































































































Concept of RCC 7

The RCC concept as a construction method was born, in theory and in practice, at the
Asilomar Conference [2-01] — California, USA, in March/1970. Raphael’s paper [2-02] entitled
“The Optimum Gravity Dam " postulated the optimum gravity dams as being the most economical
solution between the extremes of the high-volume earthfill (containing no cement) and the small
volume conventional concrete gravity dam. Raphael noted that the increase in shear strength of a
cement-stabilized material would result in a significant reduction of the cross section compared
with a typical embankment dam. Also, the use [2-03] of continuous placement methods similar to
those used for earth dams would generate savings in time and money compared with traditional
concrete dam construction methods.
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Historical
Development of RCC

3.1 Historical Background

3.1.1 Summarized Development

At the Asilomar Conference in California (1972), the need for a faster and more
economical construction method of concrete dams was first addressed. The same question
was luter discussed during the X1 International Congress on Large Dams (ICOLD Madrid, 1973).
After this, many symposiums, congresses and technical meetings concerning RCC technology
emerged around the world.

Obviously, previous work done had opened the way suggesting alternatives to a faster
and less costly concrete dam construction. The idea of combining placement advantages of dams
built with loose materials (using lorries for transportation from the mixer to the work face, spread-
ing the material in layers and using external compaction) to the advantages of concrete as a
construction material developed in the 60’s,

RCC was first placed in a dam in 1960-61 [3.01], at the core of the Shihmen Cofferdam
in Taiwan. The same continuous grading aggregates used in conventional concrete were employed.
The maximum size was 76 mm and the RCC was made in the same plant used for conventional
concrete production. The binder mix proportion was 107 kg/m’. Dumpers were used to transport
the material, which was spread in (.3-m thick layers by bulldozers. The material was compacted
by the transit of the dumpers and the D-8"s used in spreading the concrete. The water content was
based on that defined by the optimum moister obtained following the Modified Proctor Method.

The 172- m high Alpe Gera Dam was built in Italy between 1961 and 1965 [3.02].
Using loose material methods, lean concrete was placed in (.7-m thick layers from one side to the
other (in this way avoiding traditional block construction). Batteries of vibrators mounted on
dozers were used for compaction and transversal joints were defined by cutting each layer.
Impermeability of the dam was assured by covering the entire upstream dam face with metal
sheets. An analogous methodology was applied in the construction of the Quaira Della Miniera
Dam. also in Italy.

Another early hybrid was developed by concrete dam designers at Hydro Quebec in
Montreal [3.03]. Their ideas were incorporated in two 18m high gravity wing walls at the Manicougan
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In the 80°s, the use and development of RCC dam construction technology increased
progressively.

As a general conclusion, it can be said that all the ideas involved in RCC dam construce-
tion methods have already been used in isolated cases in the past, the only novelty being their
association and harmonizing in order to obtain a quicker and more economical dam construction.

To understand the development of RCC construction technology it is important to no-
tice that at the end of 1980, there were only 02 completed RCC dams and at the end of 1986, there
were 15 completed RCC dams in the world. By the end of 1996 there were more than 150 RCC
dams, completed or under construction, in the world, as shown in Figure 3.03.

Country RCC Dams (completed or under construction)
1986 19380 1983 1936
Africa 2 7 15 17
Angola : 1 1 1
Moracco - 2 L] 7
South Africa 2 ]
Asia 3 11 24 50
China 1 10 24
Japan 2 13 24
Kyrgyztan - 1 1 1
Thailand - - - 1
Europe 1 6 20 27
France - 1 3 [
Greece - i 1
Italy E = - 1
Romania - - 1 1
Spain 1 15 17
North America 6 15 26 3z
Canada ¥ 4 5 1
Mexico - 1 2 5
USA 6 14 24 26
Oceania 2 k] 6 7
Australia 2 3 & 7
Central & South America 1 3 5 23
Argentina - 1 1 1
Brazil 1 1 3 17
Chile - - - 1
Colombia = - = 1
Cuba = - + 1
French Guyana - - - 1
Honduras - 1 1 1
| Total | 15 | a5 | 9 | 15

Figure 3.03 RCC Dams throughout the world [3.23].
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3.1.2 General Development

Of the total number of dams built worldwide [3.24] until 1950, excluding China, 38% of the
dams equal or greater in height than 15m had been built in concrete. Between 1951 and 1977, this
number dropped to 25%. Between 1978 and 1982, this number decreased even more, dropping to 16.5%.

The decline in the construction of concrete dams took place in a time when the number
of arch dams in narrow valleys was increasing. The reduction happened, however in dam sites
situated in wide valleys, where concrete gravity dams were substituted by embankment or fill type
dams, with a lower construction cost. This cost reduction originates basically from a greater effi-
ciency in the equipment used.

Nevertheless, in contrast to a greater economy, the fill types dams presented - and still
present - a greater probability of failure as mentioned in [3-24]. In the United States, there has not
been a failure of a concrete dam higher than 15 m since 1928, Outside the United States, the most
recent failure of a concrete dam was that of Malpasset Dam, in France in 1959. This was a 61-m
high arch dam, in which sliding of one of the abutments occurred over the length of a fracture
plane. On the other hand, during the last 60 years, hundreds of failures have happened with fill type
dams. The main causes are the overflowing during a flood (as was the case in Tous Dam) and the
internal erosion of the fill material (as at Teton Dam).

As a result, it became necessary to find a new type of dam that combined the superior
safety of concrete dams with the efficiency of the construction method of fill type dams. From this
basic idea, and by way of several different methods, RCC dams were developed.

The RCC construction method evolved not only from the efforts of some influential
concrete dam designers but also from the work of geotechnical engineers who traditionally design
earth and rockfill embankments. Their combined efforts have produced a concrete dam built with
methods usually associated to earth dam construction. The product is a low-cost dam with the
same inherent safety as a conventionally placed concrete dam.

An authentic forerunner of this dam type is the Alpe Gera Dam, completed in 1964 in
ltaly [3-02]. Here, an attempt was made to reduce the cost of construction while maintaining the
cross section of concrete gravity type dams. Part of the economy was obtained by reducing the
cement content in the concrete used in the interior of the dam body, where stresses are lower and
demands for durability, minimal. Most cost reduction however, came from the use of embankment
construction methods, Concrete was extended in horizontal layers [3-25; 3-26], a method currently
called [3.27] “E.L.C.M.- Extended Layer Construction Method™ by the Japanese. [t was used at
Nunome Dam — 72m high, volume of 330,000 m* in 1989. The difference between construction
methods used at the Alpe Gera Dam and known as “E.L.C.M.”, and those used in a roller com-
pacted concrete dam, is that the lean concrete was consolidated by internal needle vibrators mounted
on tractors, instead of using external compacting with rollers.

In the 1970’s, the evolution of the concept of RCC dams followed different roads:

Dams built with lean mixtures, with a content of cement paste of 70 1o 100kg/m’,
and with the placing of mortar between layers. This alternative was developed by the United States
Army Corps of Engineers and other researchers and their first important work was the Willow
Creek Dam (United States), completed in 1982;

Dams with high-paste contents of binding material from 150 to 270kg/m’, with a
high proportion of fly-ash. An example is the Upper Stillwater Dam (United States, 1987) with
more than 1,125,000m? of concrete with a mix of 247kg/m* of binding material.
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- as compared with conventional concrete dams:
= superior rate of construction (can reach 2-2,5m per week);
= large-scale use of conventional equipment (dumpers, bulldozers, rollers);
= as a consequence of the previous point, reduced costs;
= less impact on the environment.
- as compared with embankment or fill type dams:
= shortening of the time for completion, by placing with similar rates reduced volumes
(ratio from 1:4 to 1: 5});
= may perform as a spillway over the dam;
= shorter outlet conduits and intakes. Intake tower abutting against the dam and not
freestanding:
= shorter river diversions during the construction;
= as a consequence of the aforementioned, a considerable construction cost reduction;
=> less impact on the environment due to less quantity of materials required, which also
results in a reduction in traffic problems, dust and scars in the zones of borrow pits;
= they support floods or spilling not only in service but also during construction.

Most RCC dams are gravity dams, although in some countries (South Africa, China)
there are some examples of arch - gravity dams.

For many years [3-25], the so-called “rolled concrete” was used as sub-base of roads
and airfield pavements where it has generally been referred to as “lean concrete™ or “dry lean
concrete”. Mainly, it has been used as a 150 to 250-mm thick base under bituminous surfacing.

The popularity of rolled concrete for this use has been attributed tw a number of lactors,
primarily that it is a simple material to produce and place, and it requires no unique construction
facilities or equipment. The mixtures for paving work usually have low cement content, about 110
to 120kg/m’, and involve the use of washed aggregates suitable for plain concrete. The water
content is chosen to produce no-slump concrete to suit compaction by rolling, and the material is
laid without contraction joints. The main deficieney, from a performance point of view, has been
the occurrence of transverse cracks. This undesirable characteristic has had a major influence on
mixture proportioning and pavement design.

Figure 3.05 Paving works at Congonhas Airport (Sao Paulo,
Brazil 1950). No-slump concrete [3-28].
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Although mass sections using large aggregate RCC were not new, Raphael’s paper [3-
31] was the first to recognise that these construction methods could be used to produce a large
dam. Sly Creek Dam for the Oroville-Wyandotte [rrigation District was designed as an 18-m high
solid soil-cement dam in 1967. The California Division of Safety of Dams approved the design by
a private consulting firm for construction, but it was not built due to a funding problem [3-32].
RCC (called “rollcrete™ at the time) containing coarse pit-run aggregate was used for the mass
foundation to support the outlet conduit for Cochiti Dam in New Mexico in 1968 [3-33].

During the 70°s, similar ideas for interior lean mass concrete were adopted by Brazilian
dam designers and government agencies, for massive structures using CVC as schematic shown
on Figures 3.06 [3-34]

Cannon (1972, 1974), from the Tennessee Valley Authority (TVA), presented papers
entitled “Concrete Dam Construction Using Earth Compaction Methods™[3.35] and **Compaction
of Mass Concrete with Vibratory Roller”[3.36] in which he showed results from tests conducted by
the TVA on concrete compacted by vibratory roller. These results were obtained in part from the
first full-scale trial of roller compacted concrete in the USA which took place at Tims Ford
Dam in 1970,

In Japan, the Ministry of Construction of the Japanese Government organized a com-
mittee formed by specialists in concrete dams headed by Dr. Kokubu, and since 1974, this commit-
tee has been promoting research concerning construction of conerete dams. Part of this research is
the work being done on the Roller Compacted Dam (RCD) construction method which has been
investigated independently in Japan [3-11: 3-12; 3-19; 3-37 and 3-38]. A full-scale test conducted
at the cofferdam of Ohkawa Dam (volume = 10,000m*)[3-11 and 3-39] in 1976, and the results of
basic research and studies proved the RCD method applicable to the dam body.

Shimajigawa Dam [3-37; 3-40], the world’s first RCD dam (volume = 317,000m") was
completed in 1980, followed by Tamagawa Dam [3-40; 3-41; 3-42; 3-43], the world’s largest and
highest RCD dam (height=100m, volume= 1,150, 000 m’, completed in 1987).

In the UK, Price (1977) conducted a comprehensive laboratory investigation and de-
sign study at the University of Newcastle [3-44]. Trials with lean concrete which contained y-ash
pozzolana were carried out in 1976 at the Tamar Treatment Works in Cornwall, and the results
were reported by Dunstan (1977) of the South West Water Authority [3-45]. Subsequently, Dunstan
played a major role in the CIRIA - Construction Industry Research and Information Association-
sponsored research project in 1978-80, which included two large and three small full-scale trials
reported in two notes [3-46; 3-47]. In these trials, rolled concrete with a low cement content and a
high fly-ash content was investigated. A method of using an offset slipform paver to form the face
of a dam was also investigated. The experiments culminated in construction of a small section of
dam using materials and a production plant, which would be available for the future construction
of the Milton Brook Dam, UK.

The remedial work on Tarbela Dam, Pakistan [3-04 to 3-10], during 1975-83, was also
significant in the historical development of roller compacted concrete.

One of the first effective uses of RCC in the United States was in 1976 at TVA's Bellefonte
Nuclear Plant [3-48], where 5,800 m® were used to raise the supporting base under the turbine
building by approximately 3m. Between 1978 and 1980, the USCE used RCC on the floodway sill
adjacent to the Tanana River, [3-49] on the Chena River project in Alaska, [3-50] and for rock protec-
tion in the tailrace of the second powerhouse at Bonneville Lock and Dam in Washington,

Based on data developed in its early research and test sections, the Corps designed an
alternate RCC for Zintel Canyon Dam near Kennewick, Washington, in 1974, The concept of a
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3.2 State of the Art of RCC Dams

The conventional method of constructing concrete gravity dams relies on the casting of
a series of monoliths divided by contraction joints. The method has the advantage of preventing
temperature cracks, but the necessary equipment for concrete cooling and joint contraction makes
this method less economical than conventional embankment dam construction. Another disadvan-
tage of concrete dams is the limited use of large machinery, possible in embankment dam construc-
tion, because of the small construction area.

On the other hand, embankment dams have some structural disadvantages when compared
to concrete dams, the main one being the lack of resistance of their materials when overtopped by floods.

As pointed out before, roller compacted concrete dams combine advantages of both
technologies: the economical and rapid construction of embankment dams and the structural reli-
ability of concrete dams. In RCC and RCD construction methods, concrete is placed in long and
continuous layers and consolidated by vibrating rollers or by a combination of crawler tractors
with nonvibratory rollers, while conventional concrete 1s placed in isolated monoliths and consoli-
dated by immersion vibrators. RCC and RCD methods are characterized by reduced labor costs,
continuous construction, shortened construction periods, and cement content savings for the con-
crete. There is however, a need to develop technigues to prevent temperature cracks in the con-
crete. A successful technigue is that used in RCD technology [3-56 to 3-65].

Extremely lean mixtures of no-slump material are used reducing the cost and heat gen-
eration of the concrete. The construction of Willow Creek Dam (USA}) in 1982, for example, is
widely known to have permitted a substantial economy, although watertightness was later im-
proved by grouting because of leakage through the dam.

Following the Willow Creek experience, a number of RCC dams have been built, but
with modified designs:

» most have used adequate cement content;

»  measures have been taken in all cases to control leakage at the horizontal joints
and/or through the upstream face;

» transverse joints and concrete performances have been adjusted to the new design
concept.

These improvements, while keeping the structural qualities, benefit from a better cost-
effectiveness.

In Japan, the RCD method of dam construction using roller compacted concrete has
evolved somewhat differently than in the USA. RCD is a cautious but steady movement from
traditional mass concrete design and construction to the inclusion of roller compacted concrete in
a dam. The Japanese. like many nations, hold that roller compacted concrete dams should have
structural reliability (e.g., strength, watertightness, durability and integrity ) similar to that of tradi-
tional concrete dams, and that such properties should not be slighted just for the sake of cost
reduction [3-59].

RCD was considered a new construction method, but RCD dams were not considered a
new dam type nor was their design philosophy different from that of conventional dams. Elaborate
studies have been made on the design of the mixture proportion in order to achieve a similar
strength, watertightness, and other performances of conventional concrete, in addition to a greater
construction efficiency and economy,

Transverse contraction joints, commonly provided in the dam body, make the dam free
of temperature cracks. Mortar spread between layers makes the dam watertight and the outside
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3.3.2 First Projects

In the early 80’s, Brazilian consulting engineering companies began to consider RCC
as a good alternative for dam construction. Most feasibility studies initially compared RCC to
traditional mass concrete and finally, to earthfill and rockfill dams. At that time, several large
hydroelectric projects were having their feasibility studies developed like, for instance:

# Barra Grande (183m high), and;

# Capim Branco (108m high).

The RCC solution was studied in great detail but was not chosen as the best alternative
because:

- the real cost of roller compacted concrete was still undetermined in Brazil, and there
was a tendency to increase the final prices to overcome unknown factors;

- some engineers questioned the technical feasibility of building high dams and did not
want Lo bet on the new technology.

Important facts that helped change this situation are:

- visits of Brazilian engineers to RCC dams completed or under construction abroad,
mainly in the USA (Willow Creek, Galesville, Upper Stillwater, Monksville, etc) and Japan
(Shimajigawa, Tamagawa, Pirika, Sakaigawa, etc);

- presentation of technical papers on RCC ([3-66]. The first one - “*Concreto Adensado
com Rolo Vibratério™) was presented at a Brazilian seminar held by the Brazilian Committee on
Large Dams and the Brazilian Concrete Institute;

- lectures given to owners, contractors and consulting engineering companies about the
advantages of using RCC.

Major contributions to the development of RCC however were the construction of Saco
de Nova Olinda Dam, in the state of Paraiba, and the construction of Urugua-i Dam in neighbour-
ing Argentina.

SACO DE NOVA OLINDA: Built in 1986, mainly for irrigation purposes, it is 56m
high and its 138,000 m* of RCC were placed in only 110 days with a production peek of 2,500 m¥/
day. The construction method used was widely advertised and several papers about the dam were
published in the country and abroad. The easiness of the method and its potential became obvious
at Saco Dam. Pugmills were used to batch the concrete, small trucks (4 to 6 m?) to transport the mix
to the site, very simple formwork was applied at the upstream and no forms at the downstream
face, stricking the sceptics that were not yet sure about the feasibility of RCC. A cost of about US5
40/m* also testified in favour of the technique.

It is important to notice that the mix of this first Brazilian roller compacted concrete
dam contained 70 kg/ m* of Portland Pozzolan cement.

URUGUA-i (Argentina): This project was built in Argentina from 1987 to 1989, not
far from the Brazilian border at Foz do Iguacu. For this 78-m high dam about 600,000 m* of RCC
were placed in approximately 270 days reaching a peak of almost 6,000 m'/day.

Several concrete tests were [3-68 to 3-70] performed at [taipu laboratories for this dam
including, among others: thermal properties, creep, triaxial and compressive strength, strain ca-
pacity, modulus of elasticity, Poisson’s ratio, autogenous strain and permeability. It is important to
notice that triaxial tests made on lean concrete, with 60kg/m’ of cement, resulted in 2.5MPa of
cohesion and a friction angle of 48,
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Rain Period River Maximum Maximum Overtopped Maximum Height
(High Flow) Flow (m'/s) Flow (rrf/s) over the Cofferdam (m)
1989-1990 9171 6671 12
1990-1991 3403 853 7
1991-1992 6701 4151 11
1992-1993 3907 1220 8
1993-1994 4601 1850 9

The structure behaved according to what was expected in the design and showed a
remarkable strength against erosion.

PORTO PRIMAVERA wave protection: Another special use of RCC was developed by
CESP, Sio Paulo state government power company, at Porto Primavera Hydroelectric Project (1800 MW).

The material was placed in a 26-m high rockfill embankment that protects the earthfill
dam as a barrier against high waves that occur annually during the operation of the spillway gates.

The RCC barrier was chosen instead of “rip-rap” due to a lack of large stones at the site
(natural gravel is the coarse aggregate for concrete). It is 10-m high, 5 m in width. The first stage
was 200m long and was built in 1993, Concrete was placed in continuous 0.35m lifts with no
provision for construction joints.

The design correctly predicted that the opening of joints caused by thermal cracking
would not affect the behaviour of the structure. The downstream water level has already reached
the RCC and its behaviour is considered very good.

A lean RCC with 100 kg/m* of Portland Pozzolan cement was used and tests were
performed to examine the mix, the equipment and the method: laboratory tests, small-scale
compaction tests and a full-scale field-test (185 m*). Cores were extracted and tested at CESP’s
central laboratory at llha Solteira.

The RCC and the rockfill are being monitored by instruments and periodical visual
inspections. Installed instruments include rod extensometers, inclinometers, electrical resistance,
thermometers and reference marks.

XINGO ROCKFILL DAM Protection: The 150-m high concrete faced rockfill dam of
Xing6 Hydroelectric Project required protection to reduce the risks caused by eventual overtopping
during construction. RCC was chosen as the best alternative and a mix containing 100kg/m’ of
Portland cement plus 30kg/m’ of artificial Pozzolana (from calcined clay) was used for the 44,155
m* of concrete. RCC was placed in successive layers of 0.4 m.

Prior to its actual application, CHESF, a federal government owned power company,
decided to test the methodology and for this purpose, built a full-scale test fill, with a volume of
719 m?, in one week.

3.3.4 Projects of the 90’s

In the first half of this decade, six dams were built using the RCC method: Caraibas,
Gameleira, Cova da Mandioca, Virzea Grande, Juba | and Juba 11, and five others were (1998)
under construction: Jordao River Deviation, Salto Caxias, Canoas, Trairas, Pelo Sinal, Jucazinho,
Belo Jardim and Rio do Peixe.
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3.4 RCC Design and Construction-Brazilian Practices

3.4.1 Design

Design for RCC dams in Brazil follow the same procedures as for traditional concrete
dams. However, some characteristics of the method demand more attention be given to certain
topics, such as thermal stresses and watertightness.

The use of drainage galleries and the shape of uplift diagrams have been much discussed
in RCC dams less than 40-m high [3-73]. Several Brazilian RCC dams under construction or still
being designed have one line of internal drains as a supplementary guarantee against seepage.

Thermal stress analysis has been performed in Brazil since the late 60’s, when HEATRN
software, derived from Wilson's initial studies at the University of California, Berkley, USA, be-
gan to be used. However, because of the low cement content of most RCC mixes, thermal stress
analysis has verified that up to now, cracking is not a problem in Brazilian dams.

Several Brazilian RCC dams, either built, under construction or being designed.
were previously embankment dams. Change in the dam type owes much to the flexibility of
designers:

- usually taking into consideration the special requirements of the construction meth-
odology. trying to avoid embedded parts;

- maintaining a close link with those responsible to the layout and planning of the
project thus adapting the design to the construction phases;

- taking advantage of the characteristics of concrete.

3.4.2 Materials

The installed capacity for power generation in Brazil is 55x10° MW, About 8% come
from thermoelectric powerplants moved by diesel, coal and nuclear energy. Coal is responsible for
only 2% of the total and is used in powerplants located in the south of the country.

Consequently, the use of fly-ash is almost impossible in the North and Northeastern
parts of the country, because of the high cost of transportation that may increase the cost of the
material, sometimes exceeding the price of cement.

Therefore it is easy to understand why most of Brazilian RCC dams use low cement
content mixes, and when pozzolanic material is considered necessary, its amount is as low as
possible. The use of low cementitious contents presents the following main advantages:

- reduced risks of thermal cracking,

- reduced material for alkali-aggregate reactions;

- lower cost of the mix,

Silt has also been used in Brazil for some RCC mixes. One of the major breakthroughs
in the concrete mix design however, refers to the use of stone dust or crushed powder as a filler.
The first experiments began at Itaipu laboratories [3-74] where it was proved that certain types of
rocks, when finely crushed, could also have some pozzolanic properties. For this reason there is a
trend in Brazil, nowadays, to carefully study the crushing plant scheme in order to include a qua-
ternary crusher, if tests prove it to be cost-effective. The use of silica-fume in RCC mixes has not
yet proven economical in this country,
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3.4.3 Construction

Up to now, small projects have used unsophisticated equipment for RCC production
and placement in Brazil; ordinary batching plants or pugmills, small trucks (4 to 6 m?), dozers (D4
and D6 types) and rollers commonly available.

Lift heights that initially started at 0.25m in the first trials have increased to 0.40m in
some projects.

Construction of galleries embedded in the RCC has varied widely according to the need
of each design. Several methods have been used, such as: placing coarse or fine aggregate in the
part of the RCC lift where the required gallery will be and then mining out this material; use of
wood separators or small precast concrete elements between the RCC and fill as each layer is
placed; precast concrete sections; conventional forming.

Experience has shown that the use of loose sand as fill material can contaminate the
surrounding conerete surface thus requiring extra cleaning. However, good results were obtained
at Canoas Dam where wet sand was used and removal was easy. The use of wood separators
or small precast elements has proven to be a good solution and improves the aesthetics. A
coarse aggregate used after compaction becomes difficult to remove and consequently, time
consuming.

Procedures to build the upstream face, the downstream face, contraction joints as well
as other constructive details such as waterstops embedment, lift cleaning and use of bedding mixes
are very similar to what is being done in other projects around the world.

3.4.4 Instrumentation

Monitoring has always been a matter of concern in dams in Brazil, and therefore,
almost all projects include some type of instrumentation, such as thermometers, piezometers and
rod extensometers. Reduction of the number of instruments embedded in the RCC is taken into
consideration as a way of avoiding construction stops.

3.5 RCC Focused as material

3.5.1 Soil-cement

Sly Creek Dam [3-32; 3-33] in northern California was designed in 1967 as a 18-m high
solid soil-cement dam. The entire section had to be erosion-resistant because the dam was designed to
be overtopped and ultimately inundated during high-flow conditions. The increased shear resistance
of soil-cement over earthfill construction allowed both the upstream and downstream slopes of Sly
Creek to be steepened to 1H:1'V. The design [3.31:3.32:3.75] by California engineering consultants
St. Maurice, Helmkamp and Musser (MHM Engineers), was approved for construction by the
State Department of Water Resources’ Division of Safety of Dams. The project was never built
because of a lack of funds. At the same time (1964), Sarkaria, G.S., at [ECO- San Francisco- pro-
posed the same concept for the 50-m high New York Flat Dam, in the same area. Both dams were
discussed with California DSOD, but DSOD approves only when the bid documents are prepared.

Erosion resistance also was the key criterion for the design of a 6.7-m high, 10-km long
embankment to enclose a 445-hectare cooling-water reservoir for the Barney M. Davis power
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station in Corpus Christi, Texas. The long, low ring-dike had to withstand wave action from within
and erosion by floods and heavy rain from without.

A solid soil-cement cross section with a 3.7-m crest width and 1.5H:1 V slopes on both
faces was one of the alternatives considered by engineering consultants, Sargent & Lundy, in 1971.
It proved to be the most economical option when it was bid two years later as an alternative to a
more conventional sand-fill embankment with soil-cement slope protection on both sides.

Besides being the only large dam constructed entirely of soil-cement, the Barney
M. Davis reservoir embankment marked the first recorded use on a dam of vibratory rollers
1o compact soil-cement. No joints were incorporated in the 268,000 m  of soil-cement used to
construct the long, low dike. Transverse cracks occurred in the soil-cement section as anticipated,
but they were not of sufficient width to allow passage of water.

Also at the 1972 conference, Raphael reported on a major installation of soil-cement
for upstream slope protection at Castaic Dam in California. A placement rate of 382 m'/hour was
achieved on that project. Raphael also noted in 1972 that techniques were available to take the next
step of building an economical soil-cement dam. Apparently, he was not aware of the earlier Sly
Creek Dam design or the solid soil-cement alternative proposed, and eventually built, for the Barney
M. Davis powerplant’s cooling-water reservoir ring dike.

In Brazil, Ilha Solteira Laboratories owned by CESP (Sio Paulo state government agency)
developed a large study concerning the use of soil-cement as a material for construction of the dam
body, as reported in [3-76].

3.5.2 Different Paths Taken in RCC Mix Design

RCC mix design was evolving in three different directions during the 1970°s.

= In the United States, a lean-concrete alternative based on soil technology was being
developed by the Army Corps of Engineers and other investigators;

= British engineers were focusing on the so-called high-paste allernative, a hybrid of
conventional concrete mix design and earthfill dam construction methods;

= The Japanese research team, set up to explore rationalized concrete dam con-
struction methods, was developing the third approach, which was called roller-compacted
dam concrete method, or RCD.

3.5.2.1 Development of the Lean RCC dam

The United States Army Corps of Engineers began a concentrated effort to develop
RCC for use in building concrete dams in the early 1970’s. The Corps built field test sections at
Jackson, Mississippi, in 1972 [3-77] and at the site of Lost Creek Dam in Oregon in 1973 [3-78].
The field tests confirmed the basic construction method and provided information on material
properties and the strength of the bond between successive layers of RCC. In fact, the name “roller-
compacted concrete” may have been first used by Corps investigators Hall and Houghton in re-
porting on the Lost Creek test section[3-78].

3.5.2.2 Development of the High-Paste RCC dam

After initial work in the early 1970°s by the Tennessee Valley Authority on a concrete
mix with a low-Portland-cement and high fly-ash content, the development of this so-called high-
paste RCC alternative shifted to the United Kingdom. The properties of the material were demon-
strated in 1976 following field trials in Cornwall, England[3-45 to 3-47].
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The high-paste RCC dam evolved along the same lines as the Japanese RCD method.
in that both started out with the basic cross section of a concrete gravity dam. The volume of RCC
at Upper Stillwater was reduced even further by taking into account the tensile strength of the bond
at the joints between successive lifts of the high-paste RCC mix.

3.5.2.3 Development of RCC in Japan

At the same time that considerable progress was being made toward the development
of RCC for dams in the United States, Japan also was working independently to develop a rational-
ized method for building concrete dams that would speed the placement of concrete and lower the
cost of construction.

Because of seismic, hydrologic, and topographic problems associated with most dam
sites in Japan, designers there have taken a more conservative approach to RCC dam construction.
Their aim is for a product with the same quality and appearance as that of conventionally placed
mass concrete gravity dams [3.11:3-12;3-19;3-37 to 3-43:3-59].

3.5.3 Development of the “Fines Content Practice”

The use of continuous grading for the RCC based on a cubic-type (or similar) curve
takes into consideration a substantial quantity of fines, finer than 0.075 mm, for the adequate
cohesiveness of the mix (see Chapter 6).

In stiff RCC mixtures, increased quantities of these materials may actually be used to
reduce water requirements so that higher limits may be used without adverse effects.

These fines may be of various kind as previously mentioned: fly-ash, blast furnace slag,
natural or calcinated clay Pozzolans, diatomaceous earth, silt and also “crushed powder™ or “rock
flour™ (called “pd de pedra” in Brazil), byproduct of rock crushing obtained during the aggregate
production process.

The use of this “stone crushed powder” (fines lower than 0.075 mm) in the RCC com-
position has considerable advantages. It not only improves the cohesiveness of the mixing while
fresh but also reduces the expansions resulting from the reactions with the cement alkali, which
depends on the Silica mineralogical form and content,

Natural sand resources of Brazil's southeast and south regions (next to the Parand River
basin) were becoming scarce. This forced the production of crushed sand by crushing rocks,
normally of the basaltic type.

At first sight (see Chapter 5), the visual observation of these rejects did not indicate the
presence of cohesive materials that could be considered damaging.

This gave rise to the evaluation of that reject with views of incorporating it to the CVC
and RCC mixes [3-68 to 3-70]. during the construction of the Urugua-i RCC Dam (in Argentina).
A cubic grading curve (see Chapter 6) was used for the basaltic aggregates, requiring a certain
amount of fines. The mixing studies for the Urugua-i Dam, carried out at Itaipu Laboratory,
suggested the incorporation of the basalt “Stone Crushed Powder”™ to the mixing, which was
successfully adopted.,
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3.6 Most Significant Events in RCC for Dams

1964 Alpe Gera Dam, a 172-m high concrete gravity dam in the Italian Alps, was built like an
earth embankment, using dumper trucks, dozers, and tractor-mounted immersion vibrators to
place lean concrete in horizontal lifts:

1970 Jerome Raphael presents a paper “The Optimum Gravity Dam™ in which he proposes
the concept of an embankment made of cement-enriched, granular pit-run material placed and
compacted with high-speed earth-moving equipment;

1970-1973 Research in the United States by the Tennessee Valley Authority at Tims Ford Dam
and by the Corps of Engineers at Jackson, Mississippi, and at Lost Creek Dam helped 1o prove the
economic feasibility of RCC and to develop the construction methods for its mass placement;
1974-1975 The emergency repair of a collapsed outlet tunnel at Tarbela Dam in Pakistan using
RCC demonstrated the rapid placement rates possible: 460,000 yd* (350,000 m*) of RCC were
placed in 42 working- days:

1978 Research started four years earlier by Japan's Committee on Rationalized Construction |
of Concrete Dams led to the start of RCC placement for the body of Shimajigawa Dam, a 89-m
high gravity dam;

1978 A full-scale trial of the use of high-fly-ash-content RCC together with laser-controlled slip-
formed facing elements was successfully completed at Wimblehall Dam in England. This work
on High-Paste RCC contributed significantly to the design in the early 1980°s of the U.S. Bu-
reau of Reclamation’s Upper Stillwater Dam in Utah;

1980 Shimajigawa became the first dam in the world to be built using RCC for the main portion of the dam.
1982 The placement of 331,000 m* of RCC in less than five months for the U.S. Army Corps of
Engineers’ Willow Creek Dam in Heppner, Oregon, confirmed the rapid construction rates and
economic viability of dams built entirely of RCC;

1983 Construction started at Tamagawa Dam, the first RCC dam to reach 100m in height, in Japan;
1984 RCC came to the southern hemisphere with the design and construction of Australia’s 40-m |
high Copperfield Dam in only 10 months.The construction of the 21-m high Winchester Dam
in Kentucky using precast concrete panels and an attached polyvinylchloride (PVC) membrane
to both form the RCC and provide an impervious upstream face initiated a concept that may be
called a “concrete-faced RCC dam™;

1985 The erosion resistance of exposed RCC was proven in the field when Chervil Pﬂnding|
Dam in Texas, a 6.1-m high RCC dam, was overtopped by 4.4m during a flood, 30 days after
construction was completed. It was overtopped by 4.9m due to an even greater flood two years
later, with no considerable wear of the RCC crest and downstream slope;

1986 The construction of the 56-m high Saco de Nova Olinda Dam in Paraiba state- Brazil, the
first RCC arched dam in the world and the first RCC Dam in Brazil and South America;

1988 Construction started at the 115-m high Sakaigawa Dam site, in Japan. The first RCC dam
higher than 100m;

The construction of the 77-m high Urugua-i Dam in Argentina, the first RCC with (*P6 de
Pedra™) crushed powder filler to adjust the grain size curve; ‘
1991 The construction of the 155-m high Myagase Dam, in Japan, the first RCC dam higher than 150m; |
1992 The construction of the 75-m high Puding Arch-Gravity Dam in China, using the concep-
tual criterion of arch dam.

