can effectively reduce the calcium
loss in shotcrete is 9.242% for antialkali, 4.889% for
nano-calcium carbonate, and 0.366% for silane.
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