
measurements. However, as Dr. Wong points out, we did not
elaborate on the details of the trends of the hydrograph simula-
tions. In particular we did not explain why the KWA model
reached equilibrium quickly or why the FL model, at some parts
of the hydrographs, had steep increases in the rate of runoff. We
comment on these points as follows:

The KWA model reached equilibrium very steeply because the
infiltration component of the model employed constant infiltration
rate. Tayfur et al. �1993� solved sheet overland flows over infil-
trating surfaces and employed the time-dependent Green-Ampt
infiltration model, where the model-simulated runoff reached
equilibrium gradually. In Fig. 5 of Tayfur et al. �1993�, one can
see that the KWA model performed as well as the full St. Venant
equations in simulating the runoff hydrograph from the S3R2A
experimental plot. Also, on the same figure, the runoff hydrograph
rose gradually in the case of all models, including KWA. This
clearly implies that when the time-dependent infiltration rate
model was employed in the KWA model in the current study,
the model simulation of the increase could be gradual, rather
than steep, and the KWA model could show better performance
for simulations in Fig. 8 �see Fig. 8�a� in the current study
and Fig. 5 in Tayfur et al. �1993��. Hence, to avoid any bias in
the performance analysis of the ANN, KWA, and FL models
in the current study, the reader should be aware that the KWA
model employed in the current study used a constant infiltration
rate.

As the discusser points out, the simulation hydrographs by the
FL model show sudden rises in the runoff rate while reaching
equilibrium. This is owing to the nature of the fuzzy logic algo-
rithm that employs fuzzy rules and fuzzy subsets for input-output
variables. As seen in Figs. 7 and 9, all variables, aside from rain-
fall �Fig. 7�b��, which had fuzzy subsets, had subsets with varying
base widths. That means that when consecutive input variable
values are fed into the system, they may fall into different subsets,
depending upon the magnitudes, and trigger different rules from
the fuzzy rule base. Consequently they may yield quite different
combined fuzzy output sets. This naturally will result in steep
rises �or falls� in the trend. We can illustrate this by a simple
example: Let us consider two variables of rainfall rate �input vari-
able� and runoff rate �output variable�. Let us have the same fuzzy
subsets employed in the current study �Fig. 7�b and c�� for the
input and output variables, and let us also employ the following
five reasonable simple fuzzy rules:

Fig. 1. Runoff rate versus rainfall rate
Rule 1: IF rainfall is very low, THEN runoff is very low.
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Rule 2: IF rainfall is low, THEN runoff is low.
Rule 3: IF rainfall is medium, THEN runoff is medium.
Rule 4: IF rainfall is high, THEN runoff is high.
Rule 5: IF rainfall is very high, THEN runoff is very high.
Table 1 shows some input rainfall rates �r�, FL computed

runoff rates �Q�, and unit increases in the predicted runoff
rates ��Q�. As seen in Table 1, the increase in the FL computed
runoff rate from r=15 mm /h to r=30 mm /h is slight ��Q
=3.4 L /min�. However, the increase in the FL computed runoff
rate from r=30 mm /h to r=45 mm /h is significant ��Q
=14.1 L /min�. This clear trend is also shown in Fig. 1 for better
visualization. As seen, there is a slight increase in the steepness
when rainfall is increased from r=15 mm /h to r=30 mm /h. The
reason that there is a slight difference in runoff rates for the first
case is because r=15 mm /h is a member of the low subset with
50% membership, and r=30 mm /h is a 100% member of the low
subsets. Therefore, both produced values around Q=20 L /min
corresponding to the low subset of runoff, as a result of the trig-
gered Rule 2. On the other hand, r=45 mm /h is almost a 100%
member of the medium subset of rainfall, triggering Rule 3 and
resulting in a value around Q=40 L /min, corresponding to the
medium subset of runoff. Thus, as seen in Fig. 1, this results in a
significant increase in the steepness of the simulation hydrograph.

Note that in Fig. 8�a and b�, the infiltration rate is constant,
which is equal to about 19 mm /h, corresponding to the high sub-
set in Fig. 7�a�. Similarly, for each experiment, the rainfall inten-
sity is constant, which is about 79 mm /h, corresponding to
medium and high subsets in Fig. 7�b�. Therefore, in Fig. 8, the
change in steepness of the rising hydrographs of runoff rate takes
place as a result of the fuzzy subsets of the time variable in Fig. 9.
As seen from the figure, the subsets have significantly different
base widths, and consequently consecutive entries for the time
variable trigger different rules in Table 4 and thus result in milder
and steeper trends in the increase of hydrographs.
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The discusser congratulates the authors for their important article.
Auguste Graeff is rarely acknowledged for his true contribution to
hydraulic engineering and structures. Herein the discusser wishes
to add further information on Graeff’s coworker Emile Delocre,
on the influence of their work in France and overseas, and on
several curved gravity dams built around Saint-Etienne based