Figure 3.13 The Most Significant Events in RCC for Dams.
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Design of
RCC Dams

4.1 General

The use of vibratory or other rollers to compact concrete instead of immersion vibrators
does not change the basic design concepts for dams, locks or other structures: however, it does
affect construction procedures. Roller-compacted concrete has been used primarily for gravity-
type dams, and nowadays for arched-gravity type dams, and the design of gravity and arched-
gravity dams will be emphasized in this chapter. The design of these dams using RCC is funda-
mentally no different from the design of a similar dam built with conventional concrete. Therefore,
many ol the principles and formulas for these dams design do not need (o be repeated here.

The fast construction possible with RCC should be considered during construction plan-
ning, structural design layout of appurtenant structures, and treatment of joints. Any structure of
sufficient length and width to accommodate the rollers and spreading equipment could benefit
economically from the use of RCC.

The designer, in taking advantage of the latitude afforded by RCC construction, must
use discretion in balancing cost reductions against technical requirements. The durability and long-
term performance requirements of the RCC dam are technical factors to be considered. The accep-
tance standards of quality and safety for RCC dams should be the same as those currently accepted
worldwide for comparable CVC dams. However, the performance of several completed RCC dams
has demonstrated the need o improve certain deficiencies with respect to selection of materials for
RCC. foundation treatment. structural monolithicity, crack prevention and leakage, when com-
pared to the standards for CVC dams.

Over the 8()'s the RCC method of dam construction has gained wide spread popularity
throughout the world. With a few exceptions, the height of the highest RCC dams has steadily
increased over this period.

The question: How high RCC dam? - has been asked several times.

The completion of Shimajigawa Dam (75m) in 1980 and Willow Creek Dam (43m) in
1982 demonstrated RCC 1o be a cost-effective method of dam construction. Based on that experi-
ence. since 1984 there has been a gradual increase in the number of RCC dams built around the
world. Parallel to its rise in popularity is the use of RCC in progressively higher dams. Figure 4.01
plots the height of RCC dams against time over the past decade. It can be seen that, with the
exception of the Japanese dams, and Upper Stillwater (90m in 1987) and La Coruna (86min 1988)
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construction technigues and chiefly quality control, to ensure that high RCC dams are equal in
long-term quality, safety and performance to conventional mass concrete.

Based on construction experience and the available performance data from completed
RCC dams, several high (>100 m) and large (>1 million m*) RCC dams are currently under design
or proposed for construction in the near future. The economic advantages of RCC dams over CVC
dams and embankment dams are well known: a shorter construction period due o fast rate of
concrete placement and lower costs. However, these advantages are sometimes overestimated,
while critical problems that have occurred at RCC dams are either overlooked or their conse-
quences considered acceptable.

During the definition stage of a project, when the dam type is selected, the shortcomings
of, or incidents that have occurred at some smaller RCC dams should be carefully evaluated. The
consequences of similar mishaps during the lifetime of a high and large dam can be catastrophic.

These requirements include site specific design criteria, a suitable foundation, expedi-
tious use of available construction materials, structural stability, and watertightness.

4.2 Site Selection

4.2.1 General

One of the most important conditions to build a concrete dam - either CVC or RCC - is
[4.02] that the foundation presents after treatment by grouting or reinforcement, the necessary
strength, permeability and rigidity. Site investigations are always necessary for designing and build-
ing dams. Usually a requirement to build a concrete dam is that the foundation is in the rock, even
altered or having clay bedding seams or shear zones that could be treated or reinforced. Otherwise,
they are not safe. Geotechnical works such as borings, trenches, and galleries and geophysical
investigations are needed. Permeability tests are generally carried out in the borings. Shear strength
and deformability parameters of the foundation rock mass, especially along the weakest surfaces,
are necessary for the design. Instead of tests, appropriate rock mass classifications may also be
used to obtain a good estimate of such parameters; in many cases, lests are not necessary.

Interrelated factors that have to be considered when selecting the best dam type for a
given site include physiography, hydrology, foundation, schedule (reduction in time), weather,
construction materials, construction features, environmental impacts and above all, the intended
use of the project and the particular needs of the owner. The fundamental requirements for an RCC
dam to be considered for any site or height are an adequate foundation and a suitable source of
construction material for processing into RCC aggregate. The remainder of the dam type screening
process is an economic comparison of RCC with other types of dams (see Chapter 10). At the
screening level of dam type/fsize selection RCC should not be ruled out because of height alone.

A completed RCC dam should behave as a monolithic elastic structure, integrally bonded
to its rock foundations, that is, its structural performance should be equivalent to that of a CVC
dam with a similar configuration. For the two types of dams to be equal in quality, safety and
durability, they should have equivalent margins of safety against cracking, failure, overloading,
shearing-sliding and leakage through the concrete and construction or layer joints.

The degree of monolithicity and elastic isotropy of an RCC dam depends on several
factors. If there are vertical transverse cracks or ungrouted contraction joints, the structure’s blocks
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would act as individual cantilever gravity dams, each independent of its neighbors. If no transverse
contraction joints are provided, and no transverse cracks occur, the dam will function as a three-
dimensional monolithic plug, transmitting load in all directions, including longitudinally to the
abutments. If the transverse cracks are inclined or curvilinear, the structural behavior of the dam
could be a hybrid between a cantilever gravity dam and a three-dimensional monolithic dam. If
longitudinal cracking occurs, it would affect the monolithicity in the transverse direction and cause
internal tensile stress concentrations. All cracks alter, in some way, the stress field in the elastic
mass with tensile stress concentrations occurring at the end of each crack within the body of the
dam. Other factors that could significantly affect monolithicity are the bond, shear and tensile
strengths of the horizontal construction joints.

Site selection and foundation requirements for RCC dams are basically the same as
those for conventional concrete gravity dams. However, because RCC costs less per unit volume
than conventional mass concrete, designers have more freedom in optimizing the site selection.
They are no longer strongly tied to a site that minimizes the volume of concrete in the dam struc-
ture. Designers can now investigate other sites where a larger-volume RCC dam may be required
to maximize the benefits of the entire project. Those benefits could include increased pool storage,
greater head power and shorter penstocks for a hydroelectric project.

In preparing preliminary designs and cost estimates for alternative dam types, the opti-
mum location of an RCC dam may be different from the optimum location of an embankment dam.
This will depend primarily on the topography and geology of the site.

The design, construction and performance of completed RCC dams indicate several
issues that need to be examined if the structural performance of high RCC dams should become
equivalent to that of CVC dams. These issues are:

Quality of the foundations.
Elastic monolithicity of construction joints.
Stability against shearing-sliding.
Structural cracks

- Transverse contraction joints,
Longitudinal cracks and joints.
Quality of RCC.

+ Large spillways over an RCC dam.
Drainage and seepage control.

4.2.2 Foundation

Foundation conditions for RCC dams of any height must be equal to those for CVC
dams of the same height. If a satisfactory foundation exists there should not be a limit to the height
of an RCC dam based on foundation quality.

The structural design of the dam, again as in conventional dams, includes correct inter-
pretation of geology as it will affect stability and deformation of the foundation rock. RCC dams
are to be considered three-dimensional structures capable of responding to foundation strengths
and weaknesses. Consequently, two-dimensional seepage and stability analyses may not accu-
rately define the total strength resisting the applied loads. If only two-dimensional analyses are
made, significant differences in the foundation modulus of elasticity and deformation across the
site may cause portions of the dam and/or foundation to be more severely overloaded. This may or
may not be acceptable or desirable.
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Each project should be evaluated on a site-specific basis. Foundation shape irregulari-
ties such as would be seen in a cross-canyon profile could result in load transfer from depressed
areas (o intrusive areas, again causing variations in stresses and deflections computed from plane
strain analyses. Such variations may or may not be significant.

When establishing design criteria for any dam type, including RCC, of any height, the
paramount consideration should be the intended use of the structure, the particular needs of the
owner and cost. Safety, watertightness, flood frequency, spillway capacity, schedule, seismicity
and other site-specific requirements must be established before dam design can begin.

Foundation, loading conditions, safety factor, drainage, stress distribution and thermal
cracking potential are all factors which must be considered when evaluating the stability of a very
high dam and determining dam configuration and strength requirements.

Sound rock foundations are considered the most suitable for concrete dams because
they have high bearing capacity and a high degree of erosion and seepage resistance. RCC dams
completed to date have been founded on many different rock types, such as basalt (Jordio, Salto
Caxias, Urugua-i, Willow Creek), limestone (Winchester), marlstone (Middle Fork), granite
(Copperfield), meta-andesite (Galesville). siltstone (Bucca Weir). quartz sandstone (Upper
Stillwater), meta-sandstone (Capanda) and quartzite (Saco Nova Olinda).

Supposing an adequate foundation, there is no structural height restriction for RCC
dams. Rock foundations without major faults and shear zones can be most suitable for RCC or
CVC dams. Faults and shear zones do not necessarily eliminate a site from consideration, but it
may be expensive to treat them in order to ensure an adequately safe foundation.

Because each site is unigue, engineers experienced in evaluating foundations should
investigate the site and determine possible treatments. A foundation investigation program, usually
involving drilling, is essential to evaluate foundation conditions. Characterization from the rock
surface down to 10 to 20m is of paramount importance, as it will determine the ability of the
foundation to bear loads without unacceptable short-term and long-term deformations.

Foundation investigation and design is probably more important than the design of the
dam section itself. History has shown that the failure probability of a concrete dam, while
extremely remote, is more likely to happen in the foundation than in the dam itself (see Chapter
3). Special attention should be given to identifying potential sliding planes in the foundation rock.

4.2.3 Foundation rock properties

In the investigation program, five properties of the foundation must be determined,
namely:
Compressive strength:
Shear strength;
Deformation modulus;
Poisson’s ratio, and
Permeability.

1 O L

The compressive strength of the foundation rock is an important consideration in deter-
mining the base dimension of the dam. Designers should calculate a minimum base dimension that
reduces the maximum allowable bearing stress to acceptable values and is determined by dividing
the compressive strength of the foundation material by an appropriate safety factor.

The shear strength of the foundation rock, including any discontinuities, depends upon
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the cohesion and internal friction properties of the rock, along with the applied normal load. The
total strength of the foundation rock can be determined using Mohr-Coulomb’s equation in the
same way it is used for the RCC material within the dam.

Because joints, shears, and faults have little or no cohesion, the shear strength of a
discontinuous rock mass is essentially derived from sliding friction. The shear strength of an exist-
ing joint in rock is nonlinear. Shearing resistance of rock with discontinuities should be based on
physical tests (mainly “in situ™) of the material in order to plot a shear strength versus normal stress
relationship. An average shear strength for design can be determined once arange of normal stresses
imposed by the dam is calculated. Safety factors are then applied to the sliding friction shear
strength depending on the particular load combination being investigated.

When adequate shear strength data are not available for the rock foundation, a conser-
vative approach for preliminary design is to assume no cohesion and a conservative value for the
sliding friction shear strength for that type of rock.

The magnitude of the foundation deformation modulus is often not as critical as the
variation in modulus across the foundation. Conventional small gravity dams have been success-
fully built on low modulus materials such as siltstone, claystone, gravel, and sand. Middle Fork, on
marlstone, and Bucca Weir, on siltstone, are examples of RCC dams founded on rock with a rela-
tively low (lower than 10,000kgf/cm?) deformation modulus.

Deformation patterns for complex foundation conditions may be determined with a
joint-shear index and shear catalog. Poisson’s ratio-the value of transverse strain to its correspond-
ing axial strain-is needed for more thorough mathematical analyses of the dam and its foundation.

Abrupt changes in the deformation modulus can result in differential settlements that
can cause cracking in an RCC dam. Therefore, the designer should identify low-modulus zones
and plan improvement measures such as grouting the weak material or excavating and replacing it
with conventional concrete or RCC.

Although permeability of the foundation rock is the main factor in determining whether
a grout curtain is required, most designs for major dams include an upstream grout curtain to
reduce seepage under the dam as a matter of course.

4.2.4 Quality of Rock Foundation

Both RCC or CVC high concrete dams require rock foundations, which either in the
natural state or after appropriate treatment, have adequate strength to receive the loads imposed
upon them by the dam and the reservoir, without undergoing excessive deformations or instability.
Invariably, rock foundations for high gravity dams need various types of improvement, and in
some cases. foundation treatment can be as important an aspect of design and construction as
the dam itself.

It is wrong to think that because in RCC dams concrete is placed in layers and
compacted by rollers- in a similar way to earthfill or rockfill embankment dam- RCC dams would
have the “flexibility” of an embankment dam to adjust to differential settlement or deformations of
the foundation without adverse consequences to its stability. The response of an RCC dam to such
foundation behavior and the effects on its stability would be similar to that of a CVC dam. The
consequences may include unacceptable reduction in reserve strength against shearing-sliding,
cracking at the dam-foundation contact, increase in hydraulic uplift pressures, and cracking and
overloading in the dam itself,

At the 90-m high Upper Stillwater Dam [4.03], a transverse crack extending through
the entire section of the dam was attributed to movement along a weak layer in the foundation
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which had been either unanticipated or inadequately treated. While use of a transverse contraction
joint in the dam would have “controlled™ the cracking, it would not have prevented the other
adverse consequences of excessive foundation movement.

For high gravity dams, the weaker foundation features, such as shear zones. faults,
contacts filled with gouge or clayey materials, or unfavorably dipping joints, can require exten-
sive, expensive and time-consuming treatment. Often the critical consideration in the design of
gravity dams is to assure adequate safety margins against shearing-sliding and excessive non-
elastic deformations at the weaker layers or zones in the foundations and abutments. Two pertinent
examples of high CVC gravity dams where extensive treatment was necessary to strengthen weaker
features in the foundations are the 226-m high Bhakra Dam in India, completed in 1963, and the
196-m high Itaipu Dam in Brazil-Paraguay, which was completed in 1982.

The foundations of Bhakra Dam [4.04] are predominantly sandstone and claystone
with several major strata of siltstone and gouge-filled shear zones. Without special treatment of
the weaker zones, excessive differential settlements, as well as high uplift pressures would have
occurred and impaired the stability of the dam. A typical treatment example was that of a claystone
zone, averaging 35m wide and located about 25m upstream of the dam in the riverbed. Extending
into both banks and parallel to the axis of the dam, it dipped 70" downstream under the dam. The
claystone, when exposed to the atmosphere and submerged in water, weathered and weakened
rapidly. The treatment consisted of excavation of the claystone to a depth of 22m, backfilling with
concrele, capping it with a 15-m thick concrete slab extending from the dam, and consolidation
and contact grouting around the concrete plug.

At Itaipu Dam [4.05], where the foundations for the hollow gravity dam are composed
of sound basalt and “breccia”, a weak contact zone between basalt flows was found about 20m
below the foundations of the highest blocks in the riverbed. The weak contact zone was nearly
horizontal and continuous for an area of 170m x 200m and overlaid by sound basalt about 20-m
thick, which was suitable for the dam foundations. The weak zone 1s a few-centimeters to (0.5-m
thick layer of fractured dense basalt with a predominance of horizontal open joints, which are
sometimes imbricated. Pockets of highly fragmented rock with a film of clay occurred along 60%
of the layer. Because of time constraints a plan of underground treatment was adopted. The treat-
ment consisted of mining out the weaker rock from the shear zones and gouge seams through a grid
of tunnels and backfilling them with concrete, improving the shear resistance of the weaker zone in
the foundation. The total volume of excavation and concrete required for the shear key grid was
20,000m?, covering 25% of the foundation area.

The special foundation treatment cases at Bhakra and Itaipu dams show that if RCC
gravity dams were to be built at those sites, the same amount of foundation treatment would be
required to assure the same safety margins and quality as in conventionally built dams. They also
show that foundation treatment can be a critical item in the construction schedule, because most of
it must be completed before the start of concrete placement. In some cases, in addition 1o curtain
grouting, other supplementary foundation treatments may have to be carried out from the galleries
in the dam, sometimes after filling of the reservoir,

The importance of a thorough foundation exploration and treatment in high RCC
gravity dams may also be learned from experiences in the design and construction of some rela-
tively smaller ones. For the 68-m high Concepcion Dam [4.06] in Honduras, the selection of an
RCC dam type was made before analyses were completed for resolution of such problems as:
“zones of poor foundations; very poor guality cement and Pozzolan; low strength aggregate with

"

high absorption and low density concrete”.
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Stability of the abutments of a high RCC gravity dam also requires special attention, if
there is axial transfer of loads from the dam. Three-dimensional stability analyses of the abutments
would be necessary to determine the type of treatment required; it may also influence the structural
design of the dam. Even though the stability of a gravity dam depends more on the quality and
behavior of the weaker parts of the foundation, the whole stability of the structure and its founda-
tions can be degraded by poor quality and performance of the dam.

Structural cracking, high internal pore pressures, uncontrolled leakage, leaching and
alkali-aggregate reaction in the dam concrete can alter the stress patterns in the foundations and
abutments to such a degree that the safety margins against failure in the foundations are reduced
below acceptable limits. Therefore the stability of the dam-foundation complex must be studied as
thoroughly for high RCC dams, as for comparable CVC dams.

4.2.5 Foundation Excavation Guidelines

The amount of excavation required depends on the depth of the overburden and the
weathered rock. All overburden covering a rock foundation, such as soil, alluvium, and talus,
should be removed. Contract documents should be structured so that payment for unanticipated
foundation improvements can be resolved quickly and fairly preventing consequent costly change-
of-conditions claims by the contractor.

4.2.6 Foundation Improvement and Drainage

The usual foundation improvement methods are the same used for CVC dams. Curtain
grouting is commonly used to control seepage beneath dams, even those founded on tight, low-
permeability rock. The spacing can vary depending on the condition of the rock. The depth of the
holes also depends on hydrostatic head and foundation rock conditions. The depth of the grout
curtain can vary from 4() percent of the head for dense foundations to 70 percent in poorer-quality
rock foundations according to USBR criteria [4.07: 4.08].

Foundation grout treatment should ordinarily be developed based on the site-specific
needs of each project. Where a complete grouting program is necessary, it will normally be similar
to the following:

« standard consolidation grouting at 3-m or 6-m centers across the excavation contact
area to 6-m to 15-m depths as determined from the geotechnical analyses: and

- deep curtain grouting at 3-m centers, or less, near and parallel to the dam axis.

Curtain grouting can be performed from the foundation gallery after the structure has
reached an elevation so that there is sufficient weight to prevent upward movement of the concrete.
Grouting can also be done using angled holes drilled from the upstream heel while RCC place-
ments continue above, This approach has proven to be conveniently effective, and a “timesaver”
on some RCC projects.

If needed for stability or seepage control, drain holes should be drilled downstream of
the grout curtain. Typically, they are about 76mm in diameter, drilled spaced at 3m interval, from
the gallery or downstream face after the foundation grouting has been completed. Generally, depths
may vary from 20 to 40 percent of the reservoir depth. Actual spacing, depth, and orientation
depend on site conditions.

Foundation or so called “dental™ treatment consisting of conventional concrete place-
ments may be required if final excavation has uncovered faults, clay seams, or shattered or inferior
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4.2.7 Very Low Modulus or Non-Rock Foundations

The main concerns for low-modulus rock or non-rock foundations are differential settle-
ment, seepage, piping, and erosion at the downstream toe. Non-rock foundations such as silt, sand,
gravel, and granular silt may be acceptable for an RCC or CVC gravity dam. Such foundations are
usually considered only for low dams, and a number of factors must be studied first. Foundations
of this type may require special measures such as upstream and downstream aprons, cutoff walls,
and a drainage system.

Lower Chase Creek (20m high)[4.09] is an example of an RCC dam placed on a very
low modulus foundation, The Cedar Falls (9m high)[4.10; 4,11] dam in the State of Washington is
an example of low RCC gravity dam built on non-rock foundations. Lower Chase Creek’s site
consists of a conglomerate overlaid by alluvium. The designers decided to build the 20m dam on
top of an RCC foundation mat that extended through the alluvium to the conglomerate. Alternative
designs consisting of a cutoff’ wall to conglomerate or building the dam on compacted alluyium
were also considered.

Plate bearing tests helped determine that the conglomerate had a deformation modulus
of 0.125 GPa. The analysis concluded “that a dam founded on the conglomerate would be more
stable, experience less settlement, have reduced seepage potential, and be no more costly than the
cutoff-wall alternative”. The RCC foundation mat is 7.6m deep. It extends 3m upstream and down-
stream from the dam section on a 1H: 1V slope, and vertically down to the conglomerate surface.

4.3 Dam Type

4.3.1 Gravity Dams

Gravity structures such as dams [4.08] are designed essentially for stability against
overturning and sliding. The compressive strength of concrete is generally not a controlling factor.
However, shear strength along the interface between RCC layers can be an influencing factor,
especially on high dams and those with steep downstream slopes.

The design of gravity structures is controlled mainly by foundation considerations.
Failure of a concrete gravity dam under permanent loading or flood conditions as a result of initial
failure in the concrete section above base rock is extremely rare. Historically, concrete dams failure
has been by sliding or shear failure of the foundation rock. Knowledge of bedding, orientation of
fracture planes in the base rock, and other pertinent foundation information are essential. If there is
a potential sliding plane within the foundation, the choice is normally either to excavate below the
plane or provide sufficient mass to reduce the sliding potential to a safe limit.

If there are no weak potential failure planes in the foundation rock, then the design
normally gives particular attention to the concrete properties of the section and to the foundation
preparation for concrete placement. Clean rock with some roughness is essential for bonding of
concrete to rock and for minimizing or eliminating leakage.

RCC gravity dams, like CVC dams, are generally analyzed as two-dimensional struc-
tures using conventional plane stress analytical procedures based on rigid block or finite element
methods. However, three-dimensional analyses can be used for design of straight gravity dams
(normally in narrow valleys) and should be used for designing curved structures.

The upstream face is normally vertical for the entire height or for a significant part. The
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downstream face, at slopes varying between (.6:1.0 and 0.8:1.0 (horizontal to vertical), or flatter,
usually intersects the upstream face at a point near the crest. The downstream face, from a crest
thickness of 4.5 10 9.0 m, generally drops vertically to intersect with the slope. A fillet can be added
at the intersection to smooth out the face, reducing the probability of stress concentrations developing
during overloading such as caused by floods or earthquakes. In highly seismic areas, to fully eliminate
stress concentrations, the downstream face should be a constant slope from crest to base. This same
constant slope will also simplify construction. To mitigate the subsequent increase in volume, the
downstream slope can be reduced without substantial change in stability.

4.3.2 Arched dams

During the XVI Congress on Large Dams, Lajinha Serafim pointed out [4.12]:

“RCC presents an economical method of building arched dams, especially high arched
dams in wide valleys, where the normal arched dam may not be economically competitive. The
RCC arched dam will tend to be a thicker arched dam, because of the nature of the RCC construce-
tion process - which requires a minimum amount of space o operate the placing ane compaction
equipment, as well as for the forming/ facing process. This will probably mean that lower to
medium height RCC arched dams will be arch/graviry dams, but higher dams can be true arch
dams. It is unlikely that it will be worth introducing double curvature below a height of about 75m.
A basic problem will be designing a formwork or facing system that will be able 1o keep up with the
RCC placing, especially with the complication of double-curvature,

Cracking is not normally a structural problem in gravity dams, and is objectionable
only in that it can cause unacceptable seepage, with possible deterioration of the concrete if it is
excessive. It could also be unsightly. Cracking, however, presents a much more serious problem in
arched dams.

RCC is less susceptible 10 cracking than conventional concrete. This is because the
mixes are leaner, and they also contain a higher percentage of pozzolanic material, both of which
lead 1o generation of a lower hvdration heat. The higher percentage of pozzolanic material also
means slower strength gain, lower modulus of elasticity at the early ages, and thus higher creep
which will accommodate some of the tensile strain induced by temperature changes. It can there-
Jore be expected thar in a moderate climare RCC will not crack significamly if care is rtaken 1o keep
the placing temperature down. In extreme climates cracking must be anticipated. Longitudinal
cracking is not expected in RCC dams, but transverse cracking primarily initiated by internal
restraint may well take place, bur will not necessarily extend through the section of the dam”,

Whereas cracking is not normally of any structural significance in gravity dams, it can
be of major structural significance for an arched dam because the arched dam relies on arch action,
which itself depends on continuity throughout the dam. If the dam is not flexible enough to accom-
maodate movement capable of closing the cracks, which could well be the case with the heavier
sectioned RCC arched dams, then arch action will suffer, and the dam could effectively be sec-
tioned into monoliths acting in the gravity mode for which they are not designed. This is an
extremely pessimistic point of view because it is not expected that transverse cracking will
be extensive enough, or continuous enough to be beyond the capacity of accommodation of
the dam. However the possibility is there and must be designed for.

The arch-gravity dam is the next step [4.13] in structural effectiveness. This type can
usually be built on sites with competent rock and a chord/height ratio of 3.5 to 5.0. The valley



Design of RCC Dams 49

chord/height ratio is a guide to assessing a site for its suitability for the different dam types, but this
ratio does not consider the shape of the site, that is, whether it is “V"-shaped or “U”-shaped. The
canyon shape factor, which is the ratio of the length along the slopes and the bed of the valley,
across the valley, to its height, is a better means of comparing valley shapes. The “Canyon Shape
Factor” was introduced by Sarkaria, G.S. in an article published in 1952 (*The Influence of Can-
von Shape on Design of Concrete Dams™- Civil Engineering & Public Works Review)

The arch dam is the most structurally efficient concrete dam type. This category can be
divided into the thin arch dam, the thick arch dam and arch/gravity dam. The peak of structural
efficiency is the double-curvature thin arch dam, but the use of double curvature is seldom war-
ranted for dams less than 30m high. The pure arch dam generally requires competent rock and a chord/
height ratio not greater than 3.5 [4.13], but many arch dams have been built outside these ratios.

RCC presents an economical method of building arched dams, especially high arched
dams in wide valleys where the normal arched dam may not be economically competitive. The
RCC arched dam will tend to be a thicker type of arched dam, because of the nature of the RCC
construction process - which requires a minimum amount of space to operate the placing and
compaction equipment, as well as for the forming/facing process.

A properly designed RCC dam, curved upstream, places the entire upstream face in
compression under the usual loading condition, whereas a straight gravity dam can have tensile
stresses near the abutments because of the fixed-beam action of the structure across the valley.
Curving the structure provides additional resistance to overturning, a potential for a reduction in
volume, and the compression of the upstream face can help produce a more impermeable structure.

The use of RCC for a curved plan dam started with Saco de Nova Olinda Dam.
completed in 1986 in Brazil. The dam was curved near the right abutment strictly to accommo-
date local site conditions. No structural credit was taken for the curvature as the 0.8H: 1V down-
stream slope was maintained throughout the gravity structure.

Roller-compacted concrete is a construction method that can be applied to gravity, arch/
gravity and arch dams. In South Africa it has been used to build the two (up to 1997) arch/gravity
dams: Knellpoort (50m high) and Wolwedans (70m high). sharing the distinction of being the first
of their kind in the world.

Completed in 1988, Knellpoort Dam has a maximum height of 50m, a crest length of
200m, an extrados radius of 90m, a vertical upstream face, a 0.6H:1V stepped downstream face,
and it contains an RCC volume of 45x10° m* with a cementitious content of 203kgfm*, of which
70% is fly-ash. The dam has been provided with groutable corrugated sheet-iron crack inducers in
crack joints spaced at 10-m intervals. Cracks have indeed formed at these joints, as recorded by
crackmeters provided in the RCC.

Contemporary to Knellpoort Dam, the Department of Water Affairs and Forestry-South
Africa designed and built the 70-m high Wolwedans Dam, completed in 1989, This dam has a crest
length of 270m, an extrados radius of 135m, a vertical upstream face, a 0,5H:1V stepped down-
stream face, and it contains an RCC volume of 180x10° m® with a cementitious materials content
of 194kg/m’, of which 70% is fly-ash.

Both these dams were provided with various types of instruments to shed more light on
their behavior, the results of which could direct more ambitious RCC arch dam designs in the future.

The Wolwedans Dam has been provided with groutable plastic sheet crack inducers in
crack joints spaced at 10-m intervals, and cracking has occurred as envisaged in the design. Leak-
age at the dam varies with the water level in the lake and is roughly 14 /s, stemming mainly from
the crack joints. The crack joints were selectively grouted for the first time in 1993,
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Since early 1988, several curved upstream cofferdams have been built using RCC, in
China, to provide greater stability during overtopping. Later, RCC was also used for thin-arch
dams, and by the end of 1996, two had been built in China (Puding and Wenquanpu).

RCC is concrete, and when properly built it should be superior to CVC mass
concrete, due to higher compaction effort applied. Thus, it should produce a denser,
more impermeable and more durable mass. There is no reason why it should not be used in
any project where conventional mass concrete would be used. As contractors gain experience in
RCC and learn to take full advantage of the method, real costs will fall to the benefit of contractor,
client and end user. RCC has brought concrete dams back into the competition.

The constant extrados radii of 80m and 135m for Knellpoort and Wolwedans, respectively,
have been selected for simplicity of construction rather than effective stress distribution although good
stress distributions have been achieved in each case. The maximum compressive principal stress un-
der maximum loading conditions is, however, not more than approximately SMPa, and very much
lower under normal loading conditions due to the large cross-sections. In the case of Wolwedans Dam,
arch action only occurs when the water level is approximately 8m below full supply level.

Whenever possible and economical, it always helps to curve or arch a concrete dam. By
doing so, one increases the safety of the dam against failure, and improves the use of material. The
dam site must be topographically and geologically suitable for the arch type dam. This means that
the site must not be too wide and the foundation rock must be adequate; excavation must not be
excessive and the arch solution must compete economically with alternative solutions.

RCC extends the use of arch dams because it means that more concrete can be placed at
a lower total cost than with CVC concrete. This opens the application to wider valleys where
conventional concrete arch dams are less competitive.

Curving a dam also increases spillway capacity, and by confining the spillway to the
river section in narrow valleys, may help obtain adequate spillway capacity.

The design of an arch dam using RCC is similar to the design of a dam built of CVC.
Because RCC is used in thinner and higher arch dams, there is a greater need for higher strength
and a more uniform concrete to bear the higher stresses imposed on the structure. Shear resistance,
especially cohesion between successive lifts, takes on added significance in order to maintain
proper cantilever action.

The design of an RCC gravity/arch or arch dam does not include full section vertical
joints, because joints would have to be grouted to endure proper arch action. Therefore cracking must
be minimized if not, eliminated altogether. So special attention must be given to thermal aspects of
mix design and construction: construction is very likely to be limited to the cooler months of the year
and that the materials will have to be cooled to produce the required low RCC placing temperatures.

The RCC construction method requires sufficient working room to economically place
and compact the material. Therefore, RCC should be considered only for dams with true arch
action above a certain height and with a crest thickness no smaller than 3.0m, and at least, 5.0m. A
minimum height for RCC to be considered for a single-curvature arch dam might be 30m, while
75m might be the lower limit for a double-curved arch dam.

RCC can be made applicable to all but thin arch dams, but its main application is in
arch/gravity dams and the heavier sectioned arch dams with little double curvature. There would
appear to be little justification in introducing double curvature in RCC dams with a maximum
height of less than 75m as the shuttering and layout complications out-balance the economy of
material. A double curvature dam however usually means a slimmer and more flexible dam with a
greater ability to accommodate movement and this must also be kept in mind.
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4.3.3 Other Section Configuration

The use of RCC excites the imagination and other dam configurations have emerged.
As suggested by 1. Raphael and adapted by P. Londe in the article [4.14], a “new” dam transversal
section (as used in the Guadalemar Dam built in 1994, in Spain) can be achieved with:

- a symmeltrical cross section;

- a watertight upstream facing:

- no internal drainage of the dam body: and

- use of lean RCC .

This design configuration offers some advantages:

v low stresses in the dam body (it is possible to use a very lean RCC or a mix such
as gravel-sandy-cement, or a pit run material cement based);
v low stresses in the foundation (it is possible to adopt this material in some foun-

dation with low modulus);

v low cost of the hardfill;

v greater safety than the traditional triangular cross section, specially when sub-
jected to earthquakes.

In this way the friction angle can be lowered, with low shear and compressive stresses
and without tensile stresses.

In this case, a soil-sandy-cement as studied in [4.15] can be useful in large countries with
few resources or where materials are not readily available as an option for the implementation of dam
projects. Strengths between 8MPa to 12MPa, with a low cement and pozzolanic material content have
been achieved at one year. Test samples were casted using Normal Compaction Energy showing
densities within normal parameters for the types of soils under study. The compressive strength has
increased with age. Soils with greater sandy portions in their composition have resulted favorable for
mixing with binders. Soil with 10% cement (155.8 kg/m") achieved an 18MPa compressive strength at
180 days. The use of pozzolanic material resulted in greater strength at old ages, which increased
when contents were incremented from 10% to 15%, becoming stable between 15% and 20%. The
relation between the tensile strength through diametral compression and simple axial compression
was around 10% with a variation coefficient of 15% in the global universe of test values, with no
particular bias for any of the mixes under study. Modulus of elasticity remained between 6,000MPa
and 10,000 MPa, and it decreased as the soil became more plastic (greater water content),

4.4 Design Considerations

4.4.1 General

Experience gained in the design and construction of smaller RCC dams indicates that
RCC can be successfully employed to build high dams with the same quality of comparable CVC
dams, which have been in satisfactory service for several decades.

The quality and safety standards accepted for RCC dams should be the same as
those internationally accepted for comparable CVC dams, nowadays. The performance of
several completed RCC dams, however, reveal the need to improve certain deficiencies related to
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selection of materials for RCC, foundation treatment, structural monolithicity, crack prevention
and leakage, when compared to the standards for CVC dams.

In order to produce a dam that is structurally efficient and economical, gravity dams are
generally triangular in cross section.

The crest elevation of an RCC dam is normally identical to the maximum water sur-
face. A parapet wall is usually added to take care of freeboard. This differs from embankment dam
design, where freeboard and settlement considerations raise the elevation of the dam crest.

The upstream face of a gravity dam is usually vertical in order to concentrate the weight
of concrete upstream and better resist the reservoir water loading, apart from simplifying construc-
tion. It is common practice in Japan (Dodairagawa, Sakaigawa, Tamagawa, and others) and else-
where (Puebla de Cazalla, Rialb and Val Dams, in Spain) to add a batter to the lower part of the
upstream face increasing the base thickness and thereby improving sliding stability at the base. If
a batter is used, stability and stresses should be checked at the elevation where the batter intersects
the vertical upstream face.

