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F’I\(::LJI_TFI\[) DE INGENIERIA U.N.A.M.
DIVISION DE EDUCACION CONTINUA

A LOS ASISTENTES A LOS CURSOS DE LA DIVISION DE EDUCACION CONTINUA

Las autonidades de:fa Facullad de Ingenieria, por conducto del Jefe de La Divisdidn
de Educacién Continua, otongan una condtancia de asdistencia a quienes cumpﬁan con
Los nequisitos establecidos para cada curso. :

EL contnol de asistencia se LLevard a cabo a través de La pernsona que fe entregd
Las notas. Las inasistencias serdn computadas por Las awtoridades de fLa Divisdidn,
con el fin de entregarfe.constancia solamente a Los alumnos que tengan un minimo
del 80% de asdistencias.

Pedimos a Lo asistentes necogen su consdtancia ef dia de La Lausurna. Estas se
netendran por el perlodo de un afo, pasado este Ziempo La DECFI no se hana nes-
ponaabze de este documento. _

Se necomienda a Los asistentes participan activamente con sus Lideas y experiencias,
pues £08 cunsos que ofrece La Divisdidn estdn planeados para que Los profesones -
expongan una tésds, perno sobre todo, para que coordinen £as opiniones de todos Los
internesados, CORAI&IqundO verdaderosd seminarios. ,

Es muy impontante que todos Los asistentes Llenen y entreguen 4u hojfa de {nscnip-
cibn al inicdio del cwrso, informacidn que servind para Linteghar un directorio de
ascstentes, que se entregard oportunamente.

Con el objeto de mejonan Los: servicios que £a Divisddn de Educaciin Continua ofrece,
al ginal del curnso deberdn entrnegan La evaluacidn a través de un cuestionario dise-.
Aado para emitin judlciod andnimos.

.!i:"‘ ) .
Se necomienda LLenan dicha evatluacidn conforme Los profesores impartan sub clases,
a efecto de no Llenan en La ulixma ses4dn £aA evaluaciones y con &si0 sean mis
fehacientes sus apnec&ac¢ona¢. :

i GRACIAS !

Palacio de Mineria .~ Calle deTacubaS' Primer piso - Deleg. Cuauhtémoc 06000 .  México, D.F. APDO. Postal M-2285
TeIeI’onos 512-8955 512-5121 521-7335 5211987 Fax 510-0573  521-4020 AL 26
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DIVISION DE EDUC.. .1ON CONTINUA
CURSOS ABIERTOS
V CURSO INTERNACIONAL DE CONSTRUCCION
MODULO 1V TEMAS ESPECIALES DE CONSTRUCCION
Del 27 de junioc al lo. de julio de 1994,

FECHA HORARIO | " TEMA PROFESOR
. |
© Lunes 27 9;00 a 11;00 hrs. Historia de proyectos de puentes. Ing. Carlos King Ravelo
11,00 a 14;00 hrs. Reforzamiento de puentes carreteros |
Disefiados y construidos entre los afos
de 1940-1960. Ing. José Luis Siller 1
16;00 a 19;00 hrs. Construccién de puentes modernos y Ing. Juan Manuel Garcia Chavez
Antiglos. '
. Martes 9,00 a 14;00 hrs. Tecnologias para bacheo de pavimentos Ing. Teodoro Albarran
: en Ciudades y Carreteras.
16;00 a 19,00 hrs. Manejo de agua a presidn en sistemas de Ing. Pena y Peha
Riego. :
Miércoles 29 9;00 a 14;00 hrs. Evaluaciéon de la cortina Arco-Clpula ing. Enrique Mena Sandoval
del P.H. Zimapan Ing. Emilic Zamudio Ciqtora
16;00 a 19,00 hrs. Aspectos Geoldgicos de la Cortina Arco- Ing. Radl Cuellar Borja
Capula del P.H. Zimapan.
Jueves 30 9;00 a 11,00 hrs. Utilizacion de aguas residuales en la Gene Ing. Joel Rojas Taméz
racion de Energia Eléctrica.
11;00 a 14;00 hrs. Impacto ecolégico de la utilizaciéon de aguas Ing. Carlos Lecanda Teréan
residuales en las P.H. agua Prieta y Zima-
pan.
16;00 a 19;00 hrs. Construccion de Presas de concreto rodillado Ing. Joel Rojas Taméz
Viernes lo. 9;00 a 14;00 hrs. Control de calidad en la construccion Ing. Raul Vicente Orozco
16;00 a 19;00 hrs. Presentacion de trabajos de algunos becarios.

19;00 a 20,00 hrs. CLAUSURA.




EVALUACION DEL PERSONAL DOCENTE
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CONFERENCISTA
1 Ing. Carlos King Ravelo
2 | Ing. José Luis Siller

*

3 (| Ing. Juan Manue! Garcia Chéavez
4 11 Ing. Teodoro Albarran
5 Ing. Perfia y Penra
6 {| Ing. Enrique Mena Sandoval
7 Ing. Emilio Zamudio Cintora
8 || Ing. Rall Cuellar Borja
9 || Ing. joel Rojas Taméz

ESCALA DE EVALUACION: 1 a 10




EVALUACION DEL PERSONAL DOCENTE

CURSO: V Curso Internacional de
Construccion
Moédulo IV Temas Especiales
de Construccion,’

FECHA:Del 27 de junio al lo. de Julio
de 1994,

DOMINIO DEI. TEMA

EFICIENCIA EN E!. USO DE
AYUDAS AUDIOVISUALES

AMENIDAD, FA-

MANTENIMIENTO DFEL INTERES
CILIDAD DE EXPRESION)

(COMUHNICACION CON LOS

ASISTENTES,

PUNTUALIDAD

CONFERENCISTA

10{| Ing. Rall Vicente Orozco

11y| Ing. Carlos lLacanda Teran

ESCALA DE EVALUACION: 1 a 10




EVALUACION DE LA ENSENANZA

SU EVALUACION SINCERA NOS
AYUDARA A MEJORAR LOS
PROGRAMAS POSTERIORES QUE
DISENAREMOS PARA USTED.

V Curso Internacional de Construccibn
Médulo IV Temas Especiales de Constryc
cion.

DEL TEMA

Del 27 de junio al lo. de julio de 1994,

GRADO DE PROFUNDIDAD
LOGRADO EN EL TEMA

|'_,

ORGANIZACION Y DESARROLLO
GRADO DE ACTUALIZACION

TEMA
|— = — . —— . H—

EL TEMA
TEMA

UTILIDAD PRACTICA DEL

LOGRADO EN

Historia de proyectos de puentes,
1 || reforzamiento de puentes carreteras

FAH efados—y A ande loc
ul' e P TRAANT T ’ \-Vl(al.l \ol us“ A1 BLE "L} ‘.-

anos de 1940-1960.

Construccion de puentes modernos
Antigtios.,

Tecnologias para bacheo de pavimen|
2 |[tos en ciudades y carreteras. Mane
jo de agua a presidn de sistemas d

Riego.

Evaluacion de la cortina Arco-Cipul

3iidel P.H. Zimapén. Aspectos Geolb-
gicos de la Cortina Arco-Clipula del
P.H. Zimapén.

4 Utilizaciéon de aguas residuales en |

generaion de ejergla eléctrica. Impa
to ecoléogico de la utilizacion de aguds.

residuales en las P.H. Agua Prieta |
Zimapan, Construccidon de presas dd
concreto rodillado.

Control de calidad en la construccid
5 {{ Presentacion de trabajos de algunos
Becarios. Clausura.

ESCALA DE EVALUACION: 1 a 10




EVALUACION DEL CURSO

C ONCEZPTO

1. APLI(;ACION INMEDIATA DE LOS CONCEPTOS EXPUESTOS
2. CLARIDAD CON QUE SE EXPUSIERON LOS TEMAS

3. GRADO DE ACTUALIZACION LOGRADO EN EL CURSO

4, CUMPLIMIENTO DE LOS OBJETIVOS DEL CURSO

5. CONTINUIDAD EN LOS TEMAS DEL CURSO

6. CALIDAD DE LAS NOTAS DEL CUSO

7. GRADO DE MOTIVACION LOGRADO EN EL CURSO

EVALUACION TOTAL

ESCALA DE EVALUACION: 1 a 10




1.- iQué le parecié el ambiente en la Divisidn de Eduacién Continua?

MUY AGRADABLE AGRADABLE

[

DESAGRADABLE

[

2.- Medio de comunicacién por el que se enterd del curso:

PERIODICO EXCELSIOR

_ANUNCIO TITULADO DI
YISION DE EDUCACTION
CONTINUA

CARTEL MENSUAL

PERIODICO NOVEDADES

- ANUNCIO TITULADO DI
VISTON DE EDUCACION
CONTINUA

FOLLETO DEL CURSO

RADTO UNIVERSIDAD

COMUNTICACION CARTA,

TELEFONO ,

VERRAL, ETC.

GACETA

* REVISTAS TECNICAS FOLLETO ANUAL CARTELERA UNAM “LOS
INTUFRSTTARTOS unv! INAM
3.- Medio de transporte utilizado para venir al Palacio de Mineria
AUTOMOVIL
PARTICULAR OTRO MEDIO

[ ]

4.- iQué cambios harfa en el programa para tratar de perfeccionar el curso?

NO

51

5.- iRecomendaria el curso a otras personas?

6.- iQué periddico lee con mayor frecuencia?




7.- {Que cursos le gustaria que ofreciera la Divisién cle Educacién Continua?

8.- La coordinacién académica fué:

EXCELENTE BUENA

‘ REGULAR MALA

8.~ Si estd interesado en tomar algin curso INTENSIVO iCud! es el horario

mads conveniente para usied?

LUNES A VIERNES LUNES A VIERNES

LUNES A MIFRQOLES MARTES Y JUEVES
DE 9 a I3 H. Y DE 17 a 21 H. Y VIERNES DE DE 18 A 21 H.
DE 14 a 18 H. ' 18 a 21 H. :

(CON COMIDA)

VIERNES DE 17 a 2] H.

VIERNES DE 17 A 21 H,
SABADOS DE 9 a 14 H.

OTRO
SABADOS DE 9 a 13 H.
DE 14 a 18 H.

10.

i{Qué servicios adicionales desearia que.tuviere la Divisién de Educacion
Continua, para los asistentes?

11.- Otras sugerencias:




7 FECHA DEL CURSO

*COMENTARIOS *




. A .

o mmer b I 45 mﬁummm'r ol
FACULTAD DE INGENIERIA U.N.A.M.
DIVISION DE EDUCACION CONTINUA

CURSOS ABIERTOS ‘

, \ CU‘RSO INTERNACIONAL DE CONSTRUCCION
MODULO IV: TEMAS ESPECIALES DE CONSTRUCCION

UTILIZACION DE AGUAS RESIDUALES EN LA
GENERACION DE ENERGIA ELECTRICA

ING. JOEL ROJAS TAMEZ

1994

‘Palacio de Mineria Calie de Tacuba 5 Primer piso Deleg. Cuauhtémoc 06000 México, D.F. APDO. Postal M-2285
Teléfonos:  512-8955  512-5121  521-7335 5231987 Fax  510-0573  521-4020 AL 26






PROYECTO HIDROELECTRICO ZIMAPAN, HGO.
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'DESCRIPCION Y DATOS GENERALES

- COMISION FEDERAL DE ELECTRICIDAD
SUBDIRECCION DE CONSTRUCCION
COORDINACION DE PROYECTOS HIDROELECTRICOS
GERNCIA TECNICA DE PROYECTOS HIDROELECTRICOS
GERENCIA DE CONSTRUCCION DE PROYECTOS HIDROELECTRICOS

. 3
MEXICO, D.F., 1992,
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CONTENIDO

GENERALIDADES.

INTRODUCCION. -
GENERACION DE ELECTRICIDAD.
BENEFICIOS ADICIONALES.
DATOS PRINCIPALES.

ESTUDIOS PRELIMINARES.

ESTUDIOS DE LA COMISICN FEDERAL DE ELECTRICIDAD.

HIDROLOGIA.

DATOS CLIMATOLOCGICOS E HIDROMETRICOS.
ESTUDIO DE AVENIDAS.

ESCURRIMIENTOS.

AZOLVES.

GEOLOGIA Y GEOTECNIA.

GEOLOGIA REGIONAL.

TECTONICA.

SISMICIDAD. :
ASPECTOS GEOLOGICOS EN LAS OBRAS CIVILES.
CARACTERISTICAS DEL MACIZO ROCOSO.
MATERIALES DE CONSTRUCCION.

PLANEACION DE LA CONSTRUCCION.

ORGANIZACICN.
INFRAESTRUCTURA.
CRONOGRAMA.

DESCRIPCION DE LAS OBRAS.

CBERA DE DESVIO.

OBRAS DE CONTENCION.
OBRAS DE GENERACION.
OBRA DE EXCEDENCIAS.

ASPECTOS ECOLOGICOS.

INTRODUCCION,
PROGRAMA DE PROTECCION AMEIENTAL.
AREA NATURAL PROTEGIDA.

REFERENCIAS.
LISTA DE FIGURAS.
ANEXO I (FIGURAS).



UBICACION
a) Coordenadas:
Longitud Qeste
Lauiud Norte
b} Rio:
g} Estados:

) Municipios:

HIDROLOGIA

a) Area de la cuenca
del Rfo Panuco:

b) Area de ja cuenca
hasta Zimapén:

c) Ndmero de afcs

de registro: (deducidos)

d) Escurrimiento medio
anual:

e) Volumen medio mensual
escurrido:

fi Gaslo medio:

VASO DE ALMACENAMIENTO
1520 msnm

a) Elevaciones:
NAMING
NAMO

1560 msnm
NAME

1563 msnm

b} Capacidad para azolves:

¢) Capacidad uti
NAMO-NAMINO:
d) Capacidad para control

de Avenidas NAME-NAMO ;

e) Area ocupada por el
embalse ai NAME :

f) Area ocupada por el
embalse al NAMO :
9) Area ocupada por el

embalse af NAMING ;

OBRAS DE DESYIC,
CON TR = 20 ANOS
&) Gasto mdximo avenida:

b) Gasic de diseflo, maximo;
g,' Eievacion atagula aguas arriba:

) Tunel seccidn portal:
e) Elevacion de entrada;
f) Longitud total””

g) Velocidad mdxima:

h) Cierre provisional

i) Cierre definitivo:

1} Volumen de la avenida:

CORTINA
a) Tipo:
b) Elevacidn de la corona:
? Longitud de la corona:;
) Altura total al desplante:
e) Volurnen de concreto:
f) Desplante:
g} Bordo libre:

e 30

200 45

Moctezuma ,
Hidalgo y Queretaro
Zimapdn y Cadereyta

84,956 km2
11,669 km2
43

982 mif, m3
§1.7 mill m3

311 m3/ seg

Capacidad
690 mill. m3
1,390 mili m3
1,460 mill. m3
250 mill. m3

700 mil. m3 .
70 mill. m3
22.9 km2
21.8 km2

13 km2

810 m3/ seg

702 m3/ seg.

1,409.50 msnm
94x94m

1,383 msnm

566 m.

8m/ seg.

Obturadores metdlicos
Tapdn da concreto
310 mill. m3

Arco-bdveda de concrete
1565 msnm

115m.’

203 m.

210,000 m3

1,362 msnm

2m.

OBRA DE EXCEDENCIAS, CON
AVENIDA MAXIMA PROBABLE" '
TR = 10,000 ANGS

a) Gasto méximo avenida: 2,960 m3/ se
b) Volumen de !a avenida: 1,209 mill.
¢) Gaslo de diserio descarga: 2520 m3/ seg
'} Elevacién de la cresta: 1,545.27
e) Longitud de la cresta: 20m
f) Compuertas: Radiales 2 de
990 mx20m
g) Numero de tuneles: 2
) Seccidn de los tuneles: 9.90m x altura
variable da13.80
a8s0m,
i} Velocidad mdxima: 25 my/ seg
J) Longitud promedio de cada :
tinel; 500m
k) Relacion de llenado: . 065
OBRAS DE GENERACICON DE
ENERGIA.
OBRA DE TOMA,
ARampa

a) E}oo de foma:
b) Elevacién da la obra de toma: 1,500 msnm
¢) Elevacién plantilia en el canal
de flamada; 1,498 msnm
d) Dimensiones de compuertas: 350x4.5m
rejilas; 5 ga %eros de 200

x m

TUNEL DE CONDUCCION -
a) Didmetro: (seccidn herradura} 4.70m
f} Longitud: 21,000 m
POZO DE OSCILACION

) Altura: 135.00 m
g) Didmetro del pozo de

oscilacion: 1200m

TUBERIA A PRESION
i) Didmetro: ' 3.50m-.
i} Longitud: 1.050 m

CASA DE MAQUINAS
k) Gasto de diseflo por unidad: 29.5 m3/ seg

.1} Nivel medio de desfogue: 948.00 msnm
m) Velocidad de rotacidn
de las turbinas: 300 r.p.m.

n) Carga bruta méxima: 603 m
1) Carga minima bruta: 563 m

o) Carga de disefio bruta: 593 m -

p) Carga neta de disefio; 553 m

q) Generador: 147.4 MVA
1) Potencia de cada unidad: 146 MW

s) Capacidad instalada, 2 Pelftor: 292 MW
r)) Factor de planta media anual: 0.53

u) Generacidn media anual firme: 1,139.6 Gwh
v) Generacidn media anual

secundaria; 152.8 Gwh
wf Generacidn media anual: 1,282.3 Gwh
x; Nivel de la subestacidn: 5 msnm
y) 2 fineas de salida de: 230/115 KV e/u

z) Longitud hacia la red Oaflu
Huichapan: 80 km




i

GENERALIDADES.

INTRODUCCION.

De acuerdo & la politica de diversificacidén de
fuentes de energia; del Gobierno -Federal, la
Comisidn Federal de . Electricidad,' ejecuta
actualmente el disefio y construccidén del Proyecto
Hidroeléctrico Zimapdan, localizado en los limites
de los estados de Hidalgo y Querétaro, cuya
finalidad principal es la generacidén de energila
eléctrica aprovechando el potencial del rio

Moctezuma, el cual forma parte del sistema
! +

'hidrolégico del rio Panuco.

GENERACION DE ELECTRICIDAD.

4

La central hidroeléctrica contard con dos unidades
de 146 MW de potencia cada una y generara un
promedio anual de 1292.4 GWh que dada la posicidn
de este proyecto, su cercania a las ciudades de
Queretaro v Mexico, 9 su facilidad de
intercomunicacidn con el sistema eléctrico
nacional per la proximidad con las Plantas
Termoeléctricas de Tula, Hidalgo y el Sauz,
Queretaro, ayudara a satisfacer las demaﬁdasl de

energia eléctrica de la regidén central del pais..
BENEFICIOS ADICIONALES.

La derrama econdmica que producira la demanda de

mano de obra, materiales y servicios para Zimapan,



asi como el desarrollo de la piscicultura,

beneficiardn la zona del embalse v sus

proximidades.

Por lo que respecta a la barte del embalse gque
corresponde \a la cuenca del rioc San Juan, el
aumento de la evéboracién y de la humedad relativa
en- el enmbalse, causara modificaciones en 1la
composicién de la flora favoreciendo el desarrollo
de otras especies vegetales.
-

Easta obra contempla la instalacion de dos unidades
generadoras, constituidas con dos turbinas del
tipo Pelton de 146 MW cada una, para producir

anualmente en pronmedio 1,292.4 GWh.

El sitio donde se ubica la cortina se encuentra en
la parte occidental del .Estado de Hidalgo,
colindando con el Estado de Queretaroc al NNW de la
éiudad de Pachuca, sus coordenadas geograficas son
20°40Q" de - latitud norte y 920°30' de iéngitud
oeste, en la confluencia de los rios Tula y San

Juan en el sitio «conocido como cafén de El.

Iﬂfiernillo.

Las poblaciones mas cercanas al Proyecto son las
de Zimapéan, Hidalgo y Cadereyta, Querétaro. El
acceso a Zimapan puede realizarse por la carretera
federal No. 85 (México-Nuevo Laredo) Y a
Cadereyta por la carretera No. 57 (México-San Juan
del Rio-San Joaquin). El acceso al asitio de la
cortina desde Zimapan se tiene a través -de un

camino vecinal de terraceria a una distancia de

e = —— — -



l

30 km. El acceso desde Cadereyta se tiene por
medico de un camino vecinal gque entronca con la
carretera San. Juan de Rio-San Joaqhin a 10 km de

ega poblacion.

Otro acceso lo constituye la linea de ferrocarril
México-Queretaro hasta Huichapan, Hidalgo,

distante del sitio 77 km.

Ademas en el pobladeo de Zimapdn existe una pista

]

aérea de terraceria en buenas condiciones para

avionetas pequefias.

DATOS PRINCIPALES.
UBICACION.

a) Coordenadas:

Longitud Oeste , 20°30"

Latitud Norte ' 20°40"

b) Rio Moctezuma

c) Estados ' Hidalgo vy
Querétaro .

d) Municipios = Zimapan y

Cadereyta



HIDROLOGIA.

a) Area de la cuenca del

Rio Panuco 84,956 km2

b) Area de la cuenca hasta

Zimapan 11,869 km2

¢) Nimero de afios de regis-

tro (deducidos) ) 43

d) Escurrim;ento medioc anual 982 Mill. m3
e) Volumen medio mensual |

escurrido : 81.8 Mill, m3

f) Gasto medio 31.1 m3/seg.

VASO DE ALMACENAMIENTO.

a) Elevaciones

NAMINO 1520 msnm
NAMO 1560 menn
NAME 1563 msnm

b) Capacidad para azolves

c) Capacidad util NAMO-NAMINO

e

d) Capacidad para control de
Avenidas NAME-NAMO

Capaci

-680

1,360

1,426
250

680

66

dad

Mill.

Miil.

Mill.
Mill.

Mill.

Mill.

m3
m3

m3
m3

m3

m3



e)

£)

g)

Area ocupada por el embalse

al NAME ¢ 22.9 kin2

Area ocupada por el embalse

al NAMO ‘ 21.8 km2
Area ocupada por el embalse al

NAMINO ‘ 13 km2

OBRAS DE DESVIC, CON TR = 20 ANOS .

é)
b)
c)
d)
e)
)
g)

h)

i)

i

Gasto maximo avenida 810 m3/seg. _
Gasto de\diseﬁo, maximo 702 m3/seg.
Elevacion ataguia aguas arriba 1,409.50 msnm
Tunel seccidn portal 9.4 x 9.4 m,
Elevacién de entrada 1,383 msnﬁ
Longitud total | 566 m.
Velocidad mé#ima ‘ 8 m/seg.
Cierre provisional . Obturadores
| metalicos
Cierre definitivo Tapén de concreto
Volumen de la avenida 310 Mill. m3

/0



CORTINA.

al

bB)

c)

d)

e)

£

g)

OBRA DE EXCEDENCIAS, CON "AVENIDA MAXIMA PROBABLE"

TR

aj
?)
c)
q)

e)

Tipo

Elevacidn de la corona
Longitﬁd de la corona
Altura total al desplante
Volumen de concreto

Degsplante

.Bordo libre

= 10,000 anos.

Gasto maximo avenida
Volumen de la gvenida'
Gasto de diseno descarga
Elevaciéq de 1la cregta

.

Longitud de la cresta

Arcd-bévedé

de concreto

15685 msnn

115 nm

207 m

220,000 m3

~

2,960
‘1,200

2,520

1,362 msnm

m3/seg
Mill.ﬁB
m3/seg
1,547 .27

19.80 m

//



g) Numero de tineles
h) Secridn de los tineles

i) Velocidad maxima

j) Longitud promedio de cada tunel

k) Relacidén de llenado
OBRAS DE GENERACION DE ENERGIA.

OBRA DE TOMA:

a) Tipo de toma
b) Elevacidn de la obra de toma

¢) Elevacidn plantilla en el

canal de llamada

d) Dimensiones de compuertas

rejillas.

$.90 (ancho) m x.

A

17.73 (altufa) m
r = 20.00 m

25 m/seg

550 m

RAMPA

1,500 msnm

1,498 msnm

3.50 % 4.5 m
6 tableros de
X 9,5 m

{ancho) (altura?

/>



TUNEL DE CONDUCCION:

e) Diédmetro (secciodn herradura)

f)> Longitud

POZ0O DE OSCILACIOH:

g) Altura

h? Diémetro del pozo de oscilaciéﬁ
TUBERIA A PRESION:

i) Diémefro

J) Longitud

CASA DE MAQUINAS:
k) Gasto de disenoc por unidad
1) Nivel medio de desfogue

mn) Velcocidad de rotacion de

las turbinas
n) Carga bruta maxima
) Carga neta minima

o) Carga de diserfio

21,132 m

133.00 m

12.00 m

1,050 n

29.5 m3/seg

948 .00 msnm

300 r.p.m.

603 m
523 m
563 m

)3



p) Carga neta de diseho : 568 m

q) Generador 147.4 MVA

r) Potencia de cadea unidad / 146 MW
) Capacidad,instaladal é‘Pelton 292 MW
t) Factor de planta media anual . 0.53
u) Generacion media anual firme 1,139.6 Gwh

" v) Generacidn media anual :

secundaria 152.8 Gwh
w) Generacidén media anual 1,292,3 Gwh
x) Nivel de la subestaciodn 965 msnm
y) 2 lineas de salida.de _ 230 'RV c/u

z) Longitud hacia la red Danu

Huichapan B0 km

ESTUDIOS PRELIMINARES.

ESTUDIOS DE LA COMISION FEDERAL DE ELECTRICIDAD.

El Proyecto Hidroeléctrico Zimapdn fue estudiado
en las etapas de evaluacidn y prefactibilidad por

el entonces Departamento de Anteproyectos de



Plantas Hidroeléectricas de la Subgerencia de

Ingenieria Preliminar Civil vy Geotecnia entre los

afios 1982 y 1985. Durante el afio de: 1986., se

realizo el Estudio a nivel de factibilidad, en'el

gue se tomd en cuenta los resultados de estudios
anteriores; asi como los reghltados de los
estudios recientes . llevadog a cabo por la
Subgerencia de Anteproyecﬁoa de la Gerencia

Técnica de Proyectos Hidroeléctricos.

Para el estudio de prefactibilidad se contaron con

estudios basicos de hidrologia y geclogia.

HIDROLOGIA.

DATOB CLIHATOLOGICOS'E HIDROMETRICOS.

Para el estudiec hidroldgico del proyecto, ae
analizaron datos climatoldgicos distribuidos en
las cuencas del Valle de México, del rioc Tula vy
del rio San Juan, de las cuales las mas antiguas

operan desde 1%963.

v

Los registroas de egcurrimientces, azolves,
-evaporagciones, temperaturas V4 lluvias, han
permitido determinar la magnitud del

aprovechamiento, asi como loas gastos de disefio de

las obraz de desvio y excedencias.

e ————
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ESTUDIOS DE AVENIDAS.

-

Dadas las caracteristicas hidroldgicas de la
cuenca, se conside}aron éuatro eventos por
separado, que al integrarlos definen la avenida de
diseno, tanto para la obra de desvio como‘para la

~

obra de excedencias.

Inicialmente se definid una avenida hasta 1la
1]

"estacidén hidrométrica Paso de Tablas y otra hasta

la estacidn Ixmiquilpan teniendo estas dos
estaciones un periodo de registro hidroméetrico de

11 afos

Para la cuenca propia, compuesta’ por dos

subcuencas, se ‘definid una tormenta que a través

de un modelo lluvia-escurrimiento para cada
confluente proporciond las avenidas por cuenca

propia.

Finalmente se integraron las cuatro avenidas para
cada periodo de retorno seleccionado, sumandola

entre si y respetando su tiempo de Qraslado.

v

Los resultados obtenidos al utilizar el modelo

anterior son los siguientes:

11
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Tr Gasto Maximo Volumen

anos A n3/seg mill.m3
10 632 310
20 842 403

10. 000 2,960 1,209

1

En todos los casos la duracion de la avenida se

considerd de 11 dias.

ESCURRIMIENTOS . o

Uhg parte muy importante del estudio hidrologico
lo constituyen los escurrimientos que deberan
ingresar al embalse del Proyecto 'Hidroeléctr;co
Zimapan, integrados estos afluentes por los
registros simultdneos de lluvia, volumenes Yy
gastos de las estaciones hidrometeorologicas
consideradas asi comoc la dotacidén de agua potable
a la Ciudad de Mexico, las demandas de riego en
las cuencas clie los rios Tula y San Juan y los
volumenes empleados en la Termoeléctrica de Tula.

Dada la complejidad de las cuencas en estudio, se
planted un modelo de funcionamiento llamadoc de
caja negra, gque considera solo los factores gque
intervienen de manera'direcyg en la integracidén de

los escurrimientos.

12
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Cabe destacar la importancia que tiene el
crecimiento del area metropeolitana de la:Cihdad de
México, ya gue los efluentes de la misma_
representan .un volumen ' significativo v son
desalojados hacia la cuenca del rio Tula principal
aportador del Proyecto. De tal suerte que los
volﬁmenes aportados variaran con el crecimiento de
la poblacidén en el Valle de México, por lo tanto
se considera que el volumen efluente maximo ae
alcanzarda cuando la tagsa de crecimiento de la
poblacidén se estabilice estimada para el ano 2026,
segun las tendencias actuales y las proyecciones

efectuadas.

AZOLVES.
De acuerdo con estudiocs de aportacion de
sedimentos, basados en log registros de las

estaciones Tula y San Juan, se obtuvo un volumen

de sedimentos del orden de 250 hm3 para un periodo

de 100 anhos.

GEOLOGIA Y GEQTECNIA.

GEOLOGIA REGIONAL.

Regicnalmente se han identificado come formaciones
principales en el dA4rea donde se  ubicara el

Proyecto las siguientes: Las Trancas, E! Doctor,

13
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Soyatal-Méndez y El1 Morro. Ademas hay rocas

~ Volcanicas agrupadas en la formacion Las Espinas,

formacidén Tarango, basalto pleistocénico v
depdsitos recientes como suelos aluviales 'sin
consolidar (grava-arena) y suelos residuales

arcilloscs

TECTONICA.

El area en estudio esta localizado en la zona
limitrofe de las provincias fisiograficas de la
Sierra Madre Oriental y del Eje Neovolcanico
Transmexicano. . El limite entre ambas se localiza
en ia confluencia de loe rios Tula y San Juan y al
norte del poblado de Zimapan. La Sierra Madre
Oriental se caracteriza por cadenae montahosas
orientédas NW-SE, cortada por profundos cafiones de
paredes abruptas. . En promedio su’altitud es de
1,800 msnm. Para el area del proyécto las zonas
mds prominentes son el Cerro de los Lirios (2,300
manm) y la Sierra del Doctor. El Eje Neovolecanico

forma una entrada de dimensiones considerables.

Entre las discontinuidades mayoreé de particular
importancia para el proyecto, resaltan la Falla El
Doétor, que se localiza en direccién NE con
respecto al eje de la boquilla y acruza el eje del
tinel de conduccidén a unos 7.5 km aguas abajo de
la toma, es un corrimiento de gran magnitud ya que
tiene una extensidén del orden de 15 km y salto de

300 m; la Falla Tula, que pasa cerca de la

14



influencia de los rios Tula vy San Juan casi a la
‘entrada al cafién del Infiernillo, es de tiﬁd
normal, con una extension de 7 km. v salto de

630 m; y la falla El Céjén, que se localiza a unos

80 m. aguas abajo de 1la entrada al canon del
Infierhillo (subaidiaria de la Falla Tula?), es de

tipo normal con un salto del orden de 40 m.