upon the Gouffre d’Enfer Dam design.
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Emile Delocre �1828-1908� was a professional French engi-
neer �ingénieur� from the Administration des Ponts et Chaussées
�France�. He and Auguste Graeff �1812-1884� developed a
method to design masonry gravity dams that was first applied to
the Gouffre d’Enfer Dam �Delocre 1866�. Their work adopted the
idea and analysis of the French engineer Augustin de Sazilly
�1812-1852�. The design method is considered the basic method
of analyzing the stability of gravity dams. The Gouffre d’Enfer
Dam �1866� is a curved gravity dam located on the Furan River
upstream of the city of Saint-Etienne, France �Fig. 1�a��. It is
sometimes called the Furan Dam or Furens Dam �Humber 1876;
Smith 1971�, but locally it is known as the barrage du Gouffre
d’Enfer.

The work of Graeff and Delocre had an immediate influence
on dam and spillway designs in France and overseas. In his 1876

Fig. 1. French curved gravity dams in the region of Saint-Etienne �a�
completed in 1866�: H=60 m, L=102 m. View of the downstream fac
�masonry dam completed in 1870�: H=46.3 m, L=165 m. View of t
because of structural concerns. �c� December 3, 1994, photograph
=154 m. View of the downstream face from the right bank. �d� Janua
H=43 m. View from the right bank.
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book, the English engineer Humber was appreciative of the
French savoir-faire: “The theory of masonry dams forms the sub-
ject of a very interesting and rather elaborate memoir by Delocre
of the Administration des Ponts et Chaussées” �Humber 1876, p.
123�. The reputation of the Gouffre d’Enfer Dam was known to
him: “The dam of the Furens reservoir, as actually constructed, is
shown on Fig. 86” �p. 125�. The writings of Humber suggest that
the works of de Sazilly, Graeff, and Delocre were well known in
the United Kingdom, where it was indeed extended by W. J. M.
Rankine �1820-1872� �Rankine 1872�. The expertise of Graeff
and Delocre also influenced Australian dam designers �Chanson
and Whitmore 1998; Chanson and James 2002�. For example, the
curved gravity dam of Lower Stony Creek �1873� was Australia’s
first curved gravity dam, and its design was based upon the works
of Graeff, Delocre, and Rankine �Sankey 1871; Dobson 1866;

ber 3, 1994, photograph of the Gouffre d’Enfer Dam �masonry dam
the left bank. �b� December 3, 1994, photograph of the La Rive Dam

tream face from the right bank: the reservoir was empty at the time
Pas-du-Riot Dam �masonry dam completed in 1873�: H=36 m, L

7 photograph of Le Cotatay Dam �masonry dam completed in 1901�:
Decem
e from
he ups
of the
ry 199
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Harper 1998�. Fig. 2 shows a recent photograph of the Lower
Stony Creek Dam.

A number of masonry dams were subsequently built in the
region of Saint-Etienne as replicas of the Gouffre d’Enfer Dam
�Table 1, Fig. 1, and Fig. 3�. The Ternay Dam was completed in
1867 to supply water to the city of Annonay and its factories.
�Annonay is about 27 km southeast of Saint-Etienne.� The La
Rive Dam, also called Le Ban Dam and completed in 1870, was
designed to supply water to the city of Saint-Chamond, 5 km
northeast of Saint-Etienne. The Pas-du-Riot Dam �1873� is lo-
cated immediately upstream of the Gouffre d’Enfer Dam to sup-
ply water to the city of Saint-Etienne. Other curved gravity dams
include L’Echapre, L’Ondenon, Le Cotatay �all near Saint-
Etienne�, La Tâche near Roanne, and Le Joux near Tarare �Table
1�. Some details on these dams are listed in Table 1 including the
dam wall thickness at the base and at crest. Interestingly, all these
curved gravity dams were equipped with stepped cascade spill-
ways on the left or right hillsides. Most have some unlined rock
cascades, but the Pas-du-Riot Dam was equipped with a masonry-

Table 1. Characteristics of French Curved Gravity Dams Built around 1

Name
Construction

period

Dam
height �+�

�m�

Cres
lengt
�m�

Le Gouffre d’Enfer 1862–1866 60 102

Ternay 1867 41 —

La Rive 1866–1870 48.3 165

Pas-du-Riot 1873 36 154

La Tâche 1891 51 221

L’Echapre 1894–1898 36.5 165

Le Cotatay 1889–1901 43 118

L’Ondenon 1901–1904 32.6 15

Le Joux 1901–1904 25 126

Notes: ��� measured above foundation; ��� not available.