The downstream slope is generally constant from the base to near the crest of the dam.
A constant slope is considered efficient from the point of view of both structural design and con-
struction. A curved downstream slope may be used for a high RCC gravity dam in order to mini-
mize volume. It can be built rather easily. As previously mentioned, it is poor practice in seismic
areas to locate the point of intersection of the downstream slope with the vertical upstream face
below the crest elevation. The obtuse angle formed by the intersection of a downstream vertical
face with the slope will create an undesirable stress concentration when the dam is subjected to
seismic shaking, as was proven at Koyna Dam in India.

Adequate bonding, uniformly distributed over the entire surface of cach construction
joint, is essential to obtain the necessary degree of elastic monolithicity in a high RCC gravity
dam. Without such bonding, higher than admissible shear stresses and an unacceptable risk of
shearing at a weak construction joint may occur. Treatment of the surface [4.16] of each construc-
tion joint, comprising a thin layer of bedding mix of suitable strength, regardless of the time inter-
vals between placement of RCC layers, can provide adequate bond and shear strength and
manolithicity. It can also reduce leakage through the joints.

Prevention of structural cracks in a high RCC dam should be a mandatory objective.
Transverse contraction joints through the full cross-section of the dam, located at intervals not
exceeding 20m for the entire length of the dam, effectively prevent transverse cracking,

The risk of longitudinal cracking in the dam body increases according to height and
volume of the RCC dam and the cementitious content of the mix. Provision of an inclined longitu-
dinal construction joint would be an effective and practical crack prevention measure, which would
facilitate monolithic performance of the dam and also be compatible with the construction schedule.

All materials used in a high RCC gravity dam, including cement, pozzolanic material,
fine and coarse aggregates, should be similar in quality to those considered suitable for a compa-
rable CVC dam. Particularly important are physical properties related to specific gravity, suscepti-
bility to AAR, and excessive thermal expansion.

The RCC mix should be designed with the lowest cement plus pozzolanic material
content necessary to obtain the desired workability, specified strength in compression and shear at
prescribed ages, with the lowest practicable rise in temperature and with the desired durability.

Large spillways with high crest gates, located over a high RCC dam, affect the stability of
the dam. During dam design, special atention should be given to the integration of the spillway struc-
tures to the RCC dam, particularly the piers supporting large gates, so that the dam is not overstressed.
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4.4.2 Loading Conditions and Combinations

Loading conditions for an RCC dam are similar to those for any other dam consisting
of a combination of reservoir and tailwater, temperature, hydrostatic, dead load. ice. sediment and
earthquake loads. As the dam grows in height, external loads increase and the magnitude and
distribution of internal stresses within the dam grow too. The loads that may act on an RCC dam
are the same that act on a CVC dam, and include the following:

— Horizontal Loading :

- Hydrostatic pressure of reservoir on the upstream face;

- Horizontal silt pressure;

- Impact of waves or seiches against the upstream face. This includes the effect of a
potential landslide into the reservoir;

- Hydrostatic pressure of tailwater against the downstream face;

« Inertial force of the reservoir water against the dam during an earthquake;

- [ce load on the upstream face;

- Inertial force of the mass of the dam during an earthquake;

= Vertical Loading :

- Gravity dead load of the dam and appurtenances such as gates and bridges. It should
be remembered that RCC weighs more than conventional concrete made with the same aggregates
{(see Chapter 7);

- Vertical water pressure on the upstream face, if that face is inclined. Vertical silt
pressure (including the effect of water) may be assumed equivalent to the pressure of a soil with a
wet density;

- Uplift pressures on any horizontal plane-an internal hydrostatic pressure:

- Inertial force of the mass of the dam during an earthquake.

The structure is also subjected to thermal stresses generated by hydration of the
cementitious materials and subsequent cooling, as described ahead.

= Loading combinations: An RCC dam should be designed for all reasonable
combinations of the loads previously listed. As the probability of a certain combination of loads
happening at the same time decreases, the required safety factor for design decreases. Loading
combinations can be categorized as usual, unusual, or extreme, as described below.

- Usual loading combination: The usual loading combination consists of hydrostatic
pressure of the reservoir water at the normal operating elevation, gravity dead loads. uplift, silt
pressure, ice pressure, and tailwater pressure, if applicable, together with appropriate temperature
effects occurring at the same time;

- Unusual loading combination (overtopping): The unusual loading combination
consists of hydrostatic pressure of the reservoir water at the maximum design elevation,
gravity dead loads, uplift, silt pressure, ice pressure, and tailwater pressure, if applicable, together
with the appropriate temperature effects occurring at that time;

- Extreme loading combination (earthquake): The extreme loading combination
consists of hydrostatic pressure of the reservoir water at the normal operating elevation, gravity
dead loads, uplift, silt pressure, ice pressure, temperature effects, and tailwater pressure, if appli-
cable, plus the effects of the maximum credible earthquake (MCE).
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The dam should also be analyzed for any other loading combination the designer feels
appropriate, including uplift with drains inoperative.

4.4.3 Factors of Safety

The safety factor recommended by most standard criteria for stability analyses of RCC
dams is normally the same as for CVC dams.

The safety factors used in dam design are usually determined by standard practices or
an agency responsible for regulating the safety of the dam. In the USBR [4.07:4.08] criteria, mini-
mum factors of safety required are :

— Foundation Stresses
Usual loading (normal reservoir) combination = 4.0
- Unusual loading (maximum reservoir) combination = 2.7; and
- Extreme loading (earthquake) combination = 1.3
= Concrete Stresses within the dam
Usual loading (normal reservoir) combination = 3.0;
Unusual loading (maximum reservoir) combination = 2.0; and
Extreme loading (earthquake) combination = 1.0.

Limits are also applied to maximum admissible compressive stresses, In no case should
the admissible compressive stress exceed 10.3MPa for the usual loading combination. The maxi-
mum admissible compressive stress is increased by 50 percent to 15.5MPa for the unusual loading
combination. For the extreme loading condition, the maximum admissible compressive stress can
be determined in the same way, using a safety factor greater than 1.0

Concrete is assumed to crack, if its tensile strength is exceeded by an extreme combina-
tion of loads, including the loads induced by a maximum credible earthquake. The dam is then
analyzed with cracking included, and if structural stability is assured, the dam can be considered
safe against a sudden release of the reservoir despite the sustained damage.

4.4.4 Drainage

Prudent design should follow the principals developed over the years for CVC dams o
relieve hydrostatic pressures in the foundation and within the dam through drainage. This is normally
done by the construction of galleries within the dam and sometimes adits in the foundation connected
to a network of drain holes. Proper drainage is especially important in the design of very high RCC
dams given the fact that relatively high permeability zones often occur at horizontal construction
joints between lifts (lift joints) in RCC dams. The potential for uplift along these planes has led
most RCC dams to be designed assuming total uplift along horizontal lift joints. Proper drainage is,
therefore a critical consideration when analyzing the stability of very high RCC dams.

Placement of drains and ensured lifetime effectiveness of those drains should be
addressed. If lifetime effectiveness and continued efficiency cannot be ensured, then appro-
priate conservative uplift assumptions should be made.

The uplift pressure at the foundation drains can be considered one-third of the uplift
pressure at the drains corresponding to a linear pressure transition from headwater to tailwater. A
linear decrease in uplift is then assumed from the uplift pressure at the foundation drains to tailwater
pressure at the downstream face.
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The stability of a gravity dam against shearing-sliding at construction joints- through
weaker or cracked portions of the concrete - and at, or near, the dam-foundation contact, is a chief
consideration. However, it is not the only factor governing the safety and stability of the dam.
Since typical shearing-sliding analyses are considered relatively simple; there is a noticeable trend
in current design practice for RCC gravity dams to emphasize this aspect while not addressing
other equally important factors, such as cracking, which can also affect dam stability. For example,
the ACI Report, “Roller Compacted Concrete”[4.17] states that gravity dams are designed essen-
tially for stability against overturning and sliding.

A typical shearing-sliding analysis involves the determination of the shear-friction factor
(SFF) defined as follows:

CA (IN -3U) tan@

SFF=
2H
where;
C = unit shear resistance or bond or cohesion;
A = uncracked area of potential sliding surface;

2N = summation of normal forces;
2U
tanl

ZH = summation of shear forces.

summation of hydraulic uplift forces;

coefficient of internal frictional resistance;

This apparently simple factor for assessing the stability of concrete gravity dams is
based on monolithic behavior of the entire structure with elastic continuity at the construction
joints. Monolithic behavior, provided by bonding or cohesion along the entire surface of the joints,
is essential. Since sliding-shearing is essentially a progressive phenomenon, frictional resistance is
fully mobilized only after the bond has been overcome by differential shear. Several questions
need to be considered regarding sliding-shearing along construction joints:

v Where will it start?

v At what rate will it progress?

v How much differential shear movement would render the dam block unstable?

v Can “residual” cohesion at a joint, which has already undergone differential shear
deformation, be relied upon to assure an adequate margin of stability?

A more realistic method of assessing stability against shearing-sliding is to determine
values of “unit” Shear-Friction Factor, that is, per unit area of the potential sliding plane. The unit
SFF will vary from the upstream to the downstream side of the dam, being low or even negative in
the critical upstream part, where low normal compressive forces, or even tension, is likely to occur
and the uplift forces or pore pressures should be higher. In some RCC dams only a small upstream
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part of the construction joints is covered with bedding mix, in order to provide sufficient bonding,
which when combined with frictional resistance over the entire joint, helps obtain the desired
shear-friction factor.

However, the distribution of the frictional resistance, [& (N-U)tan® |, may not be uni-
form along the joint due to the variation of the vertical normal stress and uplift. If bond is lacking
over a large portion of the joint surface, frictional resistance over that part can not be relied on for
additional resistance to shearing; the upstream bonded part would tend to shear first and the actual
safety factor against shearing-sliding may be unacceptable. In order to assure adequate stability
against shearing-sliding at the construction joints of high RCC gravity dams “sufficient” bond
should be provided over the entire surface of each joint.

Effective bonding and shear resistance of a construction joint in an RCC dam are influ-
enced mainly by the intervals between placement of RCC layers, and type and extent of treatment
of the joint before placement of a new concrete layer, as discussed ahead. Actual values used in
final designs should be based testing of the materials used or careful extrapolation from tests
on RCC mixtures from other projects with similar aggregates and cementitious materials
content.

Although these measures increase costs and slow down RCC placement, the improve-
ments in quality and long-term performance are cost-effective in high dam, allowing reduced main-
tenance costs and stability factors equal to those of a comparable CVC dam.

The approach to stability analyses against overturning used for RCC dams is similar to
that used for conventional concrete structures. Consideration must be given to the materials
used and the subsequent unit weight of the in place concrete, along with the adopted cross-
section. As in sliding stability analyses, the stability of all lifts must be reviewed, especially
if no impervious upstream concrete is used, thereby allowing the potential for uplift along
lift lines within the dam.

The shear friction factor is not really significant in the body of an arch dam, where it is
presumed that sections do not act independently; this factor indicates only the integrity or compe-
tency of the particular section to which it is applied. Any local weakness would mean a redistribu-
tion of load to the arches. What is important for the overall stability of an arch dam, though, is the
shearing resistance of the abutments, which is assessed by applying the shear friction factor to
three-dimensional rigid block analyses of the sensitive sections of the abutments. The problem lies
in defining these sections and giving realistic values to the cohesion and the angle of friction,
especially along bedding planes and joints in the rock.

Arch dams are highly hyper-static structures: therein lies their strength and also the
difficulty of analysis. Before the existence of the trial load and the finite element methods, the
structure had to be reduced or simplified to something that could be analyzed. This led to compar-
ing the structure to such things as a section of a thin cylinder or a variation of some kind: a series
of independent arches, either horizontal or plunging: membranes and shells; and cantilevers and
arches acting in unison. It also led to the use of the structural solid model.

The structural model developed from the necessity for a way to analyze arch dams,
other than the cumbersome and time-consuming mathematical analysis methods, that were all
there was before computers made sophisticated mathematical analyses practicable for the design
engineer. At that time, it was a question of either oversimplifying the problem or engaging on
a long and tedious analysis, which could still produce unsatisfactory results leaving no time
for refinements. The result was that shapes prepared for such analyses tended to be
overconservative.
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Shimajigawa; Tamagawa, Myagase and Urayama, have 3m (the width of a concrete layer when a
concrete bucket is opened) CVC upstream faces with vertical joints spaced at 15m centers. For the
Japanese dams and at Elk Creek, crack inducers — in-line with the waterstopped joints - were
produced by inserting galvanized steel sheeting into the RCC across the dam for its entire height,
before compaction. The design of a dam built with the RCD method is identical to that of a gravity
dam built entirely with conventional concrete. The RCC is used for the large volumes in the inte-
rior of the dam replacing more costly conventional concrete. Unigue mix design and construction
methods, including transverse joints spaced at 15 m, were developed in Japan.
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Figura 4.08 Transversal section from
Jorddao Dam, showing the “Concrete
Face”

Figure 4.08 shows the face used at Jordao Dam (in Brazil). A bedding mortar was
placed over the surface of each lift for the Japanese dams and at Jordio Dam. Japanese dams use an
upstream membrane with a conventional concrete facing, rising together with the RCC placement.
There are no signs of cracks or failures.

The face thickness can be calculated based on permeability and absorption of the mate-
rial (CVC) used for the upstream membrane, considering the water pressure head from the reser-
voir and the time necessary for the water to be collected in the drainage system.

Al this point it is worth considering the possibility of this concrete acting as a “Con-
crete Face” improving impermeability of the dam. The thickness of this * Concrete Face * may be
calculated based on [4.19], where it is adopted that the distance (thickness) of percolation is stated
by the expression e = IZ*P*K*Ua)I"z where:

e = Thickness of the concrete face with permeability “K™;

P = Water column height acting on the dam;

K = Concrete coefficient of permeability;

t=Time considered for the percolation to happen and cross all the “Concrete Face™;
a = Absorption of the concrete from the “Concrete Face”.
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4.5 Thermal and Volume Changes

4.5.1 General

The main volume changes associated to massive placements of concrete result from the
temperature changes that occur during the life of the structure. Drying shrinkage is limited to the
exposed surfaces of the mass. Autogenous volume changes are normally irrelevant, if not caused
by alkali-aggregate reaction. They depend mostly on the quality and quantity of the cementitious
materials used but may also be influenced by aggregates or by environmental agents.

Volume changes of massive placements are mainly restrained by the bonding of the
concrete to the foundation base rock and by the interior of the same concrete mass, which does not
change in volume at the same rate. Cracking of the mass will occur when restraint of the change in
volume exceeds the strain capacity of the concrete.

Main factors affecting cracking are the peak internal temperature reached soon after
placement, the average annual environment temperature, which will eventually cause the mass to
cool; creep, the modulus of elasticity, and the degree of restraint acting at the crack location. These
cracks appear during the first or second winter season and generally initiate at exposed surfaces
adjacent to the foundation where restraint is the greatest. From there, they will propagate inward
and upward with continued cooling of the mass. If the volume change is larze enough, the cracking
will penetrate the full thickness of the dam and become a path for leakage.

Propagation of the crack in the vertical direction depends on the distribution of restraint
within the mass and is primarily a function of the base length at a 90-degree angle to the plane of
the crack. For this reason, cracking in the longitudinal direction is generally limited to a height of
approximately one-quarter of the base length of the dam. For instance, if an RCC dam is built
without contraction joints, cracks can propagate to the full height of the dam in the upstream to
downstream direction depending on the thermal change in volume.

The designer should also be concerned with cracking that may initiate as a result of
quick surface cooling (temperature differential between day and night) while a warm interior mass
provides restraint to surface contraction. Although internal restraint is limited and surface cracks
may penetrate no more than 0.5 —1.0m as a result of that restraint, they can be responsible for
initiating full section cracking that might not have occurred otherwise.

The most effective way of preventing massive concrete from cracking is to reduce the
difference in temperature between the peak temperature reached after concrete placement, and the
final stabilized temperature, thus limiting the temperature drop of the structure. The allowable
temperature drop is a function of the block size and geometry, relative location to the foundation,
relative stiffness of the concrete and the foundation rock, tensile strength and creep behavior of the
conerete, rate of temperature drop, etc.

The designer has a variety of options that may be used to minimize thermal stresses. These
include substitution of pozzolanic material for some of the cement, limiting placement of RCC to the
time of year when cool weather is expected, form insulation, lowering the placing temperature, joint-
ing, and increasing the dam section so that a lower strength with a lower cement factor can be used.

When the option is available, selecting an aggregate of low elastic modulus and lower
coefficient of expansion will help. Pre-cooling can be used in RCC construction, but this is not
practical because of the large area (RCC layer surface) available to heat exchange and the small
thickness of the RCC layer. Stockpiling aggregates in large piles during cold weather and reclaim-
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ing them in their naturally pre-cooled condition during warm weather has been effective. Post-
cooling is not commonly considered practical in RCC construction, but the increase in RCC arch
dam construction has led designers to develop new ideas regarding the post-cooling use.

Exposure of relatively thin lifts of RCC during initial hydration may contribute to modify
peak temperatures depending on environmental conditions and length of exposure.

Some conditions may contribute to reduce uncontrolled cracking potential of the mass.
They are: a high tensile strength and low thermal stress coefficient of the RCC (the stress related to
structural restraint and temperature changes, which is a function of its modulus, creep and coeffi-
cient of expansion); or strategically located transverse contraction joints that will not directly
affect the structural stability.

During operation, the structure will continually undergo cyclical thermal and volumet-
ric changes. The reservoir acts as insulation for the upstream face from the great amplitude of
ambient air temperatures. Reservoirs over 30m deep may vary annually in the lower half by only
2.5 °C. Consequently, a more moderate thermal gradient with its resulting stress will exist in that
portion of the structure after the reservoir is filled.

While it is important to minimize internal tensile stresses within the dam due to thermal
contraction by controlling placement temperatures, minimizing cement content and maximizing
the use of pozzolanic material to reduce heat build up, it is also important to predict where cracks
will occur. Early RCC work, even for relatively small dams, involved elaborate thermal studies, the
objective of which was to design RCC dams that could be built continuously without the formation of
transverse thermal cracks. This approach had limited success for small dams with nearly ideal thermal
conditions. However, to date most RCC dams built without special provisions for erack control
have suffered some form of thermal cracking, which has often required repair. Most designers
focused on designing vertical contraction joints supplied with waterstops and drains- as in conventional
conerete dams- to control transverse thermal cracking. The number of these joints can be reduced -
theoretically- compared to CVC dams, because of the relatively low heat build up associated
with low cementitious content and adequate pozzolanic-material/cement ratios used in RCC. The
degree of concern over cracking in an RCC structure should be based on the facility role and the
public impact should cracking result in significant leakage of a water controlling structure.

As dams become higher, thermal tensile stresses in the transverse direction become
more significant because of additional constraint within the larger mass. Such stresses create a
potential for near vertical cracking parallel to the longitudinal axis of the dam. This type of crack-
ing has much more serious structural implications than transverse cracking because it would create
discontinuities in the basic gravity cross section leading to structural instability.

Therefore, the design of very high RCC dams requires complete thermal analyses
to determine the potential for longitudinal cracking and the most economical transverse joint
spacing. RCC placement temperature, ambient temperature, placement rates and schedule, curing
conditions, adiabatic temperature rise, thermal diffusivity, specific heat of the RCC and rate of
subsequent cooling must all be considered in the analyses. The results of these analyses will be
used to determine the location of transverse contraction joints and if control of longitudinal
cracking, such as pre-forming groutable joints, is necessary.

Thermal analysis should also consider asymmetrical thermal gradients resulting from
overtopping of the dam during construction and/or planned construction joints required by local
weather conditions. Once the contractor has submitted his construction plan and placement
schedule or whenever there are significant changes to that schedule, the thermal analyses should
be rerun and placement restrictions revised if necessary.
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Experience has shown that specifying transverse contraction joints for crack control
does not significantly increase the cost of RCC construction. However, providing longitudinal
contraction joints may become a much more difficult and costly enterprise because it would be
necessary to provide for grouting of the joints after the concrete has cooled o restore structural
continuity to the dam,

4.5.2 Thermal Cracking Analysis

Volume changes caused by temperature and moisture variations have long been a con-
cern during the design of mass structures of CVC. The same concern applies to RCC dams. How-
ever, dams built of RCC have two advantages with respect to thermal control over dams built using
conventional concrete. The advantages are:

[ the lower cementitious contents of RCC mixtures, and

IT the fast placement of RCC, in layers of small thickness that minimize surface expo-
sure to radiant heat and that are usually higher air temperatures,

Both of these conditions create a reduced temperature rise within the RCC dam, there-
fore making it less susceptible to cracking when compared to a similar dam built of CVC. Concrete
expands with an increase in temperature and contracts with a temperature drop. Similarly, concrete
expands with an increase in moisture and-contracts with a moisture loss. Because concrete is strong
in compression and weak in tension, the decrease in volume caused by decreases in temperature or
moisture are of greatest concern. Thermal tensile strains that can cause cracking deep into or through
the dam are of much greater importance to designers than drying shrinkage, which is usually
limited to the exposed surface of the mass structure.

Structural cracks are defined [4.02] as those that occur within the body of the dam and
alter its monolithic, isotropic and elastic behavior, Drying shrinkage cracks, which mostly occur in
the exposed surfaces of concrete, have a random pattern and do not penetrate more than a few
centimeters from the surface; they are not considered structural cracks.

The most common cause of structural cracking is the high tensile stresses that occur
during the relatively rapid cooling rate and consequent contraction of concrete. The higher the
constraint against contraction, the higher the tension; cracking begins where tensile stress exceeds
the tensile strain capacity of the concrete. Structural cracks can also be caused by excessive, differ-
ential and rapid foundation deformations, tensile overstressing of concrete, such as around large
openings or due to an earthquake, or can be due to alkali-aggregate reaction. In the worst scenario,
structural cracking may be caused by a combination of several factors,

The undesirable consequences of structural cracking in a dam can be diverse:

¥ leakage into the galleries, or through the dam, to downstream;

v leakage into the dam from the foundations;

¥ leaching and weakening of concrete;

¥ restart or spreading of dormant alkali-aggregate reaction, acceleration of weather-
ing and deterioration of concrete, particularly due to freezing-thawing, impairment of the struc-
tural integrity and stability of the dam:

¥ high internal uplift pressures if the cracks link with saturated or leaky construction
joints, and;

¥ difficult and expensive repairs, particularly if the reservoir cannot be emptied.

Transverse cracks in a gravity dam generally start at the concrete-foundation rock contact
and progress upward and inward into the dam. The cracks may start during the first colder season,
some few months after concrete was placed on the foundations, and may not be visible for several
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Because of the consequences stated above, structural cracks are considered unaccept-
able in high CVC dams. For high RCC dams, such an explanation regarding the importance of
crack control can result in dams of inferior quality and durability, with shorter operational life and
higher maintenance costs.

To reduce the risk of cracking, several provisions are adopted in the design of both
RCC and CVC dams. These are: low cement and adequate pozzolanic material content, use of low-
heat cement, controlling of the peak temperature, restricting concrete placement to cooler periods
and provision of contraction joints. Full-section transverse contraction joints at a 15-20m spacing
have been universally provided in all CVC dams of various heights and sizes, and should be well
analyzed and considered for high RCC dams. It is widely known that zero-slump RCC has much
lower shrinkage than conventional concrete: its very low cement content and hydration heat allows
continuously placed RCC to have adequate tensile strain capacity and not develop structural cracks,
if placement temperatures are controlled.

However, experience at several completed RCC dams has shown that without properly
spaced full transverse contraction joints, cracking could not be prevented. Figure 4.45 lists
completed RCC dams, where transverse cracking has been reported.

Dam Country Crest Max RCC Volume | Cementitious Contraction Joints Ramarks
Logth (m) | Height (m) | {1000m3) | Content (kg/m3) | Number or Spacing (m)
Aoulouz Moroeco ABD 70 610 100 C | &] 45m Sicne leakage
Asahiogawa Jagan 260 B4 ECl BEC+ 24FA [&] 15m Mo Craching
Capanda Angola 1203 110 757 70C | &] 20m Mo crackng
Copperfieid Australia 340 40 140 A5G+ 15FA Threa contraction joints Onaa through transverse crack
with seepage
Em Croak (a) UsA 365 & Fd] TIBC = 56 FA 9] #m Cracis Datwaan contraction joints
Galesvilla usa 290 51 170 520+ 54 FA Mo Seven cracks, Some stamed from
top of dam. Leakage
Knalipod South Alrica 200 50 58 61 C+ 142FA Yes Throwgh mduced cracks-joins.
Sormi lpakaga
Maro Japan 230 ] 210 06 C + 24 FA |&] 15m Mo eracking
Miyagase Japan 400 155 2000 61 C+38FA [&] 15m Ho crackng
Pieika Japan 210 40 365 BAC+ 36 FA [&] 15m Mo cracking
Chail Croak usA (] 42 1 135G+ 152 FA [&] 40m-100m Mo cracking whara joint spacing
< B0m, except along abubments
Ric France 308 26 45 ADC + 120 FA Mo Saveral cracks.
Shimajigawa Japan 240 B3 3T 91 G« 36FA |&] 15m MO CACkng
Shuskou China 646 50 300 S50C + 100 FA [&] 30m No cracking batween block joints
Upper Stillwater UsA ais a0 BOC + 175 FA Mo Several fhrowsgh fransverse cracks
at 5m 1o 15m spacing
Urugua- Arpenting 680 76 600 BOC [] 20m af Lipstranm Conesing Four through rensverss
Face &4 joints in BCC dam body cracks
Waolwedans South Alrica 264 T 210 S8C + 138FA Yes Thrgugh incuced Cracks-jonts,
Sorme leakige
Fagihoak South Alrica 827 a7 134 36C + B4 BFS Yes Throwgh induced cracks-jons.
Soma leakage
()~ Firsd Stage; C- Cemend : FA- Fly Azh; BFS- Blast Fumnace Slag

Figure 4.45 Crack in some RCC dams

If the RCC in the dam were free of any restraints, the decrease in volume caused by a
uniform temperature drop across the section would present no problem. RCC dams are bonded to
rock foundations, however, and are thus subjected to an external restraint. Restraint can also be
initiated when the cool exterior surface restrains a hot interior. The two types of restraint lead to
two different temperature analyses, which may be called external restraint in the First case and
internal restraint in the second.
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External restraint is greatest (fully restrained) at the dam foundation contact and nearly
zero (unrestrained) at the crest near the centre of the dam. Internal restraint is greatest in the zones
where the temperature change is occurring at the slowest rate. For the external restraint condition,
the temperature of the mass peaks and then cools for some time until it reaches the average ambient
air or reservoir water temperature at the site. When the volume reduction, caused by this relatively
long-term temperature-drop combined with foundation restraint, exceeds the tensile strain
capacity of the RCC, transverse cracking occurs at the section of least resistance. Cracks produced
by the external restraint condition are usually vertical or near vertical and can extend through the
entire dam section.

In the interior restraint condition, the temperature at the center of the concrete mass is
higher than at the exposed dam faces. As the surface cools and wants Lo contract, compressive
stresses remain in the warm interior while tensile stresses develop at the outer surface.

Surface cracking occurs when the tensile stress, due to non-uniform temperature change,
together with internal restraint, causes a strain that exceeds the capacity of the concrete. The result-
ing surface cracks are generally vertical, transverse to the dam’s axis, and rarely extend through the
entire dam. Once cracks are initiated, the energy required to propagate these cracks is less, so both
restraint conditions can combine to produce a deeper crack.

As discussed under design considerations, pre-forming or inducing contraction joints
at a spacing determined by thermal analyses and cracking studies will be necessary for the next
generation of very high RCC dams. Experience to date has shown that the installation of crack
inducers, water stops and drain holes at contraction joints can be done without interfering signifi-
cantly with production. Because of the slower rate of rise and increased working area available,
this can be expected to have even less of an impact for larger RCC dams. The cost associated with
these features has been shown to be a small percentage of total dam cost and will decrease with
increased dam height.

Appropriate solutions to predict thermal cracking are:

I. eliminate crack occurrences by using thermal controls during construction;

I1. control the effect of the cracks by building joints with waterstops;

M. eliminate the problem that the cracks create by providing upstream impermeable
membranes for leakage prevention; and

IV. modify the geometry of the structure to maintain stability after cracking

4.5.3 Thermal Studies

Thermal computational methods can range from a sophisticated computer-aided finite
element analysis to hard computation methods. Most major RCC dams have employed some form
of a finite element analysis to determine temperature distributions within the concrete structure
from which strains and stresses are determined. Finite element models can be detailed three-
dimensional grids of the entire structures.

The heat-flow program simulates temperature distribution with time within the RCC
dam as the dam is built in thin horizontal lifts. The temperature within the structure depends on the
placing temperature, the heat-generating characteristics of the RCC mixture and the boundary
conditions at the various exterior surfaces. The boundary temperatures include that of the air or
water and absorbed radiant heat on the exposed upper RCC surface, upstream and downstream
faces, and the temperature of the foundation rock.

In conducting a thermal analysis, it is necessary to determine certain properties of the
RCC mixture and to develop a detailed construction schedule. The properties can include specific
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heat, diffusivity, conductivity, coefficient of thermal expansion, adiabatic temperature rise at
various ages, tensile strength at various ages, as well as modulus of elasticity, strain capacity and
creep coefficients at various ages.

The planned construction schedule is required because expected air temperatures are
an input variable to the computer program. If there is a delay in the start of construction, or
construction is not progressing as fast as anticipated, or both, it may be necessary to recalculate the
temperatures within the mass.

A delay in the construction start usually means the ambient temperatures are warmer
and that higher peak temperatures than predicted will occur. In addition, a slower placement rate
indicates material properties that are time-dependent, such as tensile strength and modulus of elas-
ticity, may differ from predicted values. Also, the placing temperature of the RCC is a required
input for the analysis and this value is directly affected by ambient temperature.

The revised analysis may predict higher tensile stresses in the structure, which may
then dictate that more joints be placed in the upper portion of the dam.

The rate of rise of the dam body under construction is important for thermal control
under the RCC method. Since it is designed for construction-time reduction, the RCC method
makes fast and orderly placement possible, thereby shortening the time required for the placement
of dam concrete. The faster concrete is placed, the greater the internal temperature increases.
However, considering thermal stress control, the RCC method is more advantageous than the
columnar block method because thin lifts cause quick heat radiation and a constant placing speed
and continuity between placements make it possible to maintain a gentle temperature gradient
within the dam body.

Studies of the heat generation and temperature rise of massive RCC placements indi-
cate that the sequential and rapid placement of layers can reduce cracking because of its more
consistent temperature distribution throughout the mass when compared to more traditional ways
of placing large volumes of concrete.

Several methods have been proposed for analyzing thermal stress in concrete. In a
study [4.34], a temperature history calculation is performed using the finite element method for
one-dimensional heat conduction. Next, restraint thermal strains are calculated by a Restraint Matrix
Method, which is in general use in the field of dam engineering.

As a result of the parameter analyses described, it was found that the maximum
restraint thermal strain on the tension side, which is an important factor to be considered for ther-
mal control, occurs in the maximum temperature fall zone and in the rock contact zone. It was also
found that the dam height and the speed of concrete placement are parameters that greatly affect
the “maximum restraint thermal strain”. These results show that in the maximum temperature fall
zone restraint thermal strain tends to be greater at lower placing speeds, and restrain thermal strain
in the rock contact zone tends to be greater in higher dams. In the rock contact zone, restraint
thermal strain is smaller at lower placing speeds because temperature rises are reduced by heat
radiation from the lifts. When the placing speed is high, gentle temperature gradients in the dam
body result in small restraint thermal strains. Hence, there are placing speeds at which the restraint
thermal strain is maximized. This peak value varies with the dam height, but in the rock contact
zone there is no clear relationship between the placing speed and the restraint thermal strain as in
the maximum temperature fall zone.

As mentioned in the study [4.34], the major factors affecting restraint thermal strain
include the placing speed (v) and the dam height (h). Since dynamic similarity as well as geometri-
cal similarity holds true under the Restraint Matrix Method., it is possible to eliminate the effect of
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the size of dam by establishing the placing speed in relation to the dam height and introducing a
new concept of relative placing speed (v/h).

As mentioned, the maximum restraint thermal strain occurs at and near the elevations
of the lifts placed in the summer months (maximum temperature fall zone) or in the rock contact
zone. Therefore, in formulating a thermal control plan for a dam to be built by the RCC method, it
is possible to optimize the concrete placement plan by comparing restraint thermal strains at these
locations.
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Figure 4.46 Relation between relative placing speed and
restraint thermal strain (in the maximum temperature fall
zone and at the concrete rock interface) (from [4.34]).

Figure 4.46 [4.34] shows the relationship between the relative placing rate (horizontal
axis) and restraint thermal strain (vertical axis) in the maximum temperature fall zone. As shown in
Figure 4.46, the relationship between the restraint thermal strain in the maximum temperature fall
zone and the relative placing speed is independent of the dam height and is represented by a single
curve. The influence of the dam height can therefore be eliminated. The reason for this is as follows:

¥ When the relative placing speed is constant, the maximum temperature fall zone
{(H) and the layer length (L), which greatly affect the degree of restraint if the dam is low, become
relatively small.

¥ On the other hand, they become relatively large if the dam is high. Thus, the ratio
(H/L) remains unchanged.

Figure 4.46 indicates that lowering the relative placing speed reduces the restraint thermal
strain in the maximum temperature fall zone dramatically, thereby facilitating thermal control. The
restraint thermal strain in the maximum temperature fall zone can be kept within 100#10° by
maintaining a relative placing speed of v =10, that is, by maintaining placing rate of at least 5 cm/
day, 10 ecm/day, and 15 em/day for dam heights of 50 m, 100 m and 150 m, respectively.
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Figure 4.47 Relationship between placing speed and restraint ther-
mal strain (at the concrete-rock interface) (from [4.34]).

