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Abstract

The contents of this report detail the: design aspects, construction methods and structural requirements of the ‘Three Gorges Dam’. With discussion on: the impacts caused by the structure and possible improvements that could have been implemented in hindsight.
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1. Introduction 
1.1 Overview

	The ‘Three Gorges Dam’, referred to as ‘TGD’ from here on and shown in figure 1, is a hydroelectric plant situated upon the Yangtze (or Chiangjiang) River. It has a length of almost 2.4km and a maximum height of 185 metres, making it the largest structure of its type in the world (Britannica, 2020). Work began on the project in 1994, with the main structure completed in 2006. It reached full electrical capacity in 2012 with 32 turbines, generating 22,500 Megawatts per hour, making it the most productive hydroelectric plant in existence (Britannica, 2020). Producing a record breaking 11.8 billion kWh in 2020 alone (Jie & Yue, 2021).
 1.2 Reasons for construction
	
	Although its power output is a considerable asset, it provides two other important functions. The first of these is flood protection for agricultural areas downstream, with the dam intended to offset the flooding that blights the region during summer seasons (Britannica, 2020). The second of these is the ‘deep-water reservoir’ created upstream. Stretching for 600km, this allows oceangoing freighters to traverse 2,240km inland from Shanghai, creating vital economic links for inland cities (Britannica, 2020).  
[image: https://cdn.britannica.com/58/197258-050-96BA3983/Three-Gorges-Dam-city-province-Yangtze-River.jpg]Figure 1: The Three Gorges Dam (Britannica, 2020).


2. Design aspects 

	A number of considerations had to be taken into account for the design of the ‘TGD’. These are detailed in the following section. 
2.1 Environmental factors 

	Being situated on the longest river in Asia, the ‘TGD’ has to deal with a huge influx of water year-round. This peaks in the summer months when China experiences its rainy season. 
2.1.1 Flood control capacity

[image: ]	 The ‘TGD’ has been designed to hold a reservoir 175m deep with a storage capacity of  (Niu, 2016). In preparation for the rainy season the reservoir is lowered to 145m deep, giving it an additional storage capacity (used for floodwater) of  (Niu, 2016). A schematic highlighting this is included in figure 2. 
Figure 2: Schematic highlighting the flood control capacity of the ‘TGD’ (Gan, 2020).


2.1.2 Discharge capacity 
	
[image: https://ars.els-cdn.com/content/image/1-s2.0-S2095809916311687-gr2.jpg]	The ‘TGD’ had to be designed with a large discharge capacity, for both during the dry season and during exceptionally heavy rainy seasons. As a result of this it has been designed with the world’s largest flood discharge sluice gates, capable of discharging over  (CGTN, 2020). This was shown to be a necessary precaution during 2020 floods when the reservoir saw an inflow of  (CGTN, 2020). Despite the large discharge capacity of the ‘TGD’ the flood discharge section of the dam was required to be as short as possible, so as to make space for the many turbines present in the dam. Years of research culminated in a design consisting of staggered ‘3 layer discharge orifices’, with a length of 483m separated into 23 monoliths (Niu, 2016), this is shown in figure 3. In addition to shortening the flood discharge section of the dam this design also reduces the excavation requirements for the dams abutments, thus saving on the engineering investment required (Niu, 2016). 
 Figure 3: Schematic showing the flood discharge section of the ‘TGD’ (Niu, 2016).

	
2.2 Additional considerations 

	One of the key reasons for construction of the dam was creating shipping links inland via its ‘deep-water reservoir’. Access is provided via a two-way ‘5-step’ ship lock, designed for vessels of up to 10,000 tonnes (Executive Office Of The Three Gorges Project Construction Committee, 2015), with a separate ship-lift also available for vessels of up to 3,000 tonnes (Stone, 2017). A diagram outlining the location of these in relation to other parts of the dam is included in figure 4. 
[image: https://ars.els-cdn.com/content/image/1-s2.0-S2095809916311687-gr1.jpg]
 Figure 4: Diagram showing the ‘five-step’ ship lock and ‘ship lift’ in relation to other areas of the ‘TGD’ (Niu, 2016).