SISMICIDAD.

La remidén de estudioc se encuentra ubicada en la

frontera de las provincias penesismica y asismica. .

\La primera se caracteriza por sismos ocasiocnales,
no mayores del 6° gradc de la escala de Richter,
en donde los epicentros mas cercanos se localizan

a 200 km, al W, en el Océano Pacifico.

Para adoptar el coeficiente sIsmicb'seTrgalizé un
estudib dé'riesgd; para ello sé localizaron los
epicentros en un area de 100 km de radio a partir
de la cortina, correspondientes a los eventos
ocurridos en el periodo 1920-1984, de donde se
concluye que la actividad es escasa Yy no hay
evidencias histdricas de eventos mayores a 5.5°¢
(Richter). La gqeieracién maxima fue de 0.019 g

en el sitio de la Boquilla.

15



4_4 ASPECTOS, GEOCLOGICOS EN LAS OBRAS CIVILES.

Vaso.

.E1l embalse afectara al tramo terminal de los
actuales cauces de loas rios San Juan y Tula. En
el primero se extendera rio arriba del orden de 14
km, a partir del eje de la boquilla, cubriendo una

secuencia de rocas volcanicas bdsicas constituidas

por colados de basalto, tobas y brechas
basdlticas. Esta formacion se encuentra en
posicion casi horizontal. Hacia el oriente, el

vaso se extenderd del orden de 12 km, sobre el -
cauce del rio Tula, cubriendo las + rocas

sedimentarias de las formaciones Soyatal-Méndez vy

El Doctor.

Boquilla.

El cafdén del Infiernillo fué labrado en rocas
sedimentarias de la formacion El Docfor, la que
sobreyace a calizas arcillosas intercaladas con
areniscas de grano fino de la formacidén Las
Trancas. En la parte baja del cafidn afloran
brechas dolomias en estratos grueso a medianos, en
tanto que en la parte alta del cafion se encuentran

interestratificadas calizas micriticas y dolomias.

»
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.
Los estratés de esta informacion 8e encuentran
ligeramente inclinades, en la margen. izquierda’
hacia dentro dei macizo rocoso vy en 1ar'margen
derecha hacia el cauce. = Se preéentaron pequenas
fallas de salto reducido, tres pliegues con
buzamiento al NW y cuatrc sistemas de fracturas,

la mayoria de ellas selladas con calcita.

El tratamiento de la cimentacidon de la cortina
consiste en la remocién de blogques sueltos y de
roca alterada y decomprimida .en toda el area de
desplante, asi como en la remocién. total del
escaso espesor del material aluvial en la zona del
‘cauce. La ejecucion de portes para el
empotramiento de la cortina en ambas margenes
requerira el empleo de la ténica de “precorte"
para reducir el fracturamiento inducido en la roca

por el empleo de explosivos.

Obra de besvio.

Esta estructura cruza las rocas sedimentarias de
la formacidén E1l Doctor, capas gruesas de dolomias

masivas intercaladas con brechas dolomiticas.

Obra de Excedencias.

La excavacidén subterranea gquedara alojada en la
formacion El1 Doctor, constituida en esta zona por
calizas micriticas v brechas dolomiticas en

estratos de 30 cm a 2 n de eapescr.



Los siaxemas__de_minacturame}nto—_LevantadDS”“estén“

orientados al NE v NW, teniendo rellenc la mavoria

de las discontinuidades en calcita v solo algunas
i

de arcilla,.

Obra de Conduccidn.

La constituye un tunel de 21.1 km. de longitud gque
conecta la Obra de Toma con el Pozo de Oscilacidn.
Superfiéialmente las wunidades de roca que ée
encuentran a todo lo latgo del proyecto del tinel
de conducecicén pertenecen a las formaciones
Trancas, El Doctor, Sovatal, Méndez v Las Espinas
(enumeradas‘de la mds antigua a la mas reciente) .

La segunda vy tercera presentan importantes cambios

de espesor. .
La formacion Soyatal se adelgaza hacia el sur
hasta éaéi desaparecer en los alrededores de
Xajha, mientras que hacila el norte probablemente
rebase los 250 m. La facie de cuenca de la
formacidn el Doctor también cambia de 300 m. sur a

700 m. falda norte del Cerro de los Lirios,

La formacidn El Doctor ha sido afectada por @
fallas normales 'y -una falla inversa (entre el
cadenamiento 0+000 v el B+350), de igual ménera lg
excavaclon cruzard 2 diques de caracter riolitico;
por otro lado la formaion Sovatal, al sef afectada

por diques de composicion intermedia (andesitica v

18
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triquiandesitica), vy a causa de su litologia

original se transformd a pizarras con .abundancia

de minerales metamorficos de contacto.

En la zona que abarca .la falda norte del Cerro de
los Lirios y la Casa de Maguinas, los diques
cambian de composicion tornandose un poéc mas
éﬁidos v, en ocasiones se manifiestan como mantos
interestratificados (capas de material igneo que
fueron inyectadés entre las capas de una serie
sedimentaria v a lo lareo de ellasa) o)

diguestratos.

La geologia estructural del area se puede dividir
en 2 secciones: la primera se colocaliza entre la
obra de toma vy el poblado de Xajhé,‘ y esta
controlada por la'potente secuencia calcarea de 'la
formacion El1 Doctor en sus facies arrecifal; sus
plegamientos scon parados, abiertos ¥y amplios con
fallas de dimensiones considerables. La segunda
se extiende desde el poblados de Xajha hasta la
zona de Casa de Magquinas e inclusc hasta el
poblado de las Adjuntas; se caracteriza por un
plegamiento mds intenso constituido por pliegues
cerrados recostados vy recumbentes, desarrollo de
gran cantidad de fallas de salto pequeno. Estos
rasgos ' son L mas notables en las formaciones
Superiores (Sovatal v . Méndez) gue en los
inferiores (El Doctor y Trancas) debido a su menor
combétencia. 'Ei limite entre .ambas secciones

estaria marcado por la Falla El Doctor.

19
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Pozo de Oscilacion, Tunel a Presion y Casa de

Maquinas. =~

El Pozo de QOscilacidn v la conducciédn a'presién
guedaran alojadas casi totalmente ea la Unidad
Superior a la formacidén Las Trancas, en tanto gque
la  parte inferior del Pozo de QOscilacion, el
extremo final del tuinel a Presidén y la Casa de
Maquinas quedaran dentro de la Unidad Inferior.

La Unidad Superior esta constituida por calizas
margosas en estratos de 30 a 40 cm de espesor v
por lutitas calcareas que se encuentran en capa de
60 cm a 1i00 m de espesor; la inferior la componen
areniécas de grano grueso a medio
inferestratificadas con calizas. arcillosas v

lutitas, cuyos espesores de capa varian de 20 cm a
2 m. ) ‘

CARACTERISTICAS DEL MACIZO ROCOS0.

Las masas de réca fueron clasificadas utilizando
el método de Bieniawski, el cual reportd wvalores
compatibles de buena calidad, determinande gque le¢s
macizos rocosos de la formacién E1 Doctor son
satigsfactorios para los propésitos geotécnicos de

construccion.

Para determinar las «caracteristias del macizo

roceso se efectuaron estudiocs geofisios de

resistividad eléctrica, refraccion sismica vy

microsismica. e identificaron 3 unidades vy seé
20

o

25



perforaron 5 barrenos, 3 de los - 'cuales se

localizaron en la zona del pozo de oséilgqién”y
los 2 restantes a 225 m de donde se ubicara la
casa de maguinas. Se considerard la necesidad de
ademar <on mMArcos metalicos aquellas zonas donde
se determine durante la excavacidn que existe la
posibilidad de ocurrencia de inestabilidades
locales vy prever el lanzado de concreto en los
tramos donde la roca sea susceptible a

intemperizarse.

Considerando las caracteristicas anteriores del
macizo rocoso, los trabajos de inyectado deberén
limitarse al tratamiento de contacto entre el
concreto vy la. roca de apoyo, asi como a la
formacion de una pantalla impermeable de 30 m de
profundidad construida mediante la inyeccion de
lechadas estables de agua-cemento en barrenos
inélinados 30° con respecto a&a la horizontal. Se
considera necesario proyectar un sistema de drenes
que capten el flujo de agua que eventualmente

pudiera pasar a traveés de la roca de cimentacion.

El fracturamiento observado en los afloramientos
fue clasificade en los gistemas principales NW-SE.
El estudiado en los socavones posee las siguientes

caracteristicas:

De los 6 socavones practicados, 4 principales y 1
secundario en la zona de la boquilla y 1 en el
trazo del tunel del conduccion, los de la nargen
izquierda en el area de la boquilla (socavones 1 y

3) presentan fracturas escagas, alrededor de 3 por

21
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"meétro promedio, se encuentran rellenas de calcita

o cerradas y son de poca importancia; las de la

margen derecha (socavones 2 y 4) estéan también'

rellenas de calcita o cerradas, localmente se
presentan entre 2 vy 3 m., sobre todo las fracturas
mayores, sin embargo, en ggneral el fracturamiento
estd ditribuido uniformemente a lo largo de Ila
excavacidn observandose una separacidn entre
fractura vy fractura de 5 a 10 m. Estos 4

socavones tienen una longitud total de 400 n.

El dltimo socavdén de esta zona fue excavado para
investigar el contacto entre el cuerpo
calcareo-arcilloso inferior y el calcareo superior
presentandose en forma de escuadra y con 19 o de

longitud.

En la zona del tunel de conduccion se abrido un
socavén més (soc.5) de 90 m de longitud para
determinar la naturaleza de la Falla El1 Doctor.
Expone 3 unidades litolégicaé: del inicic a los 26
m. lutita y areniscas interestratificadas
intensamente plegadas; en seguida proedominan las
calizas vy lutitas casi hasta los 85 m, en donde se
enuentra la secuencia de calizas. Las fracturas

son numerosas, los rasgos estucturales mayores se

limitan a un falla inversa, cuya traza se localiza '

entre los 40 y 55 m vy que afecta sdlo a la segunda
litologia y una falla normal en el cadenamiento
0+85. L'a traza es subparalela a la traza de la
Falla El Doctor, es de tipo normal con el bloque
del‘bajd hacia el NW vy pone en contacto con las

formaciones E! Doctor y- Soyatal.
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MATERIALES DE CONSTRUCCION.

Existen en el A&rea de la boquilla,' tdnto. al

oriente como al poniente materiales constituidos.

por calizas 1los cuales ‘mediante un tratamiento
adecuado pueden producir tanto finos como gruesos
para agregados del ;concreto, lo anterior es
factible ya que hay &areas muy atractivas para
desarrollar pedreras, gque proporcionan el material

requerido para las obras.

PLANEACION.

ORGANIZACION.

Se ejecuta la construccion de la obras principales
por contrato, mediante concursos. La Gerencia
Técnica de Proyectos Hidroeléctrico, a través de
la Residencia General en el sgsitio, realiza las
actividades de planeacidn, supervisidén v control

de obra.
El numero de trabajadores en la obra llegara a

3,400, de los ~uales 3,150 corresponderdn a

Contratistas y 250 a la Comisidn.

INFRAESTRUCTURA.

Para facilitar los trabajos de construccidn se

tiene planeado realizar la pavimentacion de los

23
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la Boquilla como a la Planta; para esta ultima,
por el Estado de Queréetaro, se ﬁreVeéf la
construccion del camino San Joaquin-Casa ﬁe
Maquinas con una longitud aproximads de 23 km;

también se contenpla el poder efectuar la

rectificacidén de algunos tramos sobre los caminos

y la construccion de una subestaciodn para

\suministro de energia durante la construccidn, el

equipamiento vy servicios necesarios.

CRONOGRAMA .

Las fechas mas importantes dentro del cronograma

de construccidn son tentativamente las siguientes:

Inicio de las Obra de Infra-

estructura ABRIL 1989
,In;cio de la obra de desvio JUNIO 1990
Inicio de las obras &e contencidn ENERO 1991
Desvio del rio ABRIL 1991
Inicio de fabricacion de turbinas FEBRERO 1992
Inicio de fabricacion de genera- FEBRERO 1992
dores .

Inicio de obras de generacion JULIO 19990

24
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6.2

Inicio de obras de e&cedencias ‘ MARZO 1991,

Cierre final del tunel de SEPTIEMBRE 1993
desvio :

Sincronizacidén de la 1a. unidad OCTUBRE 1994
generadoeora

DESCRIPCION DE LAS OBRAS.

‘OBRA DE DESVIO.

Consta de un tinel de seccidén portal de 9.4 x 9.4
m s8in revestir, localizado en la margen izgquierda
del rio, con una longitud total de b56é6 mts para

desalojar un gasto maximo de 702 m3/seg.

OBRA DE CCNTENCION.

Se estudid que para esta bogquilla se conjugan

favorablemente las caracteristicas geoldgicas vy

- topograficas, de tal manera que lo 'hacen ideal

para planear como factible una cortina de concreto
del tipo ARCO-BOVEDA. Ubicada dentro del cafion de
El Infiernillo, la cortina tiene una altura desde

el desplante hasta la corona de 207 m.
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6.3 OBRAS DE GENERACION.
El esgquema adoptado es de una obra de toﬁa t;po
rampa operada por 2 compuertas de 3.50 x 4.5 m.
Para un gasto maximo totél de 59 m3/seg. La
_elevacién del umbrdl és la 1500.0 msnm. El tdnel
de conduccion es de seccion herradura de 4.70 m de
diametro y 2t.1 km de longitud. El pozo de
oscilacidn es de 12 m de diametro y 133 m de
altura, la tuberia a presidén tiene un diametro
interior de 3.50 m, longitud de 1050 m vy
bifurcacidén a diametros de 2.10 m. La casa de
méquinas es de tipo caverna con 2 unidades tipo
Pelton de 146 MW de potencia cada una para
aprovechar una carga de disefo de 563 m. El
desfogue serd un tunel de seccién portal de 4.80 x
5,00 m v longitud de 330 m.
6.4 OBRA DE EXCEDENCIAS.

Seran dos tuneles paralelos de 9.90 m de seccidn
con una longitud aproximada de 500 mts. cada uno.
Tendra dos ¢ompuertas radiales de 9.90 m (ancho) x

17.750 m (altural), y un radio de 20.0 mnts.

Los tuneles fueron disefiados para transitar una

avenida de 2960 m3/seg con un TR. = 10000 afios a

una velocidad maxima de 25 “m/seg conservando una

relacidén de llenado de 0.65.
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ASPECTOS ECOLOGICOS.

INTRODUCCION.

La Comision Federal de Electricidad enfrenta
simultaneamente el reto de cubrir la demanda de
electricidad del pais adoptando los cambios
necesarios que garanticen la energla eléctrica y a
la vez prevenir vy atenuar los impactos que
ccasionardan las acciones ejecutadas para tal fin
sobre los recursos naturales, el ambiente v la

sociedad.

En lo relativo a los aspectos eceoldgicos e1 P.H.
Zimapdn realiza desde 1988, previc al inicio de la
construccion, estudios de ecologia e impacto
ambiental aplicando acciones que permitan reducir
los impactoé adversos al ecosistema y adecuar la
utilizacién de los recursos de la superficie del
futuro embalse y su area de influencia, en apego a
la normatividad, que marca la Ley General del

Equilibrio Ecocldgico y la proteccidn al ambiente.

PROGRAMA DE PROTECCION AMBIENTAL.

El pregrama deé proteccidn ambiental incluve los

siguientes rubros:
Hidrologico.- Que consiste en avalar la calidad

del agua de los rios Tula, San Juan y Moctezuma

asi como la caracterizacién de la hidrologia
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subterrdnea del 4drea de influencia del futuro

embalse, lo anterior asociado a la climatologia de

la zona. .

Vepgetacion Acuatica Y . Riparia.- Desarrolla
programas para-determinér las especies potenciales
formadoras de malezas acuaticas que podrian
proliferar en el futuro embalse, evaluar .a tasa

de crecimiento y establecer la estrategia de

remocion.

Fauna Acuatica.- Desarrolla programas cuyos
objetivos gEenerales c¢onsisten en realizar un
inventario de especies para detectar aguellas
susceptibles de ser introducidas en bordos
temporaleros con fines de autoconsumo. Identificar

aquellas especies indicadoras de contaminaciodn.

Flora Terrestre.- Desarrolla programas cuyos
objetivos generales son el realizar el inventario

de especies de la zona, caracterizar la flora vy

vegetacidn, identificar y rescatar aquellas en
peligro de extinsidn, restituir la vegetacion
natural, determinar las eapecies de interés

comercial, cultural y bioldgico.

Fauna Terrestre. - Desarroclla programas cuyos
cbjetivoe principales consisten en determinar las
especies en peligro de extinsion, caracterizar la
fauna en funcidén a los tipos de vegetacidon vy
determinar las egpecies de valor cultural,
biolégico vy econdmico, iden%ificar los diferentes

vectores de enfermedades.
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Epidemiologia.- Desarrolla pProgramas cuyos

objetivos generales consisten en . realizar. -un’

diagndstico situacional de salud, establecer un
seguimiento epidemioldgico en coordinacidn con los
programas faunisticos de vectores de enfermedades.
. .
Disposicion de Desechos Solidos vy Liquidos.-
Congiste en preocgramas cuyos objetivos principales
son dispecner de los residuos provenientes de
campamentos y del Nuevo Poblado mediante métodos
adecuddos (rellenos sanitario Y poéos de
absorcidén) en sitios gque no representen impactos a

corto o largo plazo.

AREA NATURAL PROTEGIDA.- Consiste en un programa
cuyo objetivo principal eg restitulr las
superficies impactadas definitivamente por la

construccidn del proyecto.

Dicha a&area actualmente tiene una superficie de
8760 ha. incluye los 7 diferentes tipos de
vegetacidn que se encuentran en lo que seré‘ el
futuro embalse, subestaciones, Casa de Maquinas,

caminos de acceso v el Nuevo Poblado.

Los 7 tipos de vegetacion se encuentran bien

congervados lo cual garantiza una diversidad de

especies animales y vegetales superior a las que

impactara el P.H. Zimapan.
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Presas de Enrocamiento con Losa de Concreto
en el Talud de Aguas Arriba Mas Altas del Mund

Orden Nombre Terminacion de Pais Altura
Construccion | (m)

Fozdo Areia 1980 Brasil 160

s~ w ol

N

Jamrani En construccion India 160
Yacambi®  En construccion Venezuela - 150
5. New Exchequer 1966  E.UA 150
6. Salvajna 1985 Colombia 148
7. Alto Anchicaya a 1974 Colombia 140
8. Khao Laem 1984 Tailandia 130
9. Shiroro 11983 Nigeria | 125
10.

Golilas | 1984 Colombia~ 125

Octubre, 1990
CFE

il

ot



Presas de Arco Mas Altas del Mundo*

/A

Orden Nombre Terminacion de

- Construccion

1. Inguri - 1980
2. Vajont - 1961
3. Eran En construccnon
4. Mauvoisin 1957

5. ElCajon - 1985
6. Chirkey - 1978

- 7. Mrantinje - 1976
.. Contra | 1965
9. Glen Canyon 1966
10.. Dez | 1962
11. Luzzone - 1963
12.  Almendra 1970
13. Khudonl 1990

Kolbrm ” 977

* Fuenle Water Power and Dam Construction International

Pais

URSS

talia

China
Suiza
Honduras
URSS
Yugoslavia
Suiza
E.UA

Iran

Suiza
Espana

URSS

Austna

Altura
(m)
272
262

- 245

237
234
233
220
220
216
213
208
202

I

Octﬁ bre, i§90 |
CFE
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" Potencial Hidroeléctrico en el Mundo

Paises Industrializados

Pais Potencial Generacién

Porcentaje Plantas en
A Hidroeléctrico- . Hidroeléctrica  Aprovechado Construccién
L TWh/afo 1988 TWh TWh/afo
- Francia | 72 69.2 96 05
Suiza 41 36.5 89 0.7
R.F.A. ' 24 19.3 80 0.4
Suecia 99 68.7 69 0.4
Japoén 130 87 67 2.6
Reino Unido 5.2 3.5 67 -
Austria 55.7 36.3 65 -
italia 65 41 63 0.9
Noruega 172 104 60 3.6
Estados Unidos 376 223 59 3.9
Canada 593 313 53 23.3
Espafia 69.9 28.11 40 -
U.R.S.S. 3,831 220 6 56.4

* Fuente; Water Power and Dam Construction International

124

Octubre, 1990
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" Potencial Hidroeléctrico en el Mundo
Paises en Vias de Desarrollo

Pais Potencial . Generacién Porcentaje | Plantas en
Hidroeléctrico  Hidroeléctrica  Aprovechado Construccion
TWh/afo 1988 TWh TWh/ano P————
Brasil 213.4 18 95 —
\México 59 208 13 g2 ——
Turquia 27.5 13 15.5 e
Venezuela -~ 330 134.2 10 13 ——
India 600 54.6 9 - —
Costa Rica 37 3.0 8 0.3 —
China 1,923 109.2 6 66.9 —
Colombia 418 24.2 6 6.8 ———
Argentina 390 15.7 4 25.2 —
Ecuador 115 4.5 4 5.7 o —
Indonesia 709 5.3 1 - ———
Zaire 530 5.1 1 - re—
. . Octubre, 1990 l
* Fuente: Water Power and Dam Construction International i CFE
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Distribucion Geografica de los Aprovechamientos
| Hidroeléctricos

Potencia Generacion
Instalada Anual

: {MW) {GWh) ARo
@ Cenlrales Hidroeléctricas en

Operacion 7761 24200 V989

O Proyectos incluidos en POSE 3.815 10,759 zoo0o0

\ » Proyectos Hidroeléctricos ' 18,574 46,266 2 oto
" ({ac'h'bie_s‘a.zolo) )

Comision Federal de Electricidad



. 2010 18.500

%

Sector Eléctrico Nacional
Evolucién de la Potencia Instalada o

Potencia Instalada
(MW)
Ano Hidroeléctrica Total %

1900 12 20 600 -
1937 372 629 594
1940 389 681 572
1950 607 1,235  49.1
1960 1,200 2308  52.0

1970 3,228 6,068 53.2
1980 6,633 14,625 = 409
- 1989 7,761 24,445 31.7

2000 11,576 45,000 25.7
2005 13340

| Programa de Obras del Sector Eléctrico K
Comision Federal de Electricidad | Octubre, 1990




Comision Federal de Electricidad
Sector Electrico Nacional _ Fecha - 3/oafg4l .
Estadisticas Hora : 10:05 a.m.

Capacidad Instalada en Operacion
- MW ( Megawatts )

1965 2,149 51.60 2,016 48.40 4,165
66 2482 54.97 2,033 45.03 4,515
67 . 2,511 54.09 2,131 45.91 4,642
68 2,509 52.31 2,287 47.69 4796
69 3,229 57.07 2,429 42.93 5,658

1970 3,228 53,20 2,840 46.80 6,068
71 3,227 49,66 3,271 50,34 6,498
72 3,228 46.69 3,685 53.31 6,913
73 3,446 44 .60 4,280 55.40 7,726
74 3,521 4206 4,850 57.94 8,371
75 4,044 41.14 5,786 58.86 9,830
76 4,541 39.62 6,919 60.38 11360
77 4723 - 39.06 7,369 60.94 12,002
78 5,225 37.34 8,767 62.66 13,992
79 5219 36.50 9,079 63.50 14,298

1980 5,992 40.97 8,633 59.03 14,625
81 6,550 37.65 10,846 62.35 17,396
82 6,550 3562 11,840 64.38 18,390
83 . 6,532 34.37 12,472 65.63 19,004
84 6,532 33.74 12,828 66.26 19,360
85 6,532 31.39 14,274 68.61 20,806
86 ' 6,730 31.65 14,536 68.35 21,266
87 7,016 31.65 15,152 68.35 22,168
88 7,325 31.70° 15,783 68.30 23,108
89 7,761 31.75 16,684 68.25 24 445

1990 7,687. 30.00 _ 17,935 70.00 25622
91 7,932 29.60 18,867 70.40 26,799
92 . 7,932 29.30 19,136 70.70 27,068

El crecimiento promedio anual en Potencia instalada en los afios de 1983-1992 fue de 3.60 % y en Generacion en -
el mismo periodo fue de 4,98 %.



Comision Federal de Electricidad
Sector Electrico Nacional Fecha: 30/05/94

—Estadisticas ~Hora-—4:47-p.m:

Generacion Bruta Anual
GWh (Gigawatts - hora)

1965
66
67
68
69

1970
71
72
73
74
75
76
77
78
79

1980
81
82
83
84
85
86
87
88
89

1990
o1
92

8,638 58.69 6,079 41.3%1 14,717
9,854 61.59 6,208 38.41 16,162
10,855 60.52 7,080 39.48 17,935
12,408 61.98 7.611 38.02 20,019
13,303 5768 9,762 42.32 23,085
14,805 56.88 11,225 4312 26,030
14,269 50.10 14,214 49.90. 28,483
15,246 48.35 16,287 51.65 31,533
16,081 .46.96 18,163 53.04 34,244
16,602 43.68 21,406 56.32 38,008
15,016 36.73 25,863 63.27 40,879
17,087 38.28 27,545 61.72 44 632
19,035 38.89 29,910 61.11 48,945
16,066 30.33 36,911 69.67 52,977
17,839 30.72 40,231 - 69.28 58,070
16,740 27.06 45,128 72.94 61,868
24,446 36.01 . 43,433 63.99 67,879
22,729 31.04 50,496 68.96 73,225
20,583 Bl 27.51 54,248 72.49 74,831

23,448 29.47 56,115 - 7053 - 79,563
26,087 30.56 59,265 69.44 85,352
19,886 22.25 69,477 77.75 89,363
20,891 22.00 74,066 78.00 94,957
20,800 20.61 80,101 79.39 100,901
24,200 22.57 83,018 77.43 107,218
23,925 21.00 90,005 79.00 113,930
21,737 18.36 96,675 81.64 118,412
26,0985 2144 95,602 78.56 121,697




CAPACIDAD INSTALADA EN
OPERACION

HIDROELECTRICA

TERMOELECTRICA
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| PROYECTO
~ HIDROELECITRICO

- ZIMAPAN, HGO.

\ La historia da México llava a reconocer qgue electiicidad y
progreso son inseparables.

Como respuesta al crecimlento continuo de la demanda de
energla eléctrica en México, la Comisién Federal de Electricidad
esld construvendo el Proyecto Hidroeléctrico Zimapén. Localizado
an ol lfmite de los estados de Hidalgo y Querdtaro, en el Calion
El Infiemillo, eprovechard el gran potencial del Rjo Moctezuma,
ef cual forrna parte del Sisterna Hidroldglico del Rio Panuco, cuya
finalidad es suministrar energla eléctrica en la parte central del pals.

Esta Central tiens una gran venlaja para integrarse al Sistema
Interconactads Nacional, por su cercania con las Centrales
Termoeldctricas de £l Sauz, Qro. y Tula, Hgo.

PROYECTOS HIDROELECTRICOS EN EL RIO MOCTEZUMA
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PROYECTO HIDROELECTRICO AGUA PRIETA

La Ciudad de Guadalajara, en el estado de Jalisco, se ha constituido
durante las dos G]tihas decadas en una zona de acelerado crecimiento
poblacional y en un importante polo de desarrollo Industrial.

Estas dos caracteristicas le imprimen a Guada1ajara un rango de exigencia

en materia de suministro de agua y de energia eléctrica.

Del agua que consume, Guadalajara desecha un alto porcentaje en forma de
aguas residuales que no han tenido utilidad alquna. COMISION FEDERAL DE
tLECTRICIDAD pretende transformar en un satisfactor escencial 10 que hasta
ahora ha sido mero desecho: Las "AGUAS NEGRAS".

Con el Proyecto Hidroeléctrico Agua Prieta, provisto de cuatro unidades de
120 megawatts, COMISION FEDERAL DE ELECTRICIDAD aprovechard las aguas - -
residuales para cubrir la demanda en las horas pico de la zona Metropolitana.
De los estudios Hidroldgicos se determind que el Proyecto Hidroeléctrico - --7;
serd construido en tres etapas en su obra de generaciodn. _ ‘ j

La primera comprende la instalacidn de 240 megawatts, con un escurrimiento
medic anual de 14.89 metros clbicos por segundo, para 1legar en 1950 a una
generacidon media anual de 556 gigawatts hora. En el ano 2,000 se pondrd en
operacidn una tercera unidad, con un escurrimiento medio anual de 20.27 metros
cubicos por segundo y una generacidn media anual de 810 gigawatts hora. La
tercera etapa que se contempla para el aho 2,097, contard con 400 megawatts
instalados, un escurrimiento medio anual de 24 metros cubicos por segundo

con una generacidn media anual de 959 gigawatts. hora.

La captacidn de las aguas residuales serd en dos etapas; primero se efectuardn
los trabajos en la zona norte y como segunda etapa se construird la captacidn
y conduccidn de los arroyos OSORIO y SAN ANDRES.



Las aquas residuales provenientes de estas captaciones estardn libres de
basura dehido a l1a colocacidén de rejillas fijas. Su conduccidn al colector
San Juan de Dios serd de 6.5 kilometros en forma subtéfrénea para evitar -
molestias a las propiedades y se ha pensadn 1levarla a cabo con mdquinas
tuneleras, para dejar una seccidn circular de.2.50 metros.

l.as captaciones al norte de la ciudad contardan con dos presas derivadoras,
una de ellas sobre el rio San Juan de Dios, la cual tendrd un cimacio paré
sobre elevar el nivel de agua, dispondra de un canal desarenador y una obra
de toma qde conduciré el agua por un conducto de seccién cuadrada a la - -
captacién Atemajac. Esta captacidn tendrd las mismas estructuras gque la -
anterior, con la diferencia que la obra de toma contard con un sistema -
automdtico de limpieza de basura con capacidad de 20 metros cubicos por dia.
De ésta obra de toma se iniciard la conduccién hasta el tanque reguladbr que
se localiza a 6 kilometros. Dado el desnivel topogréfico existente entre -
estas partes, la conduccién serd por gravedad. Manejandose velocidades de -
uno a tres metros por segundo para evitar sedimientaciones y dafios a las -
estructuras por erosifn.

Para la conduccidn se perforaron tres tineles de seccidn herradurz revestidos
de concreto, de 5 metros de didmetro. E1 tinel nﬁméro uno se excavd en basalto
con una longitud de 1,830 metros; el tdnel nimero dos es de 130 metros de - -
longitud, excavando también en basalto y el tdnel nimero tres se excavd en -
riolita, con una longitud de 1,350 metros.

Para salvar dos depresiones existentes en la conduccidn se construyen dos -
sifones invertidos de concreto armado. El sifdn en Arroyo Hondo es de 1,003
metros de Tongitud y 50 metros de carga de presion.

E1 sifén en el arroyo EY Caballito tiene 360 metros de longitud y 35 metros
de carga de presidn.



La primera etapa de estos sifones tendrd una secciéﬁ ctiy]ar de 3.80 metros
y 1a segunda serd con un diametro de 2 metros.

El taﬁque Fegu]ador se construird en dos etapas, la primera tendrd una - -
capacidad de 1'270,000 matros cubicos y la segunda aumentard la capacidad

a 2'070,000 metros cubicos. Por la pfesencia-de sélidos en el agua se - -
construirdn un tanque desarenador y otro sedimentador con inyeccidn de aire,
para resuspender los s@lidos sedimentables eliminandolos del tanque en el -
proceso de generacidn.