Figure 4.47 shows the relationship between the restraint thermal strain in the rock
contact zone (first and second layers of the restrain matrix) and the relative placing speed. The
restraint thermal strain in the first layer is greater at low relative placing speeds, and in the second
layer is greater at high relative placing speeds. At relative placing speeds of 20-25 cm/day, the
relationship between strains in the first and second layers is reversed. The peak value of restraint
thermal strain occurs in the first layer at relative placing speeds of around 15 cm/day. At relative
placing speeds of 25 em/day and above, the restraint thermal strain is roughly constant. Thus, the
relationship between the relative placing speed and the restraint thermal strain in the rock contact
zone is not so clear as that in the maximum temperature fall zone. This is because strains in the
rock contact zone are caused partly by external strains, and restraint thermal strain is affected
considerably by not only the temperature gradient but also temperature drops. Consequently,
raising the placing speed in the rock contact zone is not so effective in thermal control as in the
maximum temperature fall zone. [t is therefore thought that in the rock contact zone, conventional
methods for increasing heat radiation, such as the use of half lifts, are more effective in controlling
temperature fails than the RCC method. Restraint thermal strain in the second layer increases with
the dam size, but it does not exceed 60 x 10 even at a dam height of 144 m, thus posing no serious
problem regarding long-term thermal stress.

Figure 4.46 compares restraint thermal strains in the maximum temperature fall zone
with those in the rock contact zone. The plots include strains in both first and second layers. The
restraint thermal strain in the maximum temperature fall zone is dominant at relative placing speeds
of about 15 cm/day or below, and that in the rock contact zone is dominant at relative placing
speeds of about 15 cm/day or above. At relative placing speeds of about 25 cm/day. the restraint
thermal strain in the rock contact zone levels off. These results indicate that in order to control
long-term thermal stress when the placement of concrete is started in the begining of the winter
season, it is desirable to adopt relative placing speeds of about 15 em/day or above, regardless of
the dam size. Restraint thermal strain is minimized when relative placing speeds of about 25 cm/
day or above are used, but there is little point in using higher relative placing speeds as far as
thermal control is concerned.
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Figure 4,48 Dam height and placing rate (from [4.34]).

Figure 4.48 summarizes the relationship between the dam height and the placing rate
for convenience in actual construction: “The restraint thermal strains resulting from the relative
placing speeds of 15 and 25 em/day are represented by thick lines, and restraint thermal strains in
the maximum temperature fall zone of 120%10°, 10010, 80*10°, and 60%10° are represented by
thin lines. The lower half of Figure 4.48 shows placement intervals for lift thicknesses of 75 cm,
100 em, and 150 cm which correspond to the placing speeds shown above”. According to the
Figure 4.48, in order to maintain relative placing speeds of 15 or above, it is necessary to place
concrete at a rate of at least 15 cm/day. This indicates that lift thicknesses of 75 em, 100 ¢m, and
150 cm require placement intervals of not more than 5 days, 6 days, and 10 days, respectively. The
figure clearly expresses that, as the dam size increases, it is necessary to increase the placing rate
by increasing the lift thickness or shortening the placement interval, in order to achieve the relative
placing speed of 15 or the restraint thermal strain of 100* 10, At a placing speed of 10 em/day, for
example, the relative placing speed for a 100-m high dam and a 50-m high dam should be 10 and
20, respectively. The maximum temperature fall zone 1s eritical for the former, and the rock contact
zone is critical for the latter. Thus, the greater the height of dam, the more effective it becomes in
thermal control to increase the placing rate.

Based on studies it was concluded that [4.34]:

L “Underthe RCD method for long-term thermal conirol, the rate of placement of dam
concrete greatly affects restraint thermal strains in the dam body;

I, Restraint thermal sirain in the maximum temperature fall zone can be roughly
expressed by a single curve by introducing the relative placing speed obtained from the standard-
ization of the placing speed with respect to the height of dam. Restraint thermal strain can be
reduced more effectively at higher relative placing speeds;
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M. The relationship of the relative placing speed with the restraint thermal strain in
the rock contact zone is not so clear as that with the restraint thermal strain in the maximum
temperature fail zone. In the rock contact zone, increasing the relative placing speed is not very
effective in reducing restraint thermal strain;

V. At relative placing speeds of 15 cm/day or below, restraint thermal sirains in the
maximum temperature fall zone are dominant. At higher relative placing speeds, vestraint thermal
strains in the rock contact zone are dominant. Therefore, if the restraint thermal strain in the
maximum temperature fall zone is to be reduced, it is desirable to adopt as high relative placing
speeds as possible. At relative placing speeds of 15 or above, however, the restraint thermal strain
in the rock contact zone is dominant, and higher relative placing speeds do not contribute signifi-
cantly to thermal control;

V. From the above results, it can be concluded that when a large dam with a height of
around 150 m is built by the RCD method using a concrete mix having a unit cement content of
C+F=130kegfim’ (FAC+ F)=30) or so at rypical ambient temperatures in Japan, concrete
temperature can be effectively controlled by shortening the placement interval or increasing the
lift thickness to maintain a high relative placing speed.”

As previously mentioned, a planned construction schedule is required because expected
air temperatures are a variable input to the computer program. But another point need to be added:
this can take in account the upstream membrane face in CVC or an especially RCC proportioned
mix concrete, as watertightness barrier.

A published paper [4.35] describes the dam design with an impervious screen and a
specified water permeability, which is achieved by an increase of eementitious materials in the
composition of RCC. The downstream shell adjacent to the impervious screen without any joints,
butts, i.e., as a single block, is also built of rolled compacted concrete with minimum content of
cementitious materials. For optimization of the dam design, calculations of temperature con-
ditions and a stress state of the dam body were carried out taking into account lift-by-lift
placement of concrete, exothermic heating, gradual cooling down and static loads on the
structure. Investigations showed that from the standpoint of crack resistance of placed con-
crete for the dam with height of 100m; the best alternative is a screen of not more than 12m
in thickness,

In most cases, RCC dams are provided with CVC lining of the faces (see Figure 4.07).
On the upstream face, such lining plays the role of a membrane.

In an effort to simplify concrete placement operations and to provide thermal crack
resistance, an alternative gravity and arch-gravity dam can be investigated. In this case, both the
main portion of the section and the impervious screen are built of roller compacted concrete of two
different compositions.

An RCC screen built with a higher content of cementitious materials (cement plus
pozzolanic material) is quite possible, on condition that concrete crack resistance is provided.
Based on experience, dams built entirely with RCC are regarded as the most economical and
simple dam construction. These dams need, however, special impermeability requirements at the
upstream face. In the case of a gravity dam with the zoned placement of the RCC, different con-
crete compositions are characterized by the required grade of impermeability. The grade is speci-
fied as usual according to the head gradient, i.e., defined by the acting head and thickness of the
screen. Vertical drainage is provided behind the screen in the RCC with lower cementitious mate-
rials content by, for instance, drilling a row of bore holes.
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exothermal heating, thermal analysis considering lift-by-lift of the concrete mass placement, with
zonal distribution of two different RCC compositions was carried out. Exothermal heating during
the initial period after concrete placement was determined using a value of complete adiabatic
heating of .13 (*C/kg/m?), considering certain intervals of placement of concrete layers (thickness of
0.4m) and the schedule of dam construction (average placement interval of concrete layers - 2 days).

Prolonged cooling-down of concrete was provided on the upstream and downstream
faces and on the constantly rising surface.

In the case of a dam with an impervious membrane, thermal analyses revealed the need
to consider different cooling-down periods for the concrete: at the center of the screen, at the
interface with the downstream shoulder, the central zone and the external faces of the dam. Tem-
perature stresses caused by such peculiarities appeared larger on horizontal planes. Final values for
elastic-instantaneous stresses decreased by one half by concrete creep and were combined with
stresses resulting from static loads.
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Thermal analyses of different screen alternatives made it possible to define the differ-
ence in maximum temperature during construction inside the downstream shell and in the center of
the impervious screen. As height of the placed concrete rises and not regarding the near-rock zone,
changes of the maximum temperature did not exceed 2-3°C. In the downstream shell, the maxi-
mum temperature was, as a rule, 33-35° C, in the center of the screen, it was 40-42°C at 12 m
thickness, 43-45 °C at 8 m thickness and 46-48 °C at 5 m thickness.

Maximum vertical tensile stresses resulting from temperature actions can be observed in
the upper section of the dam (around 1/3 of the height) at a distance of 4-6 m from the
upstream face.

Bearing in mind the lower strengths in horizontal joints it may be concluded that in the
first alternative the risk of crack formation is likely. In the third alternative, the risk is unlikely. The
second alternative though, may be considered controversial. But in all alternatives, analyses showed
compressive stresses on the upstream face resulting from temperature actions. In this case, appear-
ance of cracks may be expected in the first alternative only, i.e., for screens with Sm of thickness.
Along the entire height of the dam, the pattern is much the same: on the upstream face total
compressive stresses are 1.5-1.7 MPa, then they rapidly reduce to zero or change to tensile stresses
at a distance of 4-6 m from the upstream face and finally they become compressive stresses again,
It should be emphasized that the zone of detectable temperature stresses does not exceed 10-12m
from the upstream face. In the rest of the dam, mass vertical static stresses appear and their maxi-
mum values on the downstream face do not exceed 3.0 MPa.

For a technical and economical comparison of screen alternatives, additional expenses
for construction of the impervious screen of the RCC dam were calculated. These expenses origi-
nate differences in the consumption of cement in the RCC of the screen and the downstream shell.
Comparison of additional expenses showed an increase of 20-25% in the first alternative (screen
thickness of 5m) which, are lower many times those of the second alternative.

The results obtained in this technical and economical comparison of different screen
alternatives considered certain singularities of the case studied, in particular, climatic conditions
and rate of dam construction. The considerable importance of thermal analyses compared to tech-
nical parameters in the given case does not allow us to consider the selection as multi-purpose. A
technical and economical comparison may though, be recommended as a necessary step at the
stage of dam designing.

4.5.4 Controlling Temperature Rise

The maximum internal temperature rise in a massive structure can be limited either by
reducing the temperature rise of the concrete mixture or by reducing the placing temperature.
Consistent with strength and permeability requirements, the use of low-heat cement, a reduction in
total cementitious material and an increase in pozzolanic material percentage will reduce the tem-
perature rise of the mixture. Pre-cooling aggregates by winter production or cooled water spray or
cooled air, introducing ice to satisfy mixing water requirements, placing the concrete at night, or at
winter time season are methods that have been used to reduce the placing temperature of the
concrete mixture. Night placement also helps by minimizing radiant heat effects on the exposed
upper surface. These procedures are valid for both concrete types: CVC and RCC.

Dam sites that have low annual average temperatures, such as, those far from tropics or
on high mountains provide a greater potential temperature drop. Designers of RCC dams at such
locations may desire to limit concrete placing temperatures to as low as 10°C. This was the case at
Upper Stillwater Dam, Miyagase Dam in northern Japan, and other specific cases.
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4.6 Contraction Joints

4.6.1 Transversal Contraction Joints

The efficacy of transverse contraction joints in preventing structural cracks in CVC
gravity dams of various sizes has long been proven. However, for RCC dams, some designers have
been reluctant to accept the necessity of full transverse contraction joints at 15-20m spacing, mainly
because joint construction could slow down RCC placement and increase cost. Instead. partial
measures, such as crack inducers or joints in the upstream CVC were adopted. The main functions
of contraction joint spacing are to control the effects of foundation and abutment restraint, to
prevent relative displacements due to some relevant topography and to allow contraction of the
concrete to occur without cracking in the dam, In some RCC dams, a few full transverse contrac-
tion joints were provided only at locations where differential foundation settlement was expected
or where there were pronounced irregularities in the foundation profile. Another line of reasoning
would accept cracking in a dam storing water occasionally or for short duration.

The main problems caused by cracking in RCC and other gravity dams are appearance,
durability and leakage control. The spacing of cracks extending the full height and thickness of a
dam, caused by foundation restraint, is directly related to temperature change, the tensile strength
and stress coefficient of the concrete during the period it occurred and for how long it lasted.

Thermal changes throughout a dam are influenced by many factors but are mainly
affected by environmental conditions, construction sequence and size and shape of the dam. The
rate of thermal change is significantly greater at the surfaces. Surface cracking is generally caused
by internal restraint rather than foundation restraint and is therefore limited in depth. Foundation
restraint can contribute to surface cracking in a dam built without contraction joints; however, the
propagation of surface cracks relieves the internal restraint condition, thus requiring a continuing
decrease in volume for further propagation.

Engineers in several countries have conducted studies to determine the optimum
spacing of transverse contraction joints to prevent cracking in RCC dams and in theoretical con-
clusions verified against the experience of completed dams.

Figure 4.45 lists a summary of the current practice and experience regarding crack
prevention and contraction joints in various RCC dams, and countries, with transverse contraction
joints which have been completed. It is not proposed to provide full contraction joints in future
dams. In five relatively high RCC gravity dams, scheduled for construction in the near future,
Miel-1 (185m), Miel-I1 (141m) and Porce 11 (118m) in Colombia, Platanovryssi (95m) in Greece
and Pangue (115m) in Chile, contraction joints are to be provided selectively to respond to changes
in foundation conditions and to form the spillway blocks.

Up to the end of 1987, nearly 70% of the completed RCC dams did not contain contrac-
tion joints. During the period between 1988 and 1989 the percentage had dropped 1o 35%, and in
the 1990°s only 10% of RCC dams did not have joints in one form or another.

Spacing of joints is 60m in Miel I and II, 40m in Porce IT and about 50m in Pangue and
Platanovryssi dams. It is also pertinent to note that thermal stress analyses for Upper Stillwater|4.41]
dam had concluded that a joint spacing of 60m would be adequate to prevent cracking. Actually,
cracking occurred at closer spacing than that anticipated.

The provision of full transverse contraction joints at closer spacing of 15-20m, can be
considered prudent for high, long and large RCC gravity dams. The Japanese experience in build-
ing the highest RCC dams and that at other dams such as Quail Creek[4.42], USA, has shown that
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the joints can be cut without slowing down construction and at a nominal additional cost. Large
Brazilian RCC dams were designed with contraction joints spaced at 15-25m. Such contraction
joints also provide safety against cracking when ambient temperatures may not be ideal at the time
of RCC placement, or when cement content may have to be increased to compensate for poorer
than specified quality of pozzolanic materials. This in turn can avoid delays on the completion of
the dam, while ensuring a better quality crack-free RCC structure.

Parallel to the construction of jointless RCC dams during the past 12 years, several
RCD gravity dams were built in Japan with transverse contraction joints. The RCD-Japanese-RCC
type is considered a conservative version of the standard RCC dam. Since no completed RCD
dam has suffered cracking, the additional cost of providing contraction joints, if any is con-
sidered justified, particularly for high RCC gravity dams,

The three RCC arch dams have different crest lengths. The crest length of Xibin dam is
only 93m and no joints were used. The Puding arch dam has a crest length of 195.7m and the
topographic condition required several joints; there are three joints dividing the dam into 4 blocks,
of 30, 55, 80 and 31m. The joints are introduced and measured by joint gages. In the case of the 75-
m high Puding dam (in China), the thick-arch RCC dam was also designed to be built during a
cooler season and so only three groutable contraction joints, about 90m apart, were provided. It is
reported that none of the joints has opened.

Three general forms of contraction joint, as shown in Chapter 8, have been used in
RCC dams:

* Post-formed contraction joints through the whole dam created by vibrating crack
inducers into the RCC, either after spreading or after compaction - this is the most commion approach.

* Formied contraction joints against formwork, in a similar way o raditional concrete dams.

* Induced joints, in which only part of the joint is formed, usually near the faces, allow-
ing thermal movement to create the rest of the joint, if so required.

4.6.2 Longitudinal Contraction Joints

Before 1965, most CVC gravity dams 450m in height were built with longitudinal
contraction joints. The world’s highest CVC gravity dams, Grande Dixence, Switzerland (285m)
and Bhakra, India (226m) have two or more longitudinal contraction joints. The main purpose of
the longitudinal joints was to prevent longitudinal cracks. These joints had to be grouted before
filling the reservoir and after the concrete had been slowly cooled down to the average ambient
temperature, by circulating cold water through embedded pipes placed on top of each lift. Longitu-
dinal contraction joints were also provided in several high thick arch dams. Performance of these
high dams over 40-50 years has proven the efficacy of longitudinal contraction joints in preventing
longitudinal cracks and facilitating essentially monolithic behaviour of the structures as antici-
pated in design.

Since forming of longitudinal joints and their treatment increase construction costs,
during the last 25 years several high CVC gravity dams were built without longitudinal contraction
joints, Noteworthy examples are: Dworshak, USA (219m), Revelstoke, Canada (175m) and Piedra
del Aguila, Argentina (172m). The designs of these dams incorporated several features to eliminate
the risk of longitudinal cracking, such as the use of relatively lean concrete mixes with low cement
and adequate pozzolanic material content, low concrete placement temperatures and post-cooling
in the lower part of the dam. The criteria for Revelstoke dam are typical: it is assumed that if the
temperature gradient of the concrete near the foundation rock did not exceed 21°C, then tensile
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strains that would develop as the concrete cooled would not be high enough to cause cracking.
Concrete mix was designed following the concept of crack-free mass concrete for Dworshak and
Libby dams [4.43]. However, Revelstoke, Dworshak and Libby dams suffered some unanticipated
structural cracking before, as well as after the filling of the reservoir [4.44]. In Revelstoke and
Libby dams, some of the cracks were longitudinal.

Longitudinal cracks generally begin at the foundation at the central part of the block
and progress upward, and can also occur in a new lift placed over older concrete. The upper part of
the old concrete may have cooled considerably and with the temperature of the new concrete
peaking about a week after its placement, a large temperature gradient at the joint would induce
longitudinal cracks in the new layer.

Since longitudinal cracks progress upward slowly, if subsequent lifts of concrete are
placed rapidly at short intervals, they may not be noticed during construction. Such cracks are
generally detected in transverse galleries or unlined outlet conduits in the lower portions of the
dam; sometimes several years after completion of the dam and filling of the reservoir. Longitudi-
nal cracks may also reach the top of a block where concreting had been interrupted for a whole
cold season, or appear on the exposed transverse face of a block.

Longitudinal cracks can endanger the stability of a dam, particularly if’ they show a
tendency to progress as the reservoir pressure is applied, or if they connect with transverse cracks
or joints, or are penetrated by water under high pressure. Another consideration is the risk of
extension of such cracks during an earthquake. Therefore, prevention of longitudinal cracking
in high gravity dams, whether RCC or CVC, is as imperative as the control of transverse
cracks.

The experience of high CVC gravity dams discussed before, where transverse or longi-
tudinal cracks occurred despite all the preventive design provisions, indicates that the risk of lon-
gitudinal cracks occurring in high RCC dams cannot be ignored. Such advantages of RCC as no-
slump concrete and lower hydration heat because of lower cement content, are offset by the lack of
post-cooling, which was provided in lower parts of Dworshak and Revelstoke dams. Although no
longitudinal cracking of RCC dams has been reported so far, it should not be a reason for compla-
cency: because of the lack of transverse galleries and rapid placement of RCC, such cracks cannot
be visually detected during construction, may not surface for several years, may remain hidden and
may connect with transverse cracks.

The risk of longitudinal cracking in RCC gravity dams increases with height. For a
200-m high dam with vertical upstream slope and (0.8(H):1.0(V) downstream slope, the lower
layers would be 160m wide. Considering that in RCC dams contraction joints at 15-20m intervals
in the axial direction are considered necessary to reduce the tensile strains near the foundations,
why would that not be not be valid in the transverse direction? Another risk factor is the concrete
mix, il it is necessary to increase the cement content near the foundations to obtain higher strength:
the need for a richer mix increases with the dam height.

Since post-cooling for grouting vertical longitudinal contraction joints in RCC dams
would be impractical and costly, an alternative would be to provide an inclined longitudinal con-
struction joint. Essentially, the RCC dam would be built in two stages. The concept of the two-
stage construction of a 200-m high RCC gravity dam is shown in Figure 4.55. The lower 100m of
the dam would be built in two monoliths, A and B; A being built first, with B following it a
few weeks later, as may be convenient for construction, and to ensure that the temperature
differential between concrete in the two monoliths is not excessive when second stage con-
crete is placed.
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Alternative 1 is preferable and more suitable than Alternative I1 from the viewpoints of
construction convenience, early storage of water and overall economy. Alternative 1 is similar in
concept to the two-stage construction of the Guri dam, Venezuela, where the 110-m high first stage
was built in 1968 and the second stage raised to a maximum height of 162m fourteen years later.
The reservoir was full when the second stage was added. Both stages of the dam were built of
conventional mass concrete.

The sloping construction joint could be stepped or formed with a plain surface. Before
placing the second stage (Monolith B) RCC, the joint surface would be thoroughly cleaned by
high-pressure hydroblasting. A layer of CVC concrete, about (.3m wide, would be placed against
the joint, as each layer of RCC is placed and compacted. Tests at Ross [4.16] dam, USA, Guri and
other dams have shown that adequate bonding can be obtained between conventional old and new
concrete by hydroblasting or equivalent treatment and that key or steel dowels are not required.
Two-stage construction with inclined construction joints was also adopted for some blocks of
Capanda [4.45] dam in Angola.

4.7 Construction Joints Between Layers

4.7.1 General

Current experience indicates that the bond, shear and tensile strengths of typical un-
treated construction joints between layers are considerably less than that of the RCC itself. This is
particularly true when no treatment - bedding mix - concrete or mortar layer is used on the joint
surface and the time elapsed between placement of layers exceeds 8 hours [4.16]. On the other
hand, in a CVC gravity dam, where construction joints receive such treatment as hydroblasting,
sand blasting or green cutting, and without a new mortar layer, the shear, bond and tensile strengths
of the joint are almost the same as that of the mass conerete. Special treatment of construction joint
surface in CVC is required to remove laitance, contaminants and inferior material not compatible
with cement, and to clean the surface of exposed aggregates and the already set mortar. Laitance
and excess water may not seem a problem with the no-slump, low cement content RCC. But the
paucity of mortar on the compacted construction joint surface would result in low and unevenly
distributed bond, which is accomplished by cement grain and is not due to either the roughness of
the surface or intimacy of surface contact between aggregates or hardened concrete [4.16], and the
construction joints would become planes of relative weakness in the dam.

Low shear and bond strengths at a construction joint also mean lower effective modu-
lus in shear along the joint. The relatively weaker joints make the concrete mass laminated or
anisotropic and elastically heterogeneous: it would have a different type of response to sustained,
as well as dynamic, loads than a truly monolithic structure. Ideally, to ensure elastic and mono-
lithic response of the dam to all types of loads in all directions, including shearing forces, the bond,
shear and tensile strengths of the construction joint should be equivalent to that of the concrete. A
joint substantially weaker in shear than the concrete, would alter the deformations and magnitude
and distribution of normal and shear stresses in the concrete and, particularly, at the joint. In high
RCC gravity dams, the resulting shear and tensile stresses may exceed the permissible limits.
Thus, sufficient bond and shear strength at the horizontal construction joints is necessary not only
for adequate safety against shearing-sliding, but also against overstressing, cracking and subse-
quent deterioration of concrete, for both RCC and CVC gravity dams.
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Typical distribution of horizontal shear stress along a construction joint or at a horizon-
tal plane in mass concrete of a CVC dam can be seen in Figure 4.54. In an RCC gravity dam, shear
stress distribution at a construction joint could be entirely different. If a bedding mix is used only
near the upstream face, bond strength in that part of the joint would be nearly equal to that of the
concrete. If the rest of the joint surface is untreated and it has very low or no bonding, the distribu-
tion of shear stress would be altered with “concentrations”™ occurring in the upstream part of the
joint, as shown in Figure 4.55. On the other hand, if the bond in the upstream portion is much lower
than along the rest of the joint and tension in the upstream portion opens it, critical shear stresses
would build up in the downstream portion with a risk of ultimate shear failure commencing there.
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The effective modulus of elasticity in shear would vary similar to the variation of bond
along a construction joint. For a 200-m high CVC gravity dam, the maximum horizontal shear
stresses would be about 1.8 MPa. If the average bond strength of a joint is 60% of that of the RCC,
or that of a joint with a bedding mix over its entire surface, then the maximum shear stresses might be
50% higher than in a comparable CVC gravity dam. If the maximum shear stress exceeds the
effective bond strength of a construction joint, then that joint could be the weakest feature in
the structure where shear failure might start. For high RCC gravity dams such a situation
would pose a high risk.

To better appreciate the impact of the above discussed, i.e., the “lamination effect” on
the structural behavior of the dam, data on two 200m high RCC and CVC gravity dams with
identical cross-sections are compared. Assuming that RCC is placed in (.30m layers and conven-
tional conerete in 2.5m lifts, the total area of construction joints in the RCC dam would be more
than eight times that in the CVC dam. Because of the fast rate of RCC placement, it is likely that
bond and shear strength will vary considerably over the joint surface, and with values higher than
50% of that of concrete over perhaps 30% of the area. For a 100-m length of the dam, it represents
a joint surface area of about /.5 x (”m* which may have deficient shear strength, and consequently
lower safety margins against shear failure, than considered acceptable for a high gravity dam. This
deficiency and the corresponding risk increases with the height and size of the RCC gravity dam.

Horizontal construction joints may be either planned or unplanned. When a placement
layer has not been covered by the time it reaches initial set, a cold joint is formed between the two
layers. The time required for a cold joint to form depends on climatic conditions {temperature,
sunlight, wind, moisture), the amount of cementitious material in the mixture, the type and set time
characteristics of the cement, and the use of admixtures.

Treatment of horizontal lift or construction joints differs from that of conventionally
placed CVC mass concrete in that there is no surface water gain during set of the concrete. Thus,
there is no weak laitance film at the surface. Surface water gain (bleeding) is the result of subsid-
ence during set when the excess water separates from the mixture and is displaced to the surface by
the heavier materials. Bleeding does not occur in properly proportioned RCC. However, in full
consolidation of RCC, paste may be brought to the surface. If dirt, mud or other foreign elements have
contaminated the surface, the prescribed treatment should require removal of the foreign matter. If the
surface has been allowed to dry completely and/or a cold joint has developed, it should be thoroughly
cleaned and may require a special bedding mixture if bonding to the subsequent layer is desired.

The extent of bedding depends on the degree of watertightness required and the shear
resistance needed for stability at that location.

[t should also be noted, however, that RCC or CVC dams construction need be based on
sliding analysis.

Various bedding mixtures have been used, studied. and evaluated. There is no agree-
ment on what is best, probably because different bedding mixtures are suited to different construc-
tion techniques, RCC mixture proportions, and environments. Bedding is necessary to provide
bond (tensile and shear) and improved watertightness after a cold joint develops. Marginal safety
factors against sliding that sometimes exist in the upper reaches of a dam may be improved when
properly designed and applied bedding mixtures are used.

Since the working dam surface is wide and flat, it is a standard practice in Japan, to
green-cut the joints with motor sweepers, etc., and then apply a layer of mortar,

The bedding thickness has the same dimension as the maximum size aggregate particle
in the mixture. Cores have consistently shown that this procedure thoroughly bonds the RCC
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layers. The bedding mixture blends into the RCC and does not leave a layer of mortar or bedding
that is clearly defined.

The RCC layer is spread over the bedding while the bedding retains its slump or work-
ability, and the RCC is then compacted into the bedding. The results from this procedure can be
checked by test.

For final design, values for tensile and shear strength parameters at lift joints can be
determined in several ways (as shown in Chapter 7):

(a) In-situ direct shear tests can be performed at various confining loads on blocks cut
into full-scale trials made with full production equipment and site personnel.

(h) Drilled cores can be removed from RCC full-scale trials and tested in shear and
direct tension.

(c) Joint shear tests can be performed on a series of large blocks of the total RCC mixture
cut from test placements compacted with pedestrian rollers under laboratory conditions. Various joint
and surface conditions of the actual mixture for the project can be evaluated and used to confirm or
modify the design and construction criteria.

(d) Individual specimens can be compacted and tested in the laboratory. Nevertheless for these
tests to be valid the mixture should be of a consistency, and the aggregate of a size, that permits representa-
tive individual samples to be made. It is very difficult to simulate joint conditions in the laboratory.

4.7.2 Lift Thickness

The layer thickness design depends primarily on the construction equipment available
and the consistency of the RCC mixture. The lift thickness is defined as the thickness of RCC that
is compacted at one time, although it may have been spread in a number of layers and pre-consoli-
dated by the treads of the spreading dozer. In determining a lift thickness, the goal is to provide a
thickness that can be compacted to the required density uniformly throughout the layer with readily
available equipment considering the consistency of the RCC mixture.

The thickness of RCC lifts has ranged as shown in Figure 4.55, from 0.23 m, for over-
topping protection for the Brownwood Country Club Dam in Texas, to 0.75 m at Tamagawa Dam
in Japan. The thin lift was chosen for the Brownwood Dam rehabilitation project because only
1070m* of RCC was required and the designer figured this thickness could be easily placed by a
small contractor using available spreading and compaction equipment. The thicker lifts at Tamagawa
are typical of the Japanese RCD method wherein a wetler consistency mix is spread in three or
more layers and then compacted. The 0.75m lifts at Tamagawa were used for the upper portion of
the dam while (1.50m lifts were used for the lower portion adjacent to the foundation rock. The
most typical RCC layer thickness to date has been 0.30m.

Thicker lifts are desirable because there are fewer lift lines forming potential seepage
paths and planes of shear weakness. Caution should be applied in selecting lifts greater than (.30
m, however, particularly for dams built of lean, drier-consistency mixes. Thicker lifts put on in a
single layer are more difficult to spread and compact and take longer to place than thin lifts. Con-
struction complexity creates potential for voids at the bottom of the lift and reduced bonding. If
thicker lifts are considered, they should be well investigated in a test section prior to the start of
construction.

Design details for many RCC dams are independent of the lift thickness. However, if
facing elements or precast concrete panels are used to form the exterior faces or a stepped spillway
is incorporated into the design, the height of the elements, panels, or steps should be an even
multiple of the lift thickness, mainly to simplify construction. In areas where handheld compactors
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The lower RCC surface must be kept continuously moist but without ponding water to
assure bond. Excessive surface moisture is detrimental to bond development, but drying of the
surface may lead to no bond. All loose and dry material should be removed from the RCC prior to
placement of the next lift.

If a compacted RCC lift is covered with the next lift before the lower lift reaches initial
set, satisfactory bond will usually develop. With increased time delay, a cold joint begins to
develop with a resulting loss in bond strength. Many factors, such as RCC mixture proportions,
ambient temperature and sunlight and surface moisture conditions, affect the time at which the
cold joint begins to develop. Set delayers, high pozzolanic material content mixes, low tempera-
tres and moist curing extend the life of the lower RCC lift.

Bond between lifts improves as the volume of paste increases for the covering RCC as
long as the lower compacted lift is still alive and moist. This applies to all RCC mixes. Since the
water content is basically constant for a certain mix design approach, bond improves with mixes
containing more cement and pozzolanic material. Once the lower lift has hardened, bond depends
on the adhesion of the covering-mix paste to the pore-structure of the lower lift. Compaction of the
covering RCC is a factor in achieving bond, at least to the extent that high compaction indicates a
reduction of voids at the lift interface. Poorly compacted or segregated RCC mixtures produce
greater voids at the lift line and, therefore, less potential area for achieving bond.

4.7.3.2 RCC and Bedding Mix

Satisfactory bond at horizontal lifts can be assured with the use of a bedding mix of
either mortar or concrete. A mortar bedding mix is designed to fill the surface voids in both the
compacted lift below and the covering layer above as well as to “glue” the two RCC layers
together. A mortar bedding mix over the entire surface of each lift is typical of the Japanese RCC
method (RCD) and was also used for some other dams.

Biaxial shear tests of cores drilled from the Elk Creek test section showed that the
mortar bedding significantly increased the average shear strength as compared to areas where no
mortar was applied. The test program also indicated higher shear strength when there was no
cleaning of the lift as compared to lifts that were washed prior to the application of the mortar.
Wash water remaining on the lift surface may have increased the water/cement ratio, thereby weak-
ening the bedding mortar mix. If correctly applied, concrete bedding mixes assure positive bond
and seepage control for the area over which they are applied.

4.7.3.3 RCC and Rock
RCC and rock bonding can be analyzed as a construction joint surface, adding that the

irregularities on the rock foundation can require a CVC application.

4.7.4 Lift Joints

Large-scale field and laboratory tests have been made for several RCC dams to assess
the effectiveness of various types of treatment of construction joints [4.16; 4.46]. The results for
Capanda [4.45; 4.47] and Jordio dam [4.48], in Figure 4.57 (summarized from Chapter 7), show
great improvement in shear strength when a bedding mix is placed on the joint.

Significant conclusions drawn from tests results at several relevant dams are:
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- Without a layer of bedding mix, the effective tensile and shear strengths at the joint
would be 50% - 60% of that of RCC, depending on the time interval between layers.

- Use of a layer of bedding mix immediately before placing the new RCC layer
improved the bond of the joint in about 40%, to almost that of RCC itself, regardless of the time
interval between layers.

- Cleanup of joint surface with low-pressure (about 7 kgf/fem?®) air-water jet before
placement of the new RCC layer, increased the bond strength in 5 - 10%.

An additional benefit of using a bedding mix over the full area of the joint is the im-
provement in its impermeability, offsetting the need for a thicker upstream zone of CVC, provided
in some completed RCC dams [4.49].

The Capanda [4.45: 4.47] tests showed also that with bedding mix, the shear strength of
the joints was considerably higher than that of the dam-foundation contact. The foundations at
Capanda dam are predominantly meta-sandstone. The shear strength of the construction joints
without bedding mix was about the same as that of the dam-foundation contact.

Considering the above, to obtain adequate monolithicalty and shearing resistance along
construction joints, for high RCC gravity dams, the following criteria can be suggested:

Adequate bond and shear strength over the surface of each construction joint is
essential for monolithic action of the dam block. In areas of high seismicity, the construction joints
should also have adequate tensile strength, particularly those upstream.

Before placing a new layer of RCC, the entire surface of the old compacted layer
should be cleaned with low pressure air-water jet.

Regardless of the interval between placement of RCC layers. place a thin layer of
bedding mix over the surface of the joint, immediately before placing the new layer of concrete.

