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[bookmark: _Toc170462945]Appendix A: Sequential dynamic intermittent grouting
Considering the complex distribution of high temperature groundwater, one can propose the sequential dynamic intermittent grouting method based on the characteristics of tunnels with ultrahigh temperature groundwater. The specific steps are as follows.
(1) A deepened borehole is used in the high-risk section identified by advanced geological prediction.
(2) In the event of significant water gushing within the borehole, intermittent grouting should be applied at the water outlet to mitigate the water flow.
(3) In the case of substantial water gushing following drilling-based detection, grouting should be conducted in accordance with the surrounding interval until a complete reinforcement ring is established, ensuring effective grouting and control of the water flow.
A post-sequence grouting hole is adopted as an inspection hole of the pre-sequence hole. The grouting hole is constructed from the exterior to the interior and from the bottom to the top using sequential construction and an interval jump hole. According to the water grouting conditions revealed in the subsequent inspection hole, the scheme is dynamically optimized. The sequential dynamic intermittent grouting process is shown in Fig. A1.
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[bookmark: _Toc170462946]Fig. A1 Dynamic top water grouting in sequence: (a) schematic diagram of tunnel grouting location; (b) first grouting of the most external layer; (c) second grouting of the most external layer; (d) first grouting of intermediate layer; (e) second grouting of the intermediate layer; (f) grouting of the innermost layer.
The essence of sequential dynamic intermittent grouting lies in the inspection of the grouting results, which can be evaluated through various methods, such as monitoring the water inflow in the inspection hole during drilling-based detection, slurry filling rate analysis, and hole imaging. After grouting, inspection holes are established near the main outlet point to measure the water inflow. In the case the water inflow in the inspection hole does not exceed 1–2 L/(min·m), the grouting requirements have been satisfied.
[bookmark: _Toc170462947]Appendix B: Relationship between the grouting ring thickness and heat release
When grouting is used to reduce the heat released by high temperature water, the thickness of the grouting ring and the permeability coefficient of the slurry are key considerations. The grouting schematic is shown in Fig. B1.
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[bookmark: _Toc170462948]Fig. B1 Diagram of curtain grouting.
The water gushing volume (Q), i.e., the velocity of water flowing out of the tunnel face (m3/s), can be calculated as follows [37–39]:
, (B1)
where H is the head of groundwater (m), r0 is the inner radius of the secondary lining (m), r2 is the outer radius of the secondary lining (m), r1 is the outer radius of the initial support (m), rg is the outer radius of the grouting circle (m), k1 is the permeability coefficient of the initial support (m/s), kg is the permeability coefficient of the grouting circle (m/s), and km is the permeability coefficient of the surrounding rock mass (m/s).
The permeability coefficient of the grouting circle is very closely related to the grout composition and ratio. The ratio of the permeability coefficient between the surrounding rock and grouting circle is denoted as ng and can be expressed as follows:
. (B2)
The water gushing amount per meter of the initial support can be calculated by the Eq. (B1). Given a 100 m distance ahead of the tunnel face, the water gushing amount per 100 m was considered in the calculation of ventilation heat release. For ng ≥ 100 and a thickness of the grouting ring larger than 7 m, water gushing stabilized at 4.53 m3/h, and the rate of heat release was lower than 510 kW. The calculated parameters are shown in Table B1.
[bookmark: _Toc170462949]Table B1 Numerical simulation parameters
	Parameter
	Value

	H (m)
	50–400

	km (m/s)
	10−6

	kg (m/s)
	10−7

	k1 (m/s)
	10−8

	rg (m)
	4.66–24.66

	r0 (m)
	4.06

	r1 (m)
	4.46

	r2 (m)
	4.66


When the thickness of the grouting ring is controlled from 5–7 m and ng ≥ 200, heat release is effectively controlled within 500 kW. Where local water gushing occurs, a drainage tube is used to drain high temperature groundwater and reduce the rate of heat release.
To reduce the cost and seal high temperature water, a grouting circle with a diameter of 5 m is constructed with grouting material as used for high temperature oil well cementing. Where ng > 200, the water inflow is effectively controlled at 5 m3/h, and heat release of high-temperature water is lower than 510 kW.
Water gushing is affected by the water head, which leads to an increase in rate of heat release. With increasing circle thickness, heat release gradually decreases. At a grouting circle thickness of 7 m, rate of heat release stabilizes. For every 50 m increase in the head, the rate of heat release amount increases by 130 kW. The results of the calculations are shown in Fig. B2.
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[bookmark: _Toc170462950]Fig. B2 Effect of the grouting circle range on heat release: (a) effect of the grouting parameters on rate of heat release; (b) effect of the head height on rate of heat release.
[bookmark: _Toc170462951]Appendix C: High temperature groundwater drainage
Draining should be performed when a certain amount of water gushing occurs ahead of the tunnel surface. When the amount of gushing water in the tunnel face is less than 50 m3/h after drainage through the sidewall, construction work can be conducted in the presence of water. The drainage scheme is comprehensively selected based on a comprehensive consideration of the groundwater quantity, location, and content, and the key points can be summarized as follows.
(1) Discharge holes should be arranged based on advanced groundwater detection. A total of six drainage holes were routinely established in the working section, which are 5–10 m away the left and right sides. The drainage pipes, with a diameter of 95 mm and a length of 30 m, transported the hot water 6 m away from the tunnel entrance. It is worth noting that the position of the drainage holes can be dynamically and flexibly adjusted according to the conditions of the drainage hole and mechanical equipment.
(2) Pipes are used to drain the underground water. The high temperature groundwater is directly discharge from the tunnel or into ditches with cover plates.
(3) The drilling machinery and equipment are equipped with a water grouting function.
(4) The drainage pipes are protected to avoid blasting damage.
The high-temperature groundwater is discharged from the tunnel face through pipes. The rate of heat transfer QT from the high-temperature groundwater pipe to the air flow can be calculated as follows [23]:
, (C1)
The heat transfer coefficient kT of the insulation pipe can be calculated as follows:
, (C2)
where kT is the heat transfer coefficient of the pipe, which is generally set to 15–25 (kW/(m2·°C)) for uninsulated pipes, Dw is the exterior pipe diameter (m), L is the pipe length (m), twH is the initial water temperature (°C), tB is the average airflow temperature (°C), vB is the air velocity (m/s), λu is the thermal conductivity (kW/(m·°C)), and δu is the thickness of the insulation material (m).
Considering a groundwater temperature of 90°C and a drainage pipe diameter of 0.15 m, one can calculate the rate of heat release by 100 m high temperature groundwater in the front part of the tunnel face. The detailed calculation parameters are shown in Table C1.

[bookmark: _Toc170462952]Table C1 Numerical simulation parameters
	Parameter
	Value

	Dw (mm)
	150

	kT (kW/(m2·°C))
	15–25

	twH (°C)
	90

	tB (m)
	28

	L (m)
	100


At a high temperature groundwater outflow of 30 m3/h, the rate of heat release is 1001 kW. Rate of heat release after drainage using the high temperature groundwater drainage tube accounted for only 7.3% of that before drainage. Therefore, high temperature groundwater drainage effectively reduces the heat release amount.
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