La construccidn del tanque se realizard excavando el cajén y formando los -
pordos necesarios con la rezaga clasificada, producto de las excavaciones y
serdn protegidos con enrocamiento. El piso, los muros y bordos de contencidn
seran impermeabilizados con arcilla en el paramento humedo.

.0e la obra de toma del tanque .se iniciard 1la conduccidn a presidn com el -
tinel ndmero 4, que tendrd una longitud de 552 metros y 3 metros de didmetro
excavado en riolita, con una carga estdtica méxima de 135 metros, en la parte
inicial 1levard revestimiento de concreto reforzado y en los dltimos 130 - -
metros camisa blindada. En la parte final del tinel se colocard una vdlvula
de seguridad y una bifurcacidn para dos ramales de 830 metros de lonaitud con
didmetros entre 3.80 y 3.20 metros con.espesores de 2.54a 5 centimetros de -
acero de alta resistencia. Se construird una linea en la primera etapa y la -
otra a futuro. Estas 1ineas estaradn montadas sobre silletas de concreto.y los
esfuerzos resultantes de los cambios direccionales tanto verticales como -
horizontales serdn absorbidos ﬁor machones de concreto armado empotrados en
el terreno. '

Antes de llegar el agua a casa de mdquinas, se tiene coniemp]ado un quinto-
tinel de 170 metros de longitud y 3 metros de didmetro, el cual alojard la
tuberia a presidn que soportard una carga estdtica mdxima de 532 metros y una
carga de rechazo de 385 metros. Este tUnel serd. excavado en andesita basaltica,
ignimbrita y toba.
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Los ramales finales de la tuberfa a presién se iniciardn en la salida

del tdnel 5 con una bifurcacién que conectard a las vdlvulas esfericas.

La casa de miquinas serd de tipo exterior de 112 metros de largo, 22 metros

de ancho y 31 metros de altura. Se cimentard sobre andesita basaltica a la
~elevacidn 939.5 metros sobre el nivel del mar.

Para proteger lalcasa de miquinas y demds estructuras alojadas en la Margen
Izquierda, se realiza un tratamiento de estabilizacién -en ese talud.

Las turbinas son tipo Pelton, de 120 megawatts de potencia, con 6 chiflones
velocidad de rotacién serd de 300 revoluciones por minuto y su carga neta de diser
de 508 metros con gastode 26.3 metros cubicos por seguhdo por unidad.

Los desfogues que regresaran el agua al rfio Santiago serdn de seccién -

cuadrada con 5 metros por lado y 30 metros de longitud. | -

Los generadores tendrdn una capacidad nominal de 125 megavolt amper, con

voltaje de generacidn de 16.5 kilovolts. - .

Los transformadores serdn trifdsicos.de tipo columna, sumergidos en aceite.

con und relacidn de transformacidn de 16.5 a 230 kilovolts y estardn conect

a la Subestacidn Guadalajara Norte mediante dos Lineas de Transmisién de 3
kilometros de longitud.

Esta Subestacin serd parte de un anillo periférico que asequrard el suministro
de energia en la zora Metropolitana de Guadalajara..

Con el Proyecto Hidroeléctrico Agua Prieta Comisidn Federal de Electricidad

tiene previsto generar la suficiente energia eléctrica para cubrir en su totalida
la demanda de tGuadalajara en las horas pico.

Con la realizacidn de éste Proyecto Comisidn Federal de Electricidad aportard su
contribucidén para que el progreso econdmico de éste importante polo de desgrr0110
no se detenga y el bijenestar de los habitantes de la zona occidental del pais -
mejore dfa con dfa.



PROYECTO HIDROELECTRICO DE AGUA PRIETA, JAL.

DATOS GENERALES.
I ETAPA '

Gen. Anual 565.6 GWH (Millones de KWH)
Gasto de diseno 26.3 m3/seg. por unidad
Gasto de aportacién 12 m3/seq.
Capacidad del tangue 1'107,000 m3
Factor de planta 0.269

ITI ETAPA

3ra. Unidad de 120 MW.

Gen. Anual 815.5 GWH

Gasto de aportaciérn 15 m3/seg.
Capacidad del tangque 1'800,000 m3
Factor de planta 0.257

III ETAPA

4ta. Unidad de 120 MW,

Gen. Anual 958.7 GWH

Gasto de aportacidn 24 m3/seq.
Capacidad del tanque 1'800,000 m3
Facter de planta 0.228

RUEDAS PELTON SEXTUPLES.

Carga neta de disefio 508.5 m,
Carga bruta 522.50 m.

CONDUCCION.~ 5,623 metros lineales total.
con 3 tilneles de seccidn herradura de Sm. de diam.
2 sifones de seccidn circular de 3.B0 m. (I ETAPA)
y de 2.00 m. (II ETAPA)

CONDUCCION A PRESION.- 1,540 m. lineales total. ‘
650 m. de tidneles de seccidn circular de 5m. y 3m. de diam.
v 890 m. de tuberias de acero desde 3.80 a 2.40 m. de diam..

INVERSION.- El proyecto tendrd parala I ETAPA, primera y segunda unidad,
una inversién de ...... $ 122,432,056 x« 106 Desos.
a precios medios de '87;51500/dls. 81'621,371 dblares.

COSTC POR KW ( 240 MW ) $ 510,133.57 pesos/K4 instalado

' ' 340.09 ddlares/KW instal.
COSTO DEL KWH NIVELADO $ 43.86 pesos/KW Hora
PORCENTAJE DE LA OBRA CIVIL 93 %

Tan solo el cargo por combustdleo del KWH térmico (1984) es de $60.00 pesos

Tf:;b
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¢QUE SIGNIFICA ROMPER LA BARRERA DE ms NOV/28/90
100 m. PLANOS? B

Supongan‘os qUE &l corredor pesa 100 Kg y desarrolla una veloc1dad media sostenida.
- 100 Kg de 10 n/seqg. '

— L
V,=.0 ' Vv =10

d = 100 m.

=
Q
o
=
0
]

100 x 9.81 = 981 Newtons " F=mg
' ' m=F/g
IMPULSO : m=981N/9.81 =
- m = 100 Kg '
Fxt -m(vf-V,) mV masa
100 Kq x 10 m / seg '
F=-V . masa = 100N
t 10 seg
TRABAJO::

G= Fxd=100N x 100 m. = 10,000 N-m (Julios)

PCOTENCIA @
p=-Fxd . 100Nx100m _ 004 ypm/seg = 1000 Julios/seg= 1000 Watts = 1 KW
t 10 seg : .
Significa desarrollar un esfuerzo fisico equivalente a 1 KW de potencia
ENERGIA : :

1 KW x 10 seq
3,600 '

E=Pxt=1FK4x 10 seq = 0.002778 KW-H

- L]
Para generar un KW-H se requiere por ejemplo:

Descender en forma ordenada y sin friccién 10 m3 de aqua desde una altura -
de 36.71 m.

-

En Hidroeléctricas se acostumbra usar miltiplos de las Unidades de Poten
cia y Generacién. 6
Potencia en Megawatts = MW = 1000 KW{10~ Watts)

Generacién en Gigawatts-Hora = 1 millén de KW-H (lO9 Watt~Hora)




UNIDADES DE PRESION.

La unidad de presidn en el Sistema Internacional (SI) es el Pascal y.equivale

2
a un Newton / m .

Newton. -

2
m

Pascal =

' ‘2 2
Esta unidad es muy pequefia, comparada con el kilogramo - peso / cm” (Kg/em™),
que es unidad de presidn derivada, de los sistemas gravitacionales o técnicos

donde la fuerza en kilogramo - peso, es unidad fundamental.

Existe una unidad, el bar, del mismo rango que el (Kg/cmz), miltiplo del Pascal
v de la baria perteneciente a los sistemas absolutos, donde la masa en kilogra-

mo—~ masa, es unidad fundamental.

baria = dina -

cm

(]

Newton - 105 dinas -

m2 104 cm

1 Pascal = 10 barias.

y viceversa

1 baria = 1/10 de Pascal

Ahora bien,

A la megabaria (106 barias) se le llama bar

1l bar ='106 barias = 106 QEE%E = 105 Newton _ 105 Pascal.

2
cm m

Equivalente del bar y del Kg/cmz: \

Newton _ 0.1019 Kg, _ 1.019 x 165 Kg/cm2

m2 104 cm2

1 Paécal =

1 bar = 105 Pascal = 1.019 Kg/cm2
vy 1 Kg/cm2 = 0,98135 bar.

%



FORMULA HIBRIDA PARA CALCULAR EL PESO DE TUBERIA DE ACERO DE
| ___ GRAN_DIAMETRO

i ——

Férmula para. el peso de la tuberia.- Multiplicar el diametro en pulgadas por el --
espesor de la ldmina en 16 avos y se obtiene Kg por metro lineal de --
tuberia.

EJEMPIO. ‘Los carreées de caracel de 6.60 m. de diémetro por 6 m. de largo por --
1 3/4" {4.445 cm.) de. espesor, da:

Peso = 260" x 280 (16 avos) x 6.= 43,680 Kg ( 43.7 Ton.)

C3lculo exacto

A =77 d x 600

A = 3.1416 x 660 x 600 = 207,345.6 cm> x 6 = 1'244,073.6 cm® . |
V = 207,345.6 x 4.445 = 921,651.19 cm’ x 6 = 5'529,907.1° cm>

P = 5'529,907.1 x 7.854 = 43'431,890 ( 43.432 Ton.)

DEMOSTRACION. Sea "d" en didmetro en centimetros y "e" el espesor también en centi--
metros.

Area = 77 d x 100 (drea por un metro de la tuberia)

Volumen = 777 d e x 100

Peso = 785.4 77 d e gramos 1 ¢m3 pesa 7.854 gramos
Si 4 en pulgadas y e en 16 aves de pulgadas queda:

P = 785.477x 2.54 x 2.54 d" e 1/16 avos"
16 x 1000

‘ v é 542
P = 0.9949201 4" e 1/16 avos ' 1 = gt ————r
e e m e . : 16000
P =d" e 1/16 avos |

x = —JEEEEL} = 789.41
T 2.54

Didmetro en pulgadas por espesor en 16 avos = Kg/m de tuberia

Diferencia 789.41 - 785.4 = 0.0401 gr/ cm3
(por considerar. la constante igual a - 1.00)

/ e en 16"avos
o,

-

LT -\\\‘

o |
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CONFERENCE DEDICATION TO

JEROME M. RAPHAEL

by Eric B. Kollgaard?
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Jerome M. Raphael
1912 - 1989
Professor of Civil Engineering, Emeritus

It is quite appropriate that the Organizing Committee has
chosen té dedicate this third ASCE Specialty Conference on
Roller cCompacted Concrete to the memory of Jerome M.
Raphael, F. ASCE. Certainly the ideas put forth in his
paper, "The Optimum Gravity Dam"2 at the 1570 Asilomar

1 chief Engineer, Water Resources, Morrison-Knudsen Englneers, Inc.,
San Francisco, California,.

2 Becausae of the slignificance of this paper to the development of RCC
in dams, and the somewhat limited availabilitg, it is being
reprinted in the Proceedings of this Conference {(Editora}.
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Conference on "“Rapid Construction of Concrete . Dams",

«t wherein he proposed the concept o©of placement and

compaction of cement-enriched granular pit-run material.

using earth-moving and compaction equ1pment to build a dam ,rr”

with a trapezoidal cross ectlon, were in the forefront of Y
“the Roller ‘Compacted Conc¢rete (RCC) dam technology
revolution. Jerry Raphael's concepts on how to build a
concrete dam quickly and inexpensively were followed in
the early designs by the Corps of Engineers for Zintel
Canyon Dam, one of the first dams proposed to be built
entirely of RCC. But engineers in the professicn of
designing and building concrete dams, whether they are RCC
or conventional concrete, owe much more to Jerry Raphael's
career activities than just his contribution to the early
development of RCC technology. During his lifetime,
Jerry's interest and expertise spanned the entire field of
concrete dam engineering, and he left his mark in numerous
ways on the store of knowledge of that subject area.

Jerome Raphael was born on June 6, 1912 in Boston,
Massachusetts. After completing his Bachelor's degree in
Civil Engineering at the Massachusetts Institute of
Technology in 1934, he stayed on to undertake the Master's
degree program. His thesis was on the topic of the
structural properties of Portland cement.concrete.

He entered employment in his chosen field in 1935,
starting with the U.S. Corps of Engineers developing
instrumentation procedures for measuring stresses in
Tygart Dam, a major concrete gravity dam, then under
construction in West Virginia. After the completion of

"this project Jerry joined the U.S. Bureau of Reclamation,

where his early work was on the development of an
instrumentation program for measuring the behavior of.
Shasta Dam. The culmination of this work, after years of
study of the measured behavior of the structure, was a
paper published in 1953 in the Transactions of the
american Society of Civil Engineers entitled, "The"
Development of Stresses in the Shasta Dan", Jerry was
awarded the prestigious ASCE Moissieff Medal for this
landmark paper that provided new knowledge of how such
large gravity dams adjust to their loading.

In 1953, the Department of Civil Engineering at the
University of California, Berkeley, recruited Jerry to
fill the wvoid 1left by the retirement of Professor
R.E. Davis. He would teach and do research work on the
subject of .concrete technology with emphasis on concrete
dams. During his 26 years with UC Berkeley, until his
retirement in 1979, Jerry made many contributions to the
teaching program in Structural Engineering and Structural
Mechanics. The substantial bedy of research on concrete
dam technology that he produced earned him a solid place



JEROME M. RAPHAEL

among his professional colleagues, both in. this country
and internationally. He remained active after retirement
contributing his unique expertise to numerous dam design
review boards until his death from a heart attack on
April 30, 1989.

I first met Jerry Raphael when he served as a member of
the consulting board for Ross High Dam in the periocd from
1368 to 1975. His insight and understanding of the
problems involved in the design for raising this existing
540 feet high arch dam by another 125 feet were very
enlightening to me, and encouraged me to focus my career
towards concrete dams. Jerry was a leading authority on
the construction and physical testing of small scale
structural dam models and a comprehensive structural model
test program for Ross High Dam was carried out under his
direction at UC Berkeley. In this same era, finite
element methods with the capability of handling three
dimensional problems were just coming to the fore and
Jerry helped pioneer their use for the analysis of arch
dams. Another important contribution made by Jerry was an
extensive study of the strength of concrete used in large
dams, including laboratory testing of specimens under
rapid rate of 1loading to determine the dynamic
characteristics. The end product of this effort was a
paper, published in 1984, on the relaticnship of mass
concrete strength properties under varied 1loading
conditions, which still stands as the key reference on
this important subject.

When I was given the task of organizing the preparation of
the commemorative book for the Sixteenth Congress of the
International Commission on Large Dams to be entitled
Development of Dam Engineering in the United g8tates, only
one name came to my mind to author the section on concrete
gravity dams. Jerry Raphael's contribution "“Section 2 -
Concrete Gravity Dams" of this book, puklished in 1988, is
a painstakingly researched, meticulously documented and
beautifully presented account of the history of concrete
gravity dams in the United States.

But Jerry Raphael was more than just a dams engineer and
researcher. His interaction with students and his ability
to stimulate their creative talents with his teaching
methods was well known. I was witness to this when he
asked me one time to come to his graduate class on
concrete dam design and critique the results of the
students term design problem. This turned out to be an

easier task than I had feared because Jerry had assigned

design objectives and the definition of the problem after
those of the Ross High Dam Project and I was able to
review around a dozen solutions to a real life engineering
problem with which I was very familiar. Those students

L Jpa Gy it o P i st Jornio ke L TEE
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appreciated the fact that they had worked on something
more than just a hypothetical exercise. .

Jerry carried his enthusiasm and drive over to his leisure
life in his love for sailing., It was my plecasure to crew
on his boat during a race, as did many of his students
while he taught at Berkeley. He strove for the same
attention to detail and performance in his competitive
sailing as in his professional work.

Jerry will be missed by his colleagues in the engineering
profession, as well as by all his other friends, Those
who knew him remember him for his unfailing sense of humor
and good spirits, for his continued dedication teo his
profession, and for his concern for the welfare of his
students. It is appropriate for this conference to be
dedicated to the memory of Jerome M. Raphael who played
such an important role in the development of knowledge on
the use of concrete to build dams.



The Optimum Gravity Dam

by
Jerome M. Raphael!, F.ASCE

Introductijion

In connection with the raising of Ross Dam to its

ultimate height of 635 feet, it was desired to determine
the structural properties of the mass concrete of the
existing dam. Accordingly, 19-inch-diameter mass concrete
cores were drilled downward from the deck of the existing
arch dam to a depth of 65 feet. From these, a number of

19-inch by 38-inch cylindrical specimens were made and

tested at the University of California for compressive
strength, shear strength, tensile strength, modulus of
elasticity, and creep of this 25 year old concrete. These
were probably the largest mass concrete specimens ever
tested triaxially. The large size was necessitated by the

6-inch aggregate so that the strength results would not

;unduly reflect the influence of one particle or one grain
‘boundary. With some slight modifications, and a great deal
of luck, the Rockfill Test Facility of the University of
Callfornia was used for the triaxial tests. Six cylinders
were tested, two each at lateral pressure of zero, 750 and
950 psi. As suspected, the concrete had great strength.
Under normal testing conditions of no lateral pressure, the
concrete had an average compressive strength of 7200 psi.
With a lateral supporting pressure of 950 psi, the concrete
has an ultimate compressive strength of 12,000 psi.

The Mohr‘’s diagram plot of Figure 1 shows three

circles averaging the results of each of the three pairs of
cylinders tested. It shows that the concrete had a shear
strength of 1600 psi, and an angle of internal friction,
¢, of 42 degrees. This angle taken from the Mohr’s
envelope 'is corroborated by one specimen which failed
diagonally in shear at maximum loading at an angle of

68 degrees with the transverse plane.

lprofessor of Civil Engineering, Unlver51ty of California,
Berkeley.

Y
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The angle of internal friction measured at Ross Dam
is almost exactly the same as the angle of - internal
friction of the shell material for Oroville Dam, an earth
and rock-fill dam utilizing river gravels worked over by
the gold dredges in the valley floor near Oroville,

é}LCalifornia. As_a matter of fact, both aggregates, while
derived from sources some seven hundred miles apart, come
from remarkably similar geologic conditions. Both are hard
rounded granitic gravel derived essentially from granite
mountain masses, one in the Sierra Nevada and the other in
the ' Cascade range.

g n""”}“"

This similarity of the angle of internal friction
of concrete and consclidated gravels led to the
speculation: Are concrete and rock fill simply two
extremes of a whole class of materials with varying degrees

# of «c¢ohesion, depending on the relative quantity of
cementicious materials? Considering the =zero cement
content of the Oroville gravel and the 4-sack cement
content of the Ross Dam concrete, might one make up a
diagram such as shown by the full lines of Figure 2
describing completely the 'failure conditions for a .whole
class of materials with varying cement content?

The next step in the train of speculation is
simple. The ultimate resistance to failure of both
concrete gravity dams and earthfill dams is the stability
of the mass, in which the force of gravity plays a large
part. Could it be that concrete gravity dams with their
small volume of very expensive concrete, and earthfill dams
with their large volume of very cheap fill material are
simply the end points or the extremes of a whole class of
gravity dams varying continuously from one to the other?
As a first approximation, it might be postulated that the
optimum gravity dam would have an intermediate volume:
between the concrete gravity dam and the earth filled dam,
and made up of a material with a cement content
intermediate between that of the zero cement content of the
earth filled dam and the maximum cement content of the
concrete gravity dam. This paper describes the search for
the optimum gravity dam.

First Approximation - The Continuous Spectrum

The first idea to be examined 1is whether a
continuous spectrum of materials can be postulated between
mass concrete on the one hand and rock fill on the other.
This idea will be examined from the standpoints of
production and of material properties.

Figure 3 shows the flow diagram for the
construction of the earth and rock—-fill Oroville Damn,

X La ve sdsenc/e/}Cc'a folal a(c0yt/an1{e, &, de una. substancia c‘So{m;a,‘cq_
a- S fa.//a,, de acveydo ala feovia , 85 _/a suma -de o Seamadea
PESISTENC/H COHESIVA, &y . U/npara}ne{ro gee po pyede sey
miedide directamentée youn Ze€rming gue ra preserrta /a vesistenciy

fr recional al cfés/o/azamr'emfta a '/o/[arg»o de un plano Pq’fer;c;a( de. falla
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geared to an average production of 5700 tons. per hour, or
more than one and one-half tons per second. A bucket wheel
excavator dug the raw material directly from the ground to
a 54-inch wide field conveyor belt that moved the material
about three miles to a long stock pile through which ran a

reclaiming tunnel with ten automatic gates. Forty-car
trains were loaded ten cars at a time in this reclaim
tunnel, the whole operation taking approximately

14 minutes. The train then moved about twenty miles to an
unleoading station consisting of an automatic train pusher
and a rotary dumping system capable of dumping two cars at
a time. From here the material moved through a,series of
conveyors to a 1,000-ton capacity truck leoading bin capable
of loading two 100-ton capacity rubber-tired wagons
simultaneously. A sufficient number of these wagons was
provided to move the material continuously to the point of
deposit on the dam. Windrows on the dam were then graded
by a dozer and compacted by a vibrating roller. The daily
production for this job was 100,000 cu. yd.; and the bid
price for material in place on the dam was $.79 per cu, yd."ﬂg

Figure 4 shows the flow diagram for the production
of mass concrete at Dworshak Dam, a high-production
concrete gravity dam. Rock excavated in the quarry 1is
loaded to trucks and dumped at the center of the quarry
into a glory hole leading to the crushers, moving from
there by a conveyor belt to a stock pile and by another
conveyor belt to the top of the concrete mixing plant where
it is washed and separated into sizes. From there each
size is separately batched and combired with cement and
water in mixers. From here the concrete moves in transfer
cars equipped with two eight-yard hoppers to a delivery
dock where it is dumped into eight-yard buckets, picked up
by a cableway, and brought to the form. After dumping, the
concrete is consolidated by man-operated vibrators. Each

bucket has a round trip of up to one mile, The daily
production rate for this job has been 10,000 cu. yd. per
day.

It is easy to sce that there 1s an order of
magnitude difference in the rate of production of earth
materials over that of concrete materials. Increasing the
rate of production of concrete materials is of course the
principal subject of this conference. It is strongly
suggested here that the principal difference in the
production rates of the two materials lies 1n the

“continuous flow of earthen materials and the interrupted
“flow of the batches of concrete. I1f mass concrete could be

produced, batched, conveyed, deposited and compacted in a
continucous operation, it should be possible to approach the
high production rate of earth materials.

f_s'é /eff-mino es e(pm, C{UC{O O(pf est'e.vzo efec—/,-uo har;m-a.d- /10-9—,
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Wide discrepancies can also be found - in- the
materials themselves. Starting with a  typical mass
concrete mix containing, say 4 sacks of cement to theé cubic
yard and weighing perhaps 155 pounds per cubic foot, a ‘
series of mixes can be designed with progressively less A
cement all the way to zero cement, which will still weigh ;@“
about 153 pounds per cubic foot. As a matter of fact, theV
Bureau of Reclamation and the University of california used
such cementless mixes many years ago for studying the
vibration of concrete. ‘

Earth fill materials for a dam weigh in the order
of 138 pounds per cubic foot, and adding progressively
higher percentages of cement to as much as 4 sacks of
cement to the cubic yard of fill material and using earth
fill compaction methods will still result in an earth and
cement mixture weighing approximately 140 pounds per cubic
foot. As shown in Figqure 5, the discrepancy lies, in the
guantity of air and water filled voids in the mixture. The
volume of air and water in mass concrete probably ranges
from 10 to 15 percent whereas in earth fill 20 to
30 percent of the volume of the mass is air and water.

In addition to moisture content and the deqree of
compaction, the important material ©properties that
determine the stability or the resistance of a mass to
shearing are density, cohesion, and angle of internal =~ , -
friction. By and large, density is a function of wateréﬂ"
content and compaction effort, and angle of internal
friction is related tc the nature and gradation of the £fill
material, but cchesion can be varied with the cenment

content. Figure 6 shows the cohesions determined fron
results of triaxial tests of a number of mass concrete and
fill materials, plotted against cement content. The

individual materials have great variations in angle of
internal friction from 24 to 40°, but the important thing
to observe is that fill materials on the average have about
10% of the cohesicon of mass concrete, for the same cement
content - an order of magnitude different.

Hence, as has long been suspected”JEafth £ill and

- concrete are two different materials even though derived
essentially from the same raw 1ngred1ents. The difference
lies in the method of compaction, hence in the degree of
compaction, leading in turn to large differences in cost.

Together with the discrepancies in material
properties and rates of production for earthfill and mass
concrete, there is also a quantum jump in cost. Figure 7
shows how costs vary with the quantity of cement for the
two types of materials. In the top part of the figure can
be seen recent bid costs for mass concrete of a number of

/38/6//)/.5 ; X16.62 = 2, 2////?(/"7 f/cmrz/p/en de Una.‘PfGL.Tﬂ-
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concrete dams, and the line shows how costs -might  be
reduced progressively by reducing the amount of cement to
zero. Even if there were no cement in the mass concrete,
if this is the term that can be used, the mixture would
still have considerable cost if it progressed through the
production line typical of mass concrete. The lower linc
is an estimate of the cost in place of cement-enriched
earthfill. This is based on cost for the earthfill of
$1.00 per cubic yard and a cost for the cement of $1.00 per
sack with about a 10 percent charge for mixing it with the
earthfill. That this charge is not too far ocut of line can
be seen from the plotted points on the diagram which
represent the actual costs of the soil cement slope
protection at thirty-five dams. Even for such difficult
placement on a narrow working face, cost decreases rapidly
as volume increases. With the open working area of a fill
dam, cost should be as shown by the lower line. The wide
space between the two nearly parallel lines is a region
that will never be entered until concrete is mixed and
placed by radically different methods from those employed
at present. '

The Optimum Gravity Dan ’ >
Concedidas. - \613'(’5
Granted the tremendoua discrepancy 1in costs and Q2 3¢
properties of enriched earthfill materials and leaned-out¢™' -
mass concrete materials, it is readily apparent that there i
seens great advantage in investigating the possibilities of

the enriched-soil materials.

There have been a limited number of investigations
cf the effect on c¢ohesion and the angle of internal
friction of cement enriched scils. In general, these have
shown that the angle of internal friction is relatively
unchanged by the addition of cement, but that the cohesion
increased proportionately to cement content. As was shown
on Fig. 6 this addition to the cohesion of the fill
material is by no means as great as the Cohesion produced
by the same amount of cement in a mass concrete, but it is
significantly large, and is large enough to affect the
stablility of earth dams. Figure 6 summarizes a number of
investigations, including guite a variation in the type of
earth used. The lower line 1is representative of the
increasing cohesion with cement content for a granular fill
material, and is the relationship used in the analysis that
follows. Compared with the results of triaxial tests of
mass concrete for Dworshak and Ross Dams, cement-enriched
fill materials have about one-tenth the cohesion of mass‘/m
concrete having the same cement content. This is probably
the principal result of a more dispersed structure of the
fill materials compared to that of the wmore carefully
consolidated mass concrete.
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A number of sources are available' showing' the
relationship between the density, cohesion and angle of
internal friction of the fill material and the slope and
safety of an embankment. As a starting point, plots were
used from the Corp of Engineers Design Manual to examine
the stability of a symmetrical 200;ft. high dam with a
30-ft. roadway, whobe slopes were tlattefdd progressively
from 3:1 to 0.5:1, as shown in Figure 8. For a given angle
of internal friction and a given safety factor, the
required cohesion varies with the slope as shown in

a?jg Fiqure 9. For the particular safety factor used, the
f requlired slopes would be 3 to 1 for zero cohesion, and the
slopes can be made progressively®SE€EEPEr if enough cement
is added to the fill material to produce the required
cohesion shown. Lower safety factors would require less
cohesion and less cement. Higher safety factors would
require more cohesicn and more cement.

Choice of a safety factor for an actual design will
require a great deal "of study. It is well known that
typical safety factors for the stability of earth dams
range around 1.5 and corresponding safety factors for
gravity dams are about 4.0. These reflect the plastic "
’ behavior of the earth fill materials and the britt1e<¢%

,”w{u~°‘ fallure phase of concrete. For the sake of argument, and
P3

naWﬁY

i with an eye on the expected behavior of the enriched fill
material, a safety factor of 3.0 was used for cement-
enriched fill in the discussion that follows.

. Accepting these required values of cohesion for the
sake of argument, Figure 6 can be used to determine the
cement content required for each slope, as shown by
Figure 10. These values can then be combined with the
costs given in Figure 7 to determine the unit cost of the
fill material required for each characteristic shape of
dam.

Assuming a 30-ft. wide crest, and the same slopes
upstream and deownstream, the variation of volume per foot
of 200-ft. high dam with the upstream and downstrean slopes
is shown by Figure 11. For comparison, the volume of a
gravity dam is shown as a horizontal dash.

Combining volumes and unit costs for each slope, we
can produce the curve shown in Figure 12, which shows how
the cost per foot of dam varies with the slope of the
upstream and downstream face. It can be seen that the
total cost of the dam is relatively unaffected by enriching
the £ill material in the flatter slope ranges, from 2:1 to
3:1. However, if the slope is steepened to perhaps 1:1
significant eccnomies can be seen. The dam having slopes
of 1:1 will cost only about three-quarters that of the dam
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having slopes of 3.1. This is not the whole story, of
course, as other things being equal, the time to construct
the dam having the 1:1 slope should be roughly a third that
of the time required to produce the dam having the 3:1
slopes, and significant savings 1In money tied up 1in
construction plant should be passed on to the cost of
construction. It can be seen that the cost of the:dam
having slopes of 1/2:1, which has about the same volume as
a concrete gravity dam of the same height, is only about
60% of the cost of the earth dam with zero cement content.
For comparison, it might be mentioned that the cost per
foot of a 200-~-ft. high gravity dam, considering only the
cost of the mass concrete and excluding costs of cooling
and other items charged for separately, would be on the
order of $15,000 per foot.

Conclusions

A method has been presented here for optimizing the
cost of a dam by varying the properties of the material and
the shape of the dam to produce the lowest cost water
barrier to perform the required task. It is recognized

that a number of points require further investigation.

Mixing the cement with the fill material should not be a
problem. <Cement and fill material can be fed continuously
from batching conveyors 1into a rotating pug mill,
discharging continuously onto another conveyor belt taking
the material to the embankment. <Considering the more open
structure of this cement-enriched fill, investigation is
needed to determine the heat flow problem of this
particular type of construction, and where the significant
volumetric changes will occur. Special precautions will
have to be taken at the upstream and deoewnstream faces of
the fill, but cne can readily visualize a special machine’

forming steep compacted windrows at these faces much asé

machines now extrude compacted asphaltic concrete curbs at
the edges of highways. Gordon Ball has already devised a

P

et

,

special roller that travels on the top of the embankment ¢ﬂk°

and rolls the side slope to prevent ravellin Slnce5°
mixing is imperfect, hydration may take place over a much -%

longer period than in comparable mass concrete. Indeed,

much of the water for hydration may come from water

permeating the mass during service. The effect of this
delayed hydration on temperature rise, strength gain,
volumetric change, and cracking must be studied. And
finally, will cohesion be decreased in any way by water
percolating through the mass during its years of service?

All these questions can be answered with sufficient
effort. The potential for savings secms so apparent that
the effort should be made.