As discussed above, the key element of concern in the stability analysis of RCC dams is
the tensile and shear strength at the horizontal lift joints. Because lift thickness is generally 30-
40cm there are four to eight times as many joints in an RCC dam as there would be in a CVC
concrete dam with 2.5 to 3.0 m lifts of CVC concrete. It is extremely important therefore, that
each of these lift joints have sufficient bond or tensile strength to support tensile stresses
generated by the design. Over the years, laboratory and field experience have focused grow-
ing attention on achieving cohesion at these lift joints. Methods used alone or in combination
have included:

= Clean-up and preparation of the lift surface to be covered;

= Controlling joint maturity (degree-hours) between placement of successive lifts of RCC:
= Prolonging initial set by use of a retarding admixture or pozzolanic material:

= Using high cementitious RCC mixes;

= Controlling segregation of coarse aggregate at the base of the covering RCC lift;
= Applying bedding concrete or mortar between lifts,

The single most effective method to guarantee good bond between lifts is the applica-
tion of bedding concrete or mortar between lifts. For very high RCC dams consideration should be
given to using a combination of all of the above techniques to provide lift joint strength reducing
its permeability.
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For the evaluation the following conditions are assumed:

- Transversal section with vertical upstream face and downstream slope (0.7H: 1.0V);
(0.8:1.0); (0.9:1.0);

- Gallery with dimensions of 2.3m (base) and 2.6m (height), with a drainage curtain
locatedat 0.5m to 9.0m from the upstream face;

- Width of the dam crest: 4m:

- Variable heights of 4m, 6m, 8m and from 10m to 40m, every 5m;

- Specific gravity of RCC equivalent to 2.45 t/m*,

In the absence of drains, the consideration of the uplift pressure effect is analyzed by
means of a linear diagram between the values of hydrostatic pressure upstream and downstream,
according to the scheme in Figure 4.58.

When the action of the drains is considered, the uplift pressures diagram on the dam
surface in contact with the foundation material is plotted according to different criteria, the USBR
(United States Bureau of Reclamation) [4.07:4.08] being one of the most used, as also shown in
Figure 4.58.

Another criterion used is the one suggested by the ACI (American Concrete Institute),
in Committee 207 - “Roller Compacted Mass Concrete”™ [4.17], also mentioned in Figure 4.58.
This criterion takes into account the position of the drainage line when determining the uplift
pressures diagram, unlike the USBR criterion.

It should be stressed that the USBR criterion additionally states that the distance be-
tween the dam face and the gallery wall- displayed as B1 in Figure 4.58- is 7.5% of the height of
the hydrostatic column or, at least 3m. This positioning, however. is not taken into account in the
uplift pressure analysis.

On the other hand, the ACI criterion includes the positioning of the gallery in the calcu-
lation of the uplift pressure.

The construction of galleries in RCC gravity dams with height under 40m apparently
generates difficulties during construction. However, these small height dams normally do not have
an instrumentation system for monitoring during construction and operation. In this case, the
galleries could be a direct access for visual evaluation of the structure. Besides, they allow reme-
dial actions to be taken in a clear and objective way.

By calculating the uplift pressures acting in the three cases mentioned in Figure (4.58).
the following comparisons can be done.

As observed in Figure 4.59, including the gallery provides weight reduction for small
height dam. On the other hand, the use of the drainage system, admitted by USBR, allows a sub-
stantial reduction in uplift pressure, as can be seen in Figure 4.60.

Figure 4.61 shows that applying the ACI criterion and admitting a drainage location
determined by the USBR criterion- about 3m from the face- there is a 20% reduction of uplift
pressure in dams 8m high and a 8% to 6% in dams 40m high. This comparison does not apply to
dams smaller in height, because of the position of the gallery and its dimensions.

Figure 4.62 and 4.63 emphasize the significance of the drainage system in reducing the
uplift pressure and weight due to the inclusion of the gallery. By adopting a safety factor of 2.0
applied to the action of uplift pressure, the gallery location provides positive effects (translated as
enhanced safety — above 2.0; and decreasing uplift pressure) for dams over 12m high.

It is also observed that, as the drainage system shifts downstream, its advantages
decrease: from 30%-25% for a drainage system placed 0.5m from the upstream face and from
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4.9 Seepage control

4.9.1 General

A design according to the concrete dam concept assumes that an RCC dam should have
the same appearance, watertightness, and performance of an CVC dam, but cost less. In general,
the entire dam is considered as the water barrier.

The various methods chosen for reducing or controlling seepage have produced the
greatest variation in design for RCC dams, The basic form of seepage reduction can be divided into
two categories:

= those that rely on the entire interior RCC mass for the dam’s impermeability, and

= those that rely on an impermeable or relatively impermeable upstream face or mem-
brane as the primary water barrier.

For secondary seepage control, the upstream facing designs may also include par-
tial or full bedding mixes between lifts, and some form of drainage collection system down-
stream from the face,

4.9.2 Drainage and Seepage control

The durability of a wet concrete dam can be impaired by leaching of minerals, exces-
sive weathering of exposed surfaces and damage by freezing and thawing. Damp conerete is more
susceptible to alkali-aggregate reactions than dry concrete. Also, pore pressures in the dam body of
both CVC and RCC type dams, can be a destabilizing force similar to hydraulic uplift at construc-
tion joints or at the dam-foundation contact.

The coefficient of permeability of RCC dams varies depending on the construction
method. This coefficient determines seepage through the dam. Some amount of seepage may be
acceptable for flood control dams. which store flood-water temporarily. However, large amounts
of seepage could be a major problem for dams used for permanent water storage. Therefore, seep-
age control is also an important consideration in the design of RCC dams.

Internal drainage systems, namely a curtain of formed or drilled drains near and paral-
lel to the upstream face, discharging into galleries in the dam from which the drainage water can
flow out, either by gravity or by pumping, have proven most effective in keeping many large CVC
dams dry. The same type of drainage system could be effective in keeping high RCC dams dry and
seepage under control, provided that the coefficient of permeability of the RCC used is as low as
that of the CVC and a bedding mix is used on construction joints.

In some RCC dams [4.49]. the drainage curtain and the galleries are located at a consid-
erable distance downstream of the upstream face. In such dams, a large upstream portion of the
dam could become saturated and develop high pore pressures. This is undesirable in high dams
because this part of the dam will have either low compression or tension, and would be susceptible
to cracking, which combined with hydro pressure in the cracked portion, may affect the stability of
the dam.

Before proceeding with the final design of an RCC dam, the designer should have
project goals clearly in mind and should be familiar with all aspects of the site. Factors that can
affect the general concept used in the design of the dam include the owner’s requirements for cost,
construction period, appearance, watertightness, operation and maintenance.
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Upstream-membrane concept dams tend to be more economical, especially for low to
moderate-height dams, than those that follow CVC concrete gravity dam concepts. Depending on
design details, however, the cost advantage may be counteracted by disadvantages in appearance,
watertightness, and maintenance. In addition, the increased shear or tensile properties of a more a
conventional concrete RCC mix may be used to produce a steeper downstream slope and, there-
fore, less volume in the dam.

The purpose of the dam may also encourage a certain design approach. A conventional
concrete concept would be preferable for a complex hydroelectric dam, for example, while the
upstream-membrane concept seems more logical for a flood-control dam where watertightness
may not be a prime consideration. Dams for water storage or multipurpose reservoirs can be
designed in accordance with either concept.

The main concern of the engineering community regarding RCC dams is the
perception that “they leak™. This is not necessarily true if appropriate measures are provided in
the design. Minimizing seepage should be the goal for any well designed dam; for high dams, this
becomes even more important because of the high hydrostatic head involved. the potential for
internal erosion and the economic value of water lost through seepage. Designers have usually
taken one or both of the following approaches to watertightness:

= Design the RCC dam itself to be the primary seepage barrier, or

= Design an upstream facing element that will provide the required permeability with-
out depending on the RCC dam for anything except stability

Designing the RCC in the dam to be the primary seepage barrier starts by designing a
low permeability mix. The problem of segregation of coarse aggregate along lift joints not only
results in horizons of low shear strength but also high permeability. Permeability of this zone can
be reduced by minimizing segregation by limiting MSA of aggregate, and over-sanding the mix
and/or placing a layer of bedding mortar ahead of the RCC,

The other source of seepage in RCC dams has been the vertical transverse thermal
cracks or induced contraction joints. This seepage is usually controlled by embedding a PVC
waterstop in conventional facing concrete at the upstream face. Other methods have included caulk-
ing with elastomeric filler or epoxy, covering with a neoprene lined steel plate at the upsiream face
and chemical grouting of the joint/crack with polyurethane.

Another approach to watertightness is to provide an impervious facing element on the
upstream slope. With this design permeability of the RCC and the lift joints is not so critical.
Upstream impervious barriers have included conventional concrete facing placed simultaneously
with the RCC and after RCC placement, precast concrete panels lined with PVC, and elastomeric
liners applied to the upstream face of the dam after completion.

Regarding the need for high shear strength between lifts, the solution involving low
permeability RCC with bedding mortar between lifts, seems to be the most conservative approach.
This method should probably be applied along with a conventional concrete upstream facing which
will serve as a first line of defense to seepage and to accommodate waterstops and possibly embed-
ded drains. Inducing vertical contraction joints in a controlled location with one or more waterstops
across the joint and a vertical formed drain in conventional facing concrete will probably be essen-
tial for very high dams.

Internal seepage is generally drained by vertical holes located near the upstream face,
cither formed during construction or drilled during or after construction. At Galesville Dam, 76mm
diameter holes were drilled with 3m spacing through the galleries into the foundation to different



120 The Use of RCC Francisco R. Andrialq

depths. These drains allow seepage into foundation galleries where the flow continues by gravity
to some discharge point on the downstream slope. Without internal seepage control, uplift pres-
sures may build with time, reducing the effective vertical pressure necessary for stability, as it has
already been discussed. Internal control is the second line of defense against seepage.

4.10 Instrumentation

Instruments should be installed at selected locations throughout the dam and its founda-
tion so that measurements can be taken to monitor the structure’s behavior during construction and
subsequent operation. It can be considered that there are two main purposes to use the instruments:

Control- Of primary importance is the gathering of information by which the structural
safety can be assessed.

Research- Of secondary importance is the use of the information obtained, learn about
the RCC behavior, and to provide better criteria for designing future RCC dams. This use becomes
more important as RCC dams become higher and larger.

The number, type, and location of instruments installed during construction of RCC
dams become extremely important in that they may hamper rapid placement, thereby increasing
construction costs. The designer., with a clear understanding of the project’s purpose, can design an
unexpensive but functional instrument package and layout to provide immediate and long-range
dam and foundation behavioral data.

Instrumentation used in RCC dams is similar to that used in conventional concrete
dams. Embedded instruments can be used to determine temperature, strain, stress, and hydrostatic
pore pressure, and to measure cracks. These may be the Carlson elastic wire type or the vibrating
wire type. both of which require electrical circuitry. Thermocouples installed in the concrete struc-
ture during construction in a predetermined grid will provide continuous temperature data during
and after construction. Wherever there is a substantial change in mass cross sections. crack detec-
tion meters should be installed as well.

External methods of determining information involve precise surveying methods such
as can be achieved with electronic distance measurement. By performing collimation readings
along the crest immediately after construction and frequently for the first 5 years of reservoir
operation, a behavioral history is recorded of the interaction among the dam, foundation and reser-
voir. Triangulation networks can be established to develop the overall three-dimensional deforma-
tion of the dam from the major influences of reservoir, temperature and foundation. This instru-
mentation is suitable mainly for arch dams and typical gravity dam.

To establish data base for the unloading and loading of the foundation, instruments that
measure foundation deformation should be installed shortly before construction begins.

Judiciously placed weirs in the foundation gallery gutter will supply information on the
volume of seepage and changes in flow rates. Abnormal flows may indicate serious conditions in
the dam or foundation. Sediment in the gutter may indicate material erosion in the dam or founda-
tion. Periodic chemical analyses of seepage will indicate dissolution of materials. Uplift in the
foundation, essential to stability of the RCC dam, should be measured at a frequency set by
the designers. Electric cable embedments can be accomplished during construction by exca-
vating small trenches while the concrete is green or by drilling holes after the concrete has
hardened.
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Asis regularly done for conventional concrete dams, instruments associated with RCC
dams should be maintained and read at prescribed intervals for an extended period of time
after construction to create a structural behavior historical record. Data reduction in the form
of measurement versus time plots will quickly show continued acceptable performance or trends
suggesting careful monitoring. Sudden or accelerated departure from the annual cyclic plots will
require immediate attention to determine if the readings were made correctly. the instruments needed
maintenance, or a structural anomaly has occurred about which the owner should be alerted.
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5.1 General

RCC is a type of concrete that differs from conventional concrete mainly because of its
consistency, which will support a vibratory roller. It has an aggregate grading and fines content
suitable for compaction by the roller or other external methods.

The objective of RCC proportioning is to provide a dense and stable mass that meets
the strength, durability, and permeability requirements for its application. Materials used for RCC
include cementitious materials, aggregates, water, and admixtures, A wide range of materials has
been used successfully to produce RCC mixtures.

All materials used in a high RCC dam, including cement, pozzolanic material, fine and
coarse aggregates, should be similar in quality to those considered suitable for a comparable CVC
dam. Particularly important are physical properties related to specific gravity. susceptibility to
AAR, or excessive thermal expansion.

Materials for RCC have ranged from pit-run minimally processed aggregates with low
cementitious material (cement plus pozzolanic material) contents to fully processed conerete ag-
gregates with moderate to high content of cementitious material. The mixture designed for Saco de
Nova Olinda Dam in Brazil used a combination of crushed quarry rock and natural silt graded in a
curve with 76mm maximum size aggregate (MSA) with 75kg/m* cementitious materials (Portland
Pozzolanic Cement). Urugua-i (Argentina), Capanda (Angola), Jordido Dam and Salto Caxias Dams
(Brazil) used a combination of crushed quarry rock and crushed powder filler (with moderate
pozzolanic activity) with no washing and low (Ordinary at Urugua-i and Capanda: Pozzolanic at
Jordio and Salto Caxias) Portland Cement content. In these dams a graded continuous curve with
MSA between 76mm and 50mm was vused. Tamagawa Dam in Japan used conventionally graded
152mm MSA with 130kg/m* cementitious materials. Upper Stillwater Dam used 50mm MSA and
250kg/m’ cementitious materials. Mixtures at Willow Creek Dam used a combination of crushed
quarry rock and natural silt overburden with minimal processing and no washing. The MSA was
76 mm, and three size group stockpiles (without a separate sandpile) were used. Middle Fork Dam
had two primary stockpiles with no separate sand material, and Copperfield in Australia used a
single all-inclusive aggregate pile.
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The larger the RCC dam, the more sensitive will the unit cost be based on the source
and quality of aggregate and cementitious materials. A few key factors related to the production of
RCC and, consequently, to its cost, are:

5.2 Cementitious Materials

5.2.1 General

RCC can be made with any of the basic types of cement or a combination of cement
and pozzolanic material. Selection of cementitious materials to resist to chemical attack of sulfate
and potential alkali reactivity with certain aggregates should follow the same standard procedures
adopted for CVC.

The strength of RCC is primarily dependent upon:

- quality of the aggregate;
- degree of compaction;
- proportions of cement, pozzolanic material, water and admixtures, if used.

The type and quantity of Portland cement or cement plus pozzolanic material required
in RCC mixes depend on the volume of the structure, its required properties, and the exposure
conditions. In addition, most RCC dams are large enough to consider the heat of hydration of the
cementitious materials. Cementitious contents used in RCC dams have ranged from 60kg/m?* of
cement used for Urugua-i Dam in Argentina to 248kg/m* for the predominant mix at Upper Stillwater
Dam. In Japan, the cementitious content is usually about 120 kg/m* and pozzolanic material (Fly
Ash) in amounts from 209 to 30% of the weight of the cementitious material to reduce the heat of
hydration. Portland-blast furnace slag cement produced the desired strengths and heat-generation
conditions for Les Olivettes Dam in France.

The type of cementitious material has a significant effect on the rate of hydration and
the rate of strength development and, therefore, significantly affects strengths at early ages. At
ages beyond 28 days, the difference in strength contributions for the various cementitious materi-
als depends on the use, proportion, type and characteristics of the pozzolanic material.

If RCC is used in a massive structure, consideration must be given to the generation of
heat by its cementitious materials. It is desirable 1o use low or moderate heat-generating cements
and the maximum amounts of pozzolanic materials commensurate with strength requirements.
The effectiveness of pozzolanic materials in reducing heat generation depends on strength require-
ments and on its ability to reduce water requirement, as well as cement content. The economic
benefit of heat reduction through the use of pozzolanic materials depends on the relative cost of
materials, including handling.

Figures 5.01 to 5.03 show a comprehensive study undertaken to define the most ad-
equate cementitious material for a dam. Several Portland cement types and pozzolanic materials
and basaltic rock powder filler were tested.

Large quantities of cementitious materials required for very high RCC dams might
exceed the supplier’s delivery capacity. for that market. Non availability of cementitious materials
to meet production needs might force a reduction in the rate of placement and/or higher prices if
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The safery of a concrete gravity dam should not be measured by the cement content
thigh cement content, high factor of safety; low cement content, low factor of safety).... *

It is very usual to consider that a Safe and Impermeable Structure is the one that is
built with a “rich” (or unnecessarily high cement content) concrete. But, normally, this rich con-
crete will increase the crack potentiality and become permeable (through cracks). The optimum
cement or cementitious content for CVC and RCC need be based on laboratory proportioning mix
tests carefully carried out.

5.2.3 Pozzolanic Materials

The selection of a pozzolanic material suitable for RCC should be based on its con-
formance with the adopted standard (ASTM C- 618 [5.03] or other applicable standard) and its
cost and availability, as shown in Figures 5.01 to 5.03.

ASTM C-618 defines pozzolan as “ siliceous or siliceous and aluminous materials
which in themselves possess little or no cementitious value but will, in finely divided form in the
presence of moisture, chemically react with calcivm hyvdroxide at ordinary temperatures to form
compounds possessing cementitious properties’,

The types of pozzolanic material can include natural pozzolans; diatomaceous earth;
pozzolan from calcined clay ; Industrial waste material as fly ash or silica fume.

Use of a pozzolanic material in RCC serves some purposes:

1. as a partial replacement for cement to reduce heat generation;

2, to increase the compressive strength at great ages, if the material has high pozzolanic
activity with cement;

3. to increase durability;

4. to reduce cost; and:

5. as a mineral addition to the mixture to provide fines to improve workability.

The partial replacement for cement (for the same strength level) and the cost benefit
depends on the pozzolanic activity of the material with the cement, which is related with the hy-
droxides released during hydration, for the reaction with main elements (Silica; Aluminum; Iron
Oxides) from the pozzolanic material. The use of a high content of pozzolanic material replacing
the cement can “overdose™ the available hydroxides and part of the pozzolan acts only as a filler
(the 5* purpose), with no Pozzolanic Activity. In this way, performance of pozzolanic materials in
RCC has differed from the results expected in conventional concrete only in those instances in-
volving aggregates containing large quantities of natural fines.

In proportioning mixtures for minimum paste volumes, one principal function of a
pozzolanic material or other suitable fine material is to occupy space that would otherwise be filled
by cement or water. To fill this space with water would obviously result in a reduction in concrete
density and strength,

Liberal use of pozzolanic material as cementitious material is possible in many mas-
sive RCC applications with low early strength requirements.
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5.3 Fillers

5.3.1 General

Francisco R. Andriolo

The use of continuous grading for RCC based on a cubic-type (or similar) curve takes
into consideration a substantial quantity of fines, finer than 0.075 mm, for the adequate cohesive-

ness of the mixing.

In stiff RCC mixtures, increased quantities of these materials may actually be used to
reduce water requirements so that higher limit may be used without adverse effects. Figure 5.04
from [5.03] provides guidelines for the amount of permissible fines in aggregate for lean RCC

based on plasticity.

MAXIMUM PERCENT
LIQUID LIMIT | PLASTIC INDEX | PASSING (No.200)
0.075mm

0-5 0-5 10
0-25 5-10

0-25 10-15

0-25 15-20

0-25 20 - 25 1.5
23-25 0-5

25-35 5-10

25-35 10-15 6.5
25-35 15-20 5
25-35 20-25 1.5
35-45 0-5 8.5
35-45 5-10 55
35-45 10-15 4
35-45 15-20 2
35-45 20-25 1.5
45 - 55 0-5 5.5
45 - 55 5-10 5
45 - 55 10-15 3.5
45 - 55 15-20 3
45 - 55 20 - 25 1.5

Figure 5.04 Maximum permissible fines content

[5.04]

Note: The maximum permissible amount passing No. 200 sieve depends upon the plas-
ticity (ASTM D 4318) of all of the fines (washed sample) passing No. 40 or No. 50 sieve. Experi-
ence has shown that results are similar for either sieve. The size can be based on testing conve-

nience.
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Recrusher | Blaine Specific Surface (cm®/g) |
Barmac 1909
48 VFC 2351

Figure 5.12 Blaine Fineness of the Filler
samples (material finer than 0.075 mm)[5.086).

The compressive strength and the watertightness of the RCC and CVC are improved
with the inclusion of the “stone powder” [5.05 to 5.08; 5.11; 5.12; 5.14 to 5.16]. The improvement
in strength results from the pozzolanic action demonstrated by the “stone powder™ to fix the Cal-
cium Hydroxide released during the cement hydration and it must be mentioned that:

... The reaction of active forms of silica with lime improves strength...” [5.13]

It is known that:

“... Diffusion of ions or molecules through a gel containing solution may take place in
two wavs: (1) through the liguid phase in the ordinary way and (2) by surface diffusion if the
soluble material is subject to adsorption by the solid phase. Surface diffusion is what then implies:
a migration of adsorbed ions from one part of the internal surface ro another part. The movement
takes place in response to a gradient in surface concentration (a gradient in the degree of satura-
tion of surface) just as ordinary diffusion depends on the gradient in solution concentration. There-
fore, the relative amounts of adsorbed lime and adsorbed alkali that reach the reaction sire should
depend on the relative amounts adsorbed in the outer part of the gel laver..” [5.17].

Figure 5.13 Photo-micrographic of the Filler produced by the
Barmac - magnification 200x.
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5.4 Aggregates

5.4.1 General

The selection of aggregates and aggregate grading control are important factors influ-
encing the quality and properties of RCC. The variability of aggregates during construction sig-
nificantly affects the cement and water requirements, which, in turn, affect strength and vyield.
Requirements for compressive strength and bonding of construction joints are factors that should,
therefore, be considered in aggregate specifications. If high quality concrete is required, then the
specifications should reflect an appropriate degree of control of aggregate quality and grading. In
less demanding situations, suitable RCC can be produced using a variety of aggregate sources that
may not meet usual grading and quality requirements or other recommendations for concrete ag-
gregates as long as design criteria are met.

For RCC, like conventionally placed concrete. aggregate quality and gradation are im-
portant factors influencing the final product. Slight differences have occurred among designers in
the selection of maximum size aggregate (MSA), the proportion of sand in the RCC mix, and the
percentage of fines passing a N°200 (0.075mm) sieve for RCC mixtures when compared with
CVC mixtures.

The segregation of coarse aggregate at the bottom of RCC lifts has led to decisions to
reduce the MSA in some cases or to increase the proportion of sand in the mix in other cases. Most
soils-approach RCC mixes have a greater percentage of fines than CVC mixes. This is particularly
so if the fines are non-plastic, fill voids in the aggregate, and lead to decreased water demand and
improved compactability.

A discussion of concrete aggregates is given in [5.04] and in [5.25]. In the first, delete-
rious substances are described as those “that either together or separately render it impossible 1o
attain the required properties of concrete when emploving normal proportions of the ingredients”.
Limits for deleterious material for RCC should be established prior to construction. These limits
should be set according to their effect on all of the concrete properties required for the structure or
placement involved. Some of the deleterious substances. such as material finer than N*200
(0.075mm) sieve, in different condition than that pointed in (5.25), and some friable materials in
the upper limiting quantities specified by ASTM-C-33 [5.26] may affect water requirements in
CVC plastic mixtures.

5.4.2 Coarse aggregate

For RCC there is normally not enough material cost savings from using aggregate
sizes larger than 76mm to offset the added batching cost and the cost of correcting the increased
segregation problems associated with the larger aggregates. Bank or pit-run materials are normally
batched with little or no size separation, so there is no cost savings in screening out the larger
aggregates. Rounded river gravels and crushed aggregates have been used for RCC.

At Tarbela [5.04], the bank or pit-run materials contained aggregates up to 220mm in
size. In much of the work, as Japanese RCD dams, MSA was limited to 150 mm. The advantage of
crushing oversize cobbles in bank gravels to reduce waste, improve strain capacity, and minimize
segregation should be evaluated.

Compaction of RCC is influenced by aggregate size. However, MSA has little effect
when the thickness of the placement layers is more than three times the MSA, segregation is
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In massive concrete placements, control of the temperature rise should have a greater
significance than materials costs in the selection of the MSA. The difference in cementitious mate-
rials requirements for mixtures with MSA from 38mm to 76mm is less in RCC than in normal-
slump CVC. Where pozzolanic material is used. the generation of heat may be reduced substan-
tially, The use of aggregates larger than 76mm may not be justified on the basis of either heat
reduction or material cost saving.

Aggregate grading requirements for different RCC mixtures have varied significantly.
Variations in aggregate gradation in the mixture directly affect variability of the RCC. Consistency
can be achieved by separating aggregates into conventional size groups and recombining them in
specified proportions. Although some projects have successfully used a single stockpile with an
all-in grading, stockpiles separated into two or more size groups have also been used successfully.
Where separate stockpiles are used, the split can be made near the midpoint of the grading or
where a natural break in size fractions occurs.

5.4.3 Fine Aggregate (finer than 5mm)

The grading of fine aggregates strongly influences paste requirements and
compactability of RCC. Grading of sand within the limits shown in ASTM C 33 have been used.
This sand may require more cementitious material than is needed for lean mixtures using aggre-
gates with more fines than ASTM C 33 allows.

Unwashed aggregates with a much broader gradation range than is specified by ASTM
C 33 have also been used after studies (as seen in 5.3). The aggregate grading and the type and
quality of fines content affects the relative compactability of the RCC and may influence the mini-
mum number of vibrating passes required for consolidation of the full thickness of the layer. It also
affects the water and cementitious material requirements needed to fill the voids in the aggregate
and coat the aggregate particles.

5.4.4 Quality

The quality of the aggregate required for the RCC need be checked by standard tests,
as mentioned in Figure 5.20. Information on grading and a means of determining the quality of the
aggregate are required in the early stages of project design. Past experience with an aggregate
source provides an indication of its quality.

Suitable aggregates for RCC can come from a variety of sources, but the material
closest to the dam site should be investigated first. At Middle Fork Dam, an on-site marlstone (oil
shale) was successfully used rather than importing known acceptable river gravel from a source
32km away. The RCC had a high compressive strength versus cement content, released heat slowly
and had a high ratio of tensile strength to compressive strength. Durability was not considered
because the RCC was capped with CVC, air-entrained concrete using the river gravel as
aggregale.

Since higher strength concrete will be required for very high RCC dams the quality of
the aggregate will have a greater effect on the cementitious content of the RCC mix and conse-
quently on the in-place cost. Likewise, thermal characteristics of the aggregate will take on greater
importance because of their impact on the cracking potential.
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Characteristic Significance Test designation Test nama
Grading Consistency, compactablity ASTM-C-135 Siavae Analysis of Fine and Coarse Aggregate
BConamy
ASTM-C-117 Materials Finer than 75 mm (No. 200)
in Mineral Aggregates by Washing
Resistance fo abrasion Aggregate quality, ATM-C-131 Resistance to Degradation of Small Coarse
resistance of surface Aggregate by Abrasion and Impact
in the Los Angeles Machine
ASTM-C-535 Fesistance to Degradation of Large Coarse
Agagrogate by Abrasion and Impact
in tha Los Angales Maching
ASTM-C-295 Patrographic Examination of
Aggregates for Concrete
Soundness 1o AAR Aggregate soundness to AAR ASTM-C-227 Standard test Method for Potential Akali
Reactivity of Cement-Aggregate
Combinations (Morlar Bar Method)
ASTM-C-289 Standard Test Method for Polantial
Alkali-Silica Reactivity of
Aggregates (Chemical Method)
ASTM-G-1280 Standard Test Method for
Potential Alkali Reactivity
of Aggregates (Martar Bar Method)
| Specilic gravity-abaomtion kix design calculations ASTM-C-127 Specific Gravity and Abzarplion
ol Coarse Aggragale
ASTM - C-128 Specific Gravity and Absorption
of Fine Aggregate
Bulk unit weight Mix design calculations ASTM -C- 129 Unit Weight and Voids in Aggregate
or density
Sulfate resistance Soundness against weathering ASTM -C- B8 Soundnass of Aggregates by Sodium
and chemical attack Sullate or Magnaesium Sulfate
Organic impurities Strength gain ASTM C40 Organic Impurities in Fine
Aggregate for Concrate

Figure 5.20 Standard tests recommended for aggregates.

5.4.5 Grading

145

Grading for both coarse and fine aggregates and the proportions used have an impor-
tant effect on the properties of RCC.

The difference in mix design philosophy has produced some differing trends with re-
spect lo specifying aggregates for RCC. This is especially true with respect to maximum size
aggregate (MSA), percentage of sand and fines desired, and the number of separate sizes pro-
cessed and then combined to produce the desired grading.

For concrete-approach RCC mixes, aggregate requirements are very similar to those
for CVC mass concrete, The most common MSA has been about 75mm, although Tamagawa Dam
used 150mm MSA [5.27; 5.29], and Upper Stillwater Dam required 50mm MSA [5.30 to 5.32].
For a 75mm MSA, four aggregate sizes have traditionally been produced, especially for large-
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volume RCC dams. The ranges are 38mm to 75mm, 19mm to 38mm, 4.75mm to 19mm, plus sand
(less than 4.75mm). The four aggregate sizes are then blended to produce the desired grading.
Another possible method of producing similar results at lower cost is to start with a crushed river-
run aggregate (MSA to fines) and add one or more of the sizes to meet grading requirements.

Particle shape and gradation of the aggregate, especially the fine aggregate, are also
important factors along with cementitious content in determining the workability and density of
the RCC, which in turn are directly related to strength and permeability. The workability require-
ment also affects the selection of mixing, delivery, spreading and compaction equipment. In order
Lo avoid segregation of coarse aggregate at lift joints, consideration should be given to limiting the
maximum size aggregate and increasing the percentage of fine aggregate in the RCC mixes. Though
larger ageregate and less sand might be more economical in theory, the cost savings are usually
offset by the labour costs required to control segregation.

Sand percentages have generally been between 30% 1o 50% of total aggregate [5.33].
The percentage of fines passing the N°200 (0.075mm) sieve was initially limited to 3 percent of
the total weight of the aggregate, but this had a new approach, as mentioned in 5.3. At Elk Creek
Dam [5.34], the range of minus 200 fines required was 10% to 18% of the fine aggregate, which is
calculated to be about 3 to 6 percent of the total weight of the aggregate,

Soils approach mixes specified for many early RCC dams required 75mm MSA and
30% to 35% sand. However, with these drier-consistency mixtures, there is a greater tendency for
the larger particles to segregate during transport, deposition, and spreading. Segregation can be
minimized by reducing the MSA and by increasing the percentage of sand. There is a trend toward
50mm MSA and sand content in the 40% to 50% range.

The amount and type of N® 200 sieve fines allowed have varied considerably. It has
ranged from 0 tol5 percent of total aggregate. In many cases, an unwashed aggregate can be
appropriate for RCC.

As noted in Figure 5.04, the allowable range for non-plastic fines was 1.5% to 10%.
The allowable percentage is reduced for more plastic fine aggregates, which are defined as those
having a liquid limit (L.L.) greater than 25% and a PI greater than 5%.

RCC mixes made with excessive amounts of clay fines have shown a higher water
demand due to the surface activity of the clay minerals. The increased water content increases
shrinkage in the RCC and creates a greater potential for cracking and reduced strength. The gen-
eral consensus is that fines should be non-plastic and allowed only to the extent that they fill voids
and reduce water requirements and improve RCC cohesiveness and compactability.

Pit-run or as-dug aggregates produced with little processing except screening of over-
size rock have been used in RCC mixes, particularly for dam modification projects. The largest of
these was the 2.700.000m" mix of RCC used at Tarbela Dam [5.04] in Pakistan. This type of
aggregate would be appropriate for RCC cofferdams. Cost and resistance to overtopping are major
considerations for these structures, which have a relatively short life.

5.4.6 Aggregate Proportions

The amount of effort required to compact the mixture is directly proportional to the
coarse aggregate volume. If there is sufficient paste, a wide range of coarse and fine aggregate
gradations is not likely to significantly affect in-place densities of RCC compacted with large
vibratory equipment. This may allow the use of available aggregates that do not conform to stan-
dard concrete specifications for gradation, to produce acceptable RCC.
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Evaluation of unknown water may be carried out by means of chemical analyses and
comparative mortar or concrete lests.

Chemical testing can provide results relatively quickly, and these limits cover the most
common and deleterious impurities.

In order to conduct a comparative strength test, two sets of concrete specimens should
be made, if possible using the materials and mix proportions to be used on the site. One set should
be made with the suspect water and the second with water from a known, reliable source.

Sulphates can react with the constituents of hardened cement paste, causing expansion
within the concrete and resultant softening and spilling. The severity of sulphate attack depends on
the concentration of sulphates (as S0,) and a limit of 500 mg/l of water is recommended to keep
the concentration within harmless limits.

A content of 2,000 mg/l of sodium carbonate and sodium bicarbonate (together) has
been reported as tolerable although it is recommended that comparative tests be carried out if their
sum is greater than 1,000 mg/l. Other carbonates are of low solubility and have negligible effects
whilst 400 mg/] of calcium or magnesium bicarbonate are reported as not being harmful.

Mineral oils are reported to have little effect and an upper limit of 2 % has been re-
ported as acceptable. However, it should be noted that oil can be floated off the water relatively
easily, and this is recommended in order to minimise potential problems.

The total amount of sugar in a mix influences the concrete. Less than 500 mg/l of sugar
in the mixing water generally has little effect. However, a sugar content of (0,03% of cement weight
results in a retarded set and an improvement in later strengths; 0,25 % sugar of cement weight
causes rapid setting and a loss in strength.