2.2.1 ‘Five-step’ ship lock 

	The ‘Five-step’ ship lock is 1.6km long. Due to the nature of the site, it had to be excavated through the neighbouring mountain. With excavation depths of up to 170m, a traditional gravity ship-lock structure would have incurred huge costs for concrete and excavation (Niu, 2016). In response to this a new form of ship–lock was proposed and adopted, known as the ‘fully lined ship-lock’. For this form of ship-lock the side walls of the lock chamber and the lock head where all lined with a thin layer of reinforced concrete, this worked in tandem with the rock mass of the mountain to bear loads via newly developed ‘tension-shear high-strength structural bolts’ (Niu, 2016). It is estimated that this method: saved  of concrete, reduced excavation amounts by  and reduced construction times by up to 9 months (Niu, 2016). A schematic highlighting this design is included in figure 5.
[image: https://ars.els-cdn.com/content/image/1-s2.0-S2095809916311687-gr10.jpg]Figure 5: Schematic for ‘five-step’ ship lock (Niu, 2016).


2.2.2 Ship lift

[image: https://evolution.skf.com/wp-content/uploads/sites/5/2018/07/three-gorges-ship-lift-lifting-height-113-metres-en.jpg]	The ship lift installed traverses a height of 371 feet, reducing times for smaller ships to reach the reservoir to 40 minutes (as opposed to 4 hours) (Stone, 2017). At the time of its construction it was the most complex and largest of its type on the planet (evolution, 2018).  It uses gravity and counterweights to safely lift ships to the required height (Stone, 2017). A diagram highlighting this design is included in figure 6.  Figure 6: Diagram illustrating the various components of the ‘TGD’s ship lift (evolution, 2018).


2.3 Loadings  
2.3.1 Water 

	The ‘TGD’ has to bear immense loads due to its deep-water reservoir. This can be calculated as the volume of the reservoir at full depth (175m) is known to be  of water (Niu, 2016). It is well known that a cubic meter of water is roughly equal to 1,000 kilograms or 9.80655 kilonewtons (as 1kg= 0.00980665kN). Therefore it is possible to calculate a rough estimate for the load exerted by the reservoir using the following equation. 
 
This gives an answer of kN or 385,397,441,500 kN. This illustrates the immense loads the ‘TGD’ must be designed to endure, especially as a safety factor must be applied to ensure any discrepancies within the concrete used for construction are accounted for.   
2.3.2 Structural load 

	Due to the loads the ‘TGD’ must endure it exerts a huge structural load on the ground beneath it. Britannica (2020) states the main structure used 483,000 metric tonnes of steel, whilst (trconstruction, 2020) cites the concrete weight used for the main structure as weighing 144,309,356,753.51lbs or kg. From these weights it is possible to ascertain an estimate for the structural load imposed upon the ground. 
	As 1kg=0.00980665kN, the force exerted by the concrete can be calculated using the following equation. 
 
	As 1tonne=9.80665kN, the force exerted by the steel can be calculated using the following equation. 
 
	The results from the concrete equation give an answer of 641,926,586.9kN. The results from the steel equation give a result of 4,736,611kN. Added together these give a total structural load of 646,663,198.9kN. This is however, only the load imposed by the substructure and superstructure of the main dam, so the full weight (with turbines etc. installed) will be higher. 	
2.4 Structure

[image: Cross-section through gravity dam]	The main structure of the project is a linear concrete gravity dam (Niu, 2016). A gravity dam relies upon the forces created by its own weight to resist toppling or sliding due to the forces exerted by its reservoir (britishdams, 2021). Generally these are triangular in cross-sectional shape due to the inherent strength of the shape in resisting: forces caused by the dam’s weight and forces caused by water pressure towards the base of the dam. This is also true for the ‘TGD’, with a base much wider than its crest. A diagram showing a cross-section of this form of dam is included in figure 7.  
Figure 7: Cross-section of a concrete gravity dam (britishdams, 2021)

	
	These forms of dams are capable of having large discharge sections (Zeidan, 2015), due to their high strength. This makes it an ideal form for the ‘TGD’ due to the reasons previously outlined in the ‘Environmental factors’ section. 
	This type of structure requires strong bedrock so as to avoid subsiding or slipping (britishdams, 2021). In the case of the ‘Three Gorges Dam’ it is built on bedrock of plagioclase granite with high strength and low permeability (Liu et al, 2003). This is ideal as the bedrock is capable of holding a huge amount of weight, with a compressive strength of 100MPa (Wahby, 2003). 



