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No criteria for size classification of man-made underground chambers have been proposed until now. It could be pertinent to have a size classification scheme for characterizing underground spaces on rock mass, in order to avoid myths about the limits of these underground structures. In this paper, a simple volume-based size classification scheme for chambers is proposed by using a data base of 510 hydroelectrical projects located around the world that have their chambers inside the rock mass. The proposed classification has four categories.

INTRODUCTION

It is a common practice to apply the name chambers (also named rooms) to large manmade underground excavations, comparing them with other types of underground excavations (e.g., galleries, tunnels). Nevertheless, no criteria for size classification of these underground excavations have been proposed until now. Chambers can be differentiated with respect to other underground openings, because their three main dimensions (length, height and span, or width) are approximately the same. Galleries, shafts and tunnels are characterized by one of its dimensions being much larger than the other two. Another common characteristic of chambers is that they are ordinarily excavated by drilling and blasting, and this is typically done in phases because of their size. Other types of underground excavations, such as shafts, galleries and tunnels, can be achieved manually (for small galleries) or by mechanized methods (e.g. rise boring [for shafts] and Tunnel Boring Machine (TBM) [for tunnels]), without overlooking the usual method of drilling and blasting. It could be pertinent to have an undergroundsize classification scheme for characterizing the size of chambers at rock mass in a numerical unambiguous way; rather than only referring to particular, experienced but biased professional opinions, or particular positions of some group of persons following a particular interest. In countries that are in development, as is in South America, there was encountered many times common myths about the hazards that are involved when it is proposed some "huge" chamber; when in reality one is proposing a regular in-size chamber. The primary objective of this classification would be to ease the technical and scientific communication between people dealing with these kinds of underground openings. In this technical communication a simple volume-size classification scheme is proposed, to be applied to underground chambers, rooms or halls at rock mass. The proposed classification has just four categories, according to the volume of the opening.

CLASSIFICATION CRITERION

The classification criterion is based on the approximate volume of the opening that sustains the rock mass. This volume is calculated by multiplying the three main dimensions of the chamber: length (L), height (H) and span (S), without reference to details of the shape (e.g., a chamber dome).

3.

USED DATA The used data comes from the article of [START_REF] Hönish | The world's underground hydro power plants in[END_REF] and provided electronically by the same author (Hönish, 2007). This data base has 510 items, and fields recovered for each chamber were:

 chamber project name and country;  chamber length (L), height (H) and span (S);  real transversal area perpendicular to the length dimension (incomplete and available only in some chambers);  real volume (incomplete and available only in some chambers). The first four columns of Table 1 show ten of these data for randomly selected projects, as an example. The ten data were chosen randomly from the complete data base. First four columns were taken from [START_REF] Hönish | The world's underground hydro power plants in[END_REF]Hönish ( , 2007) ) and last four columns here calculated. Not available: na.

4.

DATA PROCESSING From the selected data fields it was calculated the following variables:

 rough area (A), determined by multiplying the height and the span A= H S;  the dimension ratio (R), which is the ratio of the length with the square root of the rough area (i.e. R= L A -0,5 );  the rough volume (Vr) that is obtained by multiplying the three defined lengths L, H and S;

 natural logarithm of Vr, i.e. log(Vr). The last four columns of Table 1 show these calculated values for the chosen samples. From all these data, univariate statistics were obtained, which are summarized in Table 2. Also, Figure 1 shows the histogram of these data for the variables Vr and ln(Vr); and Figure 2 the histograms of some ratios of interest as R, L/H, L/S and H/S. In all cases, the number of bins for the histograms was determined as a value close to the recommended by the Sturges (1926) equation, which gave a value of 10 bins for the 510 data items (an exception was for variable Vr where one wanted to have short ranges of bins).

In Figure 1b one can look that the logarithms of the volumes of the chambers have a normal tendency.