Limits given in the literature range from 4-6 up to 8-8.5 for pH. It should also be noted
that the high alkalinity of the water in the pores during hydration should neutralize any acidity in
the mix water, and is little affected by alkalis in the water.

Organic acids should be avoided because their presence may affect the stability of the
concrete. Seawater generally contains approximately 3.5% salts of which about 2% are chlorides.
Treated effluent as mixing water has little effect on concrete. Raw effluent is also not recom-
mended from the point of view of safety of those handling the concrete. The effect of industrial
wastewalers depends entirely on the type of contaminant as well as its concentration,.

5.6 Admixtures

The advantages of using admixtures that enhance workability and retard set for keep-
ing conventional mass concrete alive and preventing cold joints, particularly during hot weather,
are well established. Water-reducing and set-retarding admixtures have been used effectively in
many projects mainly in China [5.62; 5.63] and Spain [5.64]. Other work in the laboratory and in
field applications has indicated success with higher workability mixtures having VeBe times in the
range of 10 to 30 seconds, as done at COPEL laboratory at Salto Caxias Dam site [5.65].

Plasticizers, otherwise known as water-reducing agents, have the effect of increasing
the workability of the mix if the water content is unchanged. Alternatively, the water content can
be reduced so that the workability is unchanged, which will result in stronger concrete with the
same cement content, or both the water and the cement contents can be reduced, keeping strength
and workability the same. In the latter case. the cost of the mix may be reduced (if the cost of
the admixture and additional aggregates is required to maintain yield is less than the saving
in cement cost).
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MIX J2eb | T7 T4 T6
Cement kg/m® 100 90 100 a0
Water kg/m® 143 143 143 133
MSA mm 50 50 50 50
Crushed Sand kg/m® 1142 | 1146 | 1141 | 1160
Coarse 25mm kg/m® 745 748 745 757
Coarse 50mm kg/m® 497 499 497 505
Plasticizer-Retarder kg/m® 1,0 1,26
Consistency sec 32 25 29 32
Specific Gravity (theoretical) kg/m® 2627 2626 2627 2646
Specific Gravity (test) kg/m® | 2606 | 2640 | 2624 | 2655
Compaction Ratio % 99,2 100,5 98,9 100,3
Compressive 7 days 38 34 42 44
Strength (kgf/cm®) 28 days 53 61 57 63

Figure 5.25 Data values from RCC consistency tests using water-
reducer / set retarder admixture [5.65.].
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Design of Mixture
Proportion

6.1 General

Roller Compacted Concrete (RCC) is a relatively easy and simple construction
technique but unfortunately up to now has not yet had a consolidated methodology for
design, proportioning mixes, and laboratory tests. Some authors or technical groups have shown
trends or advantages in adoption a procedure for mix design. In general it could be pointed as a
specific tendency or experience that cannot be accepted as a general rule.

There are a number of methods that have been used for the mixiure proportions design
of a RCC.

RCC mixture proportions should follow the convention used in traditional concrete
that is: identifying the mass of each ingredient contained in a compacted unit volume of the
mixture based on saturated-surface-dry (S5D) aggregate condition. A practical reason for use of
this standard convention is that most RCC mixing plants require that mixture constituents be so
identified for input for the plant-control system.

A number of mixtures proportioning methods have been successfully used for RCC
structures throughout the world. Projects have differed significantly due to the location and
design requirements of the structure, the materials, the mixing and placing equipment, and
time constraints. Approaches to mixture proportioning also differ significantly due to the
philosophy of treatment of aggregates as either a CVC concrete aggregate or as an aggregale
approached from the standpoint of a stabilized embankment. Mixture proportioning methods for
the CVC concrete approach generally follow procedures similar to those used for mass concrete
i.e., evaluating various aggregate proportions with known water to cementitious materials ratios
[w/(c+pm)] to determine optimum proportions which meet proportioning requirements for strength,
bond, and temperature considerations.

Emphasis is placed on determining optimum water content for compaction at fixed
cementitious materials content. Selection of cementitious materials content and water content is
determined from design requirements, generally compressive strength, with consideration of
minimizing the cementitious materials content to avoid thermal cracking.

For a given design with structural element, environment and placement conditions, a
concrete composition is defined in such a way that the evolution of its behavior conforms to what
was asked of it.
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It could be said that the mix design of a concrete is a process by which an adequate and
economic combination of binder, aggregate, water, and admixtures can be obtained producing a
concrete which performs to the required specifications throughout its service life.

There are many ways of reaching an objective, in this case the design of a RCC. The design
engineer has 1o select structural features and options compatible with the attainable RCC mix properties.
Compressive strength of RCC rarely dictates the mix proportions. Shear strengths are generally the
controlling factor except where earthquakes may generate large tensile stresses. For low to moderate
volume structures it is often advantageous to design a structure with sufficient section to allow RCC
with low shear strength characteristics rather than to minimize the volume and require extraordinary
shear strength performance. This needs to be balanced on a technical and economical basis.

Itis the author’s opinion that design features should take advantage of the economies of
RCC construction, looking for simplicity, quality and cost efficiency. A mix design must assure the
required property values, that no segregation should occur during handling operations and that
performance requirements are met using the proper materials.

The diversity of structural designs, the environmental, geographical, and other
conditions described in papers, justify why there are several types of concrete which differ in their
composition and characteristics.

As a working system, based on some of the previous ideas, the following can be
summarized:

1) Choose two continuous grading curves, one above and another below, as the
theoretical reference. In that way the index coarse aggregate/fine aggregate is varied.
2) Mix according to reference curves several samples with different contents of
cementitious material admixture and water,
3) For each mixture the following parameters are measured:
Density
VeBeconsistency -time VeBe
Mechanical strength — Compressive, Shear and Tensile
Modulus of Elasticity
Permeability
4) Choose the most adequate grading which minimizes the quantity of binding material for
adequate time values of VeBe. and maximizes, in relative terms, the other parameters.
5) Introduce the adequate corrections, repeating the process, if it is necessary.
6) Obtain the confirmation of the chosen mix on a test slab.
RCC requires a mixture that will not subside excessively under the weight of a
vibratory or other roller but which will have an appropriate grading and paste volume to consoli-
date adequately under the roller.

Projects which have steeper downstream slopes and smaller mass will typically require
higher strength and hence more vigorous quality and production controls than dams designed with
more massive, conservative sections. Similarly, higher dams will typically have zones requiring
higher strength. The mixture must be proportioned by whatever means necessary to provide the
strength, other material properties, and appropriate overdosing factors to meet all design
requirements for stability and performance on a site-specific basis.

RCC exposed and submitted to severe climatic conditions and high seismic accelerations
must be designed for durability.
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Along with the various techniques of aggregate processing and stockpile control, there
are various approaches to mixture proportioning. They differ primarily regarding the emphasis on
theory, laboratory analysis, and practicability,

The basic considerations for selecting and proportioning RCC mixtures are gradation
to minimize segregation, (as mentioned in Chapter 5), desired water content for compaction, and
minimum amount of cementitious material for required mechanical properties and reduced amount
heat from hydration.

The principal methods and ideas around mixing processes have numerous aspects in
common such as the need to adjust the concrete to the available materials, required characteristics.
and the placement as well as to the economic conditions. The backdrop to all this is the desire to
obtain a compact concrete. RCC presents two fundamental differences in composition with respect
1o its CVC counterpart.

- First, RCC generally uses an aggregate combination that reduces the coarse fraction
and increases the use of fine material. The fine fraction can be obtained by using a mixture of
Portland cement and a very high proportion of pozzolanic material as cementitious material or
increasing the finer portion (smaller than (.075mm) that exists in the fine aggregate or yet, some
silt-material available at the job site. The qualification and quantification of fines is a question of
crucial importance. The consideration of a cubic curve type as adequate in the distribution of solid
elements results in a high quantity of fines and a low coarse aggregate/sand ratio.

- Second, RCC contains a reduced guantity of mixing water, which is compatible with
the transit of heavy duty earth-moving equipment over its surface, while it is still in a fresh state.
This peculiarity of its placement means that RCC concrete must he studied and controlled when it
is in a fresh state.

The binder plays two roles in a concrete. On one hand it is a filler and on the other hand,
a cementing material, The qualification and quantification of the solids which pass through sieve
n“. 200 (0.075mm) is of extraordinary importance for concrete.

Required bond strength of joints, permeability and seepage control, thermal cracking
potential, and durability requirements may influence materials selection and proportioning of RCC
mixtures also.

RCC has a “no slump” consistency and is densified by external loading and vibration
of aroller. It is therefore “compacted” rather than “consolidated”. This requires much lower water
content than for comparable strength of conventionally placed concrete and provides the ability to
support compaction or spreading equipment. Mixture proportioning procedures reflect the need
for a consistency that is different from “slumpable™ mixtures.

A major concern in RCC design is the potential for incomplete bonding of the layers.
This problem has been accommodated by reducing the time interval between lift placement and by

providing supplementary joint treatment.

6.2 Mixture Proportioning - Routines

The basic objective in proportioning RCC mixtures is to produce a concrete that satisfies
the performance requirements using the most economical combination of readily available
materials, placed by roller compaction methods. The desired physical properties of the mix
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depend on the function, location, and design chosen for the structure. The strength is dictated by
minimum structural safety requirements with some overdosing factor to account for variability in
the mix together with appropriate factors of safety. See Chapter 7 for RCC strength obtained at
various dams.

Based on the type of structure, available materials and their cost, some considerations
that need to be addressed initially include the quality and maximum size of the aggregate to be
used, the type of cement, and whether pozzolanic material will be used and to what extent. All of
the methods should include the preparation of trial mixes to confirm that the consistency is suitable
for roller compaction. This is usually confirmed in a test section using the placing method and
equipment that are planned for the dam. If the laboratory determined mix proves unsuitable for
construction, the mix must be adjusted accordingly.

Just like the conventional concrete, roller compacted concrete have to comply with the
following conditions:

- Density

- Watertightness

- Strength

- Durability

- The ability to be transported, spread and compacted without detrimental segregation
- Economy

All these factors depend on the porosity of the material. A concrete, being so much
maore resistant and durable the less its porosity. For this reason it is essential that RCC should be
proportioned, mixed, and handled on the job and provided with an adequate compaction.

As it has been already indicated binding material contents are very variable oscillating
between 50 and 250 kg/m’,

Five routines for determining RCC mixture proportions for dams are normally adopted
and are called:

I. Proportioning RCC to meet specific limits of consistency.

I1. Trial mixture proportioning for the most economical aggregate-cementitious materi-
als combination.

I11. Proportioning using soil compaction concepls.

IV. RCD Japanese concept.

V. Army Corps of Engineers method.

6.2.1 Proportioning RCC to Meet Specific Limits of Consistency

6.2.1.1 General Concept

Proportioning for optimum workability for compaction was used as the basis of the
U.S. Bureau of Reclamation’s [6.01] Upper Stillwater Dam and the Corps’ Elk Creek Dam. The
high-paste mix design method was developed by Dunstan [6.02 to 6.06] and modified by the U.S.
Bureau of Reclamation for its design of Upper Stillwater Dam. In designing a mix for a high-paste-






MiIX E-5913 | E-5906 | E-5907 | E-5908 | E-5912 | E-5926 | E-5917 | E-5918 | E-5919 | E-5920
Cement kg/m® 100 100 100 100 100 120 120 120 120 120
Water kg/m?® 120 130 140 150 160 120 130 140 150 160
MSA mm 50 50 50 50 50 50 50 50 50 50
Crushed Sand kg/m® | 1153 1140 1126 1112 1098 1044 1032 1021 1009 997
Coarse 25mm kg;’ma 790 781 772 TE2 752 844 833 823 813 802
Coarse 50mm kg/m® | 527 521 514 508 502 563 555 548 542 535
Consistency sec 35 32 20 14 7 40 26 21 15 9
Specific Gravity kg/m® | 2690 | 2672 | 2652 | 2632 | 2612 2691 2670 | 2652 2634 | 2614
(theoretical)

Specific Gravity kg/m® | 2637 2654 2653 2648 2676 2711 2723 2705 2673 2670

(test)

Compaction Ratio % 98,0 99,3 100,0 | 1006 | 1025 | 100,7 | 102,0 | 102,0 | 101,5 | 1021

Compressive 7 days 49 46 41 39 29 73 65 52 46 41
28 days 75 73 58 53 44 120 95 86 76 69

Strength (kgf/cm?) [ 90 days | 121 104 89 76 69 168 128 124 107 98

Figure 6.02 Water content and maximum densities.
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The VeBe time is determined and compared with on-site compaction tests with vibra-
tory rollers. The optimum time can be determined based on density tests and evaluation of core
samples. This optimum VeBe time will be influenced by mixture proportions particularly water
content, MSA, sand content, and fines content under 0.075mm (N° 200 sieve). Mixtures generally
require a VeBe time of 20 to 30 seconds to compact for samples with 38mm to 50mm MSA.

6.2.1.2 Water content

The effect of vibration time and water content on the compacted density of RCC is
shown in Figure 6.02. Maximum densities in percentage (air free) occurred at a vibration time of
50 seconds with very little density increase, if any, under extended vibration time.

If the water content is too reduced there will be a point at which the strength will no
longer increase with a decrease in w/{c4+pm) ratio. This is because aggregate voids will no longer

be filled with paste and entrapped air will be enclosed.

6.2.1.3 Cementitious Materials Content

The cementitious materials content should be based upon laboratory tests or test fills
where cement content is varied for an aggregate gradation that will not segregate. The cementitious
materials content will be dependent upon required strength, bond, and thermal considerations.
Higher strength mixtures will require higher cementitious materials content at a desired water
content. Greater use of a pozzolanic material may be required to minimize heat generation.

6.2.1.4 Proportioning Coarse Aggregates for Minimum Mortar
Requirements

The proportioning of coarse aggregates depends upon the combined effects of aggre-
gate voids, surface area, and particle shape. When grading is controlled by screening and dividing
the aggregates into separated size fractions the void content may be controlled within limits. Dry-
rodded densities and combined grading control are dependent upon the proportioning and number
of separated sizes and the variation of grading within the individual sizes. Provided the grading
control is satisfactory the dry-rodded density will increase with maximum aggregate size. There-
fore, since void content decreases with increased dry-rodded weight, the void content of aggre-
gates with the same specific gravity in each size range will decrease with increased aggregate
size. [t is also well established that the total surface area of the aggregate will decrease as the
proportions of large aggregate per unit volume are increased. Compactibility increases with rounded
and cubical shapes and decreases with flat shapes.

Segregation problems may be encountered with skip grading due the increased
proportion of the larger size particles. In conventional concrete the proportions of smaller
sizes are generally increased to reduce segregation. It is also economical to utilize all size groups
and reduce waste of the smaller aggregate fractions.

6.2.1.5 Proportioning Fine Aggregate for Minimum Paste Requirement

The void content of fine aggregate as determined in dry-rodding weight measurements
normally ranges from 34% to 42 %. The actual void content may be somewhat smaller due to the
inefficiency of the measurement. It makes though litle difference since the minimum cement,
pozzolanic material, air, and water contents required to achieve a solid volume must fill all the fine
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aggregate voids and coat all the aggregate particles. The minimum paste volume can thus be deter-
mined by maximum density curves in much the same way as optimum water content is determined
for soils. The procedure is as follows:

1) Using the water-cement ratio or water total cementitious material ratio requirements
of the mixture, add fine aggregate in equal increments and measure the density of specimens using
soil compaction procedures or extended vibration.

11} Plot density versus the calculated paste volumes.,

I1T) Determine the paste volume producing maximum density of the mortar specimens.
This paste volume, as a ratio of the total mortar volume, should be increased from 5 to 10 % in
proportioning the mass mixtures. For special mixtures designed as bedding mixtures for construc-
tion joints, this minimum paste volume ratio should be increased from 20 to 25 %.

6.2.1.6 Selecting RCC Mixture Proportions

The consistency of no-slump mixtures proportioned in accordance with [6.09] will not
carry the weight of large vibrating rollers without some alteration of the procedure.

Because all of them are based on a VeBe time (or VC value)- indicating full consolida-
tion of the RCC- the basic premise of these methods is that the volume of paste must exceed the
aggregate voids. Therefore, there is a greater need to closely control the aggregate grading to
minimize voids and the amount of paste required. All involve proportioning mixes using absolute
volume concepts in which the weights and specific gravity of all materials are used to calculate a
unit volume of concrete. The final mix therefore consists of batch weights to produce a cubic meter
of RCC.

Concrete approach mix design methods usually involve fixing all but one of the basic
materials (cementitious materials, water, or aggregate content) and then varying that component
until the desired consistency or required properties are achieved. Each variable can be adjusted this
way to optimize all mix components.

The steps in the mix design procedure used by this approach are:

(a) In addition to determining densities and thereby specific gravity of the cement
(c), pozzolanic material (pm), coarse aggregate (ca), water (W), and sand, the void ratio of
total aggregate is determined. The “ca” and sand conform to standard gradations for conventional
concrete.

(b} Determine a required w/(c+pm) ratio by weight based on the design compressive
strength requirements at a certain age. For 29.7MPa at one year, a w/(c+pm) of (L5 is required,
whereas for 15.9MPa at one year the w/(c+pm) is 0. 7.

(c) Determine a relationship of “¢" to “mp” that will produce the desired compressive
strength within a specified time.

(d) Determine a mortar percentage based on the requirement that the volume of mortar
should exceed the volume of voids by 5% to 10%.

(e} The coarse aggregate percentage can now be calculated by subtracting the mortar
percentage from 1.0,

(f) It is assumed an entrapped air volume of 1.5%.

(z) All the necessary values have been determined to calculate batch weights for 0,5m*
of RCC based on saturated surface dry (SSD) condition of the aggregates.
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(h) A trial mix is proportioned in the laboratory and a VeBe time is measured. If the
VeBe time is not within the desired range, adjustments are made in the mix, mainly in water con-
tent. A water content change initiates revisions in other material proportion and the mix is adjusted
until all basic requirements are satisfied including consistency

(i) The mix can be further refined by more testing. In order to study various combina-
tions of components such as pm/c, w/(c+pm), (c+pm)/sand, or various sand gradations, mortar
specimens can be used. while changing one variable and keeping the others constant.

6.2.2 Trial Mixture Proportioning for the Most Economical
Aggregate-Cementitious Materials Combination

6.2.2.1 General Concept

This proportioning method is generally associated with low-cementitious content
mixtures. Aggregates selected for use in this proportioning method were usually those with mini-
mal or no processing. Cementitious materials, water and fines are proportioned to yield the neces-
sary strength, workability and paste volume requirements based on experience. Mixtures are
proportioned to the desired workability level for a range of cementitious content and poz-
zolanic material substitution, fines contents, and other variables. The resulting family of
performance curves is then used to determine the materials proportion that will exhibit the
desired properties.

Designers of a number of RCC structures have proportioned the concrete mixtures
using a relatively fixed grading of aggregates while varying cementitious contents. The minimum
cementitious content which provides the required design strength and a field usable mixture is then
selected for the project. This procedure has been used extensively with cementitious materials
contents ranging from about 30kg/m* to 300kg/m* giving strengths at one year ranging from about
4MPa to 40MPa.

6.2.2.2 Water Content

The water content is controlled to achieve maximum density during compaction.
During the first few batches of RCC the water content is varied to establish the optimum moisture.
Once the water content is established it typically will vary little or not at all as the cement content
is changed through a wide range of values. During construction control of water content is largely
visual as determined by the placing inspection for optimum compaction and confirmed by density
test. The amount of water added at the plant should allow for whatever loss occurs by evaporation
during transport and placement,

6.2.2.3 Cementitious Materials

Usually, trial mixtures varying pozzolanic material contents are made to optimize
the most economical cement and pozzolanic material combination that meets design require-
ments. When the option to produce or excavate suitable natural fines exists. A series of mix-
tures can be made to establish what reduction in cement or pozzolanic material might be
achieved by adding more fines.



_166 The Use of RCC Francisco R. Andric-l-;:

6.2.2.4 Aggregates

With the borrow sources available (gravel, quarry materials, river sands, and silts), the
most economical combination of raw materials to produce a smooth overall grading within the
general broad limits if a curve type p = [{d/MSA}'™ | 4+/- 5% is used as a fixed grading for the
project and the basis for mixture proportioning. Experience has shown that any smooth grading
within this band will produce a compactible RCC,

The admissible fines content depends on plasticity. If the fines are non-plastic greater per-
centages are convenient and allowed. As much as 10% fines by weight of total aggregate have been used
successfully in some RCC mixtures. More than four times the normally allowed graded sand in concrete.
Adding well-graded non-plastic fines may improve compactibility, impermeability, and strength.

The sand content is usually higher than that of CVC mass concrete ranging from 30%
to 50%. This provides cushioning for the larger sized aggregate, minimizes breakage from com-
paction, minimizes segregation, and aids in compaction.

6.2.2.5 Selection of the Project Mixture

The two mix design routines (6.2.2 and 6.2.3 ahead) that fall within the soil approach
are quite similar. They both start with a desired grading for the aggregates and involve the prepara-
tion of cylinders with varying cementitious contents to determine strength or other properties.
Differences in the two methods center on how the moisture or water content for the mix is
determined and on laboratory method of specimen preparation.

This method starts with a fixed aggregate grading. It varies cementitious contents and
compares results, primarily compressive strength, with the project requirements. A continuous
aggregate-grading band is typical of this method. A 75mm MSA is usually selected for what is
termed the most economical usable gradation. The amount of water used for laboratory trial mixes
is determined by observing the consistency of mixes of varying water content and by relying on
past experience. The water content is set somewhere between the point on the dry side where voids
are no longer visible on the side of laboratory cylinders and on the wet side before the mix has a
rubbery appearance.

With the aggregate grading and water content now fixed laboratory specimens are pre-
pared with varying cementitious content using a pneumatic pole tamper. Most mixes that have
resulted from this method have varied from 60 to 150 kg of cement per cubic meter except for
special mixes. This level of cement content provides a good starting point for laboratory mix
design investigations. If use of a pozzolanic material is desired, another set of specimens
should be prepared using a set percentage of pozzolan with respect to total cementitious
content. This percentage usually varies from 25% to 509%. Typically the laboratory mix design
program consists of two cylinders prepared for testing at 3, 7, 14, 28, 90, 180, and 365 days. If
there is insufficient time to obtain results at later ages, the compressive strengths can be estimated
based on the curve shape for the early ages, test results from previous projects using the same
method, or by accelerated test methods,

Using the test data a family of graphs can be drawn showing the effect of these vari-
ables as well as age on material properties. The mix design program thus provides a family of
curves that indicate the effects of various cementitious contents on compressive strength at various
ages. The cement content can be selected to meet project requirements with consideration of fac-
tors of safety and coefficients of variation. Once a cement content is selected, additional tests may
be run varying aggregate type or grading, especially the percentage of fines passing the N° 200
(0.075mm) sieve.
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6.2.3 Proportioning Using Soil Compaction Concepts

6.2.3.1 General Concept

This method is a geotechnical approach similar to that used for selecting mixture
proportions of soil-cement and cement-stabilized base mixtures. Instead of determining the water
content by VeBe time or visual performance the desired water content is determined by water
content/density relationship of compacted specimen [6.13].

The same fundamentals have been the basis for determining cement content for soil-
cement mixes for more than 50 years. The basic method is quite similar to the previous method. It
starts with a fixed aggregate grading and performs a test program of varying cementitious content
and comparing results once water content is determined. Rather than a visual determination of
water content the “optimum moisture content™ is determined by the moisture-density principles
using impact compaction with a standard hammer or hammer dropped a prescribed number of
times. A modified Proctor compactive effort of 2693kJ/m? has been used for most current projects,
although some researchers have suggested some lower compactive effort. A 4.5kg hammer drop-
ping from 450mm height per unit volume defines the compactive effort.

RCC mixtures have successfully been proportioned using soil compaction procedures.
This method involves determining the maximum dry density of materials using modified compac-
tion procedures and can be considered an extension of soil-cement technology. Optimum water
contents are established using procedures to determine optimum water contents of soils. Compac-
tion test equipment for RCC requires modification. A cylindrical container and an equivalent modi-
fied AASHO procedure can be used to determine the dry density curve for RCC. In order to deter-
mine a distinct peak to the maximum density curve, the cementitious material content of all speci-
mens should be constant and the aggregate grading should be in the mid-range of the specification
limits. Variable results may be expected unless the gradation and moisture content of the aggre-
gates are maintained relatively constant. The peak of the density curve indicates the point corre-
sponding to the minimum paste volume needed to fill all aggregate voids.

Variations of this method have been used depending upon the mixture composition and
nominal maximum size of aggregate. Compaction equipment may be Standard Proctor or some
variation of this equipment to better suite large aggregate mixtures. An alternative tamping/vibration
method that simulates field compaction equipment and obtains similar densities has also been used.

In this method a series of mixtures varying water content within a range are prepared
and batched. Each mixture has a cementitious content and is compacted with a standard effort. The
maximum density and optimum water content are determined from a curve of density versus water
content, one for each cementitious content.

The actual water content used is usually slightly higher (about 1%) than the optimum
vilue determined in the laboratory to compensate for moisture loss during transporting, placing
and spreading. RCC specimens are then made at optimum or the designated water content for
strength testing at each cementitious content.

RCC has also been proportioned using soils compaction equipment similar to the ASTM-
D-1557 (Modified Proctor) test method. Modifications were made to compact specimens in a
150mm by 300mm mold rather than the 100mm by 200mm mold used for larger sized aggregate.
The compaction depends upon the energy imposed to the specimen. As mentioned, density with
the compactive effort of modified Proctor test of 2693kJ/m® has been found close to in-place
measurements, provided that water content is near optimum,
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6.2.3.2 Water content

The optimum water content in the seil compaction methods will depend on the aggre-
gates, the cementitious materials content, and the compactive effort applied. It represents the mini-
mum paste volume required to fill voids at a compactive effort. Loss of strength will occur with a
water content bellow optimum due to the presence of entrapped air as well as above optimum due
to a higher w/{c+pm) ratio. Water content is expressed as percent of moisture weight by dry weight
of solids. It will vary with the specific gravity of materials and values of absorption. Therefore, it
is difficult to compare strengths at different mixtures due to the variation of w/(c+pm) which
depends on the dry (SSD) water content.

6.2.3.3 Cementitious materials content

The cementitious materials content is determined by compressive strength at optimum
water content for different mixtures. Cement and pozzolanic have been used for this mixture
proportioning method and are again expressed as a percentage of dry weight of solids. Cementitious
materials contents have ranged from 7% to 15% by dry weight of solids which have dry densities
ranging from 1920kg/m* to 2240kg/m’ (this is another difference). The range may correspond to
approximately 150kg/m* to 300kg/m*® when expressed in solid weight per unit volume.

6.2.3.4 Aggregates

The work performed at Tarbela Dam used an MSA ranging from 150 to 230 mm. In the
USA the MSA has been generally limited to 51mm to 76mm and the full RCC mixture can be used
in density testing. It is important that fines content under 0.075 mm (N®. 200 sieve) should be
sufficient to apply soil compaction procedures. The average grading specified is shown in Figure
6.03. Fines content has averaged approximately 12% of the total aggregate content while fine
aggregate content is 35%approximately. Variation in aggregate materials and moisture content will
lead to variation in densities achieved and corresponding concrete properties.

Size (mm) | Specified Range - % Passing | Average Range - % Passing
50 100 100
19 56 to 91 70
9.5 3810 80 49
475 26 to 65 35
2.00 1010 49 25
0.425 1210 25 18
0.075 9to 16 12

Figure 6.03 Aggregate grading for RCC aggregates using modified soil compac-
tion methods cumulative percent passing [6.10].
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6.2.4 Japanese RCD-Roller Compacted Concrete for Dams

6.2.4.1 General Concept

RCD should be lean concrete in order to prevent temperature cracks due to heat of
hydration of cement. It should be extremely stiff concrete for the compaction by vibrating rollers.
At the same time, RCD has plenty of cement filling the void between aggregates and satisfying the
strength requirement. The RCD method of optimizing the mixture proportions is based on consid-
erable experience acquired during the construction of many RCD dams in Japan. Though similar to
the “concrete”™ approach it makes greater use of the VC consistency apparatus [6.15]. There are
two different apparatus: the standard and a larger. The VC testing device with the standard
container is in general use.

6.2.4.2 Consistency of RCD

The consistency of RCD can be measured by two VC testing devices [6.15]. In the
standard VC test the RCD with its aggregates larger than 40 mm removed by wet- screening, is
poured into the standard container. The RCD in the container is then vibrated. The time in seconds
when the paste covers up the entire surface of the specimen is defined as a standard VC value. The
optimum VC value of RCD compacted by vibratory roller has been determined as 20 seconds. A
larger apparatus is used for RCD with full size aggregates. This VC value is called the large-sized
VC value. A 60 second vibration time with the larger apparatus has been found to be equivalent
(s0. why use 2 different apparatus ?!) to a 20 second vibration time on the standard apparatus.

The standard VC testing device consists of a standard container with inside diameter of
24 cm and inside height of 20 cm. The large VC testing device has a container with inside diameter
of 48cm and inside height of 40 cm. The VC testing device with a standard container as shown in
Figure 6.04 is used in general.

Figure 6.04 VC testing device with standard container.
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In the VC test with a standard container, RCD whose aggregates larger than 40 mm
were wet-screened, is poured into a standard container. Then RCD in the container under a weight
of 20kg is vibrated on the vibrating table of the VC testing device. The table vibration has a 3000
cpm frequency and Imm of full amplitude. The time needed by the paste to come up over the
whole RCD surface in the container is measured in seconds and is defined as a standard C value or
a VC value. The optimum VC value of RCD compacted by vibrating rollers is 20 seconds.

The large container is used for RCD of full size aggregates. The vibration specification
and surcharge of the large specimen is the same as that of the device with a standard container. The
VC value which is measured by the VC testing device with a large container is called “Large-Sized
VC" value. The 60 seconds of a large-sized VC value 15 equivalent to 20 seconds of a standard VC
value. The VC testing device with a large container is used occasionally when the eptimum sand
aggregate ratio of RCD is examined.

The procedure for the design of the mixture proportions of RCD is summarized in
Figure 6.05 and as follows:

SELECTION OF THE UNIT CEMENTITIOUS MATERIALS

COMNTENT

SELECTION OF THE SAND/ AGGREGATE RATIO WHICH
MINIMIZES THE "VC" VALUE

SELECTION OF THE UNIT WATER CONTENT WHICH

PROVIDES THE "VC" VALUE OF 20 SECONDS

CONFIRMATION OF THE COMPACTION DENSITY, THE
COMPRESSIVE STRENGTH AND THE SCORE OF
APPEABANCE

DETERMINATION OF MIX PROFPORTION

Figure 6.05 Procedure of mixture design of RCD [from 6.15 to 6.19].

(a) Select the cementitious material content: A cementitious content of 120 l»:;;n"n'l3 is
used for most dams although 130 kga"m3 [6.16; 6.17] is used for high dams and for those requiring
higher strengths. Cement content should be as low as possible while being consistent with strength
requirements. Some fly ash should be used as an admixture to reduce heat of hydration and mixing
waler requirements. Thirty percent of the cementitious material is usually fly ash, although ground-
granulated blast-furnace slag has been used in a recent dam [6.18; 6.19]. In usual cases, 30% of
cement is replaced by fly ash to reduce the hydration heat.
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(b) Select the fine aggregate/coarse aggregate ratio giving the minimum VC value:
In the procedure of the mixture design of RCD the optimum sand aggregate ratio is selected first.
The optimum sand aggregate ratio is defined as the sand aggregate ratio that minimizes the VC
value. Figure 6.06 shows the typical result of the VC test determining the optimum sand/aggregate
ratio. The large VC testing device is occasionally utilized to determine the optimum sand aggre-
gate ratio. A sand/aggregate ratio higher than for conventional mass concrete should be used to
reduce segregation and to facilitate compaction by a vibratory roller. The grading of coarse aggre-
gate for maximum unit weight is determined by unit weight tests using a vibrating table with
varying percentages of the particle sizes of coarse aggregate. VC values are determined for each
mixture. The sand/aggregate ratio producing the lowest VC value is selected. Tests in Japan indi-
cate that there is a sand/aggregate ratio that produces a minimum VC value using a large container.
This ratio is in the range of 30% to 32%. A cement content versus compressive strength test series
then is used to determine the final cementitious- content and the mix is ready for field trials.

(c) Select the water content that corresponds to a YC (standard apparatus) of
20 seconds: Next, the optimum unit water content is selected. The optimum unit water content is
defined as the unit water content that provides a VC value of 20 seconds. Figure 6.07 shows the
typical result of the VC test determining the optimum unit water content.

log(VC)=—0.041W +5.39

40 - 100
50 |-
~ 30 3 of
- = 0t
ERd | o 5 10f
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g = C+F=120kg o’
10 C+F=120kg b’ 3 FAC+FI=30%
F/C+F)=30% 2 sA&°32%
W=100kg
{ 1 I 1 L 1 i i i i i
Dzﬁ 78 10 37 14 36 28 85 90 95 100 105 110 115
Sand aggregate ratio, s/a (%) Unit water content, W ( kg/m*)
Figure 6.06 Relationship between sand ag- Figure 6.07 Relationship between unit
gregate ratio and VC value (large container) water content and VC value [from 6.15 to
[from 6.15 t0 6.19]. 6.19].