‘«‘. .
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The bptimum Gravity Dam by J. M. Raphael

Discussjop by Raymopd L., Davis'

The author is to be congratulated on the scientific
and gquantitative method that he has presented for the
proportions of a gravity concrete dam, with equally sloping
upstream and downstream faces that would make continuous
construction possible with a minimum volume of concrete.
In the paper the author compares the present practice of
construction of a large concrete dam in which the mass rate
of placement is in the order of 10,000 cu., yd. per day with
the practices that are employed in the construction of a
rock fill dam such as Oroville, where. the rate of placement
averaged about 100,000 cu. yd. per day.

The writer as a damned old concrete dam man, who
first became concerned with some of the practices of
concrete dam construction of the late Thirties and
crganized and was for years chairman of the ACI Conmnnmittee
on Mass Concrete for Dams, feels that in the United States
we have now reached a degree of perfection in guality
control with respect to construction practices and the
processing of materials that is unnecessarily high. 1In
other words, perhaps we are now making concrete dams in
this country that are too gocd. Certainly they are much
more perfect than those to be found in the present-day
construction of almost any other country in the world.

The author stresses the advantages of continuous
operations as against the batching operations such as have
long been in vogue. The writer agrees with the author, but
the writer would also stress the importance of reducing the
number of operations as also being an important factor in
rapid construction. When one thinks of the large number of
operations which are involved in the use of aggregates from
the raw materials stage to their final resting place in the
dam, it makes one’s head swim! : ) .

: radand, de Cabeza

The author bases his investigations on the cohesion
factors, which is proper, but the writer believes it should
be pointed out that the situation is somewhat different
when the cement is employed than when one depends upon
cohesion which is due simply to compaction. As the cement
hydrates, a chemical bond develops, the effects of which
the writer believes to be quite different than that due to

! Read by Panel Member J. A. Veltrop
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compaction alone, such as would be the case in the rockfill
dam. It seems obvious that a concrete dam built by
continuous methods for which the upstream and downstream
faces would not be 3 to 1 as is‘'a rockfill dam, but perhaps
as steep, or steeper, than 1 to 1, would lead to very large
savings in cost over that of the shape of the conventlonal
concrete gravity dam. B

The writer’s one suggestion would be the employment
of a scmewhat more conservative estimates of costs, feeling
that such a paper should be on the conservative side when
we are dealing with costs which are, after all, only
estimates.

With many of us who have long been in the dam
business, the construction of a  gravity dam without
transverse contraction joints, without transverse forms,
and without construction joints has long been a dream. The
writer would now go further, by methods such as Professor
Raphael has considered, the writer believes that there is
a possibility of building a concrete gravity dam without
longitudinal forms. Think what a saving that would be!

- Economical methods of construction are almost
impossible in a dam which has been designed with a
multitude of openings of various sizes and shapes. The
writer has in mind the possibility that the continuous
construction <c¢ould be built on a special concrete

grouting and drainage, and any other openings which might
otherwise be in’ the body of the dam. Obviously, to take
advantage of Professor Raphael’s suggestion for continuous
placement, we need to have a dam that is without openings.
The penstock and spillway sections would need to be built

by conventicnal methods. gﬂé:’m-{* B0 sicsns sue 52 hiro

The very lean concrete dam such as Professor
Raphael apparently has in mind, would require that the

upstream face have an impervious membrane which could be

. ‘0{\

AN
&L
foundation which would contain a foundation gallery for? h

Ermm

A OITEY

cemented, or in some way attached to the face of the main

structure. Also, there might be cases where insulation
would need to be provided to prevent deterioration from
weathering. ‘

Here we have many problems which could be solved
only by an extensive, long-time program of research, such
as might be properly undertaken by one or more of the large
concrete research laboratories concerned with hydraulic
structures, such as the Bureau of Reclamation Laboratory in
Denver, or the Corps of Engineers Laboratory in Vicksburg.

)
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Oroville Dam

Duenc:

Generales

Melha de Ltermina --
cidn

Eambalse :

Capacidad cotal

Capacidad deil

Alcora olimenracidn

Jdel lacho del rio

Lonyg. de la Corona’

Vertedor -

Tipo

Longicud de Cresta

Max. de des -
carga -

Carga Max.

Hidroelectrica

Capacidad instalada

N y cipo de unidades

Cua.ga nominal

Generaclidn max. libre
Capacidad de robombeo

Nacos

Ly v AR R Ry et £

H

_Depro._de Recurses del. Agua_del_Estadco de _California—._ . . .

Tecnices

R et e, catrerd

idin,
Inundacisnes, vecreativo.

Je

callfernia /

o —leme
Foagnes

@, 380 Km? [3.511 miz?)

SL,d N it (o, dd, (o e )

4,302 ig? (3,538,000 acre-fc)
{2,656,000 acre-ftc)

(15,800 acres)

Hateriales yraduados

234w {2700} /226 m (7427)

1,700 m (5,600 f¢)

61,300,000 m? (80,000,000 y»d’i

Controlado con ocho comwpnerias, ca -
nal de emerqencia, cimacio libre pa-
riemelyoncia.

570 m (1871’) combinado.

17,700 m?'/s combinado.

31.4 m (103"} combinado.

Dos bocaromas sobre ralud, tiineles -
y Lubeeia o prosidn y casa deofidgul
nas subterraiea.

675 MW

J Tutbinas franels v 4 Lrancis podi-

ficadas turbina-bomba.
L¥s w (615")

187 m'/s (IG,QOO'Cfs)
158 m'/s (5,600 ¢fs)

.. P — Y

2.F
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s
Ross Dam
luelo : Pepto. de Luz de la Ciudad de Seatcle
Dacos Tecnfcos

Generales : ' ' =
Srdpevivo Cevpe b cneead Didees b Ced cny covi -

teod T dde aveti i, ot e i Lo, '
Lucal lsdcidn Washingeen / Newhalem.
Eio. / Cludad
Ric Sragit
Ar2d Cuenca dronada 2,531 RKnq
GASCO wmaN regiscrade 1,800 m'/s (Mov., 26/1900)
Egghas Je Cooscrue - 1937 - 1940 ( lera. ectapal;
cian 18946 ( 2da. ezapa };

[229 ( 3ra. etapa );

1952 -.1967 ( energlia )
Eniieiise -
Cazacidad cozal 1,713 Hm?
Cacacidad Joil 1,360 Hml
Araea - i, 360 ha,
Curiing ;
Tipo Arco boveda de concreto de espescr - -

variable,,
Altura desde la 165 m (540 Ft)

imentacidn

I ~ 8.0 m (19840)
IT - (5.7 m {(1946)
IIl - 30.5 m (1949)

bia pilancade una IV erapa de 36.9 wm wis para una altura
a de 201.5 m (661'), pero se abandond por el rracado con - -
Cuadada on 1954,

b— iy
o
o
v
vy

Long. de la Co- 330 m (1,246 ft)

rona i

Ancho-arriba/Base 10 om (33 Fe)/ 63 m (204 ft)

Vol. de la ceortina 695,000 m?® (909,000 yd' de concreto)

Vertedor

Numero 12 de 6.1lm x 6§.2in (20 fr x 20.5 ft)

Cap. max. de des - 3,600 m?’fs (127,000 cfs)

carga

Valvulas de Salida 2 valvulas de 1.8 m (6 fr} @ conduc-
tos a dos niveles.

Cap. max. de des - 240 mi/s,

carga

Proce traeesbows cder 200 e 03y WY e e
Fevting. oony eempuertoes de puedass peiea -
tuberias de 4.90 @. ’

Capacidad instalada 450 M,

Ne y ripo de unidades 4 turbinas Francis, 1 Newport nueva-
y 3 Baldwin. ?7
arga neminal 108 w 355 [t-). 9”



DWORSHAK DAM

Sueds : Distriro de Walla Walia Cuerpe de lngeiicros de la

allimacidn

pdo. /Ud. corcana

cuenca
ranis-

LI...EL-“O

Fecha de cermina-

cidn

Fbalse ©

Capacidad toifal
Copacidad deil

Area (max.inund.)

Cortinnt :
Tipo

Alcura desds la
cimenvacidn

Long. de la Coroaa

vol. de Concreto

Vertedor . .

Tipo

Long. de la Cresca

Cap. max. de des -
carga

Salidus al Riv :

Gasto max. de des-
carga
Hidroelectrica

Tuburia doe presion

Capacidad instalada

N° y cipo de unlida-
das

Carya nominal

Armada -de- ios—E.E.U.U.

ares

Toonicos

Concro! de Tnundaciones, energia, -

swum. de agua potable.

Idaho / Orefino,

Horch Fork Clearwater.

6,322 RKm?.
2,830 m /s,

Mzo. 10 do 1973,

4,280 fim?,
2, dimt

63.2 Km?.

De Cravedad de ejfe recto.

219 m (717 f¢

1.002 m (3,287 [ft)

5,025,503 ! (6,572,722 yd*).

Seccidn vertedora con cemp. radiales
con cangue amortiguader.

3.5 m (Loe fc).

4,000 m'/s {150,000 fr'/s).

3 cond. rect. & medio nivel de 3.7 m
x 5.2 m a traves de la cortina.

02,130 mi/s {40,000 cfs).

r

o oo o e Fde 4 my
4 cde 5.8 1.

400 MW (fucuros 660 MW).

3 Turb. Francis Z dd w0 MW y L de --
220 MW.

170 m (560 f£L).




CONCRETO COMPACTADO CON RODILLO CCR
LA PRESA DE GRAVEDAD OPTIMA
Por el Prof. Jerome M. Raphael (1) F ASCE
Del Libro Roller Compacted Concrete III ASCE.

El concepto de colocar y caompactar concreto de materiales de
agregados mezclados con cemento y usando equipos a carriles se ha
usado en las principios de la decada de los 60s para el corazdn
de una ataguia de terraplen de éL4 m. de altura de la Presa
Shihmen en Taiwan. La aplicacidn- , llamada concreto rodillado por
" su descubridor John Lowe III, fue mAs tarde exitosamente empleado
para reparacion en la Presa Tarbela. LA PRESA OPTIMA DE GRAVEDAD,
por Jerome M. Raphael Profesor .de Ingenieria Civil de 1la
Universidad de California, Berkeley. F. ASCE. Corresponde al
notable ingeniero de presas Jerome M. Raphael, ciertamente las
ideas sobre el empleo del concreto rodillado en las presas. En su
trabajo "“La presa de gravedad optima" presentado en la
conferencia del ASCE en Asilomar California en 1970 sobre la
construccitdn rapida de presas de concreto donde é1 propuso el
concepto de colocacidén y compactacidn de materiales granulares en
grera con adicidn de cemento usando eguipos de compactacidn de
terracerias para construir una presa £on una seccitn trapezoidal
fué en la tecnologia de vanguardia en la construccion de presas
de concreto rodillado (CCR) una revolucidn.

Los conceptos de Jerry Raphael sobre como construir una presa de
gravedad de concretg rapidamente y a bajo costo fueron seguidos
en los primeros disefos por el Cuerpo de Ingenieros para la Presa
Zintel Canyon, una de las primeras Presas propuestas para ser
construida enteramente de CCR.

En coneccién con la sobre—elevacidn de la Presa Ross, Washington
hasta su Gltima altura de 635° (193.50 M), era necesario
determinar las propiedades estructurales del concreto masivo de
la presa existente. Por 1lo tanto fueron perforados desde la
corona de la presa hacia abajo hasta una altura de &5’ (20 M.),
barrenos con la obtencidn de nucleos. De éstas, un numero de

gspecimenes de 19" x 38" (48x96 cm.) cilindricos fueron hechos vy
probados en la U. de C. para resistencia a 1la compresidn, a la
tensidn, cortante, modulo de elasticidad, vy deslizamiento
(Creep) de 1los 25 afos del concreto viejo. Estos fueron

probablemente los especimenes mas grandes de concreto masivo que
se han probado triaxialmente. La medida grande era necesaria por
los agregados de 6" (15 cm.) tal que los resultados de los
esfuerzos no se reflejaran indebidamente con la influencia del
tamario de una particula o de la frontera de un grano. Con algunas
ligeras modificaciones, 4 un gran trato de suerte, las
instalaciones de pruebas de 1la Universidad de California fueron
usadas para las pruebas triaxiales.

Seis cilindros fueron probados, dos para cada presion lateral de
cern, 750 vy 950 psi (0, 653 y &7 Kg./cm2). Como se suponia, el
concreto tenia gran resistencia. Bajo condiciones normales de
carga y sin presiédon lateral, el concreto tenia en promedio una
resistencia a la compresion de 7200  psi (505.5 Kg./cmz2.) Con el
soporte de la presién lateral de 950 psi (67 Kg/cm2), el concreto
tenia una resistencia Gltima a la compresion de 12,000 psi (842.4

Kg./cm2).
25



HOJA No. 2

El diagrama-de Mohr dibujado en 1la Fig. 1 muestra tres circulos
promediando las resultados de cada +tres pares. de cilindros
probados. Muestran que el concreto tiene una’ resistencia al
cortante de- 14600 psi (112.3 kg/cm2.), vy un Angulo de friccioén
interna, #®, de L2°. Este angulo tomado desde la envolvente de
Mohr se corrobord por un especimen el cual falld diagonalmente en
corte en la maxima carga a un 4Angulo de &8° con el plano
transversal.

El Angulo de friccidn interna medido en la Presa Ross es casi
exactamente el mismo que el 4&ngulo de fricgcién interna del
respaldo de material de la Presa Oroville una presa de tierra vy
enrocamiento que utilizé gravas del rio trabajadas por el -dragado
del oro en &l fondo del valle cerca de Oroville, California. En
realidad, ambos agregados que derivaron de fuentes algunas 700
millas (1126 kms.) separadas, vienen de condiciones geoldégicas
notablemente similares. Ambas son gravas duras redondeadas
- graniticas derivadas esencialmente de montafas de granito.masico,
una en la sierra Nevada y la otra en Cascade Range.

Esta similitud de los angulos de friccitdn interna del concreto y

de las gravas consolidadas permiten a la siguiente especulacidns

iSon el concreto y el pedraplén simplemente dos extremos de toda
una clase de materiales con variacidn en el grade de cohesidn,
dependiendo en la cantidad relativa de materiales cementantes?.:

El siguiente pasoc en este orden de ideas es simple:

La resistencia ultima a la falla de ambas presas de gravedad de
concreto y presas de enrocamiente es la estabilidad de 1la masa,
en la que 1la fuerza de gravedad juega, una gran parte. {Podria
ser que las presas de gravedad de conecreto con sus volumenes
pequerios de concreto costoso, Yy las presas de enrpncamiento con
sus volumenes grandes de material de relleno baratc son
simplemente los puntos extremos de toda una clase de presas de
‘gravedad variando continuamente desde la una hasta la otra? Como
una primera aproximacion, se podria postular que la presa de
gravedad dptima podria tener un volumen intermedio entre la presa
de gravedad de concreto y la presa de enrocamiento y hecha de un
material con un contenido de cemento intermedio entre ésta de
contenido de cemento cero de la presa de tierra vy enrocamiento vy
la de contenido de cemento maximo de la presa de gravedad de
concreto. Esta ponencia describe la investigacidn para la presa
de gravedad dptima.

PRIMERA APROXIMACION- EL ESPECTRO CONTINUD. (FIG. 2)
La primera idea a ser examinada és si un espectro continuo de
materiales puede ser postulado entre concreto masivo de un lado vy

el pedraplén del otro.

Esta idea serd examinada desde el punto de vista de produccidn y
de las propiedades de los materiales.

N b
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La Figura 3 muestra el diagrama de flujo para la construccidn de
la presa de tierra y enroccamiento de Oroville, equipada para una
produccidn promedic de 570C Tons. por hora, o mas de una y media
tonelada por segqundo. Una excavadora de rueda de conjilones
excava la materia prima directamente desde el terreno a un

transportador de banda de campo de 54" (1.37 m.) de ancho gque.

mueve el material aproximadamente 3 millas (L.8& Km.) a un gran
almacenamiento apilado a través del cual corre un tanel de
recuperacién con diez compuertas automaticas. Cuarenta trenes de
carros fueron cargados de diez carros a la vez en éste tunel de
recuperacién, el total de operaciones tomando aproximadamente 14
minutos. El tren se movia cerca de 20 millas (32 Km.) a una
estacidn de carga consistiendo de un empujador automatico de
trenes y un sistema de volteo de rotacidn capaz de voltear dos
carros a la vez.

De ahi los materiales son movidos a través de una serie de
transportadores a wuna tolva para camiones de 1000 ton. de
capacidad capaz de cargar =2 vagones de llantas de 100 ton. de
capacidad simultaneamente. Un numerc suficiente de estos vagones
fue provisto para mover el material continuamente hasta el punta
de depésito en la presa.

Los montones sobre la presa fueron entonces extendidos por un
dozer y compactados por un rodillo vibratorio. La produccidn
diaria de este trabajo fue de 100,000 vyardas cubicos (76,460 m3)
y el precio de contrato para el material colocado en la presa fue
de 79 ¢ de dolar por yarda cubica (103 /m3) Se colocd un volumen
de 80 millones de yd 3 (61 millones de m3) (pag 8646} y se termind
en 1967,

La figuera 4 muestra el diagrama de flujo para la produccidn de
concreto masivo en la Presa DWORSHAK una presa gravedad de alta
produccion de concreto. La roca excavada en una cantera es
cargada a camiones y volcada en 21 centro de la cantera en una
lumbrera que la lleva a los molinos de trituracidn, moviéndose
desde ahi por bandas transportadoras a una pila de almacenamiento
y por otro transportador de banda a la parte superior de la
planta mezcladora de concreto donde es 1lavada vy separada en
tamamos. Desde ahi cada tamafio es separadamente revuelta y
combinada con cemento y agua en mezcladoras. De ahi el concreto
es movido en carros de transferencia equipados con dos tolvas de
ocho yardas ctibicas en un estribo repartidor donde es volcado en
el interior de cubos de & vyardas cithicas (6 m3), elevado por un
cable via, vy llevados a las cimbras. Después que el concreto es
depositado, se consolida por medic de vibradores manuales. Cada
cubo tiene un recorrido redondo de una milla. La tasa de
produccidn diaria para este trabajo ha sido de 10,000 vyd3 (7646
m3) .

Es facil ver que hay un orden de magnitud décimal de diferencia
(1/10) entre el rendimiento de produccidén de terracerias respecto
de los materiales de concreto. Incrementando el redimiento de
produccién de los materiales para concreto, es por supuesto el
‘principal tema de esta conferencia. :

A
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Se sugliere con firmeza aqui, que la principal diferencia en los
rendimientos de produccidn de los dos materiales EGSTA EN EL FLUJO
CONTINUO DE LOS MATERIALES PARA TERRAPLEN Y°' EN EL’ FLUJO
INTERRUMPIDO DE LAS REVOLTURAS DE CONCRETO. .

Si el concreto masiva pudiera producirse, revolverse,
transportarse, depositarse y compactarse en una operacion
continda, s2ria posible aproximarse a los altos redimientos de
produccion de los materiales de tierra.

Amplias discrepancias pueden también. encontrarse en los
materiales wmismos. Iniciando con un concreto masivo tipico,
digamos de 4 sacos de cemento por yd3 vy con un peso volumetrico
de tal wvez 155 1lb/pied (24843 kg/m3.}, una serie de mezclas se
pueden disefar progresivamente con menos cemento hasta poner cero
contenido de cemento, cuyo peso aun seria de cerca de 153 lb/pie3
(2451 kg/m3). :

En realidad la Oficina de Reclamacitn y la Universidad de
California usaron tales mezclas sin cemento desde hace muchos
anos para estudiar las vibraciones del concreto.
Los materiales de terracerias para una presa, pesan del orden de
138 lb/pie3d (2,211 kg/m3), v anadiendo progresivamente
porcentajes mas altos de cemento tanto como 4 sacos de cemento en
una yd3 de material de relleno y empleando los 3 métodos de
compactacion para estos materiales que resultard en una mezcla de
tierra y cemento pesando aproximadamente 140 lb/pie3d3 (22u43kg/m3).

Como se muestra en la Fig. 5, la discrepancia estd en la cantidad
de aire y agua rellenando vacios en la mezcla.

El volumen de aire y ‘agua en el concreto masivo probablemente
anda en el rango de 10 a 15 porciento y en el de pedraplén de 20
a 30 porciento del volumen de la masa es aire y agua.

En adicidn al contenido de humedad y al grado de compactacidn, la
propiedad importante del material que determina la estabilidad o
la resistencia de una masa al cortante son la densidad, cohesidn,
y el Angulo de friccién interna. En general la densidad es una
funcidn del contenido de agua y por la compactacion, vy el angulo
de friccion interna se relaciona a la naturaleza y graduacidn del
material de relleno, pero la cohesidn puede variar con el
contenido de cemento. La Figura & muestra las cohesiones
determinadas de los resultados de las pruebas triaxiales de un
numero de concreto masivo vy materiales de relleno, graficados

contra el contenido de cemento. Los materiales individuales -

tienen grandes variaciones en el Angulo de Friccidn interna desde
24 a uwo°, pero la cosa importante a observar es que los
materiales de relleno en . promedio tienen cerca de 10% de la
cohesidn del concreto masivo, para el mismo contenido de cemento-
un orden de magnitud decimal diferente.

1
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De aqui, como se ha ya sospechado, el relleno de tierra y el
concreto son dos materiales diferentes aun cuando derivados
esencialmente de los mismos ingredientes naturales. La diferencia
estid en el metodo de compactacién, y de ésto del grado de
compactacidn, teniendose en cambio una gran diferencia en costo.

Junto con las discrepancias en la propiedad de los materiales y
rendimientos de produccién de relleno de tierra vy concreto
masivo, hay tambien un cuantum de salto en costo.

La Figqura 7 muestra como los costos varian con la cantidad de
cemento para los dos tipos de materiales. En la parte superior de
la figura puede verse costos recientes en contratos para concreto
masivo de un ndmero de presas de concreto, y la linea muestra
como los costos podrian ser reducidos progresivamente por
reduccidn de la cantidad de cemento hasta cero. Aun si no hubiera
cemento en el concreto masivao, si este es el términoc que pueda
ser empleado, la mezgla adn tendria costo considerable si se
progresa a traves de la linea de produccidn tipica del concreto
masivo.

La linea de mas abajo es una estimacidén de los costos en la
colocacidn de rellenos de tierra epriquecidos con cemento.

Estos estan basados en costos para los rellenos de tierra de

%1.00 dolar por yarda cdbica y un costo para el cemento de $1.00 .

dolar por saco con aproximadamente un 10 porciento de cargo por
mezclado - de el relleno de tierra. Este cargo no es demasiado
lejos de 1l1la linea que se ve de laos puntos del dibujo en el
diagrama gque representa los costos reales del talud de proteccidn
de suelo-cemento en 35 presas. Adn para tales dificultades de
colocacién en una cara de trabajo angostos, los costos se
decrementan rapidamente como se incrementa el volumen.

Con el area de trabajo abierta de una presa de tierra, los costos
serian como se muestra por la linea de mas abajo.

El espacio amplio entre las dos lineas cercanamente paralelas es
‘una region_ que nunca serad tenida por el concreto mientras sea
mezclado vy colocado por métodos radicalmente diferentes de
aquellios empleados en el presente.

LA PRESA DE GRAVEDAD OPTIMA.

Concedidas las tremendas discrepancias en los costos vy
propiedades las tremendas discrepancias en los costos vy
propiedades de los materiales enriquecidos en rellenos de tierra
¥y los materiales empobrecidos del concreto masivo, en seguida es
aparente que hay parecer de grandes ventajas investigando las
posibilidades del inriquecimiento de los materiales de suelo.
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Se ha tenido un ndmero limitado de investigaciones del efecto
sobre cohesidn y el angulo de fricecidn interna de - suelos

enriquecidos con cemento. En general, estas han mostrado que el
angule de friccidn interna gueda relativamente sin cambio por la
adicidn de cemento, pero que la cohesidn se incrementa

proporcionalmente al contenido de cemento. Como se muestra en la
figura &, esta adicidén a la cohesidn de los materiales de relleno
es de ningun modo tan grande como la cohesidn producida por la
misma cantidad de cemento en un concreto masivo, ‘pero es
significativamente grande, y es suficientemente grande para
efectar! la estabilidad de 1las presas de tierra.— La Figura &
resume un numero de i1nvestigaciones, 1incluyendo enteramente una
variacidn en el tipo de terraplenes usados. La linea de mds abajo
es representativa del incremento de cohesidn con 21 contenido de
cemento para un relleno de material granular, vy es la relacion
usada en el analisis Que sigue. Comparado con los resultados de
las pruebas triaxiales del concreto .masivo para las presas
Dworshak y Ross, rellenos de materiales enriquecidos con cemento
tienen cerca de un décimo 1la cohesiédn del concrete masivo.
teniendo el mismo contenido de cemento. Esto es probablemente el
principal resultado de las mas dispersas estructuras de los
materiales de relleno comparados a los concretos masivos mas
cuidadosamente consolidados.

Un numero de fuentes estan disponibles mostrando las relaciones
entre-la densidad, ecohesidn y angulo de friccidn interna de los
materiales de relleno con 1los taludes vy seguridad de un
terraplen. Como un punto de inicio los graficos fueron empleados
por el cuerpo de Ingenieros en su manual de disefio para examinar
la estabilidad de una presa simétrica de 200’ (61 M.) de altura,
" con una corona de 30‘ (2.15 m), cuyos taludes se fueron parando
progresivamente desde 3:1 a 0.5:1, como se muestra en 1la Fig. 8.
Para un angulo de fricciédn interna dado y tamhién un factor de
sequridad, la cohesidn reguerida varia con los taludes como se
muestra en la figura 9. Para el factor deseguridad en particular
empleado, los taludes requeridos deberdn ser 3:1 para cohesion
cero, y los taludes pueden hacerse progresivamente mas parados si
se anade suficiente cemento al material del relleno para producir
la cohesidn requerida mostrada. Para factores de seguridad mas
bajos se requeriri menos cohesidn y menos cemento. ALTOS FACTORES
DE SEGURIDAD REQUIEREN MAS COHESION Y MAS CEMENTO.

lLa seleccidn de un factor seguridad para un disefo real requiere
mucho estudio. Es bien conocido que factor de seguridad tipicos
para la estabilidad de presas de tierra esta alrededor de 1.5 vy
correspondientemente el factor de seguridad para las presas de
gravedad son aproximadamente 4.0. Esto refleja el comportamiento
plastico de los materiales de los rellenos de tierra yv 1o fragil
en la fase de falla del concreto. Por motivo de este argumento,
v con un ojo en el comportamiento esperado de los materiales de
rellenc enriquecidos con cemento, un factor de seguridad de 3.0,
fué empleado para rellenos con cemento enriguecido en 1la
discucidn siguiente. :
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Aceptando estos valores requeridos de cohesién por:- los mot ivas
argumentados, La figura & puede emplearse para determinar el
caontenido de cemento requerido para cada talud, como se muestra
en La figura 10. Estos valores se pueden entonces combinar con
los costos dados en la figura 7 para determinar el costo unitario
de los materiales de relleno requeridos para cada forma
caracteristica de la presa.

Considerando una corona de 30’ (2.1% .m.), vy taludes iguales
aguas arriba vy abajo, la variacidn de volumen por pie de una
presa de 200’ (&1 m.), de altura con los taludes aguas arriba y
abajo, se muestra en La figura 11. Por comparacioén, el volumen de
una presa gravedad se muestra con una linea horizontal punteada.

Combinando volumenes y costos unitarios para cada talud,
producimos la curva mostrada en La figuera 12, 1la cual indica
como el costo por pie de longitud de presa varia con los taludes
de las caras de aguas arriba y abajo. Se puede ver que el costo
total de la presa no se afecta relativamente por el
enriquecimiento del material de relleno en los taludes tendidos
en 21 rango de 2:1 a 3:1.

Sin embargo, si el talude es parado a tal vez 1:1 se puede ver
una economia significativa. La presa teniendo taludes de 1:1
solamente costard cerca de 3/4 gque la presa que tiene taludes de
3:1. Esto no es todo el cuento, por supuesto, asi otras cosas
siendo iguales, el tiempo para construir la presa de taludes 1:1
debe seer gruesamente 1/3 que el tiempo requerido para producir
la presa de taludes 3:1, vy ahorros significativos en dinero
envuyelto en la construccidn de la planta gue se pasa a los costos
de construccidn. Se puede ver que el costo de la presa de taludes
0.5:1 la cual tiene aproximadamente el mismo volumen de una presa
gravedad de concreto de la misma altura, es sélo cerca del &0 %
del costo de la presa de tierra con cero contenido de cemento.

Para comparaciédn, se podria mencionar que el costo por pie de
longitud de una presa gravedad de concreto de 200’ (61 m) de
altura, considerando s0lo el costo del concreto masivo vy
excluyendo los costos de enfriamiento y otros conceptos cargados
por separado, seria del dorden de % 15,000 U.S5.D. por pie de long.
de presa (1970).

CONCLUSTONES .~

Se ha presentado agqui un metodo para optimizar los costos de una
presa variando las propiedades de los materiales y la forma de la
presa para producir el mds bajo costo, para realizar la tarea
requerida de poner una barrera al agua.
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Se reconoce gue se requiere un namero de. puntos mas de
investigacion. E1l mezclado del cemento con los materiales de
relleng no debe ser un problema. El1l cemento y los materiales de

relleno 52 pueden alimentar continuamente desde los
"transportadores de revocltura dentro de un amasador de rotacidn
{pugmill) descargando continuamente sobre otra banda

transportadora llevandose el material al terraplen. Considerando
que la estructura es mds abierta para estos rellenos de cemento

enriquecido, es necesario investigar la determinacion del
problema del flujo de calor para este tipo de construccidn
particular, Y donde pueda ocurrir unn cambio volumeétrico

importante. Se deberan tomar precauciones especiales en los
taludes de aguas arriba y abajo de 1 rellenc, para que se pueda
visualizar rapidamente una maquina especial que forme camellones
compactados inclinados en estas caras cdmo las maquinas que ahora
resaltan el encintado en el concreto asfdltico compactado en los
extremos de las autopistas. Gardon Ball tiene ya un artefacto con
un rodillo especial que viaja en la parte superior del terraplén
y rueda a los lados el talud para prevenir desmoronamientos. Ya
que el mezclado es imperfecto, la hidratacidn en el lugar de
colocacidn puede llevarse mas tiempo que en comparaciédn con el
del concreto masivo.

Indudablemente mucho del agua de hidratacion puede venir del agua
penetrando 1la masa durante el servicio. E1l efecto de esta
hidrataci®on retrasada ean la elevacidn de 1la temperatura,
resistencia ganada, cambios volumeétricos, ' y agrietamiento deben
ser estudiados. Y finalmente ( Como decresera la cohesidon en
cualquier forma por el agua percolada a traves de la masa durente
los anos de servicio?. todas estas cuestiones pueden .ser
contestadas con suficiente dedicacidon. El1 ahorro potencial parece
asi aparente, que el esfuerzo se debe hacer.

DISCUSION POR RAYMOND E. DAVIS.