Fig. 2. January 30, 2000, photograph of the Lower Stony Creek Dam
in Geelong, Australia �masonry dam completed in 1873�: H
=18.3 m, L=68 m. The dam was the first curved gravity dam in
Australia. Note the low-flow spillway section in the middle of the
dam crest.
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stepped spillway �Fig. 3�. This spillway is interesting by modern
standards, and the discusser noted that large timber, debris, and
logs passed successfully over it. The spillway capacity was re-
cently enlarged, but the steep, stepped spillway remains un-
touched.

The discusser inspected the dams listed in Table 1 between
1994 and 1998. Figs. 1 and 2 present some photographs of the
structures. At that time, the La Rive Dam still stood but was no
longer in use �Fig. 1�b��. The structure had been deemed unsafe,
and a large tunnel outlet had been drilled through the dam in

70

Crest
thickness

�m�

Base
thickness

�m� Comments

3.15 49 Still in use. Spillway refurbished
in the 1990s.

— — Near Annonay. Still in use. Dam
wall and spillway refurbished in
the 1990s.

5 35

— 18.6 Still in use.

4 47.5 Near Roanne. Still in use.
Refurbished in the 1990s.

3.9 24.54 Near Firminy. Still in use.

4.6 33.35 Near Chambon-Feugerolles.
Still in use.

4.3 29.6 Near La Ricamarie. Still
in use.

4 20 Near Tarare. Dam wall
refurbished and raised in 1951.
Still in use.

Fig. 3. June 1998 photograph of masonry-stepped spillway of the
Pas-du-Riot Dam
860–18
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1994-1995 to prevent the water level from rising upstream of the
masonry structure. Since that time, the dam wall has been rein-
forced, and the reservoir is in use again.

Altogether, Graeff and Delocre had a significant influence on
gravity dam design in France and overseas.

References

Chanson, H., and James, D. P. �2002�. “Historical development of arch
dams: From cut-stone arches to modern concrete designs—Australian
Civil Engineering Transactions.” J. Inst. Eng., Austral., CE43, 39–56.

Chanson, H., and Whitmore, R. L. �1998�. “Gold Creek Dam and its
unusual waste waterway �1890–1997�: Design, operation, mainte-
nance.” Can. J. Civ. Eng., 25�4�, 755–768.

Delocre, M. �1866�. “Mémoire sur la Forme du Profil à Adopter pour les
Grands Barrages en Maçonnerie des Réservoirs �Memoir on the Shape
of the Profile to Adopt for Large Masonry Dams�.” Mémoires et
Documents, Annales des Ponts et Chaussées, Paris, France, 2nd Se-
mester, 212–272 �in French�.

Dobson, E. �1879�. “The Geelong water supply, Victoria, Australia.” Min-
utes of Proceedings of the Institution of Civil Engineers, London, Vol.
56, 94–127.

Harper, B. S. C. �1998�. “Edward Dobson and the mass concrete on Stony
Creek for the Geelong water supply.” Proceedings of the 9th National
Conference on Engineering Heritage, Institution of Engineers Austra-
lia, Ballarat VIC, Australia, March 15–18, 97–106.

Humber, W. �1876�. “Comprehensive treatise on the water supply of cit-
ies and towns with numerous specifications of existing waterworks.”
Crosby Lockwood, London.

Rankine, W. J. M. �1872�. “Report on the design and construction of
masonry dams.” The Engineer, Vol. 33, Jan. 5, 1–2.

Sankey, R. E. �1871�. “Report on the Coliban and Geelong water schemes
of water supply.” Report Presented to Both Houses of Parliament,
Victoria �Australia�, November 11.
1404 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / SEPTEMBER 2
Smith, N. �1971�. A history of dams, The Chaucer Press, Peter Davies,
London.

Closure to “Auguste Graeff: Dam Designer
and Hydraulic Engineer” by Willi H. Hager
and Corrado Gisonni
March 2007, Vol. 133, No. 3, pp. 241–247.

DOI: 10.1061/�ASCE�0733-9429�2007�133:3�241�

Willi H. Hager, F.ASCE1; and Corrado Gisonni, F.ASCE2

1Prof., VAW, ETH Zurich, CH-8092 Zurich, Switzerland. E-mail:
hager@vaw.baug.ethz.ch

2Prof., Dept. of Civ. Engrg. �DIC�, Seconda Università di Napoli, I-81031
Aversa, Italy. E-mail: corrado.gisonni@unina2.it

The writers appreciate the interest of Professor Chanson in our
historical work. The biography of Emile Delocre �1828-1908� is
presented in Hager �2008�, and that of Graeff is available in
Hager �2003�. Their lives and their impact in dam design are
therefore well described. Chanson’s photos add to our original
work.
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