Vr in 10 3 m 3 from 0 to 1 000 in 50 bins of 10 units log(Vr) from 1,5 to 7 in 12 bins of 0,5 units 

BENCHMARKS FOR CLASSIFICATION

As a first approach in this classification scheme, some reference benchmarks were chosen: an upper, an intermediate and a lower benchmark so as to define classification group limits from actual data presented at the database of [START_REF] Hönish | The world's underground hydro power plants in[END_REF]. As the upper benchmark, the biggest natural chamber of the world was chosen: the Sarawak natural chamber in Lubang Nasib Bagus in Malaysia. This chamber is approximately 700 m long and 396 m high and has a span of 230 m, with a total estimated volume of 64 × 10 6 m 3 . For an intermediate benchmark, some big man-made chamber constructed and reported to date was chosen: a chamber for the electrical station at the Robert-Bourassa Hydroelectrical Project in Quebec in Canada. This chamber is 483 m long and 45 m high and has a span of 22 m, with an estimated volume of 478×10 3 m 3 . For defining the lower benchmark of this classification, some difficulties became apparent because chambers can be as small as an exploratory or research room in the rock mass. The criterion for defining the lower benchmark of the classification scheme is based on the dimensions of a small exploration gallery. A common cross-section area 4 m high with a span of 4 m gives a cross-section area of 16 m 2 . In defining the third dimension of this lower benchmark, the shapes and sizes of some existing chambers were used to define a dimension ratio (R), which is the length (longest dimension) divided by the crosssectional equivalent dimension (i.e. R=L D -1 ), where D is the square root of the crosssection area perpendicular to L. From the data analyzed, one obtained a most frequent value of the dimension ratio (R) equal to 3,27 (i.e. the median of all the data). In this way, the third dimension of our lower reference volume is equal to 13 m (i.e., L= D R), and the approximate volume is equal to 209 m 3 . An intermediate lower benchmark criterion may be proposed from the dimensions of some actual big TBM (e.g. diameter of 15 m (D) and 177 m 2 of cross-section area). If the same obtained R value is applied, the length of L is 43 m. The lower reference volume of the chamber under this second criterion is be taken into account.

6.

CLASSIFICATION LIMITS To define the classification limits of the proposed benchmarks, some mathematical manipulations were performed. Small exploration gallery 0,2 R ratio from 1,5 to 18 in 9 bins of 2,0 units L/H ratio from 1 to 13,5 in 9 bins of 1,5 units L/S ratio from 1 to 24 in 10 bins of 2,5 units H/S ratio from 0,5 to 3,5 in 13 bins of 0,25 units These somewhat unusual numbers need to be manipulated to result in practical limits between size categories. Starting from the natural logarithm of the volumes of the assumed benchmarks (10 3 m 3 ), and computing the arithmetic media between these values, the limits may be given as actual volume values. The calculations and results are given in Table 3. The limits of the size categories are given in Table 4. 4 permitted to propose limits to the chamber-size categories, and the resulting size-classification scheme is shown in Table 5. In Figure 3 8.

CLASSIFICATION SCHEME The values of Table

CONCLUSIONS

The specific objective of the classification scheme presented here is to classify underground openings as a function of their volume. The classes are exhaustive and mutually exclusive, and are divided into four main classes: small, regular, large and huge. The criteria are based simply on the volume, approximately estimated. If the exact volume is determined, this would prevail over the approximate volume. The subdivision rules are based on a considerable number of manmade chambers. The classification is practical and robust and gives an economical classification without error and without possible declassification. It is applied only to chambers, rooms, halls or similar openings that form a volume-space in the rock mass in which the dimension ratio, defined as the ratio between the length and the square root of the product of the span and height, is less than 30 (i.e., R < 30). Even tough, this classification scheme was suggested after analysis a civil engineering chamber database, this classification may be used to classify also underground mining openings. 
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 1 Figure 1: Histograms of ratios variables of interest
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 2 Figure 2: Histograms of ratios of interest