El autor se congratula de los metocdos cientificos vy cualitativos
que ha presentado el profesor Jerome M. Raphael, para las
proporciones de wuna presa gravedad de concreto, con taludes
iguales aguas arriba y abajo que podria bhacer posible la
construccidn continua con un  volumen minimo de concreto. En la
ponencia el autor compara la practica presente de construccidn de
una presa grande de concreto en la que el rendimiento masivo de
colocacidn es del orden de 10,000 vyd3 por dia, con las practicas
que son empleadas en la construccidn de una presa de enrocamiento
tal como la de OROVILLE, donde el rendimiento de colocacion
promedio cerca de 100,000 yd3/dia. (76,460 m3/dia). ~

(,J‘b
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.
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El escritor como una demanda de un hombre viejo en 'ﬁresas, quien
primero llego a estar con la concerniente con algunas de las
practicas anteriores en la construccidn de presas de los udltimos
treinta anos y organizd y fué por muchos arnos jefe del comite del
ACI sobre los concretos masivos para presas, sintiendo gue en los
EE.UU. ahora hemos alcanzado un grado de perfeccidn en 21 control
de calidad con respecto a las practicas de construccion vy el
procesamiento de materiales que es innecesariamente alto. En
otras palabras, tal vez nosotros ahora fabricamos concreto para
las presas en este pais que son demasiado buenas. Ciertamente
ella son mucho mas perfectos que aguellas que se encuentran hoy
en construccion de entre cualquier otro pais del mundo.

El autor acentdua en 1las ventajas de 1las operaciones continuas
contra las operaciones de revoltura tal como se ha tenido
largamente en boga. El que escribe estd de acuerdo con el autor,
pero tambien hace hicapie &n la importancia de reducir el ndamero
de operaciones siendo esto, un importante factor en la
construccidn rapida. Entonces se piensa en el ndmero grande de
operaciones que son involucradas en el uso de agregados desde la
2tapa de materiales naturales a su lugar final en 1la presa, iEs
nadar uno de cabeza!l. :

El autor basa sus investigaciones en los factores de cohesidn, lo
cual es propio, pero el que escribe piensa se debiera puntualizar
ademas que la situacidn es algunas veces diferente cuando el
cemento es empleado, que cuando uno depende de la cohesidn, gque
es debida simplemente a la compactacidn. Como el cemento se
hidrata, wuna unidn quimica se desarrolla, cuyos efectos el
escritor piensa sean enteramente diferentes que cuando es debido
a la sola compactacidn, tal como seria el caso en una presa de
enrocamiento. Parece obvio que una presa de concreto construida
por mé&todos continuos para los que las caras de aguas arriba vy
abajo no es 3:1 como lo son en una presa de enrocamiento, sino
tal vez tan escarpado, o0 mas escarpado que 1:1, dejaria ahorros
muy grandes en costos sobre los de la forma de la presa de
gravedad convencional.

Una sugerencia del que escribe seria el empleoc de algo mas
conservador en la estimacidon de costos, sintiendo que tal
ponencia seria del lado conservador cuando estamos tratando con
costos que son, despueés de todo, solamente estimaciones.

Con mucho, de guienes hemos estado bastante en el negocio de las
presas, la construccidn de una presa de gravedad sin juntas de
construccion transversal, sin formas transversales y sin juntas
de construccidn ha sido largamente sofiado.

El que habla, ahora ird mas lejos, por métodos tales como los del
Profesor Raphael ha considerado, el suscrito piensa, que hay una
posibilidad de construir una presa de gravedad de concreto sin
formas longitudinales. iPienso que habria un ahorrea!.

+
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,Metodos ecoquicos de construccidn son casi imﬁnsibles ien una

presa que ha sido disefiada con una multitud de aberturas de
varios tamaros y formas. El suscrito tiene en mente la
posibilidad que la construccién continua seria construir sobre
una cimentacion especial de concreto 1la cual contendria una
galeria para inyectado y drenaje de la cimentacidn, y cualquier
otra abertura que de otra manera estara en el cuerpo de la presa.
Obviamente para tomar ventaja de las sugerencias del Profesor
Raphael para colocacidn continua, necesitamos tener una presa
sin esas aberturas. Las tuberias de presidn y seccion vertedora
necesitarian ser construidas por metodos convencionales.

iIna presa de concreto pobre tal como el Profesor Raphael tiene en
mente, requerird que el talud de aguas arriba tenga una membrana
impermeable 1la cual podria ser cementada, o en alguna forma
fijada al talud de la estructura principal. También podria ser el
caso donde se necesitaria prever un aislante para prevenir
deterioracidn del intemperismo.

Aqui tenemos muchos problemas que se podrian resolver solamente

por un programa extensivo a largo plazo de investigacidn, tal
comp podria ser propiamente emprender - por uno o mas de los
grandes laboratorios de investigacion del concreto concernientes
con estructuras hidrdulicas, tales como los laboratorios del
Bureauy de Reclamation en Denver, Col. o de los laboratorios del
Cuerpo de Ingenieros en Vicksburg.
BIOGRAFIA DEL PROFESOR EMERITO DE INGENIERIA CIVIL, JEROME M..
RAPHAEL .
(1912 - 194%9)

Nacid el & de junio de 1912 en Boston Massachusetts. Después de
terminados sus =sstudios de bachiller en ingenieria civil en el
Instituto Tecndlogico de Massachusetts en 1934%, ©1 apoyd el
programa en emprender 21 grado de Maestro. '

Su tesis fue sobre el topico de las propiedades estructurales del
concreto de cemento Portland.

El ingresd como empleado en su seleccidn de campo en 1935,
iniciando en el Cuerpo de Ingenieros el desarrollo de los
procedimientos de instrumentacidn para la mediciédn de esfuerzos
en la presa Tygart, una presa grande de gravedad de concreto, a
la sazdn en construccidn en el oeste de Virginia. Después que se
termind este proyecto se unid al Bureau of Reclamation de los
EE.UU. donde sus primeros trabajos fueron sobre el desarrollo de
un programa de instrumentacidn para medir el comportamiento de la
Presa Shasta, California. La culminacidn de estos trabajos,
despu#s de afos de estudio de medir 1 comportamiento de la
estructura, fue un documento publicado en 1953 en el Transactions
de ASCE titulado "El desarrollo de esfuerzos en la Presa Shasta”
Calif. Le fuE concedida la prestigiosa medalla Moissieff del ASCE
por #ste notable trabajo que provelld nuevos conocimientos de
tales presas mayores de gravedad, ajustadas a sus cargas.
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En 1953, el Departamento de Ingenieria Civil de la Universidad de
California, Berkeley lo reclutd para llenar el vacio de jado por
Profesor retirado R.E. Davis. E1 habia enserado y hecho trabajos
de investigacidn en relacidn a la tecnologia del concreto con
enfasis en concretos de presas. :

Purante sus 26 afos con la Universidad de California, Berkeley,
hasta su retiro en 1979 hizo muchas contribuciones a los

"programas de enseRranza  en Ingenieria Estructural, Mecanica

Estructural.

La parte substancial de investigacidn en la tecnologia del
concreto de presas que el produjo le gand a &1 un sélido lugar
entre sus colegas de profesion, tanto en EE.LU., como
internacionalmente.

El permanecid activo después de su retiro contribuyendo con su
experiencia dnica en nimerosas juntas en revisidn de diserio de
presas hasta su muerte a causa de un ataque cardiaco en abril 30
de 174a8%.

Tambien participo entre los aros de 19468 a 1975 en el buro de
consulta de la presa alta Ross. 5u penetracidn y entendimiento de
los problemas involucrados en el disefioc de las sobre—elevaciones
de esta presa alta de S40° {165 m.) en arco, para ctros 125’ (38
m.) fué muy ilustrativa y alentadora para fijarse cuidadosamente
en los concretos de presas. El fué wuna autoridad en la
construccion y en las pruebas ficicas de estructuras de pequena
ascala de modeloc de presas y de un programa de pruebas en modelos
estructurales a la compresitn de la Presa alta de Ross, llevadas
bajo su direccidn en la Universidad de California de Berkeley.

En este mismo tiempo el método de elementos finitos con la

capacidad de manejar problemas en tres dimensiones fue

precisamente llevado adelante por el auxiliado con sus pioneros

andlisis de presas en arco. Otra importante contribucidn hecha
por él fué un estudio extensivo de 1la resistencia del concreto
usado en grandes presas, incluyendo pruebas de laboratorio de
especimenes bajo tasas rapidas de carga para determinar las
caracteristicas dindmicas. El producto final de éste esfuerzo fué

un documento, publicado en 1984, sobre las relaciones de la

resistencia de los concretos masivos vy propiedades bajo
condiciones de cargas variando, el cual es adn como uyna
referencia clave en estos importantes aspectos. Un afo antes de
su muerte participéd con la seccidon No. 2 "Presas Gravedad de
concreto" del libro conmemorativo del XVI congreso Internacional
de Grandes Presas Titulado "Desarrollo de la Ingenieria de Presas
en los Estados Unidas” publicado en 1288, s una esm2rada
investigacidn, meticulosamente documentada y relato bellamente
presentado de la historia de las Presas de Gravedad de los
Estados Unidos.

W
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)¢ Sonel concreto y el Relleno de Grava simplemente dos ex -
tremos de toda una clase de materiales variando solo la Co -
hesion y que depende de la cantidad del Cementante ?

Il ) ¢ Podria ser que las Presas de Gravedad y las de Terraplen -
son simplemente los Puntos Extremos de toda una clase de -
Presas de Gravedad variando continuamente desde una has-
ta la otra ? '

lil ) ¢ Existe una Presa optima intermedia entre la de Terraplen y-
la de Concreto ?
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Contenido de cemento - sacos por yarda cubica

Variacién del Contenido de Cemento con el Talud,

.04 Aceptando los valores requeridos de cohesion segun et.factor de seguridad
adoptado la grafica de la Fig. (6) nos proporciona el contenido de cemento -
necesario. Y con esta grafica N° 10 &l talud. '
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CONFERENCE DEDICATION TO WALTER H, PRICE

8y. Jack W. Hilfl

WalterH, Price
1907-1982

[t is fitting that the Organizing Comnittee has dedicated the 1988
ASCE Specialty Conference on Roller Compacted Concrete to the memory of
Walter H. Price, F. ASCE. Nineteen years aqgo this month Walt Price
provided the impetus towards RCC in the United "States when he wrote a
memorandum to the Concrete Committee of the U. S. Committee on Large
Dams pointing out that less than ten percent of the dams built in the

1Consulting Engineer, Aurora, Colorado
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United States during the previous three years were constructed of
concrete. The implications for the future of concrete dams were clear;
build them more rapidly and economically or risk their- extlnctlon'

The reaction to this challenge was prompt and vigoroUs. Within 30
days an editorial in Engineering News-Record of March 6, 1969 commented
in part: o g

The technology of mass concrete construction simply has not kept {
pace with the art and science of earthmoving. It is time for a study’ A
into ways of reducing the cost of concrete dams...it is a process badly
in need of study and change...[Dams] must be conservat1ve1y des1gned and
carefully built., But it does seem that in all the years since Hoover
Dam there should have been more change in the bucket-by-bucket method
of =noving mass concrete into place. What's needed is a lot more
systems analycis and a bit less grandpa-ism.

One month later the Engineering Foundation Research Conferences
agreed to sponsor a S5-day meeting of a limited number of informed and
concerned individuals to investigate the design and construction
procedures for reducing the cost of concrete dams. The conference
format provided a free exchange of ideas and viewpoints in an
attractive, informal setting. Walter Price headed the Steering-
Committee and chaired this conference on Rapid Construction of Concrete’
Dams at Asilomar, California in March, 1970. Two presentations of
significance to RCC in that Conference were (1) G. Gentile's paper on
Alpe Gera concrete gravity dam in [taly which was constructed in thin
layers without internal forms wusing tractors equipped with internal
vibrators and (2) W. M, Wallingford's report on a 60-foot high gravity
dam in C(Canada built with slipformed upstream face and stepped
downstream slope of precast concrete blocks containing a lean concrete
dam body.

The 1impetus towards RCC in dams continued with a follow-up
conference two years later on Ecomomical Lonstruction of Concrete Dams
with- a new Organizing Committee, but at the - same location and
sponsorship. At that Conference R. W. Cannon of TVA presented the
paper, Concrete Dam Construction Using the Earth Campaction Methods,
wherein he described a test fill using a 15-ton vibratory roller to
compact 2-ft layers of 3-inch maximun size aggregate of a no-stump
concrete containing 94 pounds of cement and 130 pounds of fly ash per
cubic yard of concrete, This.paper was guoted at the Conference by Major
General J. W. Morris, then Director of Civil Works of the -Corps of
Engineers, as being the approach being considered for the Elk Creek Dam
which as you know is a major RCC dam now under construction in Oregon.

By special agreement with the participants of these Conferences,
the normally off-the-record presentations were published as Proceedings
of the Engineering Foundation Conferences by A.S.C.E. in 1970 and 1972,
respectively under the Conference titles. The innovative ideas in these
publicatigns are still worth reading today for those invoived with
design and construction of RCC dams.

-



. Malter_H. Price

—a—native—of—Schrievers—Louisiama, “was graduated
from Tulane University with a degree in Civil Engineering in 1930, He
was employed by the U. S. Department of the Interior's Bureau of
Reclamation in Denver, Colorado from 1930 to 1962 in "a career
pregressing from Junior Engineer to Head of Concrete and. Materials
Laboratory to Chief of Engineering Laboratories and Chief Research
Engineer. After retirement from the Bureau Walt was employed by the
the American Cement Company in €California from 1962 to 1972. He was
first Oirector ol Jechnicel Services, Uhen Technical Divector, o
finally Vice-President of the Company for the Pacific Southwest Region.
Walt was an active private Consultant in concrete technology from 1972
to his accidental death on a golf course on November 4, 1982,

A registered engineer in California and Colorado, Walt Price had
been a fellow, ASCL; DOirector of ASIM; Member of  the Executive
Comnittee of USCOLD; Member of the Prestressed Concrete Institute; and
President of ACI in 1957. His outstanding technical ability coupled
with strong leadership skills made him a valuable member and chairman
of many committees of these technical societies. He was the author or
co-autheor of more than 35 papers on concrete and concrete materials,
During his career he received four awards from AC! inciuding Honorary
Membership, the Award of Merit from ASTM, the U. S. Department of the
Interior's gold medal for Distinguished Service, and the Engineering
News-Record citation in 1970. He gave the Stanton Walker lecture inm
1972,

With this Specialty Conference of 1988, RCC is emerging from its
infancy and rapidly achieving maturity as a viable method of design and
construction. It is now appropriate for wus to dedicate this
confesence to the memory of Walter H. Price who, almost two decades
ago, initiated and promoted an idea for rapid and economical
construction of concrete structures.



ROLLER COIMPACTED CONCRETE DAMS--AN GVERVIEW

By John Lowe, 111%, F. ASCE

ABSTRACT

The development of roller compacted concrete for gravity dams is
traced from forerunners, through its use at the Shihmen and Tarbela Dam
Projects to Wiltlow Creek Dam and the Japanese Roller Compacted Dams.
The use of the abbreviation "rellcrete" 1is proposed for roller
compacted concrete following the soils Engineers' approach, “RCC" for
that following the Concrete Engineers’ approach and "RCD" for that
following the Japanese approach. The design of roller compacted
concrete dams is discussed considering stability against overturning,
stability against sliding, and thermal cracking. Recommendations are
made that roller compacted concrete dams be provided with an upstream
impervious membrane of vreinforced concrete having water-stopped
contraction joints, and with a curtain of drain holes at about the
upstream quarter point. Comments are made on methods of testing.

INTRODUCTION

oller compacted concrete is no-slump concrete placed by earthfill
methods. Because the concrete is brought to the dam site in trucks
instead of in buckets, and because compaction is by rollers instead of
by immersion vibrators, the rate of placement is much faster and the
cost of placement is much less than the cost of conventional concrete.
The cost: may be one-half and possibly one-third the cost - of
conventional concrete. Since the first roller compacted dams,
Shimajigawa, Japan, in 1980 and Willow Creek, USA, in 1982 were
constructed, there has been a steady increase in the number of roller
compacted concrete gravity dams proposed each year for design and for
construction. They are competitive in cost to embankment dams and arch
dams and have the advantage over embankment dams that they can be
overtopped with minimal, if any damage, during construction, should the
construction design flood be exceeded. Like arch dams and other
concrete dams, roller compacted concrete gravity dams generally reqguire
a rack foundation (although some low height dams have been built an
firm overburden). Such is not the case for earthfill and rockfill
embankment dams. The principles of design developed for conventional
cencrete gravity dams can generally be applied to the design of roller
compacted concrete gravity dams. However, roller compacted concrete
gravity dams require special features to insure imperviousness and to
control wuplift. Before discussing design featurec it is useful to

1Consulting Engineer, 26 Grandview Blvd., Yonkers, HY 10710; Retired
Partner, TAMS - Engineers, Architects and Planners, flew York, NY
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2 ' ROLLER COMPACTED CONCRETE .

review_the_development-of—roller—compacted concrete and to bﬁint out

that there are two approaches to the design of rolier compacted

concrete: ' the soils engineers' approach and the congrete .qngineers'
approach, ‘ : '
FORERUNNERS OF ROLLER COMPACTED CONCRETE )

The pltacement of concrete by carthfill methods fInvolves three
gperations:  transportalion from mixer to sile, spreading in lifts at
the site, and compaction. The forerunners of ro11er compacted concrete
were projects where the first fwo earthfill operations were used. At
Shihmen Dam, Taiwan in 1960, fill concrete for the foundation for the
powerhouse was transported from the batching plant te the site in small
dump trucks and spread with small bulldozers. Compaction was by
immersion vibrators. Similar construction was used for the entire Alpe
Gera Dam in Italy, completed in 196% (5). Vertical transverse joints
wer2 providad by a Joint cutter at this dam. '

The first roller compacted concrete used for a feature of a dam
project appears to be that of a stabilizing buttress at the toe of a
cliff behind the power house of the Yale hydro-electric project in the
State of Washington. The buttress is 152 m {500 ft) long and has a
maximum height of 18 m (60 ft). The slope of the buttress face is 1:1

except for a 170 ft length where a near vertical crib wall -formed the’

face, The buttress covers a soft tuff formation which occurs at the
base of a basaltt ¢liff about 120'm {400 ft) high. The construction was
completed in'1952.

The first use of roller compacted concrete in a dam proper was in
1960-61 for the core of the 65 m (210 ft) high cofferdam, which was
incorporated in the 104 m (340 ft}) high Shihmen Earthfill Dam {10). A

.cross section of the cofferdam is shown in Figure 1.
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Figure 1, Cross-section of Shihmen Cofferdam
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CONCRUETLE DAMS OVLERVIEW ' 3

The term “"rollcrete" was coined at this time as an abbreviation of

"roller compacted concrete." The aggregates used for the rollcrete
"were the same as those used for conventiconal concrete on the project
and had the usual "C" shaped gradation curve. The maximum size of

aggregate was 76 mm (3 inches). The rollcrete was batched in the same
ptant as used for the conventional concrete. HMost of it was mixed
using one bag of cement and 1 bag of fly ash per cubic yard (107 kg/cu

m) of cementitious material ~— although, inttially, 1.5 bags of crment
and 1 hag of fiy ash were uned. FRuclid trucks were ueed to haul  the
material from the batch plant to the cofferdam. Bulldozers spread the

material in 0.3 m (12 inch) 1ifts and the material was compacted by the
traffic of the Euclid trucks and by passes of the D-8 tractor used far
spreading. The rollcrete was placed as close to its optimum moisture
content for compaction as determined by . the equivalent of modified
AASHO compactive effort in a 0.36 m {14 inch) diameter compaction mold,
Figure 2. The maximum 28 day strength of the rollcrete occurred at a
moisture content somewhat dry of optimum. /

In future Jjobs, Lowe (10) proposed that 50 ton rubber tired
rollers or vibrating rollers be used for compaction. He also propcsed
that rollcrete be considered for a concrete gravity overflow section in
the river section of an earth dam,

In the early 1970s several engineers proposed the use of roller
compacted concrete for gravity dams: Paton (12), Raphael {14), Cannen
{2), Moffat (11), and Price (13). Also various engineers and agencies
constructed trial dam structures in the late 1970s and early 1980s:
Cannon (1}, Dawson and Dunstan {(3). The successful use of soil cement
and dry lean concrete for base courses of highways, and soil cement for
slopp” protection on dams, probably encouraged engineers to think of
roller compacted concrete for dams. G ™

RGLLCRETE AT TARBELA DAM PROJECT

In 1974-1975, 352,000 cu m (460,000 cu yd) of roller compacted
concrete was used to restore a portion of the right abutment of Tarbela
Dam, Pakistan, which had been eroded away when the upstream portion of
Tunnel 2 collapsed, Johnson and Chao (7). A picture of restoraticn of
the Tunnel 2 Collapse area is shown in Figure 3.

The aggregate used was skip graded river alluvium with maximum
size of 152 mm (6 inches), Figure 4. I[nitially portland cement content
was 133.5 kg/cu m (225 lb/cu yd), but ultimately it was reduced to 107
kg/cu m {180 1b/cu yd}. The rollcrete was havied to the site using 50
ton Euclid trucks and 110 ton belly dumps. Compaction was by 10 tan
vibratory roller and, in confined spaces, by the rear wheels of a
loaded Euclid truck. The average placement rate was 8,400 cu m/day
{10,950 cy yd/day). The maximum placement rate was 18,350 cu m/day
{24,000 cy yd/day). '

Frcin 1977 to 1980, 920.000 cu m (1,180,000 cu yd) of rollcrete was
used to line the sides of the Tarbela Service Spillway Plunge Pool, {7}
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Figure 2. Compaction Curve and Compressive Strength for Rallcrete for
Shihmen Cofferdam

and (9), Figure 5. The aggregate used was relatively well graded
having a maximum size of 132 mm (6 inches) and about ten percent
passing the No. 200 size, Figure 4. It was separated into plus 19 mm
(3/4 inch) and minus 19 mm (3/4 inch) fractions. These fractions
together with cement and water were then fed in fixed proportions to
rotating drum continuous mixers. Initially portland cement content was
133.5 kg/cu m {225 Tb/cu yd}, but later was reduced to 110 kg/cu m (185
ib/cu  yd). Because no experience was avajlable to indicate the
resistance. of rollcrete under the severe wave action, high velocities,
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Figure 3. Tarbela Dam, Tunnel 2 - Restoration of Right Abutment with
Roilcrete - Work Nearly Complete

and turbulence to which it would be subjected when used to line the
sides of the plunge pool, the rollcrete was faced with 1.5 m (5 ft) of
conventional concrete. This concrete was attached to the rollcrete
using double hooked #11 deformed bars ptltaced every 1.5 m (5 ft)
vertically and horizontally. The facing concrete was stepped using
0.30 m ( 1 ft) planks for forming the risers and no forms for the
treads. Triangular shaped rebar frames pinned into previously placed
1ifts were used to hold the vertical pianks in place. By varying the
width of the treads, average siopes from 1 V on 0.25H to 1 V on 2.0 H
were constructed.  The stepped slapes proved te be very convenient
during construction.  Eguipment could readily be set wupon ‘them and
viorkmen could .readily go up and down the slopes, Figure 6.

From 1980 to 1982, 940,000 cu m (1,230,000 cy yd)} of rollcrete was
used to create a similar lining for the sides of the Auxiliary Spillway
Plunge Pool at Tarbela Dam Project, Figure 7.



v

6 " ROLLER COMPACTED CONCRETE

e
12 6 3 I & 354 10 20 40 - 100 200
100 Q :
\
' \
\
Y
8o \ _
\
LY
1
\
60 A\ >
N

Y AVERAGE GRADING
\-;/-SPILLWAY PLUNGE POOLS
b o
\.‘

PERCENT FINER BY WEIGKT

40 Sy
* | AVERAGE GRADIN(D\ S
TUNNEL 2 S~
20 :
0

-+
4

. COBBLES , GRAVEL e SAND
Figure 4. Tarbela Dam Project Gradations of Rollcrete Aggregates

To permit dewatering of the construction site a cofferdam was
constructed just downstream of the plunge pool area, Figure 7. The
half of this cofferdam which was on the water side and subjected to
wave acticn and high velocity flow from discharges from Tunne)l 5, was

constructed of rollcrete. The half of the cofferdam on the Aux111ary

Spillway Plunge Pool side was constructed of earthfill. The earthfill
portion acted in effect as a cheap form to create a vertical face for
the rollcrete. After completion of the linings, the left hand side of
the cofferdam was breached and the Auxiliary Spillway operated. During
the first season of operation the earthfill porticn of the cofferdam
was ccmpletely washed away. The remaining rollcrete portion has
remained intact for the six seasons experienced to date of operation
with flows up to 11,320 cu m/sec (400,000 cu ft/sec), Figure 8. This
experience indicates that rollcrete has good resistance to erosion by
severe wave action and high water velocities.

Rollcrete was also used as fill concrete when the 30.5 m (100 ft)
decp stilling basin for Tunnel 4 was converted to a flip bucket, Figure
9. This work required 84,000 cu m (110,000 cu yd) of rollcrete.

--U:S-STD-SIEVE NUMBERS,—
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Tarbeia Dam Project -
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Figure 7. Tarbela. Dam - Auxiliary Spillway Plunge Pool Sides Lined

with Rollcrete. Cofferdam at Far End of Plunge Pool :
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Figure 9. View of Downstream End of Sti]]ing Basin in Tunnel 4,
Tarbela Dam Project, Showing Rolilcrete Filling Lower 21 m {68 ft) of
the Basin

To protect the powerhouse area from erosion by the turbulent water
of the Tunnel 4 plunge pool, .a 56.4 m {185 ft) high gravity wall was
constructed, Figure 10. The tower 32 m (105 ft) of this wall was
constructed of rollicrete and the upper 24.4 m (80 ft) of conventional
concrete.  The amgunt of rolicrete placed in the portion of the wall
completed in 1983 amounted to 134,000 cu m (175,000 cu yd) and in the
portion completed in 1986, 153,000 cu m {200,000 cu yd). In addition,
concrete faced rollcrete was used for lining the sides of the remainder
of the Tunnel 4 plunge pool. An interesting feature of the rollcrete
portion is that the 1ifts sloped up at seven degrees from the fill side
of the wall to the water side. The purpose of this slope was to
increase the sliding resistance of the 1ift joints particularly for the
case of earthquake loading of the fil]l on the wall. A twelve percent
increase in the frictional sliding resistance of the wall was thus
achieved. Such a concept can be used advantageously in the design of
rolier compacted concrete gravity dams.

RCLLER COMPACTED DAM CONCRETE IN JAPAN

+ In 1980, the Japanese Ministry of Construction completed the 89 m
{292 ft) high Shimajigawa Dam, the first dam to be constructed by the
roller compacted dam concrete (RCD} method {8). The dam is located in
a relatively narrow valley so that transport of concrete to the dam
site was by cableway wutilizing a 13,500 kg bucket. The concrete was
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Table 1. Volume of Roller Compacted Concrete Features of Yale, Shihmen
and Tarbela Dam Projects

. Valume
N Roller Compacted

Date . Concrete
Cemolared Project Hame Location Feature cu m (cu yad
1952 Yale Waashlngton, Gravicy Wall 24,000
HA {32,000)

1961 Shihmen Talwan Core of Cofferdam 15,2300
(z0,000)

1975 Tarbela Paiclstan Abutment Restoratlon at Tunnel #2 352,000
: [460,0040)

1930 Tarbela Paxistan Lining of Setvice Splllway 902,000
Plunge Pool (1,180,000}

1980 Tacbela Paklstan Cofferdam for Auxilliary Spillway 18,000
Plunge Pool Conatyuction {50,000}

1981 Tacbels Pakistan Lining of Auxillacy Spillway 940,000
. ?lunge Pool {1,239,000)

1982 Tacbela Paklstan Backfill of Stilling Basin of 84,000
Tunnel §4 {110,000}

1382 Tarbeala Pakistan Lining ¢f Tupnel 34 Plunge Poal 73,000
{95,000}

1983 Tacbela Pakistan Sravity Wall for Powerhouse irea 134,000
{175,000)

1906 Tacbela Paklstan Extension of lravity Wall for 152,000
Powerhouse Area (200,00Q0)

13886 Tatbhela Paxistan Total of All Tarbala Featuyres 2,680,000

13,500,000}
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deposited into a portable hopper set on the dam body placement surface.
From there it was hauled by truck to the place of deposition, spread by
bulldozer and then compacted by vibratory roller. Layer thickness was
0.50 m (1.64 ft) at the beginning, but later changed to 0.70 m (2.3
ft). Compaction was by vibratory roller. Vertical transverse joints
were made for each 1ift employing tractor-mounted vibrating blades.
The upstream face of the dam is covered with a 3.0 m (9.84 ft)
thickness of conventional concrete with waler-stopped joints and drains
matching the transverse Jjoints cut in the RCD. the RCU mix contained
130 kg/cu m (219 lb/cu yd) of cement plus fly ash. The water content
was such that the vibratory rollers were aple to bring the paste in the
mix to the surface of a 1ift by the end of compaction. In 1987, the
Ministry of Construction completed Tamagawa Dam using similar methods
of design and construction. Concrete was transported to the abutment
of the dam by conveyor belt, . It was then transported down the abutment
in buckets on rail buggies. At the level of placement, the buckets
were emptied into trucks for haulage to the point of deposition, Figure
11,

WILLOYW CREEK DAM

Willow Creek Dam, complieted in 1982, (16, 18) was the first roller
compacted concrete dam in the United States. It was the first roller -
compacted concrete dam fully utilizing earthfill methods of
construction. That is, material was transported to the dam by
earthmoving equipment: scrapers, rather than by cableway as in the
case of -the Shimajigawa Dam. Also the concrete was compacted at close
to'its optimum moisture content rather than so wet that paste could be
brought to the surface of tifts by the vibratory rollers.
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Figure 11. Buckets on Rail Buggies for Transporting Concrete Down the
Abutment of Tamagawa Dam, Japan
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Since Shimajigawa Dam and Willow Creek Dam, construction of roller
compacted concrete gravity dams has accelerated as may be seen from
Table 2. Séme have been -designed more according te "the ‘concrete
engineérs philosophy as the Shimajigawa Dam, but most accord1ng to the
geotechn1ca] or soils engineers philosophy.