3. Construction materials and methods 
3.1 Materials 

	In the case of the ‘TGD’ it is comprised of heavily reinforced concrete so as to withstand the immense pressures exerted upon it. It is composed of 28,000,000 cubic metres of concrete and 463,000 metric tonnes of steel (Britannica, 2020). The high compressive strength of the concrete mixed with the high tensile strength of the steel allows it to hold huge amounts of water. 
3.2 Method 

	The ‘TGD’ project was gargantuan, involving over 25,000 workers (factsanddetails, 2011) and spanning over 17 years (1993-2009). The project was split into 3 main phases. 
3.2.1 Phase 1 (1993-1997)

	The ‘TGD’ is situated in a section of the river with an islet, known as Zhongbaodao. The waterway has a wide section on one side and a narrow section on the other. The first step of construction was to create a cofferdam (hinged by the islet) on the narrow side, this was created using rocks dropped into the river by large dumper-trucks creating a rock embankment dam (factsanddetails, 2011). Engineers excavated a large pit in this area. Construction then began on a larger cofferdam in the main section of the river (again hinged by the islet) in which the foundations for the spillway dam could be built (Ponseti & Lopez-Pujol, 2006). With the larger cofferdam complete, the smaller one was demolished and the river flow was diverted through the narrow passage, shown in figure 8 (Wahby, 2003). This occurred on November 8th 1997 and signalled the end of the first phase of works. 
	This stage also involved the construction of a four-lane highway to transport workers from the nearby city of Yichang. At over 17 miles long and at a cost of $110million, it included mainland china’s longest suspension bridge at the time of construction (Wahby, 2003).
[image: https://image1.slideserve.com/1540477/slide14-n.jpg]Figure 8: Image showing main cofferdam in 1998, with the river flow diverted through the site of the old cofferdam to the left (Brasill, 2014).



3.2.2 Phase 2 (1997-2003) 
	
	This phase involved the raising of the left embankment of the dam. At over 1.7km long and 185m high this involved huge amounts of concrete. In order for deadlines to be met, 400,000 cubic meters a month had to be poured. This was achieved with over 5 miles of fast-moving conveyors, transporting wet concrete direct from the in-situ mixing plants, with cranes lifting the conveyors as the structure grew upwards (Wahby, 2003). This was an innovative solution as traditional methods of concrete transport would have slowed the construction, causing deadlines to be missed. Concrete pouring for this section was completed in 2002 (Ponseti & Lopez-Pujol, 2006). With the main structure of the left embankment complete, the diversionary channel was closed and concrete pouring began for the right embankment (Ponseti & Lopez-Pujol, 2006). 
	During this phase the ‘five-stage’ ship lock was also under construction. Being carved out of the granite present in the mountain adjacent to the dam, this involved precision-blasting more than 75 million cubic yards of hard rock (Wahby, 2003). This was completed in 2003 and trials assessing its function began (Ponseti & Lopez-Pujol, 2006). Excavation and concrete placement for the ship lift was also underway at this phase (Wahby, 2003). 
	In July 2003 the reservoir was raised to 135m and the first turbines in the left embankment began producing power (Ponseti & Lopez-Pujol, 2006). This marked the end of phase 2. 
3.2.3 Phase 3 (2003-2009) 

	The third and final phase involved the completion of the main structure, along with the ‘five-stage’ ship lock. 
	The ‘Five-stage’ ship lock was put into full operation in 2004 (Ponseti & Lopez-Pujol, 2006). With the reservoir already at levels sufficient for freight ships to traverse. 
	With concrete being delivered in the same way as detailed previously, the right embankment was completed in 2006, ten months ahead of schedule (energyforsarawak, 2015). At this point the main structure of the dam was completed and the reservoir was raised to 156m (Ponseti & Lopez-Pujol, 2006). 
	In 2009 the reservoir was raised to its full capacity of 175m (energyforsarawak, 2015). This technically marked completion of phase 3. However the dam didn’t reach full electrical output until 2012 (Britannica, 2020) and the ship lift was not put into full operation until 2016 (Stone, 2017). 