(d) Review the density: The compaction test of RCD is conducted in order 1o confirm
the compaction density, the strength, and the watertightness of RCD. The field compaction device
has been developed and is utilized efficiently in the compaction test of RCD. Figure 6.08 shows
the large-sized specimen compaction device. In the compaction test, full-sized RCD is poured
into a container with inside diameter of 50 cm and inside height of 45 ¢cm and is compacted
for 60 seconds by a vibrating compactor which simulates an actual vibrating roller. The vi-
brating compactor has a mass of 648kg and can generate a compaction force of 3,109kgf with
frequency of 1,900cpm and full amplitude of 2.4 mm;

(e) Choose the final mixture proportions.
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Figure 6.12 Relationship between Unit Water Content and Compaction Density [from
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Figure 6.15 Standard Specimen Compaction Device.
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[ MSA-  ["VC'Value | Fiy Ash Water Sand | Water | Cementitious Fine Coarse Air
Maximum
Size ol Cemaentitious
Cires Aggregate Content Aggregate| | Aggregate | Entraining
Material
Aggregate
{mm) (sec) | Ratio{%e)| Aatio (%) | Fatio(%e) | (ka/m™ {ka/m™ ka'm™ | (ka/m™ (ka/m™
80 57 30 75 32 a0 120 725 1581 0.24
80 30 30 79,2 32 95 120 721 1543 0,24
80 20 30 83,3 32 100 120 717 1532 0,24
80 13 a0 87,5 32 105 120 713 1523 0,24
80 8 30 a7 32 110 120 708 1514 0,24

Figure 6.17 Typical test results [from 6.15 to 6.19].

b) Test of Determining Unit Water Content: This test is performed to determine the
optimum unit water content of RCD which provides the required compaction density, strength and
permeability. The test is conducted for RCD mixtures of various unit water contents around the
optimum value derived from the mentioned VC test. Figure 6.17 shows the typical test results. The
optimum unit water content is determined so that the best surface condition of core sample can be
obtained while the compaction density and strength of core samples satisfy the design requirements.

6.2.4.4 Details Related to RCD Mix

Maximum Size of Aggregate: The maximum size of aggregate has a large influence
on umt water content of RCD. In general the larger the maximum size of aggregate is the smaller
thie unil water content that provides adequate consistency. It means that the unit cement conteit for
the required strength can be reduced while the potential of temperature cracks is reduced when
larger maximum size of aggregate is adopted. However, the risk of greater segregation becomes
significant when the maximum size of aggregate is too large. A maximum size of 80mm is gener-
ally adopted in RCD mixture regarding reduction of both the temperature cracks potential and
segregation.

Fine Particle Content in Sand: The fine particles in the sand, smaller than 0.15 mm,
have an important role, as to improve the RCD consistency, since RCD is a lean mixed concrete. It
is understood from a number of RCD mixture tests that the optimums content of fine particles
smaller than 0.15 mm is 10 to 15% of the total sand mass. When fine limestone particles were
added in RCD mixture its consistency was splendidly improved during Chiya Dam construction.

Use of Finely Crushed Blast-furnace Slag: Fly ash is often used as admixture mate-
rial in RCD. However, the lack of high quality fly ash in recent days enforces the development of
new admixture material added in RCD mixture. Finely crushed blast-furnace slag was used as
admixture material in RCD in Satsunaigawa Dam construction.

Use of Admixture Agents: Effective use of low quality aggregate is a great concern
regarding construction economy. Several admixture agents have been developed to improve RCD
with low quality aggregate properties. Admixture agents can be also available to prevent the
increase of a VC value with time and to improve construction efficiency. Water reducing ad-
mixture and retarding admixture were used in order to improve RCD quality in several RCD dams.

Standard Specimen Compaction Device: Mixture design of RCD has been simplified
and still reliable with the large-sized specimen compaction device development. However, there is
still a strong demand to establish more simplified mixture design procedure of RCD because it is
widely adopted in concrete dam construction in Japan. The standard specimen compaction device
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shown in Figure 6.15 has been developed in order to meet such a demand [6.20]. The compaction
energy is precisely controlled in this device and the effect of consistency on the compaction
density and strength of RCD can be accurately evaluated even in the standard specimen test.
The standard specimen compaction device is utilized in RCD quality control during field
construction too.

6.2.5 Army Corps of Engineers Method

6.2.5.1 General Concept

Specific mixture proportioning RCC methods have been developed by the U.S. Army
Corps of Engineers [6.21; 6.22; 23].

Properly proportioned RCC is workable, free of segregation, and easily consoli-
dated using external vibratory compaction. The RCC mix must contain sufficient paste
{cement, pozzolanic material, fines under N*.200 sieve, mineral filler, water, and entrapped air) to
fill voids within the mortar (bellow No. 4 sieve aggregate, fines, and paste), and must contain
sufficient mortar to fill voids within the coarse aggregate. The mortar provides cohesion and work-
ability to the mix during placement and determines the resulting strength, bonding potential, dura-
bility and permeability of the hardened RCC. The coarse aggregate provides stability to support
placing and compaction equipment.

A minimum ratio of paste volume to mortar volume wavm, of (.42 is required to
ensure that voids within the fine aggregate (typically 35% to 40% of total aggregate) are filled and
s0 that the mix contains enough paste to be thoroughly distributed throughout the mixture during
mixing, placing, and compaction. Specific testing may show that a lower V_/V __is satisfactory:
(.42 is conservative in the absence of such testing. In order to meet the minimum V D.W i~ sand for
RCC may contain a higher percentage of under N¢, 200 sieve fines, or may be supplemented with
mineral filler, fly ash or other non-plastic under N®. 200 sieve fines. Mixes containing low
cementitious material contents require more fines under N°. 200 sieve or mineral filler in order to
meet the minimum paste volume requirements.

Mortar contents for RCC mix vary depending on the maximum size and shape of coarse
aggregate, whether it is crushed or rounded. Typically, RCC mixtures contain 2% to 4% higher
sand content than do equivalent conventional concrete mixtures.

The selection of a suitable aggregate source is an important step in RCC mix design
process since the type and quality of aggregate will directly effect the quality and economy of the
resulting RCC. Available aggregate sources should be assessed for suitability and structural design
parameters, determined accordingly.

Fine aggregate, aggregate passing N 4 sieve, will contain a higher percentage of fines
under N* 200 sieve than for conventional concrete. They may be processed as a single size fine
aggregate or may be conventional graded material enriched with fines passing N* 200 sieve, either
natural non-plastic fines, pozzolanic, or mineral filler. The use of plastic fines and clay in RCC
often results in lower strength as water demand increases. It may lead to balling of fines and
unworkable sticky mixtures that are difficult to place and consolidate.

RCC mixtures, both structural and mass applications, are designed for Vebe consis-
tency times of 10s to 40s using the Modified VeBe Test Apparatus with a 12.5kg surcharge [6.21].

At this consistency RCC is stable enough to bear heavy placing and compaction equip-
ment. The paste is sufficiently fluid to be fully distributed throughout the concrete mass during
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mixing and RCC is workable allowing consolidation with vibrator rollers. The quantity of
cementitious material in a RCC mix depends on the water:cement “w/c” ratio selected to meet
strength or durability requirements. Fly ash is normally used in RCC as partial replacement for
cement to reduce heat generation and cost. Fly ash may also be used instead of some fines (under
N 200 sieve) in order to meet paste requirements and improve workability. Fly ash has been used
up to approximately 80% of the total cementitious content (cement + fly ash) but at levels above
approximately 50% of fines replacement. Additional fly ash will not significantly contribute to
strength gain.

The use of a retarding admixture (ASTM-C-494 [6.24], Type B or D) is beneficial for
increasing placing time and bond at the lift joint by maintaining the surface in a plastic condition
prior to the following lift placing. The extended workability is especially helpful during placement
in hot weather and during RCC start-up when placement rates are low. Dosage rates should be
based on laboratory mix proportioning studies. As with CVC concretes, laboratory evaluation of
admixture compatibility with the cement is necessary. Air within RCC has not been evaluated in
full scale field mixing and placement.

CVC concrete mixes cannot be reproportioned to produce RCC by any single action
such as reducing water content, altering the proportion of fine aggregate or mortar. or reducing the
W/C ratio. The following is a step by step procedure for proportioning RCC for structural or mass
concrete applications,

The method is based on experience with mix designs for RCC projects. It basically
follows ACI-211.3 “Standard Practice for Selecting Proportions for non standard -Slump Con-
crete”[6.09]. The manual includes several tables developed from the Corps’ experience with RCC.
The mix-proportioning method can be used with a wide range of matcrials and project require-
ments. The steps to be taken after determining the required concrete properties and the properties
of the proposed materials are:

MSA- Cementitious Cement Pozzolanic Aproximate
Maximum Siza
Project Material
Aggregate

{mm) Content (ka/my | (kaim® | (ka/m®) | Water (ka'm®) |
Willow Creek 75 66,5 47,5 19 107
Willow Creek 75 103,9 103,9 110
Willow Creek 75 1514 103,9 47,5 110
Elk Creek 75 78.3 55,8 225 101
Lost Creek 75 1198 415 78,3 83
Lost Creek 75 1394 1394 83
Upper Stillwater 50 2314 71,8 1596 104
Upper Stillwater 50 2462 76,5 169,7 107
Galesville 75 74,2 43,9 30,3 113
Middle Fork 75 71,2 71,2 80
Manksville 75 62,3 62.3 122
TVA 38 223.5 44,5 179 85
TVA 75 132,8 55.8 77 77

Figure 6.18 Typical values for use in estimating RCC mixture propor-
tions for trial mixture design [6.23].
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(a) Determine all requirements related to the properties of the RCC mixture including:

- Required/specified strength and age

- Expected exposure time and conditions

- Water: cement ratio limitations

- Admixture requirements

- Maximum size of aggregate, source and quality

(b) Determine the essential properties of materials. Obtain representative samples of all
materials in sufficient quantities to provide verification tests by trial batching. Proportion RCC
with an appropriate amount of pozzolanic material or cement replacement materials that will
satisfy strength, durability, and economic requirements. From the materials submitted to the test
program, determine the grading, specific gravity, and absorption of aggregates and the specific
gravity of the cementitious materials.

(c) If the w/c ratio has not been predetermined, select the maximum possible w/c ratio
for the particular exposure and conditions, Compare this w/c ratio with the w/c ratio required
based on the average strength. Use the lowest w/c ratio. Determine the maximum w/c ratio for the
particular exposure or other conditions from the project document, the Corps, or ACI tables. The
w/c ratio can be converted to a w/ (c+pm) ratio if required using the ACI 211.1-89 [6.09] report.

(d) From Figure 6.18 estimate the water requirement and entrapped air content for the
maximum size aggregate being used. Estimate the water requirements for a certain MSA and modi-
fied VeBe time from a table. For a 7Smm MSA and a VeBe time of 20s to 24s, the mixing water
range is 94kg/m’ to 119kg/m" with an average of 109kg/m’.

U.S. Standard Aproximate Percent | Cumulative | Percent
Sieve Size Percent
Sieve- Size (mm) Passing Retained Retained
4in 100 100 0 0
3in 75 98--100 0--2 0--2
21/2in 63 95--99 1--5 1--3
2 50 86--96 4--14 3--9
11/2in 38 75--90 10--25 6--11
1in 25 63--77 23--37 12--13
3/4in 20 56--69 31--44 7--8
3/8in 10 43--53 47--57 13--16
Ne. 4 4.8 33--43 57--67 10
Ne. 8 2.4 25--35 65--75 8
N°. 16 1.2 19--29 71--81 6
N°, 30 0.6 14--24 76--86 5
N°. 50 0.3 10--18 82--90 4--6
Ne. 100 0.15 6--13 a7--94 4--5
Ne. 200 0.075 4--10 90--96 2--3

Figure 6.19 Coarse and Fine Aggregate Grading for RCC [6.23].
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MSA - Maximum 6in. 41/4in. | 3in. |112in. | 34 in. | 3/8in.

size Agaregate (mm) | 152 mm | 106 mm |75 mm | 38 mm [20 mm |10 mm
Absolute Volume,

percent of unit 37--36 | 39--37 | 43--39 | 48--44 | 54--48 | 58--52

concrete volume

Figure 6.20 Aggregate Combination Summary [6.23].

(e) Compute the required weight of cement from the selected w/c ratio and water
content requirement (Steps ¢ and d). If pozzolan is being used compute the cement and poz-
zolanic material weight based on the equivalent absolute volume of required cement.

(f) Compute the required coarse aggregate proportions that best approximate the ideal
coarse aggregate grading shown in Figure 6.19. Proportions of coarse aggregate and fine aggregate
are either determined by comparison with tables or by computation if RCC is to be made with
conventionally graded aggregates.

(g) Compare the available fine aggregate gradation to the recommended fine ag-
gregate grading shown in Figure 6.19. If the fine aggregate is lacking fines passing N® 200
sieve, pozzolanic or other non-deleterious natural fines may be used as a supplement. From Figure
6.20, select the fine aggregate content for the maximum size aggregate being used.

(h) Compute the absolute volumes and weights for all of the mix ingredients from the
information obtained in step (b) through (f). Determine the absolute volume of total aggregate by
subtracting the absolute volumes of materials calculated in the previous step. If the aggregate is
pit-run or an all-inclusive gradation produced by minimal processing, trial batches are required,

(i) Compute the mortar content and compare with values given in Figure 6.20. Mortar
volume includes the volume of all aggregate smaller than the N 4 sieve, cementitious materials,
water and entrapped air. Adjust sand content if required. Entrapped air content is assumed to be
1% of total volume. From the absolute volumes previously computed the mortar
(c+pm+air+sand) can be computed and compared with a table. For a 75mm MSA, the mortar
content should range between 0.415 and 0.467 of absolute volume with an average of 0.444
of absolute volume.

(j) Compute the volume of paste and the ratio of paste volume to mortar volume
\-’qu’v’m. For paste include the volume of all aggregate and mineral filler finer than the No. 200
sieve, cementitious materials, water and entrapped air. The minimum VwN o Tali0 should be 0.42
o ensure that all voids are filled. Adjust cementitious material content or increase quantity of
agegregate and mineral filler finer than N 200 sieve, if required. Evaluate the aggregate. If plastic
fines are suspected, determine the “Liguid Limit™ (LL) and “Plasticity Index”™ (PI) of the fine
aggregate and compare “LL" and “PI” with the maximum allowable percentages of fines passing
N 200 (0.075-mm) sieve, usually 4% to 7% for non-plastic fines.

(k) Convert all absolute volumes to batch weights and prepare trial batches to
determine VeBe time consistency and measured air content.

(1) Evaluate the workability and strength of the RCC mixture by trial batching.
For RCC containing large aggregate, remove by wet sieving the fraction over 38mm, and test for
modified VeBe time and air content. Mold specimens for strength tests. ASTM-C-192 [6.25] de-
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scribes a procedure for molding nominal 150x300mm cylinders for concretes which have low
water contents but which using external vibration and a surcharge can consolidate. A surcharge
heavier than 4.5kg, as suggested in the test method, may speed consolidation of RCC. No stan-
dardized method currently exists for the determination of the air content of RCC. The pressure
method described in ASTM C-231[2.26] has been used by consolidating the concrete into the bowl
using external vibration on the VeBe table combined with a surcharge. A strike-off plate, such as
that described in ASTM-C-138 [2.27], should be used to strike off the top surface of the concrete.
The unit weight and air content of the sample may then be determined following procedures given
in ASTM-C-138 and C-231, respectively.
(m) Adjust the mix as necessary to produce the desired consistency.

All RCC laboratory cast and in-situ specimens should meet the minimum size and
dimensions requirements as specified in the testing standards for conventional concrete. In gen-
eral, cylinders, cores, beams, and blocks will preferably have a minimum dimension of at least
three times the nominal maximum size of coarse aggregate in the concrete. All RCC laboratory cast
specimens should be moist cured and in-situ samples should be kept moist as conventional concrete.

Compressive strength tests are normally made on laboratory cast 150x300mm cylin-
ders, or on drilled cores following standard ASTM testing procedures. During construction RCC
may be sampled and compressive strength cylinders cast at a frequency and at test ages similar to
conventional mass concrete. The curing and preparation of cylinders, mixture adjustments, and
statistical control procedures are the same as for conventional concrete.

6.3 Comments, Comparison and Discussion

6.3.1 Main Remarks

Which type of mix is the most suitable for a job? Low cement content, high paste
content, RCD, lean RCC?

Ideally the design method should determine the minimum-cost solution that leads to all
the concrete requirements.

The properties of RCC (see Chapter 7) in place depend on the quality of the used mate-
rials, mixture proportions and the degree of compaction or consolidation. Because a wide range of
materials and mixes has been used, there are no typical values for RCC properties that fall within
a narrow range. RCC properties that are aggregate-dependent such as elastic and thermal proper-
ties are similar to conventional concrete made from the same aggregate.

The degree of compaction plays a greater role in producing strength for these mixtures.
The voids are produced by particle-to-particle contact of the aggregate without sufficient fines or
paste to fill all the voids. Increased compaction tends to decrease these voids producing a denser
RCC with a corresponding increase in strength. Poorly graded aggregates or those with a high
percentage of coarse aggregate may have an aggregate matrix that is fully compacted and yet have
a relatively high percentage of voids resulting in lower density and strength. Even though there may
be greater volume of voids in a soils approach mix where all aggregate contacts are cemented together.

The compaction of a no-slump RCC mixture by rolling produces a material that is
anisotropic for many of its properties if no care is taken, considering segregation and/or absence of
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fines. This is especially true for watertightness where the permeability in the vertically compacted
direction can be appreciably less than in the horizontal direction, mainly at the bottom of the RCC
layer. Most testing has been performed on cores and cylinders in only one direction. However very
little data is currently available on the anisotropic properties of hardened RCC.

No matter how good the laboratory properties of an RCC are, if the material segregates
when transported, spread or compacted, the in-situ properties will fall below those achieved in the
laboratory. A major objective in RCC mixture proportioning is to produce a cohesive mixture with
the least possible tendency to segregate. Low cementitious content mixtures if not proportioned
properly tend to segregate more because of the more granular nature of the mixture. This can be
controlled to a certain extent by the aggregate gradation and by the addition of fines. Higher
cementitious content mixtures are usually more cohesive and less likely to segregate. The total
gradation and shape of the aggregate should therefore be carefully considered in order to maximize
the loose bulk density of the coarse aggregate and thus reduce the potential for segregation. Limit-
ing the maximum size of aggregate also helps to reduce segregation. In addition it has been found
that the more workable the RCC the less likely it 1s to segregate. Reducing segregation during trans-
portation and placement is essential to eliminate rock pockets at the joint interface. Consequently the
need for bond between the layers must be considered at all stages of design process. Alternatively, the
dam cross section has to be designed so that no bond strength is required across lift joints.

Sufficient workability is necessary to achieve compaction or consolidation of RCC.,
Workability is most affected by the paste portion of the mixture i.e. cement, pozzolanic material,
water, admixtures (if used) and the fines. Workability of RCC mixtures is normally measured
using a modified VeBe apparatus or the VC test in Japan as previously mentioned. These tests
produee a vibration time for the specific mixture that is a measure of RCC workability, and it is
used as a control similar to the slump test used for CVC. The tests also allow to estimate the fresh
density of the concrete. Adequate RCC mixtures have workability, necessary to ensure compaction
ease, produce uniform density from top to bottom of each lift, zood bonding with previously-
placed lift, and bear compaction equipment. Their typical VeBe time is 10 to 30 seconds or a VC
time of 20 seconds.

The size, shape, texture and gradation of aggregates and the volume and nature of the
cementitious and fine materials will influence the water demand for a specific level of workability.

Construction requirements and equipment should be considered during the design of
the mixture proportions. For example, if air temperatures at the site are particularly high, care
should be taken to design a mixture that will maintain its workability over time with as much
retardation as possible. When successive layers are placed, the horizontal joint between them will
not reach an unsafe bond condition.

6.3.2 Laboratory

The primary purpose of laboratory mix design is to provide proportions that when
mixed and placed in field will perform as required. Unfortunately it is difficult to duplicate field
conditions in the laboratory. For example “pugmill” mixing or twin shaft mixing of RCC is often
maore efficient than small laboratory drum or pan mixers. Field haul and transfer of RCC can be
more deleterious than laboratory handling, resulting in more aggregate segregation. Field compac-
tion is poorly modeled by vibrating table compaction when elapsed time, moisture loss, and rolling
patterns are considered. In spite of all these shortcomings laboratory mix design has proven to be
an effective means to assure RCC performance and to minimize field adjustments, However, as
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coarse aggregate volume is increased as the mortar volume decreases in equal increments. The
vibration time should be determined using the VeBe test for each increment change. The limit of
mortar volume for consistency will be recognized when the incremental increase in coarse aggre-
gate proportion results in a substantial decrease in density for a given compactive effort.

J. Diez-Cascén et al [6.28] published an alternative consistency measuring method (UC)
to the VeBe and a mixing method based on it after classifying concrete consistencies in the labora-
tory. The main idea behind this dosification process is to define both a mixture with a minimum post-
placement porosity and to qualify the fine aggregate in accordance with the required performance.

The alternative method is developed to measure the consistencies of concretes with the
aim of clearly overcome inconveniences observed in currently used methods until now. In the
proposed method the consistency is measured as the slump produced in the specimen of fresh
concrete submitted to an external compression and vibration over a determined period of time.
Interesting conclusions have been drawn from the comparative analysis of the results obtained
using this and the Modified Vebe method. These clearly show the advantages of the proposed
method. For example, it serves as a quantity control of cement and filler present in the mixes.

Based on this method a straightforward and convergent way of dosing concrete is
proposed which does not rely on experience as its basis. The mixes designed using this method
present characteristics which agree with current tendencies in mixes for these concretes. With the
application of this method it has been possible to obtain a hierarchy of the useful RCC concretes.

It is recommended that a series of mixtures were proportioned and investigated in the
laboratory to encompass the potential range of performance requirements. This practice will later
allow modifications or adjustments to the mixture proportions without necessarily repeating the
trial mix program.

Several characteristics can be determined by visual examination of laboratory-prepared
trial mixtures. Distribution of aggregate in the mixture, cohesiveness, and tendency to segregate
can be observed by handling the RCC in the laboratory. The texture of the mixture whether it is
harsh, unworkable, gritty, pasty, smooth, etc. can be seen and felt with the hand. These character-
istics should be recorded for each mixture.

Laboratory tests including temperature, consistency, unit weight, and air content, should
be performed on fresh RCC produced for each trial mixture. In addition specimens should be
prepared for compressive strength testing at various ages, usually 7, 14, 28, 90, 180 days and 1
year o derive the strength-gain characteristics of each mixture. These specimens can also be used
for determination of static modulus of elasticity and Poisson’s ratio at selected ages. Additional
specimens should also be manufactured for indirect (Brazilian) tensile strength andfor direct ten-
sile strength at various ages to establish their relationship to compressive strength and to provide
the structural analysis parameters. Permeability can be performed on 25x50cm RCC test speci-
mens in accordance to the method CRD-C-48 [6.29].

On major projects, specimens for thermal properties are usually manufactured from
one or more selected RCC mixtures. Tests include adiabatic temperature rise, thermal expansion
coefficient, specific heat, and diffusivity. Specimens for special tests such as creep, strain capacity,
and shear strength may also be manufactured for selected mixtures (see Chapter 7).

RCC diffusivity can be evaluated from time temperature readings taken on test cylinders
brought to a constant temperature and then immersed in high temperature water bath according to the
method CRCD-C-36 [6.30]. The adiabatic temperature rise of RCC can be evaluated over a 15 or 30
days period on sample sealed in a metal container placed in an adiabatic calorimeter room in accor-
dance with CRD-C38 [6.31]. Thermal expansion coefficient of the hardened concrete can be evalu-
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ated by direct physical measurement of a series of prisms over a temperature range of 4°C 1o 38°C, in
accordance with CRD-C-39 [6.32]. Specific heat of the hardened RCC can be evaluated in an adia-
batic calorimeter testing apparatus according to CRD-C-124 [6.33]. Creep values can be obtained
from full RCC mixes cylinders (25x50cm), according to CRD-C-54 [6.34] procedures.

6.3.3 Aggregates

Since rock characteristics in aggregate deposits and quarries vary and production op-
erations change, the processed material will rarely be uniform. It is necessary to monitor these
aggregate trends and adjust RCC aggregate proportions. Generally, grading adjustments are made
lo maintain a consistent coarse to fine aggregate proportion and consistent proportion of fraction
passing N 200 sieve.

Moisture adjustments are a common routine procedure in concrete production, With
the increased use of continuous mixers. new procedures must be used or more appropriately ac-
cepted. There is no doubt that a person experienced in visual quality of RCC exiting a plant can
adjust the added moisture to the appropriate level to compensate moisture variations load by load.
These moisture adjustments must be made and verified when appropriate by sampling and testing.

6.3.4 Field Trial Adjustments

Prior to placement in the dam it is recommended that the proposed RCC should be
proportioned and mixed in the concrete plant and placed. spread, and compacted in a full-scale test
using the specified construction procedures and equipment and the personnel that will run the dam
construction. The full-scale test should provide valuable information on the need for minor modi-
fications to the mixture proportions and can be used to determine the compactive effort (number of
passes of the vibratory rollers) required for full compaction of the RCC. A full-scale test can also
be used to visually examine the potential for segregation under specific conditions, the lift
surfaces condition and their treatment methods, and any other construction aspect that re-
quires review.

Final adjustments of mixture proportions should be made based on full-scale test batches
using the materials and the concrete plant that will eventually be used the dam construction. These
trials can investigate the following:

¥ Adjustment of aggregate gradations based on real materials from the stockpiles of
each individual size. Starting aggregate production well in advance of RCC placement
makes it possible.

¥ Correction of batch weights for aggregate moisture contents.

¥ Adjustment of water content for the desired consistency or degree of workability
based on RCC compactibility.

Good performance at lift joints is significantly affected by the condition of the finished
surface. Rollers that “track™, create ridges of over 2cm to 3cm deep, result in dry cracked rows of
RCC that must be removed prior to the next lift. The surface mortar from some mixes that contain
oo many fines, too much water, or are over-rolled, will stick to the roller drum after maximum
density is achieved. This will result in a torn surface sprinkled with small chunks of RCC mortar.
This roller pickup must be eliminated by modifying its procedure or by mix adjustment of fines
and/or water.
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6.3.5 Summarized Routine Design of Mixture Proportions

As described, there are several methods that use the *concrete’ approach to design
the mixture proportions of RCC including that used for RCD mixture design. All the meth-
ods have similarities as shown in Figure 6.25 and follow similar procedures although there
are minor differences. The table of the Figure 6.25 shows the main conceptual points of the
mentioned routines. The general procedure is as follows :

1) Optimize the gradation of fine and coarse aggregates to produce minimum
voids rate. Use additional mineral fines in the fine aggregate or available pozzolanic ma-
terial if necessary (see 3 bellow). The mixes are proportioned in attempt to reach the
maximum specific gravity so the aggregates can be combined to adjust as near as possible
from a typical curve,

P = (d/MSA)* x 100%, where :

P = % finer than “d” size of mesh;
d = dimension of mesh (mm);
MSA = maximum size of the aggregate;

2) Portland cement, pozzolanic material (if any), water and admixture (if any)
should be proportioned to obtain the required mean strength and determine the paste pro-
portions. This can be modified to choose the minimum cost mixture. For example, if poz-
zolanic material is cheap relatively to cement and/or available fine material (silt; crushed
powder filler; or other equivalent), it should be used in a higher proportion of cementitious
content . If its cost were near to that of Portland cement, a lower proportion would be
used. As the proportion of pozzolanic material in the cementitious content increases, the
cementitious content itself usually has to increase in order to meet the required strength.
In addition the water content will frequently have to be reduced to maintain the same
workability.

3) Check that there is sufficient cementitious material (and a proportion of min-
eral fines, if used) to provide the design permeability and durability.

4) Check that the fine aggregate/coarse aggregate ratio is close to the optimum.
5) Check that hydration heat is within the expected limits.

6) Make any adjustments that are necessary {laboratory and field) and re-check
the design.

Figure 6.25 Conceptual points of RCC proportioning mix routine.
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6. 3.6 Typical Mixture Proportions

Figure 6.26 shows mixture proportions of most of the RCC dams completed and under
construction by the end of 1997,

MSA- Aproximate | Admixture Cement | Pozzolanic | Cementitious Fine Coarse
Maimum
Projact Size Matenal Material Aggregafte | Aggregate
Aggregate
{mm} Waler (ka'm™ | (ka/m™ | (kaim™ {ka/m™ (koim™ (ka'm™ (kaim™
Tamagawa 150 95 0,87 a1 39 130 B57 1544
Urayama 150 85 0,33 3] 39 130 674 1572
Miyagase 150 95 0,65 N 39 130 652 1568
Munome 150 115 0,3 88 42 130 608 1670
Sania Eugenia 100 90 125 90 215 430 1835
Erizana 100 100 a0 80 170 532 1668
Slarra Brava 80 110 80 140 220 E10 1590
Puding 80 84 0,85 54 a9 153 768 1512
Sakaigawa BO 105 0,33 1] 39 130 704 1546
Shimajigawa 80 105 0,33 21 39 130 749 1476
| Shiromizugawa B0 102 0,67 5] 24 120 673 1527
La Manzanilla 75 109 135 135 270 B51 1338
Shuikou 75 85 0.4 76 T4 150 626 1627
Monksvilla 75 136 63 B3 1376 B30

Elk Creek 75 101 1.6 70 33 103 728 1439
Urugua-i 75 105 60 &0 1247 1298
Canza 60 95 70 130 200 740 1524
Salto Caxias 50 140 100 100 1142 1242
Upper Stillwater 50 100 0,5 a5 208 303 688 1270
San Rafasl 50 110 80 a0 1077 1234
Lake Robertson 40 120 33 85 a5 170 B20 1430
New Victoria 40 108 74 147 226 857 1217
Castilblanco 40 102 102 86 188 673 1452
Los Morales 40 101 69 153 222 B55 1420
Pangue 38 145 160 194 354 565 1295

Figure 6.26 Values of some ratios between parameters of RCC mixtures for dams.
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Properties

7.1 General

RCC is a concrete thus, significant material characteristics and properties of RCC
include:

¥ Fresh RCC: consistency and unity weight;

¥ Hardened RCC: specific gravity, absarption, compressive strength, tensile strength,
modulus of elasticity, tensile strain capacity, Poisson’s ratio, biaxial and triaxial shear strength,
volume change (thermal, drying and autogenous), coefficient of thermal expansion, specific heat,
creep, thermal conductivity, thermal stress coefficient, diffusivity, permeability and durability.

Since the completion of Shimajigawa Dam in Japan in 1980, RCC dams structures
have gained wide acceptance over the world. Since 1973 [7.01], several test results from laborato-
ries and test-fill studies were published. Nevertheless, some doubts and questions remain,

Questions like these:

- Are there RCC dams higher than 100m?

- What would be the maximum height to be reached by a RCC Dam?

+ How does RCC compare with CVC as a suitable material to build high and large
gravity or arch-gravity dams with the same durability and quality as in existing dams that have
performed well for several decades?

- How should be the construction joint treatment?

- And so on.

From a general point of view, these questions are raised by some technicians inexperi-
enced in correlating and comparing RCC data with those of CVC concrete, or of dams with the
CVC mass concrete.

It means that, beside the available data, there is no familiarity with the RCC properties.
Based on these doubits, this chapter intends to discuss the RCC properties and quality in compari-
son with CVC properties, considering all the data obtained at the job construction and similar
materials used for proportioning-mix studies.

Differences between the hardened properties of RCC and CVC are primarily due to
differences in mixture proportion, grading and voids content. A wide range of RCC mixtures can
be designed, just as there is a wide range of mixtures for conventionally placed concrete. It is
difficult to quantify typical values for either of them. In general, RCC will have lower cement,
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paste, water contents and no entrained air. It may also use silt or other non-plastic fines to fill
aggregate voids.

Aggregate quality, grading and physical properties have a major influence on the physi-
cal properties of CVC. They can be even more important for RCC. Because some RCC mixtures
make use of marginal or inferior aggregate (by conventional standards), the range of properties for
RCC goes well beyond the range of normal properties of CVC.

The in situ properties of RCC depend on the quality of the materials used, or the
proportions of the mixture and the grade of compaction that is achieved. Given that, very diverse
mixtures have been employed, from lean mixes to mixes with a high cementitious content, and the
values oblained in a series of properties have also varied very extensively. Mix properties depend
on the aggregates nature, such as their elastic or thermal characteristics, are influenced by these
latter, similarly to what occurs with CVC.

7.2 Laboratory Facilities and Standard

7.2.1 Procedures

Most of the laboratory tests currently used for RCC are standard tests developed for the
CVC or, in some cases, for soils, They include tests to check the acceptance and properties of
malterials, as well as methods of handling and testing specimens. However, there are two different
procedures being used to test RCC: specimen preparation and consistency tests.

7.2.2 Specimen Preparation

At present, there are no generally recognized standards for laboratory preparation of
specimens and determination of RCC fresh mix properties. There is no laboratory specimens pre-
paring that produces properties nearly the same as RCC placed in the field, where heavy equip-
ment (trucks, dozers and vibratory rollers) compact and consolidate the mix. It is properly assumed
that density is proportional to another desired property of the mix, its compressive strength.

Most specimens have been prepared in standard d: 150mm by h: 300mm concrete
cylinders, which are readily available and can accommodate full mix with M5As up to 40mm-
S50mm. For RCC mixes using larger MSAs, aggregates larger than 40mm-50 mm can be wetscreened
out or larger custom-fabricated molds can be used.

Cylinder preparation falls into three basic methods: impact compaction, vibration and
tamping,

7.2.2.1 Impact Compaction Specimens

Impact compaction methods for the preparation of specimens have been used in prepar-
ing test eylinders and the number of layers has varied from three 100mm high layers to six 50mm
high layers. The number of layers is not as important as the type of hammer or rammer used and the
amount of compactive effort or energy applied to the material in the rigid cylinder.

Most of the procedures for specimen preparation have used impact compaction. The
amount of aggregate fracturing or gradation change during impact compaction tests is a func-
tion of the aggregate nature. Hard, sound aggregate should be able to absorb more energy
without breakdown.
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There are a number of similar tests to measure this consistency. They all follow three
basic steps:

{a) A container is loosely filled with uncompacted concrete, leveled off, and a
surcharge is applied to the RCC;

(b) The cylinder is attached to a vibrating table at constant frequency and amplitude.
The specimen is then vibrated with the surcharge on the surface until it is fully consolidated;

(c) The time in seconds is noted when a ring of paste is completely formed around the
inside edge of the cylinder. This time is the measure of consistency or workability of the mix.