Table 2. Roller Compacted Concrete Gravity Dams - Greater Than 15 m

(56 ft) High - Completed Through 1987 from Kenneth D.  Hansen
(Unnublished}.
Cement and Downstream Volume
. Maximum Fly Aoh Face Roller Compacted
Date Heighe kg/cu m Slope Conermta
Comnleted Projece YName Lacation m (ft]) {iIb/cu_vyd) 1|24 cy ® [cu yd)
1989 Shimajigawa Yamaquchl a9 = 91+19% 0.8:1.0 170,000
Japan (292) (151+66) [222,000)
1902 Willow Creex  Oregon 52 70+23 av 0.8:11,0 T 331,000
USA (169, {118+19] awv (431,000)
1984 Winchester Rentucky 21 10440 1.0:1.0 © 24,500
usa {70) {175+0) {32,000
1984 Middle Fork Colorade 19 §6+0 0.3:1.0 42,100
UsSA (124) (L1Z2+0) 0.8:1.0 {55,000)
1984 Kidstan Queensland 40 95+15 av 0.3 to 140,000 .
Copperfleld ‘Australla (131 {15025} av 0.9:1.9 (183,000)
River
1985 Galesville Qreqon 51 S4+532 av 0.8:1.0 160,200
usa (167} [{91+87) av (ZLO,JBPl
1906 Monkavilla New Jersey 46 64+0 0.78:1.9¢ 219,200
USA (1501 {108+0) (286,700}
1966 Craigbourne Tasmanla 25 70+60Q 1.1:1.9 22,500
Austcalia (82) (l18+101) (29,400)
1586 De 4ist Cape 30 58.5+58.5 0.60:1.0 60,000
Kcaal deir So. Africa (98} {99+99) (79,590}
1988 Arabile Lebowa 35 16+74 107,080
| S50. africa (115} (61+124) 1144Q,000)
1986 Daten Frijan 56 . 50,300
" Chtina {134 - {65,000}
1986 Geindstone Hew dexico . 42 74+130 0.75:1.0 87,700
Canyon ush {11%) (125+50Q) (114,800}
1986 Taallosk ' Natal 50 31,5+73.5% 0.62:11.9 120,000
Sq, Africa (164) {53+1L24} ) {157,900)
1986 Saco de ‘Paraiba 57 T2+¢0 av * 3.8:1.¢ 132,000
. Nova 0Olinda Brazil (187} (l21+0) av * {173,000)
1987 Tamagawa Aklta 103 91+39 0.81:1.¢ 150,000
’ Japan {138} {153+66) (981,000}
1987 Upper Utah 87 77+171 0.60:1.0 1,102,000
Stillwatar usa {295} {129+2399) : {1,441,000)
1987 Les Bas Rhone 36 88+47 D.75:1.0 45,000
Olivetten France {118y (14B+79) (1il,0¢C0)
1507 _ Lower Arlzana 18 64+40 0.7:1.0 13,800
" Chase Creek USA {591) {108+67) (18,¢00)
1986 geizana . Spain 15 50+%0 12,000
{dike} (50) {152+152}) {15,700}

* Portland - Pozzalan Cement
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TERMINOLOGY

Roller compacted concrete can be divided into three-basic types,
and as suggested by Cannon {2), separate des1gnat1ons for each wou]d be
helpful, _

One type of roller compacted concrete is that used for the Shihmen
cofferdam, for the various features at the Tarhnla Dam Project, for Lho
Willow Creek Dam, and for several olher projects. In these cases the
material was placed at c¢lose to its optimum moisture content for
compaction. Ideally the aggregate should be fairly well graded, the
material resembling a mechanically stable type of base course. However
skip graded material may be used as was the case for the Tarbela Tunnel
2 abutment restoration. Cannon has suggested and the writer agrees
that the designation for roller compacted concrete of this type be
"rollcrete”. This is the term which has been used for 2,680,000 cu m
(3,500,000 cy yd) of roller compacted concrete placed in the Shihmen
cofferdam and in various features of the Tarbela Dam Project.
Compaction of such materials, placed at close to the optimum moisture
content for compaction, does not require a vibratory roller; 50 or 100
ton rubber tired rollers may be more effective. The compaction of such
material by a vibratory roller is accomplished in effect by a series of
rapidly applied tamps. The material is too sticky to be vibrated into

a dense state. I}c?ﬂ)r}ﬂ

The second and third types of roller compacted concrete are
similar in that vibration is essential for its densification and in
that every effort is made for the material to duplicate conventional
concrete. That is, a "C" shape gradation is used and the intent is to
have paste fill the voids of the aggregate as completely as practical.
A wetter mix than for the first type, rolicrete, thus results., In the
USA such roller compacted concrete gererally is placed in 0.30 m {12
inch) layers and the intent is that a bond will develop between 1ifts.
Upper Stillwater Dam is an example of this type. At Elk Creek Dam the
material was spread in six inch (15 cm) layers and compacted in two '
feet (0.6 m) 1ifts {4 layers). Cannon (2} suggests that RCC be used as
the designation for this type of roller compacted concrete.

In Japan, for the Shimajigawa and Tamagawa Dams, spreading is in
about 0.30 m (12 inch) layers, but compactien is done only after
spreading two or three ltayers. Also the surface is cured with excess
water and green cutting is carried out. For the Japanese type of
piacement, it is advisable to use their designation, RCD.

STABILITY CONSIDERATIONS

A roller compacted concrete gravity dam should be designed for the
same considerations of ~stability against overturning and sliding as a
conventional concrete gravity dam. The ACI 207 Comnittee Report on RCC
{(15) states: “"No concrete gravity dam has failed under sustained
lecading or flood conditions as a result of initial failure in the
concrete section above base rock. Historically, the failure mode for
concrete dams has been by sliding or shear failure of the foundation
rock." The 1ift Joxnts in roller compacted concrete are much more

C"/“J ohy [AJ&;



14 ROLLER COMPACTED CONCRLTL

numerous than the 1ift joints in conventional concrete (about seven
times as many)}. Also, bonding across 1ift joints is highly doubtful

not only for the rollcrete type of roller compacted concrete, but also

for the RCC and RCD types. Even with conventional concrete where green
cutting of 1ift joints is done, bond is not always assured on every
part of every 1ift joint. Many conventional concrete gravity dams show

_dampness at some 1ift Jjoints on the downstream face of the dam,

indicating lack of perfect bonding. Lift joints are therefore critical
in the analysis of the concrete section. The writer believes that they
should be treated in much the same way as near horizontal bedding

planes in a foundation.

For stabi]ity against overturning, gravity sections are generally
sized for compression over the entire base and over -any horizontal
plane through the dam. This means that under application of the water

force on the upstream face of the dam and uplift forces on the base of

the dam, or on horizontal or near horizontal 1ift joints, the net
pressure at the heel of the dam remains compressive. If tension were
present at this point, any unbonded 1ift joints would tend to open. If

.the dam were not provided with an impervious upstream membrane

reservoir water would enter the 1ift joint and tend to extend the Tift
joint opening by hydraulic fracturing.

For the width of the dam to be kept to a minimum, upiift on the
base and on 1ift joints should be reduced by drainage :to say cne-third
of the reservoir head at about the quarter point downstream of "the
upstream face, Figure 12. .
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Figure 12. Stability Against Overturning - Full Base in Compression-
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On this basis the base width of the dam should be equal to about
0.7 of the height of the dam. In most of the roller compacted concrete
gravity dams constructed to date base width has been about 6.8 of the
height, Table 2. The striking exceptions are Upper Stillwater Dam, De
Mist Kraal Weir and Zaaihoek Dam where the base width is about 0.6 of
the height. The 0.8 criterion has been followed in the Japanese RCD
dams, These dams are designed with an wupstream impervious concrete
face with water-stopped contraction joints backed up with joint drains.
A lesser base width would seem to be possible for such dams. A
downstream slope of 0.8:1.0 has been frequently used since it is about
the steepest that roller compacted concrete can be placed without
downstreoam forming or facing.

Without a curtain of drain holes at about the upstream guarter
point of the dam, uplift pressures on the 1ift joints could become
excessive for overturning stability. It is not safe to assume that
uplift on a 1ift joint will decrease linearly from reservoir head at
the upstream end of a 1ift joint to zero at the downstream end. The
portion of the 1ift joint under the downstream-most placement lane may
have the least permeability either by happenstance or because more
cement was used in the roller compacted concrete at the downstream
face. If the downstream-most ten percent of a 1ift joint has
permeability one hundreth that of the remainder of the 1ift joint,
practically full reservoir head would exist on the upstream ninety
percent of the 1ift joint. Under such uplift conditions the total
uplift would just about equal the weight of the dam. The portion of
the dam above the 1ift joint would have a factor of safety of about 1.0
against overturning as compared to a conventional design value of about
1.5,

To assure that uplift forces are kept under control, a curtain of
drain holes should be installed at about the upstream quarter point and
an impervious membrane should be incorporated at the upstream face.
The drain holes should empty into a lTow level galiery. For high dams,
more than one gallery may be required with drain holds between
galleries. A concrete facing similar in dimension te that used for
concrete facad rockfill dams would appear to be most economic. Such a
facing should have water-stopped contraction joints and mat reinforcing
steel between joints. The facing should be tied to the roller cempacted
concrete body of the dam. The Monksville Dam (4), has a concrete
facing with water-stopped contraction Jjoints at six m (20 ft} spacing,
but no reinforcing mats, It has a curtain of drain holes in the
spitlway area, but not for the entire length of the dam. In 1973
Moffat {(11) proposed an upstream impervigus membrane plus a curtain cof
drain holes for a "dry lean concrete gravity dam" {roller compacted
ccnerete gravity dam). '

SLIDING STABILITY

The shear resistance against sliding on 1ift joints can be
expressed by the Mohr-Coulomb failure law as follows:

s = ¢+ ¢g' tan @, where
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shear resistance (1b/ sqg in or kg/sq cm)

cohesion (shear resistance at zero normal stress)

intergranular normal stress on lift joint (1b/sq in or kg/sq cw)
angle of friction for the lift joint

®gnw
| TR | I

The total shear resistance depends both upon the cohesicn and the
angle of friction., Of the two, the angle of friction is wuch wore
certain, For roller compacted concrete it uwsually is 45 degrees or
greater. A factor of safety of 1.5 (perhaps 1.4) is satisfactory with
this part of the shear resistance. With the cohesion portion of the
resistance a factor of safety of 3 or 4 should be used. [f bond across
Tift joints is' never developed or is broken due to tensile forces
created by earthquake loading or due to hydraulic fracturing, at the
locaticn of such loss of bond, the cohesion will become zero. If the
“uplift on a 1ift joint is greater than assumed, the intergranular
normal stress will be reduced and the shear resistance due to the fric-
tion angle will thereby be reduced, - Thus uplift and bond are critical
items in the design of a roller compacted concrete gravity dam.

For a dam cross-section where the upstream face of the dam is
vertical, and a' drainage curtain reduces the uplift to 1/3 of the
reservoir head at the upstream quarter point, a friction angle of 45
degrees generally results in a factor of safety against sliding of 1:4
or more. By having the lift joints slope several degrees upward . from
upstream to downstream, the factor of safety based upon friction alone
can be increased to 1.5. Tests may show also that the friction angle
is -greater than 45 degrees, and then the factor of safety would be
greater, If the uplift varies from reservoir head at the upstream end
of a 1lift joint to atmospheric pressure at the downstream end, the
factor of safety would reduce from 1.4 to 1.2 which would not be
failure, but would be unacceptable.

THERMAL CRACKING

Although low cement contents are wused for roller compacted
concrete, a temperature rise to 90 degrees Fahrenheit is not wunusual,
Where the dam is located in a temperale climate, the ambient
temperature in winter may drop below freezing so that a 65 degree
Fahrenheit decrease in temperature is not unlikely for the surface
concrete. Under such a temperature drop the roller compacted concrete
will want to contract about 11 mm per 30 m (100 ft} of dam. [f the
raller compacted concrete does not crack. a tensile stress will have to
develop which will create a- counteracting amount of tensile strain,
Efforts can be made to reduce the temperature rise by using cold
aggregates. At Monksville, the aggregates were produced and stored in
the winter time and they remained cold until time of placement,
Unfortunately, construction 1in the USA generally is in the summer
. season when ambient temperatures and solar heating are at a maximum,
At  the Tarbela Dam Project. construction was in the winter time since
sumner time is the flood seascn due to snowmelt in the Himalayas.

Roller compacted concrete daoms are generally constructed from
abutment to abutment. Thus when a temperature rise occurs in the first
few days due to hydration of the cement, besides the foundation tending
to prevent the concrete from expanding lengitudinally, the abutments

S,
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also prevent it from expanding. Rollcrete placed at the optimum.
moisture content f .~ compaction or somewhat dry of optimum, will have a
degree of saturation of its voids less than ninety pefcent. “Also the
rollcrete will have significant unconfined compressive strength
immediately upon compaction. On the other hand RCC and RCD will be
practically saturated. Because of being practically saturated they
will develop pore pressures under compressive loading and have very
little compressive strength. In both types aof roller compacted
concrete, due to confinement by the abutments, any tendency for
expansion will result in a combination of compressive stress and
transverse bulging developing. The compressive stress component will
be much greater for rollcrete than for RCC and RCD. Upon cooling,
first any recoverable compressive strain must be reduced to zero before
tensile stresses can develop. The greater the compressive strain the
less tensile strain will occur upon cooling and the jess probability of
contractien cracks developing. To measure recoverable compressive
strain in rollcrete, 762 mm {30 in), plate bearing tests on test fill
or production rolicrete may possibly be helpful,

t this stage of development, 1t appears desirable to provide a

‘roller compacted concrete dam with an impervious upstream membrane of

reinforced concrete with water-stopped contraction joints. The
contraction joints in the facing will act as the starting point for
shrinkage cracks in the roller compacted concrete. UWater will he

prevented from entering these «c¢racks by the waterstop in the
contraction joint of facing concrete.

[f the upstream portion of 1ift Jjoints is made impervious by-

special bedding mix and/or by higher cement -content in the rolter
‘compicted concrete, such a barrier would be breached by any shrinkage

cracks which develop. Presumably shrinkage cracks, which originate at
the surface due to restraint exerted by warmer interior’ concretfe,
ultimately may cross the entire dam body as the interior cools. Even
if they do not cross the entire dam,. they may cross the upstream
specially treated 1ift joints and feed reservoir water to the 1lift
joints downstream of the upstream barrier, '

-DESIGHN TESTING

Compaction testing for rollcrete should be by the Modified AASHTO
impact procedure or a tamping procedure that leads to similar
densities. On the other hand, compaction testing for RCC and RCD
should be by a vibrating procedure such as the Vebe test. In both
cases, standard laboratory tests generally are for mixes having a
maximun size of aggregate of 20 or 40 mm (3/4 or I 1/2 inches).
Although most projects to date have not used aggregates ‘larger than
about 63 mm {2 1/2 inches) in order to reduce segregation problems, 150
mm (6 inch) aggregates were used in all the rollcrete at the Tarbela
Dam Project. Llarge size aggregates are effective in reducing the cost
of the roller compacted concrets. For compaction testing of the 100 mm
(4 inch) maximum size low plasticity core of the Tarbela Dam, a
compaction mold 0.6 m (2 ft) in diameter was constructed. A %riaxial
machine to test 0.6 m (2 ft) diameter specimens was also constructed.
Similar large size specimens would be required for compaction and
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aggregate.

‘In determining the optimum moisture content for compaction of
rollcrete, the accuracy of the determination can be enhanced if the
water content of the minus #4 sieve fraction is used rather .than the
water content of the entire mix. ’

The bond and shear strength of Tift joints can be best determined
from Targe diameter cores taken from test f11ls or production roller
compacted concrete.

CONCLUSIONS

The use of roller compacted concrete can ecffect ‘appreciable
savings in cost and time of construction of massive concrete structures
such as gravity dams and other features of dam projects such as lining
of plunge pools, cofferdams, fill concrete, and gravity walls,

One approach to the design of roller compacted concrete follows
s0i11 engineering practice. The mix 1is relatively well graded and
placed at or slightly below the optimum moisture content for compaction
according to Modified AASHTO procedure or equivalent. Vibratory

rollars are not required for compaction; 50 ton or 100 ton rubber tired

roilers prebabiy would be more effective. It is proposed that  the
designation for :his type of roller compacted concrete be "rollcrete".

Another approach to the design of roller compacted concrete
follows conventional concrete practice. The mix follows the Fuller "C"
shape gradation curve and the intent is to have the voids completely
filled with paste. Vibratory rollers are required for compaction and
to bring the paste to the surface. The writer proposes - that the
designation for this type of roller compacted concrete be "RCC". The
designation "RCD" should be used for the Japanese version of this type
or roller compacted concrete.

In order to assure the presence of a positive barrier to seepage
and to control thermal shrinkage cracks, an impervious membrane or
reinforced concrete with water-stopped contraction joints should be
attached to the upstream face of a roller compacted concrete gravity
dam.

In order to assure positive control of uplift on 1ift joints, a
curtain of drain holes should be provided at about the upstream quarter
paint of a roiler compacted concrete gravity dam. The drain holes
should empty into a low level gallery. In high dams, galleries at more
than one Jevel probably are required.

At this stage in the development of rolier compacted concrete
gravity dams, it appears prudent to design the dam to have net
compression over the entire width of 1ift joints. This criterion would
require a minimum base width of about 0.7 the height of the dam.

of roller compacted concrete containing large size

t\“__!
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The factor of safety against sliding on a 1ift joint should be at
1.4 and preferably 1.5 on the basis of- friction alone - {no

cchesion shear strength).

Mixes having a maximum size of 100 to 150 mm (4 to & inches) are

desirable from an economic point of view. [If used, they require
testing of at least 0.6 m (2 ft) diameter specimens.

Research should be carried out to determine how much recoverable

compressive strain can develop in well-compacted, well-graded rollcrete
upon the rise in temperature which occurs during the first several days
due to hydration of the cement. Plate bearing tests performed on test

fills

or on. projects during censtruction may be helpful in

investigating this matter.
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PLANNING, DESIGN AND COST ESTIMATES FOR RCC DAMS

1

By Glenn S. Tarbox™ F. ASCE and Kenneth D. Hansen2 F. ASCE

ABSTRACT

Engineers, planners, and officials of agencies responsible for
developing water resource projects are confronted with preparing
preliminary designs and cost estimates for dams. This paper provides a
raptd methed to prepare appraisal level designs and cost estimates for
RCC dams.

Given the site characteristics, guidance is provided to assist the
planner in determining basic dimensions and estimating concrete
volumes. Cost curves developed using statistical data from constructed-
RCC dams are presented as easy-to-use charts for estimating’
construction costs. The appraisal level design includes conSIderatlons
for foundatlon preparation and appurtenant structures.

An example problem is presented te demonstrate the procedure for
developing an appraisal level design cost estimate. The designs and
cost estimates developed using this guide can be used for compar1son
viith alternative dam designs.

INTRODUCTION

Roller compacted concrete {RCC) dams have gained wide acceptance .

world-wide. Since the compietion of Shimajigawa Dam -in Japan and
Willow Creek Dam in the U.S. in 1982, 19 dams more than 50 feet {15m)
high have been completed using this new construction method te build a
concrete gravity dam. All six major continents now have at Teast one
dam constructed of RCC and many more are in various stages of
development.

Roller compacted concrete technology has matured to the point
where RCC dams are ready to take their rightful place among the major
dam types. In the RCC dam concept, the inherent safety, aesthetic and
maintenance advantages of a concrete dam are combined with the low 'cost
and high production rates normally asscciated with earth or rockfili
embankments.

1Chief Engineer, Senior Vice President, ECI, 7935 East Prentice Avenue,
Building 40W, Englewood, CO 80111

Senior Water Resources Engineer, Portland Cement Association, 925 South
Niagara Street - Suite 200, Denver, C0 . 80224
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With RCC available as a viable alternative at many sites, there
arises a need for a simple but relatively accurate method. to. aid
cemparisons with other dam type alternatives. In this paper, duidance
is provided on foundation evaluation, excavation and improvements, and
design of the gravity section to include seepage reduction methods. A

method for estimating the cost of the concrete section is also
presented.,

FOUNDATION CONSIDERATIONS

Acceptable Foundation Criteria:

Specific Materials. Most foundation materials are acceptable for
concrete gravity dams, inciuding RCC. Sound rock foundations of
sedimentary, volcanic or metamorphic type rocks are generally
considered the most satisfactory, because they passess high bearing
capacity and good resistance to erosion and seepage. Generally there
is na structural restriction to the height that an RCC dam can be
built. The presence of faults and shears does not necessarily preclude

-a site, although the freer the site is of major faults and shears the

better it is because they may reguire expensive treatment to ensure an
adaquately safe foundation.

Sitt, sand, gravel, and clay foundations may also be acceptable
for a RCC gravity dam. Usually these foundations are considered only
for dams under 50 feet (15 m) high and with a headwater to tailwater
head differential of less than 20 feet {6 m) without additional study.
The principal considerations to be included in a properly designed
foundation are differential settlement, seepage, prevention of piping,
and protection at the downstream toe from erosion. Such foundations
require special design measures such as upstream and downstream aprons,
drains and cutoffs (USBR, 1987). Because each site is unique, they
require experienced engineers .to design the appropriate treatmenis to
benefit the .foundation. Structurally the . founcdation can be made
satisfactory although the costs may increase significantly.

The scope of the discussions in the remainder of this paper are
focused on dams having rock foundations because most of the information
available to date is for RCC dams constructed on rock foundations.

Haterial Properties. There are five foundation material
properties which must be accurately determined: compressive strength,
shear strength, deformation modulus, permeability, and Poisson's ratio.

a. Compressive Strength. The compressive strength of a
foundation material is important in determining the base
thickness of the dam. A base thickness should be used
which reduces the maximum bearing stress to allowable
values as determined by dividing the compressive strength
of the foundation material by an appropriate factor of
safety, usually 4.0 (USBR, 1976; Copen, Lindholm and
Tarbox, 1977). '

.
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Figure 1. Relation Between Shear Strength and Normal Stress

Shear Strength. The shear strength of the foundation
rock and its discontinuities depends on the cohesion and
internal friction properties of the materiais and the
appltied normal load. Experience shows that intact rock
possesses cohesive and sliding friction strength.
Therefore its total shear strength can be described using
Coulomb's equation, which defines a linear relationship
between shear resistance and normal load as shown in
Figure la.

Joints, shears, and fauits may possess little or no
cohesion., Their shear strength is derived essentijally
from sliding friction which usually varies nonlinearly
with the normal load acting on the feature as shown in
Figure 1b. Therefore, the proper method of determining
shearing resistance of discontinuities is to determine a
shear resistance versus normal load relationship based an
physical tests of the materials. The margin of safety
required for sliding stability varies according to the
types of applied load combinations, and diminishes as the
prabability that a particular load combination will
occur, e.g. usual, unusual and extreme (USBR, 1976;
Copen, Lindholm and Tarbox, 1977). : :

In the absence of adeguate shear strength data, a.
conservative approach recommended for use at the
preliminary design stage is to assume Zero cohesive
strength for the foundation material, a conservative
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value of internal friction appropriate for the type of
material, and a minimum factor of safety of 1.5 for usual
loading comblnatlons

c. Deformaticn Modulus. The magnitude of the foundation’

: deformation moduius is not necessarily a critical
consideration. For exauwple, gravity dams have been
successfully constructed on low modulus materials such as
siltstone, claystone, gravel, and even sand. The

“ critical consideration is the variation in deformation
modulus across the foundation. Abrupt changes in modulus
can result in differential settlements which can possibly
cause cracking of a RCC gravity dam. Therefore, proper
identification and mitigation measures are required such
as excavation, grouting and replacement of low modulus
Zones with dental concrete, etc.

d. Permeability. Grout curtains and drainage systems are
usually provided in rock foundations beneath RCC gravity
dams to reduce seepage and uplift pressures in the
foundation. Reduction in the uplift pressure helps to
improve the stability of a gravity dam and thereby

reduces the required concrete volume. -

e. Poisson's Ratio. Poisson's ratio is not required for
preliminary designs but is a necessary parameter for-
mathematical analyses used for feasibility and final
design computations.

Rock Foundation Design Guidelines:

Excavation. Required excavation is a function of the depth of
overburden and weathered materials. Generally, all overburden covering
rock foundations such as soil, alluvium and talus should be removed.
In addition, highly weathered rock  is removed to provide slightly
weathered rock for low to moderately high dams and to fresh rock
surfaces for moderate to high dams. Depths of excavation in rock are
highly site dependent and can vary considerably, but depths usually
fall in a range from five to 50 feet (1.5 to 15 m). In the absence of
reliable data for reguired excavation depths, the judgment of an
engineering geologist should be consulted., It should be remembered
that unless the condition of the rock improves with depth, additional
excavation accomplishes little. For the purpose of making guantity and
cost estimates, an assumed depth of rock excavation of 15 feet (4.5 m}
for the abutments and 5 feet {1.5 m) for the foundation yields
sufficiently conservative values commensurate with the preliminary

stage of design.

Grouting. Low pressure consolidation grouting beneath a RCC
gravity dam on a reasonably competent rock foundation helps fill voids,
fracture zones and cracks that occur mnaturally, or which result from
blast damage and relaxation of the rock due to excavation.
Consolidation grouting is accomplished by drilling holes with a minimum
diameter of 1 1/2 inches (38 mm) spaced approximately ten to twenty
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feet (3 to 6 m} apart. The holes vary in depth from 20 to 50 feet (6
to 15 m) depending on the foundation conditions and the height of dam
{USBR, 1976). . T S

Curtain grouting is a fairly common practice used to control
seepage beneath the dam. The grout curtain is usually accomplished by
drilling a single line of 1 1/2 inch (38 mn) minimum diameter holes
near the heel of the dam and spaced on 10 foot {3 m) centers. Ihe
spacing can vary depending on the condition of the rock. The depth of
holes also depends on rock conditions and hydrostatic head. Depths
range from 40 percent of the head in dense foundations to 70 percent in
poorer foundations (USBR, 1976).

Drainage. The drainage system is generally- a line of drain holes
drilled just downstream of the grout curtain near the heel of the dam.
The holes are usually three inches (75 mm) in diameter and spaced on
ten foot (3 m) centers. They are designed to intercept any seepage
water that may penetrate or bypass the grout’ curtain. The removal of
the seepage water reduces the buildup of hydraulic pressure beneath the
dam. The drain holes should vary in depth from 20 to 40 percent of the
reservoir head at normal cperating poal or 35 to 75 percent of the
grout curtain depth {USBR, 1976}. ..

DAM CONFIGURATION
Geometry:

Gravity. Gravity dams are roughly triangular in cross section and
narmally lecated straight across the valley. Sometimes they may be
slightly curved in plan to better fit the topography of the site. The
upstream face is normally vertical to concentrate the concrete weight
at the heel to counter tensile stresses caused by reservoir induced
overturning moments. The base width must be large enough to spread the
lcads and reduce the bearing pressure to acceptable levels, and provide
sufficient shearing and overturning resistance to satisfy stability
requirements. The slope of the downstream face is usually determined
by its intersection with the upstream face of the dam at the crest and
the required base width as shown in Figure 2. Theoretically the
thickness of the dam at the crest can be zero. Practically, however,
the thickness is usually determined by roadway access or construction
access requirements for non-overflow portion, When additicnal
thickness is provided, the downstream face is usually made vertical
from the downstream edge of the crest until it intersects with the
slope.

A range of possible idealized cross canyon profile shapes are:
shown in Figure 3. The profiles vary from narrow to wide sites and
from V to U shapes, regardless of the canyon profile. e
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Figure 2. Typical RCC Gravity Dam Cross Section

Volume: The general ‘equation for the estimated total volume of
concrete in the dam assuming a cross section as shown in Figure 2 and
top and bottom lengths of dam from Figure 3 is:

2 2
v - {SH} (LT + 2LB) + 3Tc Ly (1) -
1625 ’
where V = total estimated volume in cubic yards
H = height of maximum section in feet including an assumed

five feet of excavation below top of rock

LT = cross canyon length of dam at its top including 15 feet
of excavation at each abutment measured mnormal to the

surface
: LB = same.as LT but measured at the dam base
S = s]ope‘of downstream face (horizontal run to 1.0 rise)
T_. = thickness of crest in feet (recommended minimum of 16

feet provide clearance for two vehicles)

In metric units using meters:

2 2 ‘
_ (SH) {LT + ZLB) + 3TN, (2)
v &S /

The shear friction factor of safety is important as a measure of
sliding stability in both the dain and the foundation and, depending on
the value selected for design, can influence the required downstream
face slope. From Figure 4, it is apparent that a shear friction factor
of safety of 1.5 or greater (as suggested eariier in the section on
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Wida V-shope Naorrow V-shope Narrow U-shope

!

Wide U-shape

Figure 3. Range of Typical Cross Canyon Profile Shapes

rock foundation design guidelines for preliminary designs) will be
achieved for the usual 1loading condition of normal reserveoir water
surface with the following assumptions.

1. Zero cohesion at 1ift lines and at the dam-foundation contact.
2. Coefficient of friction, Tan § equal to 1.0 or greater.

3. Unit weight of RCC egual to 150 1b/ft3 or gréater.

‘4. Unit weight of water equal to 62.4 1b/ft3.

5. ,Inclusion of drains assumed to be 100% efficient located at
approximately 10 percent of the cross sectional thickness in
from the upstream face reducing uplift pressure to 1/3
differential head between the headwater and tailwater pressure.

6. The downstream face slope is 0.70:1.0 or greater (flatter)
(Boggs and Richardson, 1985).

Having selected a value of § of 0.65 or larger and knowing H, it
is a simple task to scale the values of L; and L; from a plan or
‘profile drawing developed using a topographIc'map gf‘the site. The
value of T_ is either set or assumed and the total estimated volume of
RCC can be computed using Equations 1 and 2. ‘
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Figure 4. Shear Friction Factors of Safety Versus Downstream Face.
Slope Assuming Zero Cohesion on Lift Lines and 100 Percent Efficient
Drains

Thus a RCC gravity dam cross section and estimated total velume
using the formulae and charts provided in this paper .satisfy the
generally accepted practice for RCC dam design at the preliminary

design stage using reasonable factors of safety for strength and
stability.

Seepage Reduction: The single item that has produced the greatest
variation in design solutions has been the means for reducing or

controlling seepage through the dam. Since Willow Creek Dam has relied.

on the impermeability of a lean RCC mixture itself and seepage had
occurred mainly at the 1ift lines, designers have devised a number of
more impermeable solutions. Most of the seepage reduction solutions
have' included the use of conventional concrete to form a relatively
impermeable upstream face and a partial bedding mix between 1ifts.

The seepage reduction system that has been used to the largest
degree has been a conventional concrete face averaging between 18
inches (0.46 m) to 26 inches (0.91 m} in thickness in combination with
a bedding mix atop each 12 inch (0.30 m) thick .layer extending
downstream another four to six feet (1.2 to 1.8 m). This design should
incorporate vertical crack inducers at about 20 foot (6.1 m) spacing.
At Upper Stillwater Dam, the upstream face was formed by horizontal
slip-formed elements and the entire dam constructed of a high paste RCC
mixture to act as the water barrier.
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Other solutions that have been used for upstream seepage control
are: - . 1

Precast concrete facing panels with a 65 mil thick polyvinyl
chioride (PYC) liner attached to the downstream side in the
manufacturing process. The joints in both directions were
then heat weided in the field and backed by an average of 18
inches {0.46 m) of conventional concrete to form an
impermeable upstream membrane for Winchester Dam in Kentucky.

An 18 inch {0.46 m) constant thickness conventional concrete
face that will be reinforced in both directions and
waterstops installed at 50 to 60 feet {15 to 18 m) harizental
spacing will be used for the gravity spillway section for
Stacy Dam in Texas.

At E1k Creek Dam in Qregon the conventional concrete will
average three feet (0.91 m) in thickness and the two foot
(0.62 m} thick compacted 1ifts will have a bedding mix over
the entire surface. In addition to joints with waterstop and
drains, metal sheets across the entire dam to act as a crack
inducer, are included in the design. Ten joints are inciuded
across the 2,580 foot (786 m) long crest length.

1t should be Teft to a designer to. select the most appropriate-

type of upstream face for a project. Factors to be considered include
required level of seepage reduction, cost, censtruction considerations
in producing tie vertical upstream face, durability, and aesthetic
requirements.

Seepage performance data are available for a number of dams whose
reservoirs have been filled to date ({Moler and Moore, 1988). Some
other designs, such as Upper Stillwater, Elk Creek, and Stacy, have not
yet been tested by their reservoirs. In case of each of these yet
untested designs, the designers believe the seepage reducticn scheme
they have developed will prove to be more impermeabie than previous
solutions.

OTHER CONSIDERATIONS

There are many other items that should be considered in the
preliminary design and cost estimates for a dam project. Foremest
ameng these are speed of construction, incorporation of appurtenant
structures, and river diversion. Due to widely varying site specific
conditions, it is difficult and beyond the scope of this paper to
provide specific design and cost guidance for these items. However,
cost savings associated with one to two years earlier completion,
simple handling of the spiliway as part of the RCC structure, or
-diversion schemes for a major river are important factors in making
comparative evaluations of dam types {Hansen, 1987).