  these classification limits are shown with 16 chambers as examples.
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 3 Figure 3: Man-made size chamber classification scheme a: LNG storage caverns Daejeon, Korea; b: Almenara Río Riachón Hydroelectric Project, Colombia; c: Transformer cavern Fljótsdalur hydropower project, Jökulsa í Flótsdal, Iceland; d: Powerhouse cavern Río Riachón Hydroelectric Project, Colombia; e: Valve house cavern Koyna hydroelectric project, Maharashtra, India; f: Transformer cavern Helms pumped storage project, Sierra Nevada mountain, California, USA; g: Transformer cavern Pumped Storage Plant Goldisthal. Thuringia, Germany; h: Transformer cavern San Carlos hydroelectric central, Antioquia, Colombia; i: Powerhouse cavern Hydroelectric system Miel 1, Colombia; j: Powerhouse cavern Porce III, Antioquia, Colombia; k: Powerhouse cavern San Carlos hydroelectric central, Antioquia, Colombia; l: Machine cavern Pumped Storage Plant Goldisthal. Thuringia, Germany; m: Powerhouse cavern Churchill Falls, Labrador, Canada; n: Desilting chambers Nathpa Jhaki hydroelectric power project; o: Powerhouse cavern Xiaolangdi hydro-project, Yellow River (Huanghe), China; p: Powerhouse cavern Robert-Bourassa generatin station, Québec, Canada; q: Cavern Xiluodu hydro-power station, Three Gorges Project, (Yangtze & Jinsha River) Sichuan and Yunnan, China.

Table 1 :

 1 Ten chambers of hydropower projects Project Name and Country L × H × S

		in m	Aa in m 2	Va in 10 3 m 3	A= H x S in m 2	R =L/ D Vr in 10 3 m 3	ln(Vr)
	Jajce 2, Bosnia	54 × 34 × 17	555	na	578	2,2	31	3,44
	Hinterm., Austria	59 × 24 × 16	290	20	384	3,0	23	3,12
	Bear Sw., U.S.A.	69 × 46 × 24	na	na	1104	2,1	76	4,33
	Acri 1, Italy	78 × 23 × 25	540	na	575	3,3	45	3,80
	Kilforsen, Sweden	97 × 33 × 18	485	48	594	4,0	58	4,05
	Waldeck 2, Germany	105 × 50 × 34 1390	106	1700	2,5	179	5,18
	Montezic, France	144 × 41 × 25 740	86	1025	4,5	148	4,99
	Wehr, Germany	219 × 33 × 20 570	135	660	8,5	145	4,97
	Bakun, Malaysia	300 × 52 × 32 1123	300	1664	7,4	499	6,21
	Vianden, Luxemb.	330 × 30 × 17 450	140	510	14,6	168	5,13
	Note:							

Table 2 :

 2 Univariate statistics of the data

	Statistic Median Mean Std. Deviation Maximum Minimum	R 3,27 3,71 1,96 18,81 0,79	Vr in 10 3 m 3 55,49 84,31 96,42 985,60 5,18	Ln(Vr) 4,02 3,96 0,99 6,89 1,65

Table 3 :

 3 Benchmarks of the proposed classification

	Benchmark Upper Intermediate Robert-Bourassa Descriptor Sarawak natural chamber 64×10 3 Vr in 10 3 m 3 478 powerhouse chamber Lower 2 Big TBM section 7,7 Lower 1

Table 4 :

 4 Initial classification scheme limits

	Benchmark Upper Intermediate 478 Vr in 10 3 m 3 64×10 3 Lower 2 7,7 Lower 1 0,2	ln(Vr) 11,06 6,17 2,04 -1,56	Mean of ln(Vr) ---8,62 4,10 0,24	Vr in 10 3 m 3 ---5.5×10 3 61 1

Table 5 :

 5 Size limits of underground chamber classification

	Size classification Small Regular Large Huge	Volume limits (10 3 m 3 ) < 1 1 to 60 60 to 1 000 > 1 000
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