4. Discussion & conclusions 
4.1 Advantages

	The main advantage of the method used comes from the site selected. The use of the islet as a hinge for the cofferdams resulted in easy diversion of the river channel. Had this not been present, diversionary tunnels for the river would have been essential, increasing the cost and time incurred by the project. 
	Use of conveyor belts for concrete transportation throughout the project was also a large advantage. Without which it is unlikely the project would have been completed to its tight schedule, breaking multiple records for concrete construction in the process (Wahby, 2003).
	The use of anchoring into the surrounding rock for the ship lock was also a considerable advantage. Reducing the cost and manpower required for this crucial stage of works.  
4.2 Disadvantages

	Some disadvantages of the methods used became clear in 2020 during record floods in the region. With the area experiencing it’s heaviest precipitation in 60 years (Zhaoqing et al, 2020). This was the first real test of the dam’s capabilities in terms of flood protection. 
	The influx of water during this period peaked at  (CGTN, 2020). Parts of the dam are reported to have deformed slightly during this event, with water seepage into the main outlet walls during discharging (Chen, 2020). This was mitigated by closing of the floodgates so as to protect downstream cities (Chen, 2020). 
	Although the authorities operating the dam claim this is within the design parameters (Chen, 2020), it raises questions for the integrity of the dam should it experience the ‘once-in-a-century’ flood for which it was designed. It has been hypothesised that a flood of this type could consist of 224billion cubic meters of water over two months; the flood control capacity of ‘TGD’ is only 9% of this (Gan, 2020). As such, given the recent structural issues, it is likely the high discharge requirements during an event of this magnitude could cause substantial structural damage. 

4.3 Alternative methods 

	Given that the main issue present appears to be structural. An alternative construction method would be to build the dam with buttresses. These could be included at intervals on the embankments either side of the spillway. This would provide additional support to the dam against lateral pressure emanating from the reservoir and the rivers flow. Large buttresses directly aside the spillway (if incorporated properly) would help the dam resist deformation during heavy periods of discharge.
	The inclusion of buttresses, however, would have made the project more costly with large amounts of steel and concrete required for their implementation. As such, the project would have taken more time to complete. It is also unclear how much space would be available for turbines, thus the dams electrical output may be reduced. 
	If the valley was narrower, implementation of an arch shape would have been a useful solution. As arch dams transfer the loads into the valley walls, the granite bedrock present on-site would have been ideal for this. 
4.4 Conclusions 

	The main learnings to take from this case study are that cost-saving measures, though seemingly innovative at the time of implementation, can have drastic unforeseen outcomes in the long-run. 
	Aside from the previously mentioned structural issues, the project has also caused numerous environmental and social issues. Dai & Liu (2013) showed the downstream river behaviour has changed from depositary to erosional; this has then been linked to lower water levels during recent droughts (Lai et al, 2013). Seasonal fluctuations in the water-level have caused issues with slope stability along the length of the reservoir (Xu, 2011), with waves as high as 50meters from the resulting landslides (chinadaily, 2007). Over 1,000 sites of archaeological and cultural significance have also been submerged (Lopez-Pujol, 2006), with over 1.2million people displaced (gov.cn, 2006).
	Although the ‘TGD’ has seemingly achieved its goals of: energy production, flood mitigation and improved freight links. It’s possible that unforeseen negative consequences will continue to mount, ultimately outweighing the positives.  
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Besides, the dam can only hold back the water for so long, as it has to
make room for new rains -- and in flood season torrential downpours can
come in quick succession

Three Gorges Dam flood control capacity

Three Gorges Dam height:

Dry season max. water level 185 meters
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Sluice gate
Storage capacity for floodwaters:
22,1 bilion cubic meters

Last month, three flood waves have already hit the Three Gorges. The dam
has opened its sluice gates multiple times since late June to release water
from its reservoir, drawing criticism on Chinese social media that this
exacerbated the floods downstream

The company running the dam denied this, telling state-run tabloid the
Global Times that it had helped to delay and stagger the floodwaters
reaching downstream.
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