Speed of Construction: The volume of material contained in RCC gravity
dam s significantly smaller than the volume of material in an
embankment type structure as shown in Figure 5.

du -

\.\.
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[f the smaller volume of RCC required for a concrete grav1ty dam
section can be constructed with production rates approaching that for
an embankment dam, a RCC dam can be completed in Tess time. One or two

years earlier completion is quite common. The .reduced time for
completion of the RCC dam offers many benefits, one being considerable
savings in interim construction financing. This 5 -especially

important in times and areas of high interest rates.

farlier realization of project benefits-and less on-site costs for
maintaining an engineering and quality control staff due to. sharter
construction time are other financial savings that can accrue to the
owner. Assuming transmission lines are in place to the power demand
area, earlier completion is especially important for a dam constructed
for hydroelectric power generation. It should be noted that "rapid
construction can only be accomplished with careful design and
construction planning, large volumes of materials on-site, and 'an
adequate cash flow.

The best example of rapid completion of an RCC dam project is
Copperfield Dam in Australia. The 131 foot (40 m) high dam requiring
183,000 cu. 'yd {140,000 cu m) of RCC took only ten months from

‘conception to reservoir filling. This included the time required for

planning, design, contracts, permits, and construction of the _dam.
.Qriginally designed as an earth and rockfill dam, the switch to RCC
shortened the original project schedule by eighteen months.

The potential for placing large volumes of RCC or rollcrete, as it
was called at the time, was initially proven for the tunnel repairs
required at Tarbela Dam, Pakistan in 1975. Working around the clock,
placement rates averaged 10,950 cu yd (8,370 cu m) per day for 42 days
with a maximum daily placement of 24,000 cu yd (18,000 cu m). -

Daily ‘RCC placement rates in U.S. dams have been impressive:; At
both Upper Stillwater and Elk Creek Dams, there were a number of days
when more than 10,000 cu yd (7,650 cu m) were placed in either two
eight- or two ten- hour shifts.

Roiler Compacted Concrele

Rockfill

[OLANE /AN PTANA L NN LTI,

Figure 5. Comparison of Cross Sections for Various Types of Dams
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A’ vertical construction rate of four feet {1.2 m) per day was
accomplished during. most of the construction for Galesville Dam,
Oregon, and Grindstone Canyon Dam, New Mexico. Heat. of . hydration
build-up at these placement rates d1d not prove to he detr1menta1 to
the dams' performance. .

Appurtenant Structures: The appurtenant structures for a dam include
the spillway, outlet works, intake structures, and penstocks in the
"case of a hydroelectric dam. Incorporating the spillway into the RCC
gravity dam has been a major cost saving item when compared to other
dam types. In a number of RCC dam projects, the service spillway has
been sized for the 1 in 100 year up to the 1 in 500 year flood. For
larger floods up to the PMF, the entire structure was designed to be
overtopped. This was. possible because of the erosion resistance
afforded by the RCC dam. Thus, the dam itself services as the
emergency spillway. For RCC dams, an uncontrolled averflow spillway
can be incorporated intoc the central portion of the dam at little
additional cost over the basic RCC gravity section, Pamo Dam in
California is an example. The spillway savings amounted to an
estimated %4 million, or about tweive percent of the cost of the
earthfill dam alternative,.

Stairsteps, designed into the downstream face of spillways for RCC
dams such as Upper Stillwater, Monksville, and Stagecoach, represent an
additional potential cost savings. Energy is removed from the flow
incrementally step-by-step, resulting in shorter and shallower stilling
basins.

The base width for a concrete gravity dam is less than for an
embankment type structure of comparable height (See Figure 5). As a
result, conduits through the dam can be shortened and the footprint for
the dam is smaller when compared with any embankment dam type. The
smaller footprint for the concrete dam means less excavation of near
surface rock, less conscolidation grouting, and less surface preparation
for the dam when compared to wider base width embankments. Reduced
conduit lengths equate to cost savings in outlet works, penstocks, and
any other waterway penetrating the concrete structure. With a longer
length penstock through an embankment section, a surge tank is usually
added to improve regulation of the flow to the hydroelectric power
units. This requirement is avoided in a RCC dam, thus representing an
added savings.

Designers have realized that uninterrupted and rapid placement of
RCC has both economical and technical benefits. Therefore, outlet
conduits and intake towers should be located to avoid interference with
RCC placement. In many designs, the outlet conduit has been placed in
a cut in the foundation rock and the intake tower located outside of
and attached to the upstream vertical face of the dam.

River Diversion: Reduced river diversion cost is an important benefit
of RCC dams that may not be readily apparent. Similar to any conduit
. through the dam structure, a diversion conduit or tunnel for a RCC dam
will be shorter in length than for an embankment.

S e
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The—greatest “economic benefit is that the divérsion capacity and

-upstream cofferdam can be smaller. This is due to rapid construction

using the RCC method together with its erosion -resistance.” If the
construction can be planned to coincide with a period of low stream
flow, the diversion scheme can be designed for a lower flow rather than
a five to ten year frequency flood. This concept was wused in the
design for Galesville Dam 1in Oregon where the diversion’ conduit
capacity was reduced from 6,000 cfs (170 cu m/s) to 1,200 cfs (34 cu
m/s). :

.If the cofferdam 1is overtopped, damage can be minimal as
demonstrated during the construction of Cragbourne Dam in Australia. A
flow equivalent to .a three year event overtopped both the cofferdam and

- the uncompleted RCC. Minor plucking of surface fines from the two-day

old RCC was the only noticeable damage. After the main delay, access
to the damsite was reestablished and construction resumed five days
later.

ESTIMATING COST FOR ROLLER COMPACTED CONCRETE

Once a volume for the dam design has been determined, the cost of

‘the structure can be estimated with the aid of Figure 6.

The curve which represents the total cost of RCC in place,
including cement and pozzolan, is based on actual low bid prices
submitted for 13 dam projects in the U.S. since 1981. In order to
provide a consistency in the chart, two modifications to the actual low
unit price bid for RCC have been made. All prices were escalated to
1987 leveis using U.S. Bureau of Reclamation construction cost trend
factors and constant cement and pozzolan contents were used. Therefore,
the chart represents the cost of aggregates, mixing, hauling,

spreading. compacting and cgring an RCC mixture containing 150 pounds of

cement per -cu.yd. (€9 kg/m”)
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Figure 6. Costs of RCC Per Cubic Yard (Adjusted to 1987 Dollars and
Includes Either 175 Pounds of Cement or 150 Pounds aof Cement Plus 50
Pounds of Pozzoian)

and 50 pounds of pozzolan per cuyd (30kg/m”)
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or 175 pounds of cement per cu. yd (104 kg/cu m) if no pozzolan is to
be used for the project.

The.curve is also based on the assumption that suitable aggregates
are at or near the site. If aggregates need to be imported- or if. a
high paste RCC mix is to be used (more than 250 ‘pounds of cementitious
materials per cu yd or 148 kg/cu m), the additional cost for these
items needs to be considered. Also, because of the preliminary nature
of this Tevel of design, the user may want to add a contingency to the
unit cost per cubic yard derived from the curve.

The preojects used to develop the cost curve are Tisted in Table 1
and show the actual cement and pozzolan contents.

Table 1. Roller Compacted Concrete Prices by Low Bidder

[ R LA A Y]
Lonstar tw Ay Dl
Prajecy Nid Nate Date £k, pment 1"ty A Toral
I, HNorthTuck Touthe Feb, 98] L1} 13,000 i5.00 iv.0a - V.00
Rivet $pillmay [00F @ M6.00/ 1am)
1. Yitlow Crevh Dam, 19-23-H 1342 01,000 .+ (L) [ 17.00
Cregan Averagr ol lour mines {1078 auerape o (0 @ £1.40710n)
& 1%, 10/ oo} '
1. Auitia Detrntion £-25-01 198 1,60 13,00 t.ng 123 .20
Damy, Truas Lrone @ 10.004 ) (A0F @ 1390/ 1m]
. Urper Suillwaler” 14-17-11 [L{ R R 14 [ AT 0.7 A [ AN
Pam, Lytak Aveiage nf twnmiges 1,00 [T EL AN TR L AL 290 3 8100000
3. Sunchesier Dam 11-13-4% Ivss 321,008 . Rid s hump wnn fdem 12.%0
Kenlurky wrn
& Dotet 10l Plany 12-20-83 (3} 1] %N 27 .00 3. 40 ) 0.7 ",
Splilway, Lowisiana Averagr ol two mixet LH&DE (A 21,00/ ton) (hed @ 28,70/ um)
¥, Calrsniite Dam, ISR U 19 210,160 BT 199 1.7 .87
Cvegon T |Average of twa mices AR (378 awrrapes
[ e TITT B (@ »%.00/10n)
i, Meouaritie Dam, LEF[-2% LI FRITY %%, 000 13,06 LRl .. 14,30
New Jerwy Aversge ol twa mises ' {1084 (@ £3.00/tan)
9. Middie Forw Dam, 1-11-00 1984 3,000 - .. legy than
Calorane 21.00
-
0. Crinduione Lamypon %-10.1 311 W, 300 .20 a.m 1.A0 n.n
Oam, New Meqira . T2 {0 20010, {41 @ *0.00).
Il.  Cla Creek Dam, Oregoa 1+ 1608 1V7-L8 e, 000 1%.00 LB I.1s 9.4
LTI 1) 0.2% (Amnis.)
(LTAF Y 22090 00) Ied (1 2.9 cuiil
L2, “Lower Chawe Creeh Dam, 2-1.47 1 26,010 M a4 lunp wnn conltact 1.0
Atirans unsn (roa}
13, Stagecosch Dam, IR ¢ 1983 Ay, n0 21,00 L)) 1. FL L]
Colnada (1204 {1 20.00/ tine) (128 (A 1300/ 10}
* Covernment hurnlihed sl for AGE min Pompd, s 0243 m}t
*0 Aeineh ) aggregaie Tospatedd Ty peewrons rndd Contact - cast $0.7 Yeupd, (not e Juded i rd) 11bdeuyid, = 0,971 hghin)

 Cort trmegetiatra upward slies oielay 10 Constes T 4141
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Upstream Face Cost: The cost_bf the upstream face can be estimated

with thHe aid of Table 2. This cost can .be applied either as an added
cost per cubic yard of RCC in the dam or poss1b1y as an added cost per
square foot of dam face.

-

From Table 2, for dams requiring more than 100,000 cu yd (76,500

cu m)
$4 to

of RCC the added cost per cubic yard of RCC usually ranges from
$6. A suggested cost of $6 per cubic yard can be added to the

cost of RCC estimated from Figure 6.

The volume of RCC in the section displaced by the facing concrete
should not be subtracted from the calculated volume nor an additional
cost applied for bedding concrete at this preliminary level of study.

Total

Cost: Using equation 1 or 2, Figure 6, and Table 2, the basic

design and estimated cost of a RCC dam structure including an upstream
seepage reduction system can be determined. There are many other items
and costs associated with a complete dam project. These may include
mobilization, reservoir clearing, diversion, foundation .excavation,
grouting, drains, galleries, downstream face, spiilway, stilling basin,
intake structure, and outlet conduit.

Table 2. Upstream Face Designs and Costs

RCC .
Yolume Added Facing Added
Height as bid Cost per | Concrete Cost per
Dam Location feet cu.yd, Type of Face cu.yd, Cost per .1t
[ineter) hg/mN RCC cu.yd.® Face
1. Winchester Kentucky ] 32,000 Precast conctete pansly $10.08 . $1.30
(21) (2n,300) wlth &3 mil PYC membrane
plus I18” concrete backing v2.30 $ 60.0Q0 51.93
2. Galesville Oregon 167 210,300 Ave. 18" thirk concrete $ .38 517,330 56. 54
(s (160,800 | plus sprayed on membrane «.30
3.  Grindstone Canyon New Merico 139 11s,300 Ave. 28" thick concrete 8§ 3.8 S167 . 51% 4$7.9%
{¥2) 137,300
&, Monksville New lersey 150 759,000 Ave. 28" thick concrete § 5.38 L 93,490 $7.09
(a2} {221,000} :
3. Upper Stillwater Utah 9% 1,337,000 Horizontal slip-lormed S )38 | 5 sa a7 $u.0)00
(91) {1,037,500) elements - 24™ average {both faces)
6, EClk Creek Cregon 49 999,000 Ave. " 1hirk roncrete $ L9l $ 71,64 $7.9%
{76} {763,300} plut walerstepped |oints «0.38 jis.
7. Slacy Texas 101 101,400 1A concrete - peinfor ed $ 020 $110,29°" 5E.04
o (79,400} | plus wateratopped Juinty
NOTE: Costs presented wrre submitted by the low bidder and have not been escalated to 1987 or later <ot levels.,

See Table | lor bid dare,

Inc lude s cement and porrelan (if used}
includes rast of forming the fare
not conndered 83 water barrier -- adiderd cost ol high patte RCC must be conslderrd In covt evaluation,

9]
r-\_':
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An analysis of six U. S. dams based on the low bidder's unit costs

indicates the cost of the RCC -and upstream face concrete
dam structure as compared to the total
from 40% for Elk Creek Dam to 64% for Willow Creek Dam as shown

in ‘the basic

project bid price has ranged

in

Table 3. The average was 51%.
Tah]e 3. Gloss CosLs of RCC Dams
T ) Vuiu_:_c'-__-_r_u_]‘ "y Irn"z i " Tatal $ 031 0l T e
Upstrean Face RCC and Upstreain Peojrct Cost al Concrete/
Dam RCC Coancrete Total Face Conrrete Bid Price Project Vidg Mace
1. Willow Creek, 409,100 2,100 403,790 5 9,040,000 51,093,000 Fs
Oregon (308,200} {1,600} {1109,800)
1. Upper Stillwater 1,337,000« 13,200 = 1,192,100 $34, 738,000 560,404,000 bTA)
Utah (1,037,300} 124,900C) (1,064,400}
3. Menkaville 27,000 19,300 - 68, 300 § 6,906,000 414,673,000 L,
New Jersey {221,000) (14,900} (213,900)
LN Galewville 710,300 . 10, 00 . 221,000 § 3,819,000 512,739,000 W%
Qregon {160,800} {2,000} (163,800}
3. Grindstore Canyon Tiw,90 1500 170,100 $ 4,237,000 5 7,477,000 17,
New Mexico (32,300) {%,400) {21,%00)
%. LCik Creek Dam 1,000,300 o 49,300 = 1,110,300 4§29, 6,000 $62,781,000 v
Oregon {770,700} t+1,200) (84%,900) .

*includes bedding concrete where applicable.

EXAMPLE PROBLEM

v

Given a damsite described by the topography as shown in Figure 7a,

develop a

preliminary

design

Cross

section

construction costs of an RCC gravity dam for the

calculations are made using Imperial {US) units and U.S.

Assumptions:

Crest elevation of dam =

Height of dam, H

Crest width of dam T =

245 feet
= 200 feet
16 feet

Drains witll bhe 1nc1udgd in dam and foundation
Angle of internal friction,

Cohesion in foundation and on 1ift Tines,

g =

450

Shear friction factor of safety Q=

Factor of safety for compressive tensile strength of RCC S. F.

3.0

c=0
1.5

and

estimate

the

site {the example

Ultimate compressive strength of RCC, f' = 3, 000 psi

Step 1.

Step 2.

the axis looking downstream as shown in Figure 7b.

dollars).

Draw an axis in plan on the damsite topography, Figure 7a.

Develap a profile of the canyon (original ground Tine) along
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'’he faced symmetncal
—hardfill dam: a new
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concept for RCC

By P. Londe and M. Lino, Honorary President ol lCOLD* and Pariner**

new design s pruposed for HCC dums to tuke full

udvaniage of the characteristics of this material.

The basic features of the new design are: a
symmeirival cruss seclion: a watertight upsiream facing: no

iglernul drainage of the dun body; and (he use of o hean ad

ML, hnown as hardiill. 'The main advantages of this desiga
are: low siresses in the dam budy and the foundution: low
cust ol the hardiill; and, grealer safety thua gravily dums,
purticularly fur earthyuake cunditions. This article presents
a putameler study of this 1ype of dam, including siability
wnulysis and 4 structural and economic comparison with the
gumentiunal RCC gravily dam,

xeC, @ relatively new maternial, calls for new dam shapes.
Over the centuries, history has shown that technical
progress tesults Irom the adaptation ol the shape vl strue-
ey su new materials, rather than the other way round.
RUL Oy concrete, as is indicaled by 11s nume, because it
wwes comend; however, it s placed like an embankment
(roller compacted). It iy the roller compaction that
comiiutes the inpovation. For the first tifme engineers have
ot thar dispusad an embankment m.ucml which has very
hegh coliesion and high resistance 1o Crosion. Rather 1han
(¢, it can be calied a hardfill. 7elleno compac te
I vurrent ReC 5puc1|’icu1ions were reluxed (ooaim al
wblaisng not o “eonerete’’ but, rather o “hard GIY
would resubt i a much 'LTLJQLr maierial. However, rRCC
today o mainly used for building conventional gravity dams
reyguitung high materials performance, such as good tensile
and shear sicengths, together with watertightness. An alier-
fative usitig low strength and pervidus hard (il 1s discussed
here. It vonsists of a new dam shape, the Faced
Symmetrical Hardfill Dam ¢ 510 ) which offers cost

4w Hirmer Reeaafl, W2 Sairt € foud, | rane, and, **158 Consuliing Engcrs, 75
Bowsevard Mo Dnonalid, TSUEY Puris, Fraace,

e

- from the upstream face.

(1988)".

savings und, above all, a high levei of safery.
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Some of what is presented here results {rom the findings .~

of BaCaRa, a working commitiee appoinied by the French
Government (Projet National) for the development of rCC,
und tollows the ideas iniroduced in the discussion of
Question 62 at the 16th ICOLD Congress in San Francisco

History of the gravity dam
Originally, the gravity dam was a vertical masonry wall. It
was soon evident that for enhanced stability and to reduce
volumes, a downstream batter was required. High gravity
dams failed despite this, however, leading to the discovery
ai the end of 19th century ol the effect of uplift forces. Two
design criteria were then proposed. They are still used
Loday:

Maurice Levy condition: 0, — y.H >0, and,

Oscar Holtman condition: do,/da>0

where, o, = total vertical upsiream stress; 3, = specific
weight of water; H = height of reservoir; o, = uniaxial
tensile strength of concrete; 2 = length of crack measured

These conditions led 10 the usual optimum gravity dam
profile with a verticul (or almost vertical) upstream tace und
a downstream batter close 10 0.8 h/1 v.

Fig. | shows the stresses at the base of a typical 100 m-
high gravily dam (aote that all stresses mentioned from

now on are proportionat 10 height). Point A shows that a_

compressive stress of only 0.84 MPa develops at the r_x_e_c_iﬁf
the dam, valting for a tensile sirength of .16 MPa 10 satisfy
Lévy's condition. The Hoffman condition 1s just satisfied
with no safcty margin.

However, much greater tensile strength is required in the
event of un earthquake, should cracking be considered

detrimental 1o safety. For example,

raFibiand (' Zwos A:a/’r-’) o

[

assuming an earthquake accelera-
tion of 0.2 g, tensile stresses in the
A range $ 1o 2 MPa (depending on the
ngidity of the foundation, the
recording interval of the ume
history, and so on) would occur at
the heel, giving rise to a serious risk
of cracking. gm 4
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As far_as shear strength 1s
concerned, a mean 'sheJar siress t =
0.63 MPa is obtained. However, the
most significant criterion is the
angle o, measuring the inclination
of the resultant 1o the vertical. This
inclinanion depends on the uplift
assumption. Fig. | gives ¢ in terms
of u{u = 0 meaning no uplift, u =
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iriangular wplift). The values of ¢
indicate that a reasonably good
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rock toundanon necessary ..

particularly when considering that v g
= 0 (nu uplil iy oot reabisie 3
controlling vompletely the sevpuge !
{low under ihe dum. Conversely,
even with the usual assuniption 1hat
u = 04, ir ay happey that, wih
time, the grout and drainage
curtains dereriorate to the point
that u = | would apply. For years,
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requiring extensive drainage. 5t
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Another criterion which has been 21 fuil”

l 2

widely wused, although it is . v
guestionable, &5 the Shear Uriction

Factor (SFF), Tor which an
assumption is made for the friction
angle and the cohesion of the
foundation rock. In Fig, |, thuset o
= 30°.and ¢ = 0.3 MPa was

M)

a 139
B 14
C 118
U o11s
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\MPai

' ) 1
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uphty
Svbpresian .

chosen. Tt corresponds to a rock Fig. 2. Fsnp srabiliry.

mass of moderate strength, us

Estabilidad lo vne Presa PCs

BC

shown in Fig. 3. This figure illustrates the face thar a
Couiomb envelope of @ = 30°, o= 0.3 MPaisva alrif'
approaimation ol the intonsic carve given by the Ilml\

writerion foc i = U8, « = D000 and a4 = 20 MPa, which
would duescribe’ "o goeiss of granite rock masy with
moderalely weathered joints spaced al 0.3 10 | m''. For

u = 0.4, ane obtainy SFE = 1.4 which could hardly be
considered us udeyuate: i the event ¥ w = 1, the vidue
would be us fow as SFF = |.1.

Of interest is the lact that the gravity dum develops
stresses al its foundation that vary considerably between
empty and full reservoir conditions, that is, during im-
pounding or drawdown operations. The comparison of line
AB with line CD in Fig. 1 illustrittes this behavious.

PERETC  Sprr & 77500 €2
Symmetrical profile

The first proposal for a synunetrical profile way made by
.6 Raphael. The basic ideas was 10 design a dam section
somewhere between the gravity dam und the ¢fubankment
dam:, using 2 material with characteristics between concrete |

-and soil. J.M. Ruphael wrote (in 1976)" ./“’"* Errer
‘——— Jerome M Zophael (1912-1984;
There 1s a4 middle ground available when one considers

the large discrepancy in cohesion between earth matcrials
and concrete of the same material, [f we consider how
much stability has been imparted in soil by the additon
of cement, and how little cement is needed 10 greatly
improve the cohesion ol soil, we can pereeive thas there iy
a place for a dam of intermediate volume made of rela-
tively inexpensive soil with its cohesion improved by a
judicious addition of cement, using earth moving tech-
niques f'or construction.”’

1. M. Raphael proposed an optimum dam with symmet-
rical slopes in the vicinity of ! h/1 v, using sotl-cemuent,
Unlortunately the problem of uplift control was not

Fig. 2 gives the stresses prevailing at the base ol a
100 m-high 5H with .7 h/1 v bateer, [ is 1o be compared
directly with Fig. | (the unit werght of the hardiill being
stightly less than the RCC unit weight Tor a gravity dam 1o
account for ity gverall lower guality). The n.ompanson is
striking. L piran £ ER P

TPoint A is well above Lévy's condition, represented here
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by the line at | MPa. The Hoffman condition (s also
adequarely covered. The material requires no tensile
sirength and ihere is an ample margin (0.4 MPa) for
resisting  1he nominal tensife stress resulting from an
carthguake. bn lact, an carthquake of acceleration U2 g
would not develop tensile stresses at all. This is vital at
many dam sites in the world, where a conventional gravity -
profile is exposed to severe cracking at thg heel. The
maximum ¢oppression at the base is substdnuully less than
o the gravity dam: 1.4 MPa, instead of 2.4 MPa.-

Another significant difference between the gravity dam
and the FSHD concerns shear stresses. The mean shear is
reduced from 0.63 MPu o 0.36 MPa. The angle @ for
different uplift assumptions varies from 14° to 22° instead
ol 28° 10 43°. Low strength rock foundations are therefore
acceptable, even when Lhey conlain tectonic shear ptanes.
The shear friction factor is always higher than 2, even for
the low cohesion rock mass assumed here (¢ = 30°,

= .3 MPa). Fig. 4 gives the variation of ¢ versus the
slope of the faces. The gravity dam vaiues are for reference,

It is to be noted that the vertical loading of the founda-
tion is practically unilorm and unchanged for all reservair
levels. This is a basic difTerence rrom the gravity dam, and

—
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Fig. 3. Reference intrinsic curve for jointed and slightly
wedthered rock mass according to the Hoek criterion,
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Fig. 4. Shear frictivn fuctor (&%) and angle ¢ for the £510. Fig. 5. Total vertical sqresses at the base of a 100 m-high FsiD.
is purucularly significant for low modulus rock founda- This de1ail does not significanily affect the magniude of
tions. Fig. 5 shows the downstream und upstream stresses the critical stresses.
verses hardfill dam slopes for empty and full reservoir L ELLE~re Cadet“lé‘ Uns S GTECL A AARIEL
conditions. The gravity dam  stresses are shown lor . Hardfﬂl a new materlal
rcfurnmc Lo —— e T T . . . . .
PPy ! . afudes .o Hard{ilt is a new material derived from the current RCC by
Ny d \'-hole the Esyp with o 0.7 bauer 15 fur better in . i ) T . 1
e L N . . relaxing the severe specifications which tend 10 make RCC
terms of salety than the gravity dum Where the foundation . .
! d = - performance as high as that of conventional concrete.
rock 1s weak, it allows a ““concrete’” dam 1o be built when o e . L .
vy dam “Ould not be acceniabl _— These relaxaiions lead to a material which is perfectly suit-
. o - e . N
£ I )dd ! whit Eoe be np‘“d b how ”ul?]—/ able Tor the low stresses prevailing in the 150D, In fact, the
[ LT3 !\ N
nn‘l ! ‘Ono erties of hardfill wu‘lld ‘h Lnu th I:m " ”M; L_SHD |{5 the dam shape which makes the best use of hardfill,
‘;g’ ccfrgl(gcprﬂ?egb\alm ves an ind ;‘,'n :Hh 1.L”. o “As far as normal stresses are concerned, maximum
IO’IZO red for h 'zoﬁtatl .ar_ln:lr: t';“' i ; Iil‘[: '[Ldoes compressive stress in a 100 m-high dam is lower than
) WL sy | H H i
nr;g hre\qn._n[rc exc:: dorfna . Joi wi h“ Ve reme unlift 1.5 MPa, which does not require unconfined compressive
/ :d 22 v i H 2X : :
nat mal_e 0 £ u N 1 whi hen oulil n |Liuall\. rcp\dii strength in excess of 4 or 6 MPa (for a safety factor in the ;
= hich ¢ actually i : . : .
jss:nsj: ::" Of 2 Facing ¢ ot auiually pre; range 3 to 4). No'tensile strength is required at all, because
OA {1 m O,v ¢ “:)”5": o is shown i Fie. 6. f1 consists even in the case of severe earthquake, there would be no
of r;_aaber?au__; ad ost’ C;['::r; ";: 1'2 nnte . ILL hl;l tensile stresses in the symmetrical profile. As far as shear
raboiic insie i ces, 50 as to keo ¢
paral ¢ . ght. . eep 1 siresses are concerned, these are very low and not at all
volume increase as small as possible. The stresses given in critical
‘ig. 6 ure stilt ver srate. 1 is ass +J here that th . . Josi .
Fig e 'su_l! Ty moderate. I is assume ere thal the This has two consequences;  « Sols 52 7€ juree 2 SRR . _ A
upstrean facing Tully controls seepage tu - ) in the body ,‘.,-p,« fom e Len ANl S ol e Mt
of the dam, but that some seepage is present in the Jower L] unconfmed compressive strength is the only rEgu_lre/mem = °:""F‘:‘ -
part of the dam because of imperfeciivns in the Toundation for hardfiil; e Vel DISE AN DS T TE
grout and drainage curnains (u = 0.4}, The toes of the ® no costly treatment of the lift surface i is Tequired, even in tosaiw m.,h'” o
profile are cut vertically 10 reduce the area of excavation. the case of a **cold" lift, after an interruption in placement. Y PRr T
Water Power & Dam Construction February 1952 2 ? {
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Fig. 6. Total vertical siresses and angle
¢ in a 100 m-high parabolic £SHD.
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The other two significant properties Tor a dwm minterial are
permeability and deformuability,

Low permeability 15 difficult and costly 10 achieve tor an
kRCC damy body, mainly beciune of the lup,h anisorony
resuhmg fTom placenient. As lar ds 550D s u)nu:rn;.d
watertightaess v provided by the upstream Facing, and the
more pervious the Bl s, the betier the dam will behave. In
Pact, high permcabibity will asuably be achivved as o con-
sequence ol the other properties. This also means that
segregution cun be rolerated.

Detormability o coneréic o koo is penvrally lower than
that of the rock mass on which i is placed. 1 he duimn body
behaves as a sult solid supporied by a more delormable
medium, This may genente siructural strosses and fause
cracking, Creating a low stiffness material s therefore
favourable Trom a siructusyd point of view

. As wis the case
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Fig. 7. Upstream facing and gatleries for the pxisn.
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Crock Gl dam (CrRIN:

For high permeability, low stilffness will be a consequence of
the limited uncontined stienuth of hardlith, fo race, - the

“Young’s modulus of hardfill greatly depends on the siff-

ness of the aggregates, -their gradation curves, and the
nature und content of fines. Hardfill stiffness can be

expected Lo be significantly below 10 GPa. c'uv‘—}.; g vinde g

To sum up, the only requirement for hardfill is an uncor_t-
fined compressive strength in the range of 4 1o 6 MPa (for a
dam 100 m high). b has proved feasible 1o obiain {-hIS at
low cost. SR pre e ireTe

Ageregate can be random alluvium or wul\ quarry rock
wilh minimum processing, since broad c¢Urves are accepl-
able, thus dispensing witly costly grading corrections. Local
segregation in the fill is not deirimental 10 the global low
strength rgqulrcmcms
cent, au.ordnm, to BaCaRa findingsy is acceptable,

L.ow cement content is a basic characteristic of hardf,ll
Various studiest.S have shown that il is possible to achlew a
S MPPa (Y0 days) unconfined compressive strength witly
vement content of around 50 kp/mi . e—"

As far as thermal behaviour is concerned, a low cement
content means only a small (emperawure rise. One cun
eapect an adiabatic temperature rise of abour hall the temp-
erature nise of conventional kRCC, Thermal siresses are
roughly proportional to the adiabatic temperature tise and
to the Young’s modulus. Thus, thermal. stresses, will 1be
much lower than in typical RCC dams, making contragtion

Jolnl\ unnecessary.
DETALLES P E, DISEA> DE P Eac_

Design details for the FSHD

The upstream Tacing is an essential compunent of the 'sip.
The coneept is stmilar 1o vhat applicd to the concrete-taced
un impcrviuua facing on a pervious

vinbankment.

The upstream Tacing s placed on the hardGl after
completion of il placement, thar is, when cracking; f
there is any, has bad time to oecur, Placement of the facing
uses the technology developed for the Crrb, that 18, using
slipfurms. Reinforcemens, however, could be lighter, as the
expected deformutions are much smaller (ratio of } 10110 or
100). This favouruble condition also makes the treatment
of the perimetral joines much casier. Fig, 7 gives an example
of the arrangeiments used for an ¥SHL upstream facing. The
upstream buase pallery is dimensioned to allow for easy
inspection and maintenance of the drains tocated behind
the upstream facing, as well as drilling, grouting and mai
enance of the foundation grout cunain, '

22 : Wale! Power & Dam Construction ,February 1992
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Severul diitereny approaches may be implemented for
I dramage of the undertuce of the upsiream facing. Imper-
fect compuction of the hardlitl at its contact with the facing
—|—l—is-nordetrimenial=Fig-7-givesa-possiblearrangementusing —
precast clements. —_—

The downstream lace can support a spillway chute in a
similar way to the common -RCC “design; either with a
reinforeed-concrete slab and .i.ki-jum'p bucket, or with free
fTow on steps.
N ' The arrangement proposed for the crest is given in Fig. 8.

\ tralniry wall It is similar (o the most recemt crests of CRFDs. It was

oy ey el veriticd by several dynamic analyses that this shape has
‘ , O mun de excelient resistance to €arthquake. .
’ brard ) ¢{g NoANEm cgugam ete ] )
[ pretienm eempectie Safety and cost ’
‘ ) The volume of a 1snw is greater than thar of a gravity daa
. \ Fig. 9 shows the volume increase versus batter of the FSH, .
Vs ~ '\\ the depth of excavation (3 m depth saved because of lcm.-"
gy - stress) and the profile (straight or parabolic faces), S
The first question one might ask about cost is whether !
Fig. 8 Typical Fsup cresr, showing u free-flow spillway relaxing the RoC specifications is sufficient to pay for the !
arrangement, increased volume of the hardfill dam and for the dam |
: . ‘ facing. The IHHI):JQdefh proves 1o be an economical
vt FSHDIvOhame giavity gom ‘ design for dams on weak foundations and where cheap ]
2 ‘ aggregales can be obtained from ngarby borrow pits or/
: quarries. Bilm e Bl n Mo ¥
24 BaCaRa carried out a comparalive study (o esltimate
23f - costs Tor various RCC specifications ranging from high-
F) cement-content RCC 10 hardiill: with hardfill as the
3 31 reference, the unit cost ratio was found 1o be 1.7 for typical -
t \ RCC {three classes of aggregate, 100 kg/m? cement,
23 ° 50 keg/m? flyash, construction joints and lift treatment).
| g e Compared with the volume ratio for a 0.7 FSHD, in the
" range 1,45 10 1.75 {Fig. 9}, it is clear that there might be
§‘? ) something left over 1o pay for 1the upstream facing. The
T higher the dam is, the lower the relative cost of its facing.
C s For a 100 m-high FSHD, the cost of the concrete facing is
12 tess than 10 per cent of the total cost. Whatever the heigh.,
N the Tucing cost is cquivalent 1o an additional hard Gl thick- d
14 ness of 5 m.
19 Detailed comparisons of several projects- in different
11 parts ol the world (Curope und Latin America) have
> generally concluded that the FSHD is an economical
vt Lafod solution, ST T T
owever, cost should not be the only criterion for
rectilines sclecting hardfiH, since 51 is a safer solution for the same
revtiinea cost al a number ol sites.

Although in this paper I'sHD design has been compared
with RCC gravity dam design, it is in lact an intermediale
solution between the gravity dam and the concrete-faced

?amba Lew rouAkfiIl allcrnalive.. _ - . . )
prarghohe From a geotechnical point ol view, u site where a rockfill
o dam is feasible will most probably be 4 site where an FSHUD is
also feasible. In this comparison, the FSHD would be a
mﬁ_’:}'“m better solution whﬁr)_ever hydraulic structures are large. On
many sites, the FSHD approach is likely 10 be the only
Fig. 9. Volume ratio berween an rsuo end 0.8 gravity dam. feasible '*concrete’” solution, resulting in time and cost
— v e Velomen TATE A PETRS yura presa dp ;avings. beca!.tse hydraulic. structures can more easily be
iy ? a‘iﬂ'f/‘;gaj g 1 incorporated into the dam itself,
According 1o the results ‘described ubove, compiete .
failure of the upstream facing wouid not result in dam COHCIUSIOH
fatbure {u = 1 15 uceeprable). . The new dam type presented here, the Faced Symmetrical
No shuntering is required Tor the tSHD body, as conrrac- Hardtill Dam, makes the best use of low cost RCC. This
tion jomts arc wnnecessary, and the slopes of upstream and low cost is obtained by a subsiantial relaxation of the
downstresm luces are compatible with plucement withous curren! requirements regarding strength, watertighiness
furms. However, when i parabolic profile is adopied, and and contraction joints. These changes are so significant
alsu to provide grester salety for the workforee, one nnght that the authors contend that the malerial deserves a new
chaoma s use precast or extruded concrete on thie Taves. name: hardfill.
LrECels mr
! . Water Power & Dum Construction February 1992 23
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A tundumental advastage ol the 1skin, as c'(.ainp\m_d with
the anuumu oRCe gravity dam, s ity greatly improved
stabiliny, which means it can be buik salely on weak Tound-
tions and i srong carthguahe areas,

To date, ren ismns Tiave been designed, with huigllh
ranging from 2010 150w Oue is under construction (23 m)
and another {100 1y s 1o be buily shortly.

References _

Lo Lonnt, P Discossion o 62, Volunie v,
Congress, San Francisco, USA; June 1988,

20 Hoek, L., “Srrength of Jainted Rock  Muss™,

lath 1COLD

Runking |

A

1. URoller

Lecture. Glurechmee, Vol Y37 Nu. 3, 1983, i
Rariar e, DAL Uhhe Sail-Cememt Dam®, University ol
Culitorni — Herhetey, USAL June 1976 qunpublished).
Compacted NMass Congiere””, reported by - ACI
Comnutice 207, o0 CL Murerdals Jouraal, September/Qctober
19K, :
= BuCuka, reparts prepared by the Task

Projer National:

Comentier Bal oRa, s, Prance; F990- 1991,
Bibliography :
1ICOLD, “rindlucuee ol Costs upun bvolution of Fulure Dams™

Cammittee on Technolagy ol Duam Construction, 10 be published
n 1992, ~

Design and construction
aspects of New Victoria
am ‘

By R.]J. Wark and G.B. Mann, Princ:pal Engineér Dams* and Project Engineér**

he New Yictoria dam is the largest roller compucted
concrele dum constructed su far in Austradia,
Constructed ‘as a water supply dam for Perth, the
project has taken slightly more than 1w years (o complete
from the start of detailed design 1o impounding. This paper

oullines the design process, including the effect of some .

unususl flyash propertics on the concreiet mis design,
compures the available posi-construction perfurmance with
design assumplions, snd discussses some ol the features of
the construction.

Project description

New Victoria is a waker supply dam about 25 km southeast
of Perth, the capital ol Western Australia (Fig. 1).

The dam replaces the original congrete ‘barrel-arch’
Victoria dam, which was completed in 1891 and formed the
source of Perth’s first permunent city water supply. Safety
reviews convluded in 1988 that tlie original dam did not
have accepiable levels of sately under modern Jdesign
criteria Vor 1Tood and carthyuake loadings, The concrete in
the original dam could not be adequately rehubiluated and
a new dam was therefore necessary.

Site geology and the shape of the valley indicated that ihe
most cconomical location Yor the new, higher dam was
aboul 300 m upstream of the original dam. The snew
reservoir has about 16 times the storage capacity ol the

original reservoir. To allow tree passage of flood overflow

from the upstream new dam, a portion of the original wall
wis demalished using explosives. The remainder (und
majorityd of the origingl dam has been preserved us a
historie relic of Perth’s tirst water supply system.

The New Victoria dam is a high-paste-conient roller
compavcied concrete (RCC) gravity dam, brises abuut 35
above the stream bed level and has a height of 52 m above
Youndation level at its maaaimum section {(Fig. 2). The crest

*Huter clutiety of Wosiern ssirafia, 00 Hov B, Leederyidle, Wess oy il

'ﬁ(Ju? Auntrdiia,
St 1 Mot Fapscnne Corporation i, 1O, oy T80, € e
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lengih s 285 my, which includes a 130 m-long central over-
ow spillway section. The total volume of concrete in the
dam is 134 500 m, of which 121000 m? is RCC and
13 500 m? (equn.iltm to o kength of 25 km) is-slip- formed
ldl..illﬂ Conerete.

The New Victoria dam s the firse ROC dam in Wesmrn
Austrabia; it iy also the fifth and largest RCC dam 10 be
compicted in Auastradia. '
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Fig. I. Location map of the New VYictoria dam in Western
Australia.
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. PRESA DE CARAS SIMETRILCAS
--—————DE-RELLENO-COMPACTO:—UN-NUEVD CONCEPTD PARA ELCCR. ~ = —
-Por P. Londe ¥y M. Lino Presidente honcorario del ICOLD Y socio. -

Water Power And Dam Construction febrero 1992.

Un disero nuevo se propone de presas de CCR para tomar todas las
ventajas de las caracteristicas de éste material. Las
caracteristicas basicas del nuevo diserno son:

HNA  SECCION SIMETRICA; LA CARA DE  AGUAS ARRIBA IMPERMEARBLE;
NINGUN DRENAJE INTERNO EN EL CUERPO DE LA PRESA; Y EL USD DE CCR
POEBRE, CONOCIDO COMO RELLENO COMPACTO (HARDFILL). Las principales
ventajas de éste diseno son:

BAJOS ESFUERZOS EN EL CUERPD DE LA PRESA Y LA CIMENTAECION; BAJO
COS5TO DEL RELLENO COMPACTO; Y UNA MAYOR SEGURIDAD QUE LAS PRESAS

GRAVEDAD, particularmente en las condiciones de sismo. Este
articulo presenta un estudio de las propiedades para este tipo de
presas, incluyendo analisis de estabilidad y comparacidn

estructural y econdmica con la presa de gravedad convencional de
CCR.

£1 CCR, es un material relativamente nuevo, llamado para nuevas
fdtmas de presas. Por siglos, la Historia ha demostrado que el
pProgreso técnico resulta de la adaptacion de la forma de las
estructuras al nuevo material, mds bien que de -la adaptacién de
un material nuevo a la forma de las estructuras.

El CCR, es concreto, como lo indica su nombre, a causa de que se
usa cemento; sin embargo, su colocacidn es como un terraplen
(compactado con rodillo). Es la compactacidn con rodillos pesados
lo que constituye 1la inovacidn. Al principic los ingenieros
tenian a su disposicidn un material de terraplen que tiene muy
alta cochesidn vy alta resistencia a la erosidn. Mas bien que
concreto compactado con rodillo (CCR) Deberia ser 1llamado un
relleno duro (hard#f{ill) o relleno compacto.

S1 las actuales especificaciones del CCR, fueran mas suaves para

ayudar a obtener no un “Conereto", sino mé&s bien un "Relleno
compacto"”, resultaria en un material mucho mas barato. No
obstante, el CCR, hoy dia es usado principalmente para la
construccidn de presas de gravedad convencional que requieren
materiales de alta especificacidn, tales como una buena
resistencia a la tensidn y al cortante, junto con

impermeabilidad.

Una alternativa es usar un relleno compacto de baja resistencia y
permeable, es el motivo de e&ste articulo. Esta consiste de una
nueva .forma de presa, la presa de caras simétricas de relleno
compacto (PCSRC) que ofrece ahorro en costos y por sobre todo un
alto nivel de seguridad.

. Algunos de los resultados que se presentan aqui desde el
.descubrimiento del BaCaRa (en francés CCR., barrages en betodn
tompacteau, rouleau), son trabajos del comité nombrado por el
Gobierno Francés (Proyecto Nacional) para el desarrolo del CCR, y
siguiendo las ideas introducidas en la discusidn del Tema 62 del
l6avo congreso del ICOLD en S5an Francisco Calif. (1988).
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HISTORIA DE LAS PRESAS DE GRAVEDAD.

Originalmente, las presas de gravedad eran un muro de mamposteria

vertical. Fue pronto evidente que para aumentar la EStabiiidad Y
para reducir volumen un talud aguas abajo era necesario. Las
presas gravedad altas fallan a pesar de esto, sin embargo, llevd

al descubrimiento a fines del siglo 19 del efecto de las fuerzas

.de subpresidn. Dos criterios de diserno fueron propuestos, Ellos
son emplesados aun hoy en dia: '

Condicidn de Maurice Lévy: (u-8w H> Gf; '
Condicidn de Oscar Hoffman:d (u/da»o
donde (u=esfuerzo vertical total aqguas arriba.
dw=peso especifico del agua.
H =altura del embalse
Gf:resistencia a la tension uniaxial del concreto
a=longitud de la grieta medida desde la cara de aguas
arriba.

Estas condiciones llevan. al perfil wusual de la presa gravedad .

optima con la cara aguas arriba vertical (o casi vertical) vy un
talud aguas abajo de cerca de 0.8:1

La FIG.- 1 muestra los esfuerzos en la base de una presa gravedad-

tipica de 100 m. de altura (note que todos 1los esfuerzos

mencionados desde ahora son proporcionales a la altural. E1 punto
A muestra que un esfuerzo de compresidn de sdlo 8.4 kg/cm2 se

desarrolla en el talon de aguas arriba.de la presa, demandando..

una resistencia a la tensidn de 1.6 kg/cmZ2 para satisfacer la
condicidn de Levy.

La condicign de Hoffman es justo satisfecha sin margen de
seguridad.

5in embargo, una resistencia a la tensidn mucho mas grande se
requiere en el evento de un tamblor, una grieta seria considerada
detrimento para la seguridad. Por ejemplo, considerando una
aceleracidn por temblor de 0.2 g. el esfuerzo de tension en el

_rango de 10 a 20 kg/cm2 (dependiendo de 1la rigidez de la
cimentacidn, el intervalo registrade en el tiempo histdérico, y
asi sucesivamente) ocurriria en el talon de aguas arriba dando
origen a un serio riesgo de agrietamiento. :
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"En 1o que a la .resistencia al cortante se refiere, un esfuerzo
- cortante medio t=6.3 kg/cm2 se obtiene. Sin embargo los criterios
mas significantes es el angulo @, midiendo la inclinacidn de la
resultante a  la wvertical. Esta inclinacidn depende de 1la
subpresion considerada. La FIG. -1 da @ en términos de u{u=0
significa sin subpresidn, u=1l subpresion total triangular, u= 0.4
reduccion a WO % de la subpresion total triangular). E1l1 valor de
g indica que una razonablemente buena roca de cimentacidn es
necesaria particularmente cuando se considera que u=0 (sin
subpresion) no es realistica a causa de la imposibilidad de
controlar completamente el flujo de filtracidn bajo la presa.
Contrariamente aun con la suposicidén usual gue u=0.4, puede
suceder que, con el tiempo, las pantallas de inyeccidn y drenaje
se deterioran al punto que u=1, se aplicaria. Por afos las presas
gravedad fueron diserfnadas con una resultante a 37° (tan &=0.75),
requiriendo drenaje extensivo. ‘

Otros criterios gue han sido ampliamente wusadaos, aungque es
cuestionable, es el FACTOR DE CORTANTE POR FRICCION (FCF), para
el cual se hace una suposicidn para el angulo de friccidn y la
cohesiédn de la roca de cimentacién. En la FIG. 1 Fijo = 30° y
c=3 kg/cmZ se selecciond. Corresponde a una .roca masiva de
resistencia moderada como se muestra en la FIG. 3.

Esta figuera ilustra el hecho que una envolvente de Coulomb de
#=30°, c= 3 kg/cm2 es una aproximacidn justa de 1la curva
intrinsica dada por el criterio de Hock para m=0.5, s5=0.0001 y

§ c=200 kg/cm2, el cual describiria "un gneiss de roca masiva
granitica con juntas moderadamente intemperizadas espaciadas de
0.3 a 1.0 m". Para u=0.4, uno obhtiene FCF=1.4 que podria apenas
ser considerada como adecuada; en el evento de u=1 el valor
podria ser tan bajo como FCF=1.1

De interes es el hecho que la presa de gravedad desarrolla
esfuerzos en su cimentacidn que varia considerablemente entre
condiciones . de embalse vacio y 1lleno, esto es, durante las
operaciones de embalse y descenso. La caomparacién de la linea AB
con la linea CD en la FIG. 1 ilustra este comportamiento.

PERFIL SIMETRICO

La primera propuesta para un perfil simétricec fué hecha por J.M.
Raphael. Las ideas bdsicas eran disenar una seccion de presa en
alguna parte entre la presa de gravedad y la presa de terraplen,
usando un material con caracteristicas entre el concreto y el
suyelo. J.M. Raphael escribio en 1%764.
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"Hay un suelo medio disponible cuando uno considera- la gran
" discrepancia en cohesidn entre materiales térreos y concreto del
mismo material. 5i nosotros consideramos qué tanta estabilidad ha
sido impartida al suelo por la adicién de cemento, . y como poco
cemento es necesario para mejorar enormemente la cahesion del
suelo, podemos percibir gque hay un punto para una presa de
volumen intermedio hecha de suelo relativamente barata con su
cohesitn mejorada por una juiciosa adicidn de cemento, usando las
técnicas de construccion del movimiento de tierras".

r

J.M. Raphael propusc una pres optima con taludes simétricos en la
vecindad de taludes 1:1, usando suelo—cemento.

Desafortunadamente el problema del control de la subpresion no
fueé consignado. :
La FIG. 2 dA los esfuerzaos que prevalecen en la base de una preaaﬁ"
de 100 m. de altura (PCSRC) CON TALUDES O.7:1. e
Esto es, para ser comparada directamente con la FIG. 1 (el peso *
unitario del relleno compacto siendo ligeramente menor que el’
peso unitario del CCR de la presa gravedad a cuenta de su calidad -
total menor). La comparacion es impresionante. ‘

El punto A esta bien arriba de la condicion de Lévy, representada
aqui por la linea a 10 kg/cmZ2. La condicidn de Hoffman es.tambien
adecuadamente cubierta. El material no requiere ninguna --
resistencia a la tensidn y hay un amplio margen (4 kg/cm2) parar
"resistir el esfuerzo nédminal de tensidn de un sismo. En efecto,
un sismo de aceleracidn de 0.2 g. no desarrollaria esfuerzos de
tension en absoluto. ’

Esto es vital en muchops sitios de presas en el mundo, donde un’
perfil convencional de gravedad es ., expuesto a severo .
agrietamiento en el talon de aguas arriba. La compresidn maxima

en la base es substancialmente menor que en la presa de gravedad: .

- 14 kg/cm2, en lugar de 24 kg/cm2. ' e

Otra diferencia significante entre la presa de ' gravedad y la
PCSRC concierne al esfuerzo cortante. El cortante medio se reduce
de 6.3 kg/cm2 a 3.6 kg/cmZ.

El angulo @ para diferentes suposiciones de subpresidn varia =
desde 14° a 22° en lugar de 28° a 43°. Baja resistencia de la
roca de cimentacidn son por lo tanto aceptables, aun cuando ellas
contengan planos cortantes tectonicos. i

El factor de cortante por friccidn es siempre mas alto que 2, aun,
para la baja cohesién de la roca masiva supuesta aqui (#=30°)
(c=3 kg/cm2). La FIG. 4 da la variacidn de @ contra los taludes
de las caras. Los valores de 1la presa gravedad son de "
referencia. '

v
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Se debe notar que la carga vertical de la cimentacion es
practicamente uniforme y sin cambio para todos los niveles del
embalse. Esto es una diferencia bdsica de la presa de gravedad, y
es particularmente significativa para bajo modulo de 1la roca de
cimentacion. La FIG. 5 muestra los esfuerzos aguas arriba y aguas
abajo contra los taludes del rellenc compacto para la condicion
de embalse lleno y vacio. Los esfuersos de la presa gravedad se
muestran para referencia.

En conjunto la presa de taludes simétricos de rellenc compacto,
con taludes 0.7:1 es por mucho mejor en términos de seguridad gque
la presa de gravedad. Donde la roca de cimentacion es débil, se
permite una presa de "concreto! a ser construida cuando una presa
de_gravedad ng seria aceptable,

En adicidn de lo que se ha dicho antes muestra que- las
propiedades ingenieriles del relleno compacto podrian ser mucha
mas bajas que aquellas del CER. El valor del angulo @ da una
indicaciédn del &ngulo de friccidn requerido para las juntas
horizontales entre capas, este no debe exceder de 22° aun con una
subpresiédn  extrema supuesta de u= 1.0, la cual no podria
realmente prevalecer en la cara de aguas abajo.

Una alternativa de seccidn de presa de taludes simétricas de
relleno compactoc se muestra en 1l1la FIG. 6. Consiste de caras.
parabélicas en lugar de caras rectas, tal que conserve el
incremento de volumen tan pequefio como sea posible. Los esfuerzos

dados en la FIG. & son aun muy moderados. Se supone aqui que el
control de filtraciones es completo en la cara de agquas arriba
{(u=0) en el cuerpo de la presa, pero que alguna filtracion se

presenta en las partes mas bajas de la presa a causa de las
imperfecciones en las pantallas de inyeccidn vy drenaje de la
cimentacidn (u=0.4). " El talon de aguas abajo del perfil se corta
verticalmente para reducir el area de excavacidn.

Este detalle no afecta significativamente la magnitud de los
esfuerzos criticos.

RELLEND COMPACTO: UN MATERIAL NUEVO.

El relleno compacto (hardfill) es un nuevo material derivadd del
actual ECR, por relajacidn de las severas especificaciones las
cuales tienden a fabricar el CCR, con cualidades tan altas como
las del concreto convencional. Este aflojamiento de las
especificaciones conduce a un material que es perfectamente.’
confiable para los bajos esfuerzos que prevalecen en la presa de
taludes simétricos.

En efecto, la seccidn simétrica es la forma de presa que hace el
me jor uso del relleno compacto.
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En lo concerniente a los esfuerzos normales, el esfuerzo maximo
de compresidn en una presa de 100 m. de altura es mas bajo que

15 * kg/cm2, el cual no requiere resistencias a la compresidn no
confinada en exceso de 4O & &0 kg/cm2 (para wun factor de
seguridad en 21 rango de 3 & 4). Ninguna resistencia a la tensidn

se requiere en absoluto, porque adn en el caso de un sismo

severc no habria esfuerzos de tensidn en el perfil simétrico. En.wr

loa concerniente a los esfuerzos cortantes, estos son muy bajos y
ninguno es critico.

Esto tiene dos consecuencias:

© . Solo se requiere resistencia a la compresidn no confinada

para el relleno compacto.

- Ningun costo de tratamiento entre capas se requiere, aun
en el caso de juntas frias cuando hay interrupciones.

Las otras dos propiedades significantes para 1los materiales de
una presa son la permeabilidad y deformabilidad.

Baja permeabilidad es dificil y costosa de alcanzar en 1 cuesrpo:
de una presa de CCR, principalmente a causa de la alta’

anisotropia que resulta de su colocacidn.

En lo gue concierne a la presa de taludes simétricos de relleno :

compacto la impermeabilidad se provee por la cara de aguas

arriba, v la mayor permeabilidad del relleno, es el mejor -

comportamiento de la presa. En efecto, alta permeabilidad:.

usualmente sera alcanzada como una consecuencia de las otras
propiedades.

Esto tambien significa que la segregacidn puede ser tolerada.
La deformabilidad del concreto o CCR es generalmente mas baja gue

la de la roca masiva sobre la cual es colocado. E1l cuerpo de la
presa se comporta como un sélido rigido soportado por un medio

mas deformable. Esto puede generar esfuerzos estructurales y -

causar agrietamiento. Creando un material de baja rigidez es par
lo tanto favorable desde un punto de vista estructural. Como fué
el “caso para la alta permeabilidad, baja rigidez sera una
consecuencia de la limitada resistencia no confinada del relleno
compacto.

En efecto, el médulo de Young del rellenoc compacto (Hardfill) por
mucho depende de 1la rigidez de 1los agregados, de su curva de
graduacién y de la naturaleza vy contenido de finos. {a rigidez
que puede ser esperada del relleno compacto es significativamente
por abajo de 100,000 kg/cm2. ' '
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Para recapitular, el solo requerimiento para el relleno compacto -

es una resistencia a la compresidn sin confinar en el rango de LO
a 60 kg/cmZ2 (para una presa de 100 m. de altura). Se provee
viable obtener esto a un bajo costo.

Los agregados pueden ser aluviones en grerna o de cantera de roca
de poca resistencia con minimoc procesamiento, ya gque curvas
amplias son aceptables, asi dispensando con costosas correcciones
en graduacion. Segregacion local en el rellenc no es perjudicial
en el bajo requerimiento global de resistencia.

Un alto contenido de finos es aceptable (arriba de 30 %, de
acuerdo al descubrimiento del BRaCaRa). ’

El contenido bajo 'de cemento es una caracteristica del relleno

compacto. Varios estudios han mostrado que es posible alcanzar.

unos 50 kg/cm2 (90 dias) de resistencia a la compresidn no
confinada con un contenido de cemento de alrededor de 50 kg/m3.

En cuanto al comportamiento térmico concierne, un contenido bajo
de "cemento significa solamente una pequena elevacidn de
temperatura. Uno puede esperar wuna elevaciin de temperatura
adiabatica de cerca de la mitad de la temperatura que se eleva el
CCR convencional.

(Adiabatico es el proceso termodinamico que se desarrolla sin

recibir ni ceder ninguna cantidad de calor).

lLos esfuerzos por temperatura son toscamente proporcionales a la

elevacidn adiabatica de la temperatura y al mddulo de Young. Asi-

los esfuerzos por temperatura seran mucho mas bajos que, en el
€CR, tipico de presas, .haciendose juntas de contraccidn
inecesarias. '

DETALLES DE DISERO DE PRESAS DE CARAS SIMETRICAS DE RELLENO
COMPACTO (PLCSRC)

El revestimiento de aguas arriba es un componente esencial de la

PCSRC. '

El concepto es similar a la aplicacidn de la losa de . concreto én
las presas de relleno de roca (PRLC, presa de roca con;losa de
concreto): Un revestimiento impermeable en un terraplen
permeable. : T
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El revestimiento de aguas arriba se coloca sobre el relleno
compacto después de terminar 1la colocacidn del rellena, esto es
cuando el agrietamiento, si lo hay de cualquier manera, ha tenido

tiempo de ocurrir. (igual gque las presas de relleno de roca que
la losa se coloca hasta gque el terraplen sufra los asentamientos
iniciales durante sd construccidn. La colocacidn de este

revestimiento es usando la tecnologia desarrocllada para las PRLC,
esto es usando formas deslizantes. El refuerzo, no obstante,
podria ser mas ligero vya que las deformaciones esperadas son
mucho mas pequefias (en relacion de 1 a 10 o 100). Esta condicidn
favorable tambien hace gque el tratamiento de 1la junta perimetral
(PLINTO) sea mucho mas facil. La FIG. 7 da un ejemplo del arreglo
usado para una PCSRE en su revestimiento de aguas arriba.

La base de la galeria de aguas arriba se dimensiona para pefmitir
la facil inspeccidon y mantenimiento de los drenes localizados
detras del revestimiento de aguas arriba, asi como tambien

perforaciones de inyectado y mantenimiento de la pantalla de

inyeccion de la cimentacidn.

Varias diferentes proposiciones se pueden llevar a cabo para

‘drenar pDrldEbajD del revestimiento del talud de aguas arriba. ...

Compactacion imperfecta del relleno compacto en su contacto con
el revestimiento no es perjudicial. La FIGB. 7 d& un arreglo
posible usando elementos precolados. :

En la cara de aguas abajo puede soportarse un canal vertedero en-

una forma similar en el disefo comun con CCR, ya sea con una losa
de concreto reforzada y una cubeta deflectora para el salto, o
con flujo libre sobre el talud. ' :

La disposicicdn propuesta para la cresta se d&a en la FIG. 8. ;

Es similar a las crestas de las mas recientes presas de relleno
de roca con losa de concreto. S5e verificéd por varios analisis .
dinamicos . que ésta forma tiene excelente resistencia .a los ‘.

temblores.

SEGURIDAD Y COSTOS. e

t

El volumen .de una presa de taludes simétricos de relleno compacto . -

es mayor que el de una presa gravedad. La FIG. 9 -muestra el
incremento de volumen contra diferentes taludes, la profundidad
de la excavacién (3 m. de profundidad menos a causa de bajo
esfuerzo) y el perfil (caras rectas o parabdlicas).

lLa primera cuestion uno podria preguntar acerca del costo es, si
relajando las especificaciones del CCR, es suficiente para
recompensar por el incrementoc de volumen de la presa de relleno
compacto y para la presa de losa de concreto.



Se prevee que la presa de taludes simétricos es  un diseno
gconémico para presas en cimentaciones débiles vy donde se pueden
-obtener agregados baratos de bancos cercanos a canteras.

El . BaCaRa se caﬁparé'en un estudio‘para estimar costos para
varios especificaciones de CCR, desde lozs rangos de alto
contenido de cemento del CCR al relleno compacto:

Con el relleno compacto como referencia la relacidn del costo
unitario se encontrd ser de 1.7 para CCR, tipico {tres clases de
agregados, 100 kg/m3 de cemento, 50 kg/m3 de flyash, juntas de
tratamiento y tratamiento de capas). .

Comparado con la relacidn de volumen para la presa PCSRC, de 0.7
en €l rango 1.5 a 1.75 (FIG. %), es claro que podria quedar un
poco. arriba para recompensar el revestimiento de aguas arriba. La
presa mas alta es, 1l1la de costo relativo mas bajo de su
revestimiento. Para una presa de 100 m. de altura PCSRC, el costo
del revestimiento de concreto es menos que el 10 % del costo
total. fCualquiera sea la altura el costoc del revestimiento es .
equivalente a un espesor adicional de relleno compacto de 5 m.
Comparaciones detalladas de varios proyectos en diferentes partes
del mundo {(Eurgpa y America Latina) generalmente concluyen que 1la
presa PCSRC es una solucién econdmica. N

Mo obstante, 1los costos no deberan ser solamente criterios para
seleccionar. el relleno compacto, vya que la presa PCSRC es una
splucidn mas segura para £1 mismo costo 2n un numero de sitios.

fiunque en este documento la PCSRC ha sido comparado con disefos
de presas de gravedad de CCR, es en efecto una . solucidn
intermedia entre la presa de gravedad y la alternativa de rellenu
de roca con lusa de concreto. :

Desde un puntoxde ‘vista geotécnico, un sitio donde una presa de
relleno de roca es factible probablemente serda un sitio donde una .
‘presa PCSRC es tambien factible. En esta comparacidn, la presa
PCSRC seria una solucidn mejor siempre que la estructura
hidrdulica sea grande. En muchos sitios, la proposicién de PCSRC
&s probablemente 1la unica solucidn factible de “concreto",
resyltando en ahorros de tiempo vy costo, porque las estructuras. .
hidraulicas - puedan ma&s facilmente incorporarse dentro .de las
mismas presas.. g e S e g

e . . . o .
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r T ) CONCLUSION

El nuevo tipe de presas presentada aqui, la presa ' de caras
simeétricas de relleno compacto, bhace €1 mejor uso del bajo costo-
del CCR Este bajo costo se aobtiene por una substancial "
disminucidn de 1los reguisitos actuales en relacién. a la°
resistencia, impermeabilidad vy juntas de kcnntraccién."Estusﬁf
cambios son tan significantes que los autores sostisnen ‘que el: .
material merece un nombre nuevo: RELLEND COMPACTO (hardfill en °
inglés). ’

Una ventaja fundamental de la PCSRC, asi comparada con }afpreaé?

de gravedad de CCR, convencional, es su estabilidad grandemente

.mejorada, lo cual significa puede ser construida con seguridad €n -
cimentaciones debiles. y en areas de fuerte sismicidad.
A la fecha, diez PCSRC han sido disedadas, con alturas en el
rango de 20 a 150 m. Una esta en construccidon (25 m). y otra (100
m.) se construird brevemente. t :