The basic consistency test for no-slump RCC was conceived during the 1970°s by
Cannon [7.03] of the Tennessee Valley Authority, using a non-standard vibrating table, a cylinder
filled up to the top and no surcharge. Most laboratories now use a modified VeBe test. This test
employs a container and a vibrating table (made by Dynapac Maskin AB of Sweden- 3600 cycles
per minute-see Chapter 6), as the ones used in the Cannon Test. The modification made is a
surcharge addition to the loose, leveled concrete. The total weight of the used surcharge
varies considerably, as shown below:

Japan 20 kg
Corps of Engineers 12.5 kg
Bureau of Reclamation 22.7 kg

As the surcharge weight increases, the Vebe or VC time tends to decrease for the same mix.

RCD consistency tests in Japan are done using tables that vibrate at 4000 cycles per
minute as well as two sizes of containers. The standard container for RCD has about the same
volume as the standard VeBe container, however it is about 200mm high and has a 240mm diam-
eter. It is used for preliminary mixture proportioning studies and for quality control during
construction. To test mixtures with MSAs up to 150 mm, a larger container is used as mentioned in
Chapter 6.

A number of mix proportion factors affect the VeBe time. Any factor that tends to
stiffen the mix, such as a higher sand content and a higher temperature, increases the VeBe time.
Still, the primary factor is the amount of water in the mix. Lower VeBe times indicate a greater
water content, thus producing a more fluid consistency. The relationship between water content
and consistency values of different RCC mixes turns to be very difficult because of the factors
above and the different apparatus.

7.3.2 Water Content (Moisture)-Density Relationship

The same specimen compacted and used for consistency can be useful for moisture-
density tests. After the consistency test, the container is weighted and the optimum water content
{moisture) can be determined so as to produce a maximum dry density. A five-point curve is a
general practice.

Optimum water content (moisture) is thus determined for construction and should be in
the mix when the compaction occurs and not when the mixing occurs. Therefore, it may be neces-
sary to introduce more water than optimum during the mixing to account for moisture losses
during handling, evaporation and early hydration of cement. Also, field adjustments may have to
be made to produce a more compactable mix, as determined by a test section construction,
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7.3.3 Water Content-DMA-Brazilian Method

Pacelli er al [7.04] developed a very simple and rapid test method to determine the
water content and the unit weight of RCC. Aiming at establishing an alternative to usual methods,
a procedure for controlling the unit water of RCC and the unit weight of fresh concrete has been
developed. Such method, known as “Water Measurer Device - WMD” (DMA in Portuguese),
allows the prompt control of unit water during the RCC fabrication.

This method has been conceived based on a physical principle — the density of materi-
als compounding concrete. Therefore, as water is a material with a lower density, the higher the
water amount in a RCC mix, the lower its density.

The test consists in determining the water volume displaced when a concrete sample of
a known weight is placed in a container (WMD), which contains a known water volume. The
higher the water content in a RCC sample, the higher the water volume displaced by the sample.

A specific calibration curve should be made for each RCC mix. This curve is obtained
in laboratory by simulating the conditions of water variation of the RCC mix established to be used
on the site.

Such simulation is carried out by batching at least five RCC mixes with the same ce-
ment content per cubic meter. The unit water undergoes variation, the corresponding mix is calcu-
lated again and the determinations to which the water volume displaced (ml) x unit water kg/m?) x
unit weight (kg/m*) will be correlated.

An example of the calibration curves is shown in Figure (7.04).

Theoretical Unit Measured Water | Measured Specific | Measured
Specific
. Weight
Content (kg/m ) | Weight (kg/m*
Nuclear
Water (ka/rm®) WMD-"DMA" WMD-"DMA" Densimeter
120 120,67 2727 2710
130 141,51 2695 2721
140 134,16 2705 2705
150 144,58 2688 2672
160 159,29 2665 2670
RCC Mix
Material kg/m’
Cement 120
Crushed Sand 1040
Coarse Aggregate 1405
Theoretical Specific Weight 2705
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7.4.2 Strength

7.4.2.1 Compressive Strength

Compressive strength is normally required because it is relatively easy to determine.
Many other properties are directly related to the concrete unconfined compressive strength at a
certain age. A design age of 90 or 180 or 360 days is usually required for RCC dams, and 28 days
age for RCC pavements. These ages, for RCC dams, allow for part of long-term strength develop-
ment of concretes containing pozzolanic material. The choice of a design age at a specific site
depends upon the loading time of the structure, the mixture proportions used, etc.

The RCC strength depends on the aggregate quality and grading, cement proportions,
pozzolanic material, water and compaction degree. For most mixtures, the compressive strength of
RCC is a function of the water/cementitious ratio (w/(c+p)), similar to the traditional concrete.

The compressive strength of RCC is usually measured by cylinder or cube shaped
specimens.

The compressive strength increases with a reduction in water content as long as RCC is
fully compacted. The maximum compressive strength for a certain mix is obtained at the optimum
water content consistent with a specified compactive effort. Water content less than optimum pro-
duces lower compressive strength. This indicates that the presence of voids in the mix has a greater
negative effect on the strength than the positive effect of water reduction. For most RCC dams, the
consistency tests establish a relatively fixed water content based on a VeBe time or VC value.
However, once a water content and a compactive effort are established, the concrete compressive
strength depends on the cement or the cementitious (cement plus pozzolanic material) content. The
compressive strength increases with time and the amount of cementitious materials in the mix.

With regard to the compressive strength, its evolution with age can be seen in a series of
dams, classified according to their binding material content. In general, and as it was expected, by
increasing binding material content the strength also increases. On the other hand, and in accor-
dance with the high proportions of the active additives usual in these concretes. the development of
the strength is relatively slow at early ages, speeding up later: thus, in some cases, strength increase
of the order of 50% has been observed between 28 and 90 days, as well as between 90 and 365 days.

Itis very difficult to discuss the compressive strength in general, because it depends on
the cementitious content (cement+pozzolanic material). A normal way that could be used to corre-
late these parameters is based on a mix efficiency = 1 factor:

n 1T [Compressive Strength ( kgf/ecm?)] / [ Cementitious materials (cement +
pozzolanic materials in kg/m?)].

“*Mix Efficiency™ at various ages for 28 RCC dams and 8 CVC dams or studies [7.05 to
7.40] is plotted in Figure 7.07 where RCC and CVC using the same constituents could be com-
pared based on the data available for Capanda, Itaipu, Upper Stillwater, Urugua-i, Jordio and Salto
Caxias.

In general, a “mix efficiency™ at later ages is higher for RCC than comparable CVC,
meaning that a desired compressive strength of RCC can be obtained by using lower cementitious
content, particularly Portland Cement, and higher pozzolanic material content. These types of mixes
develop more strength due to the best combination of cement and pozzolanic material.
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A typical construction joint in a mass concrete dam is the horizontal surface of an
existing concrete which has become so rigid that a newly placed concrete cannot be entirely incor-
porated to the previous one. Such construction joints are sometimes called “lift joints™ or “cold
joints”. Since it is unpractical to continuously place concrete in the entire body of a large dam
without lengthy interruptions, the formation of some construction joints is unavoidable. Even in an
RCC construction, if the elapsed time between lifts is excessive, construction joints may occur, as
previously mentioned in Chapter 4.

v Necessity of joint treatment

Ideally, mass concrete in a dam body should be monolithic. A construction joint, whether
planned or unexpected, if untreated, can become a discontinuity or a weakness plane in the
CONCrete mass.

External and internal loads, including those due to temperature changes, imposed upon
a monolithic concrete dam, are distributed throughout its entire body and transferred to its founda-
tion and abutments by its elastic response. This structural response results in deformations and
stresses caused by flexure, transverse shear, compression and tension. In an arch or three-dimen-
sionally monolithic gravity dam, torsional and longitudinal shears also occur. Thus, a typical hori-
zontal construction joint would be subjected to stress combinations comprising horizontal shear,
flexural tension and compression (see Figure (7.09) [7.46]). Near the upstream face the joint will
also be subjected to internal hydraulic pore pressures, possibly of a greater magnitude and over a
larger area than in the adjoining concrete.
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Figure 7.09 Stresses in and loads on typical construction
joints [7.46].
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A construction joint cannot fully transmit these stresses from one part of the concrete to
the other, unless its effective bond, flexural, tensile and shear strengths are greater than the
corresponding stresses. Frictional resistance alone is not sufficient to ensure monolithicity at an
untreated construction joint, because without an adequate bond it will tend to open at the upstream
face, and the pressure of water into the open joint will increase further the tensile stresses at the
joint. In the long term it can weaken the concrete, alter the distribution of stresses in the structure,
impair its stability and require strengthening and rehabilitation.

Therefore, it is necessary to prepare, clean and treat each construction joint before
placing a new concrete lift, in such a manner that the joint would have adequate bond and shear
strength to assure integral elastic behaviour of the entire concrete structure.

¥ Construction Joint investigations

Case histories regarding the performance of construction joints in five large concrete
dams [7.46], a RCC cofferdam and two RCC dams (see Figure 7.10) are discussed in this section:
[lha Solteira, Brazil; Itaipu, Brazil-Paraguay; tumbiara, Brazil; Jupia, Brazil; Ross Dam, USA: Serra
da Mesa RCC cofferdam: Jordio and Salto Caxias RCC dams, Brazil: and Capanda dam, Angola:

Dam Dworshak | lIha Solteira Itaipu ltumblara Jupia New Bullards Bar | Revelstoke
Location Usa Brazil Brazil-Paraguay Brazil Brazil UsA Canada
River Clearwater Parana Parana Paranaiba Parana Yuba Columbia
Power Plant Capacity (MW) ao0 3200 12600 2100 1400 330 2700
Gonstiuctad 1965-1974| 1985-1973 1975-1983 1973-1980| 1962-1968 1966-1970 19771984
Type PG TE/PG; ER | TEPG: ER/CB TEPG |TEPG: ER VA PG
Herght {m) 219 74 196 106 43 194 175
Crest Langth (m) 1002 B185 7207 B7B0 5604 689 472
Concrete Volume (1000m %) 5024 3676 12686 2081 1500 2000 2275
Mass Concrete Mix (kg/m'})* 150 g4 BT 112 150 180 138
PG= Gravity; TE= Earthfil; CB= Hollow Gravity, Buttress, VA= Arch
* Minimum cemantitious content (Cement + Pozzolanic Material) and MSA= 152mim

Figure 7.10 Dams where waterblasting was used for joints treatment [7.46].

= Ilha Solteira dam (3,675,600m* CVC)

During construction (1965-1973) of this gravity dam (where greencutting and
waterblasting were mostly employed for joint preparation), in order to compare the efficacy of
various joint treatments, test panels were prepared in four lifts of the transition walls between the
concrete dam and the rockfill wing dams. The lifts were placed after nominal clean up with air and
walter jets: in some test panels, the joints were not subjected to any treatment. The construction
joints in other designated test panels were prepared by greencutting and waterblasting prior to
placement of new concrete. Cores, with a diameter of 250mm, drilled along the joints, were
obtained from the test panels with concrete ages ranging from 60 to 90 days.

The 250mmx400mm and 250mmx500mm core samples, with a construction joint lo-
cated in the central part of the specimens, were prepared and tested in accordance with ASTM-C-496
[ 7.47] procedures. In all cases. the break occurred at the joint, indicating that the joint was weaker
than the monalithic concrete. Test results are summarised in Figure 7.11, [7.48].
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For greencut and waterblasted joints, additional alternatives were for dry, surface satu-
rated dry, and excessively cut conditions. Thus, 12 alternatives of joint treatment were evaluated.
These comprehensive investigation involved a total of 330m of cores extracted from selected test
blocks; 145 laboratory samples from the joints tested; 432 laboratory samples tested from mono-
lithic conerete (cast and drilled core): 36 joint specimens, and 142 monolithic concrete specimens
tested for splitting tensile strength according to ASTM C-496; 34 joint specimens plus 132 mono-
lithic concrete specimens tested for shear strength according to CRD C-90 USCE [7.51]; and 15
joint specimens plus 120 monolithic concrete specimens tested for compressive strength according
to ASTM C-39 [7.52].

The construction joint surfaces were prepared in two blocks of the dam. Each one of the
12 alternatives had an area of 3mx3m in plan, on the boundary part of the blocks, and CVC was
placed in five ().5m thick layers with a total lift height of 2.5 m and consolidated as specified for the
dam. The concrete mix comprised the following (all in kg/m’):

Cement 104
Fly-ash 30
Water 89
Aggaregales - natural sand 166
- crushed sand 388
- crushed coarse basalt
19mm 364
38 mm 365
76 mm 465
152 mm 641
Slump (wet screened portion) 4.0+05cm
Air entrained (wet, screened) 7.0% + 0.5%
Placement temperature 7°C

A total of 280m* of concrete were placed above and below the surfaces to form the
construction joints test area. The cores were drilled horizontally in the concrete and the construc-
tion joint, when the age of the joint and the concrete was 60 to 80 days. The drilled cores had a
diameter of 250 mm and the tests were carried out at 90 days age. The 250mmx400mm or
250mmx500mm size samples were prepared with a construction joint located approximately in the
central part of the specimens.

Figures 7.12 to 7.14 show the average splitting tensile and shear strengths of construc-
tion joints subjected to the 12 types of treatment studied. Stress values are shown as percentages of
the comparable values for monolithic concrete. The permeability coefficient of the tested construc-
tion joints, discussed ahead, ranged from 1x10™ to 1x10"" m/s, which is comparable to that of the
concrete.

= Itumbiara dam (2.080.789m* CVC)

Concrete placement in this 106m high gravity dam commenced in 1975. Benefiting
from the experience gained at Dworshak, Jupia, [lTha Solteira and New Bullards Bar dams (as seen
in Figure 7.10), high-pressure waterblasting was specified and employed for treatment of all con-
struction joints in Itumbiara dam.









210 The Use of RCC Francisco R. Andriolo

Field tests [7.54] were performed by casting concrete panels against the vertical sur-
face of the “dimples” originally formed in the downstream face of the dam (Figure 7.15). Twelve
test specimens each, with a contact area of (0. 14m*, were placed after the contact surface of the old
concrete was chipped to a depth of 38mm, sandblasted and kept damp for 48h. The test panels were
cured with water spray for 28 days and then covered with a sealing compound.

Two series of tests were carried out on the same surface. The first series was with a
10mm thick layer of cement-sand mortar applied to the contact surface just before the test panel of
concrete was cast. After completion of the first series, a second set of 12 panels was cast, except
that the mortar layer on the prepared contact surface was omitted,

On 9 panels in each series, the load was applied along the plane of the contact to induce
failure by direct shear, and on three panels the load was applied with an eccentricity of 38mm out
of the plane of the contact surface.

The panels were tested for failure at ages of 28 to 90 days under rapid and slow loading
conditions. While these in situ tests were performed under difficult field conditions, where the
same degree of quality control could not be maintained as in a laboratory, the data obtained are
useful and pertinent to evaluate adequacy of treatment construction joints.

The principal conclusions derived from Ross dam tests were:

- The treatment and preparation of the existing concrete must produce a clean, fresh,
sound, moistened surface, and the new concrete must be carefully placed, consolidated and cured
1o obtain a satisfactory bond.

- An adequate bond can be achieved between the old and the new conerete without
using mortar or grout on the contact surface.

- Bond or shear strength, on a properly prepared (even vertical) surface, is about 10%
of the unconfined compressive strength of the (new) conecrete at an age of 28 1o 90 days.

(=]

S Y

{a) elevation (b} section

1 = suppaort block for jack

2 = 320 t hydraulic jack

3 = test specimens

4 = prepared contact surface
5 = existing concrete

Figure 7.15 Ross dam. /n sifubond test arrangement [7.43].
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¥ Construction Joints in RCC dams

= Serra da Mesa Cofferdam Investigations

Under ideal conditions, in a RCC dam, a zero-slump concrete is placed in thin layers
and compacted by vibrator rollers, in a continuous operation with successive layers being placed
without significant interruption. However, for large RCC placements, a continuous operation may
not be feasible and some cold or construction joints are likely to occur. How should these joints be
treated?

The cofferdams for the Serra da Mesa rockfill dam are RCC gravity dams constructed in
1988 [7.55]. These cofferdams, overtopped by river flow, have the following main characteristics:

Cofferdam Height (m) | Crestlength (m) [ Volume (m?
Upstream 25.mai 160 21 000
Downstream 16.mai 180 12 500

The following six different types of joints treatment (see Figure [7.16]) between the
layers of RCC were investigated on two large scale test fills, 4mx27m in area, each containing
150m* of RCC. The RCC was placed and compacted in layers ranging from 0.25m to 0.5m in
height, with 10t vibrator rollers. All the important construction elements of the RCC dam were
used in the test fill (see Figure 7.17).

Type Compacted surface clean up | Mortar or bedding | Interval between
mix layers (hours)™
| No None <8
1l No None >8
L No Yes <8
v No Yes >8
v With low pressure water jet* None =8
Vi With low pressure water jet” Yes =8
* Pressure about 7 kgf/cm *
** Placement of new layer after compaction of preceding layer

Figure 7.16 Serra da Mesa Cofferdam- Types of joints treatment [7.43].

Two RCC mixes with the following cementitious content were used for the tests:

60 kg/m* cement + 100 kg/ m* milled blast furnace slag
60 kg/m* cement + 60 kg/ m* milled blast furnace slag

The average joint surface area of each test was about 100m? and 90m of cores were
extracted for all the tests on the joints. For each alternative, six samples were tested to obtain the
direct tensile strength of the joint.
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These investigations showed the following results:

Average compressive strength of RCC concrete (kgflem?®) 219
Average shear strength of untreated construction joint (keflfem?) 21
Tensile strength of the construction joint as % of (%) 80

Tensile strength of concrete (approximately)

The results of these early pioneering investigations are in good agreement with those of
the Serra de Mesa project (Figure 7.17).

= Capanda Project ( 757,000m* RCC and 397,000m* CVC)
= Jordio dam ( 570.000m* RCC and 77.000m* CVC)
= Salto Caxias Project (1,000,000m* RCC and 450,000m* CVC)

The total shear strength can be determined by using Coulomb’s equation:

1= C + otan(®d) where
T= unit shear stress;

C = unit cohesion;

o = unit normal stress; and
& = internal friction angle

The eohesion C is also called the bond stress, while stan(d) defines the sliding friction
resistance. A direct shear test is the usual method to obtain cohesion and friction angle data using
various normal loads. The break bond shear sirength may also be called the peak strength, and the
“sliding friction” values indicate the residual shear strength.

These tests are done to get the Mohr-Coulomb Envelope, and so the cohesion C
(shear strength) and the friction angle ®. The laboratory tests on monolithic-RCC-specimens
could be done:

# In a triaxial chamber similar in aspect, but greater in dimensions than the one used
for soil-mechanics or rock-mechanics. In this way it is possible to change the con-
fining pressure and determine the axial compressive value, as shown in Figure 7.18;
or

# by A Direct Biaxial Shear test, often used in rock-mechanics, when a normal load is
applied and the shear (with a little angle of the plane due the methodology) load can
be measured (see Figures 7.19 1o 7.21): or

# byaDirect Unconfined Shear test, based on the CRD-C-90, Corps of Engineers Test
Method [7.51], where the shear load is applied in a single and non-confined plane.

The specimens from the RCC Construction Joints could be tested by:

# a Direct Biaxial Shear test - “in laboratory”- as shown in Figures 7.19 to 7.21, on
core specimens drilled from a trench, or from a large scale test-fill, or from a large
specimen (for instance, by casting a 45x90cm specimen with a construction joint in
the central part and after drilling a core throughout the construction joint); or
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# aDirect Biaxial Shear test - in situ - in a large scale test-fill, as it was done at
Urugua-i and Capanda dams and shown in Figures 7.22 to 7.25.

Typical values of shear strength parameters for some RCC and CVC dams and studies
[7.19 to 7.43] are shown in Figure 7.28. The Figure 7.29 shows some values from Figure 7.28
compared with shear tests from the rock (meta-sandstone) foundation contact at Capanda dam. [t is
very important to emphasize this, because it is possible to see that:

- The shear (cohesion and friction) values at the construction joint (normally well
treated and with bedding mix) are greater than the ones obtained for the rock foun-
dation contact;

- The shear values at construction joint, without bedding mix, are in the same range as
the one obtained for the rock foundation contact:

- The results of direct, biaxial and triaxial tests performed on cores obtained from test
fills and completed dams, including in situ tests, indicate that the shear strength
components C and @ are comparable to the CVC ones made from similar aggre-
gates, While cohesion is dependent on the cementitious content, the quality and gra-
dation of the aggregates affect the friction angle.

From the shear tests, one can learn that, when it is enriched by increasing unnecessarily
the cementitious content of the bedding-mix, the shear values in general will not increase because
the failure surface will be just near the construction joint (closely above or below) at the weakest
RCC puoint or surface, as it can be seen in Figure 7.27. The values in this case will be more or less
the same as the monolithic RCC values.

Figure 7.18 Triaxial chamber used for concrete tests at llha Solteira and
ltaipu laboratories.
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Comparison
CVC mass concrete

- For a satisfactory treatment of construction joints, high pressure waterblasting is as
effective as wet sandblasting;

- Properly controlled greencutting performed at an early age (within 5 days) will
produce a construction joint surface almost as good as the one obtained by waterblasting:

- A construction joint prepared by either greencutting or waterblasting, without a mor-
tar layer, will have effective shear, bond and tensile strengths equal to at least 85% of those of the
concrete, which would adequately ensure monolithic performance of the joint;

« The roughness of the joint surface does not have a significant influence on its strength
or performance;

- A mortar layer has some beneficial effect on the joint strength only if the surface
clean-up is not performed;

- The permeability coefficient of construction joints without any treatment and without
amortar layer is about 10""m/s or 90% of that of the concrete. With greencutting or waterblasting
and without a mortar layer, the construction joint would be essentially as impervious as the
concrete,

Roller Compacted Concrete

- If the time interval between suceessive RCC layers is more than 8 hours, without any
treatment or bedding mix, the joint would be 25% weaker than if the time interval was less than 8
hours;

» The use of a bedding mix or mortar layer would increase the bond strength of the joint
by 30%, regardless the time interval between RCC layers;

- The clean up of joint surface with low-pressure air-water jet would improve the bond
strength of the joint by about 16 per cent.

7.4.3 Modulus of elasticity

The modulus of elasticity “E”, also known as Young's modulus, is the ratio of normal
stress o its corresponding strain for compressive or tensile stresses below the proportional elastic
limit of the material,

The main factors that can affect the modulus of elasticity of RCC and CVC values are:

- Age of tests - The modulus increases with age up to a maximum value corresponding to
the maximum that could be reached by the mortar or the aggregate (which is lesser);

- Aggregate type (and its modulus) - At large ages, the concrete modulus could be similar
to the one of the aggregate if a rich mortar is used;

- Water to cement ratio (or paste proportioning) - As concluded from the above mentioned,
rich mix has high values and poor mix has low values.

Aggregates, such as quartzite and argillite, can generally produce higher than average
elastic modulus values for a given strength conerete. Similarly, a lower elastic modulus results
from the use of a sandstone or similar aggregate. RCC mixtures made with conventional concrete
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7.4.8 Thermal Properties

The thermal properties - Diffusivity, Specific Heat, Conductivity and Coefficient
of Thermal Expansion - depend mostly on the aggregates thermal properties and the satura-
tion degree in the hardened RCC. The RCC properties that may be needed in a thermal analy-
sis include specific heat, diffusivity, conductivity and coefficient of thermal expansion, to-
gether with a tensile-strain capacity. Typical values for RCC are very similar to values for
CVC made with aggregate from the same source. RCC mixes show practically the same
values as the CVC mixes, proportioned with the same type of materials as shown in Figure
7.40 [7.07 to 7.13].

COEFFICIENT OF THERMAL EXPANSION

DAM MiX CONCRETE AGGREGATE CEMENTITIOUS | COEFFICIENT OF
CONTENT | THERMAL EXPANSION
kgim® 10-6/C
URUGUA-| PM - 60 ACC BASALT 60 741
URUGUA- P - 90 RCC BASALT 90 B.33
ITAIPU 76-0-04 CvC BASALT 189 8.0
ITAIPU 76-D-04 cve BASALT 162 771

SPECIFIC HEAT

DAM MiX CONCRETE AGGREGATE CEMENTITIOUS SPECIFIC
CONTENT HEAT
kg'm3 cal/gC
URUGLUA-| PM - 60 RCC BASALT 60 0.238
URUGUA-i PM - 80 RCC BASALT 90 0.233
ITAIPU 76-D-04 cve BASALT 189 0.243
ITAIPU 76-D 04 cve BASALT 162 0.242
LAKE ROBERTSON RCC-1 RCC GRANITE-GNEISS 170 0.225
LAKE ROBERTSON FC-3 cve GRANITE-GNEISS 320 0.225
CAPANDA RC - 60 RCC META-SANDSTONE 60 0221
CAPANDA 152-180-8 cve META-SANDSTONE 150 0.228
CAPANDA 152-100- A cve META-SANDSTONE 100 0.223
THERMAL DIFFUSIVITY AND THERMAL CONDUCTIVITY
DAM MIX | CONCRETE AGGREGATE CEMENTITIOUS |  THERMAL THERMAL
CONTENT CONDUCTIVITY | DIFFUSIVITY
keyim® 10-3(cal iem.s.C) | 10-3{m” / day)
URUGLUA PM - 60 ACC BASALT 80 478 0.066
URUGLA- FM - 80 RCC BASALT %0 azz 0.060
TAIFU 76-D-04 ove BASALT 189 441 0.062
TAIFY 76-D 04 ove BASALT 162 460 0.063
LAKE ROBERTSON | RCC-1 RCC GRANITE GNEISS 170 405 0.088
LAKE ROBERTSON | FC-2 cve GRANITE-GNEISS 320 105 0.086
CAPANDA RC - 60 RCC META-SANDSTONE 50 60 0.083
CAPANDA 152-150-B| CWC META-SANDSTONE 150 7.0 0111
CAPANDA 152-100-A| CWC META-SANDSTONE 100 7.4 0116

Figure 7.40 RCC and CVC Thermal property values.
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7.4.11 Durability

How does RCC compare with CVC as a material suitable for building high and large
gravity dams of same durability and quality as in existing dams, which have performed well for
several decades?

How does RCC compare with CVC as a material suitable for building pavements of
same durability and quality as in existing pavements that have performed well for several decades?

A comparison of certain pertinent properties of RCC and CVC can be made to answer
these questions. The durability of RCC is especially important if the material is exposed to weather or
severe hydraulic forces. Both laboratory tests and field case studies have documented its durability.

7.4.11.1 Erosion or Abrasion Resistance

The erosion resistance of RCC is proportional to its compressive strength and the abra-
sion resistance of the aggregate used in the mix. RCC has shown good resistance to erosion and
abrasion both in the laboratory and in the field. In conjunction with the design for Lost Creek. lean,
large-aggregate RCC panels performed well when subjected to high velocity water jets at the Corps
of Engineers test flume at Detroit Dam, Oregon [7.59]. Some mass sections of RCC were being
submitted to high magnitude hydraulic forces, such as in a stilling basin or plunge pool.

The erosion resistance properties of RCC have been demonstrated in many projects.
The most remarkable are Salto Caxias dam, the spillway rehabilitation at Tarbela Dam, the spill-
way for the North Fork of Toutle River debris retention dam and Kerrville dam.

From August/1997 to November/1997, the Salto Caxias dam was overtopped five times with
a flow of 5500m*/s (13,100ms in total with 7,600m*s throughout the sluiceways), see Figure 8.01.

Pavements at heavy-duty facilities, such as log-storage yards and coal-storage areas
have shown no appreciable wear from traffic and industrial abrasion under severe conditions.

7.4.11.2 Freeze-thaw Resistance

Experience has shown that RCC made with a substantial amount of clayvey fines will
check-weather and crack when subjected to alternate wet-dry cycles. RCC made with non-plastic
fines or with no fines has shown no deterioration from wetting and drying.

Because proper air entrapment in RCC is generally not attainable with admixtures,
freeze-thaw resistance must come from its strength and impermeability. If RCC mixes are de-
signed for durability using frecze-thaw weight loss tests and criteria as developed for soil-cement,
acceptable freeze-thaw durability can be expected. The amount of cement to produce a sufficiently
durable RCC mix may be greater than that required achieving other properties, such as the com-
pressive strength. Little or no pozzolan replacement for cement is advisable where horizontal RCC
surfaces will be exposed to early freeze-thaw cycles while wet because high early strength is re-
quired under these conditions.

7.5 Comparison of Laboratory Test Specimens and Project
Cores

Results obtained from the testing of cores from RCC dams are more indicative of
actual properties of the material in the structure than results obtained from laboratory specimens.
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Laboratory cylinders are used primarily to evaluate varions mixtures and determine whether a
given mixture can be expected to produce the strength required by the designer at a specific age.
Cylinders prepared in the field at the time of construction have been used mainly for record keep-
ing purposes rather than for construction control. This is mainly useful for rapid construction dams.

Figure 7.46 presents a comparison of the properties of laboratory cylinders and cores at
various ages. For the tamping impact compaction methods of preparation, the cores had greater
compressive strength than the cylinders at comparable ages with the exception of Willow Creek
Dam. Most of the cylinders were prepared using a pneumatic pole tamper.

A standard deviation of 10.5% was found for 90 days compressive strength based on 55 tests
at Bucca Weir, as compared o a standard deviation of 24.7% [or the earlier Copperfield Dam cylinders.

Cores generally have had less average compressive strength than cylinders prepared by
vibrating laboratory specimens.

From the results shown in Figure 7.46, there is a considerable difference in the com-
pressive strength of cores and cylinders. There are many variables that can account for the strength
differences, including material, temperature, curing and delay in compaction variations. Also, there
are possible variations in cylinder manufacture, handling and shearing, as well as construction
variations such as segregation at the bottom of the lifts. Still, the greatest variations in strength
probably occur due to differences in moisture content and compactive effort between lab cylinders
and the cores, resulting in density differences. It should also be noted that the mixture in the cylin-
ders usually had a material greater than 38mm or 50mm screened out and. therefore, was not
identical to the mixture sampled from the dam.

The difference in strength between lab-prepared eylinders and project cores, together
with the variation in methods to prepare cylinders, indicate that standard methods for RCC eylin-
der preparation are needed.

Dam Cylinders Cores Comparisson
Age (days) Compressive Age (days) Compressive | Grater values at
(aproximatelly
Strangth (kglicm Strength (katicm 1| same age) |
Lake Roberison 182 215 210 194 Cylinders
Capanda 180 111 from 128 1o 223 127 Coses
Stacy Sppibway 90 218 90 182 Cylinders
Shamajigawa 9 145 91 195 Cores
Tamagawa 91 262 91 196 Cylinders
Mano ] 209 9 from 155 to 177 Cylinders
Pirika 91 161 o1 136 Cylinders
Shiremizugawa 91 185 9 121 Cylinders
Asahi Ogawa 8 176 a 139 Cylinders
Upper Stillwatar 365 435 365 365 Cylinders
Willaw Creek 365 185 365 162 Cylinders
Middle Fork 28 and 90 80 and 116 42 142 Cores
Copperfiold 28 and 90 47 and 73 56 99 Cores
Galesvilla 365 110 425 153 Cores
Castilblancy de los Aroyos 91 257 o1 236 Cylinders
Stagecoach 365 B8 365 135 Cores
Salto Caxias 180 and 365 | from 11510 132 | from 180 to 365 | from 100 to 129 Cylinders

Figure 7.46 Comparison data from laboratory specimens and cores.
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Construction Planning,
Construction and Details

8.1 General

In the development of RCC technology the construction of an RCC dam should be
considered for any site which has a rock foundation suitable for a traditional CVC gravity or
arched dam. This type of dam can be most economical especially if compared with an embankment
dam which requires a separate spillway. The economic advantages can be even more attractive
with an increasing scale of the dam and with few embedded facilities.

Approach differences do exist, however, steady progress 1s being made to estab-
lish a practical technology. In many countries, RCC has shown advantages over CVC mass
concrete because the rate of equipment utilization is high as compared with labor require-
ments. Economic considerations in countries where labor costs are low and equipment has to be
imported may indeed require a detailed analysis. Regardless of a lack of equipment and a sur-
plus of manpower, there are other factors that make RCC preferable to either CVC dams or
embankment dams, such as :

- Reduced environmental impact;

- Reduced cost of materials;

- Shortening of the construction period;

- Safer working conditions during construction;

- Proven technology of RCC as a concrete for dams;

- Improved condition to handle river flood with less risk.

This latter factor is based upon two premises. The first one is that diversion is simpli-
fied with RCC use in concrete dams as compared with other dams because diversion tunnels may
often be replaced by conduits through the RCC mass, or in any case the distance through or around
the dam is shorter and overtopping of the partially completed structure has been successfull and
not catastrophic. The other one regards design that often allows for an overtopping spillway rather
than a separate spillway structure.

It means that RCC dams provide cost advantages in river diversion during construction
and reduce damages and risks associated with cofferdam overtopping. The diversion conduit will
be shorter compared to embankment dams. With a shorter construction period, the probability of
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8.2 RCC Dams - Different Nominations - Evolution

During the last two decades, three main variations of RCC dams built so far were
developed and the construction of each had its own peculiarities, or some authors” “trade mark™ or
country tendencies. They were grouped, as follows:

Low Cement Content High Paste RCD
Willow Creek Upper Stillwater Shimajigawa
Winchester Santa Eugenia Sakaigawa
Middle Fork Platanovryssi Pirika
Copperfield New Victoria Mano
Galesville and others Puding and others Tamagawa and others

Nowadays, there are two other main “classifications” of RCC dams built so far and
they can be grouped as:

Gravity Dams Arched Dams
Urayama Saco de Nova Olinda
Pangue Knellpoort
Capanda Puding
Myagase, and others | Wolwedans, and others

From these experiences, important considerations and practices were worked out and
established, as showed in next table.

Attention Action Dam

Aggregate Use of a well graduated curve to proportion the aggregates Practically all

s0 as to obtain a minimum voids content

Segregation Use of a reduced amount of the "coarser” fraction of the Practically all

aggregates 1o reduce segregation

Fine Portion Use of a large amount of filler (finer than 0,075mm) material Upper Stillwater, Puding,
with pozzolanic activity; or Wolvedans;
Use of a large amount of filler without pozzolanic Saco Mova Olinda,
activity (traditional filler only, as silt or non-silicecus Canoas, Willow Creek

dust material); or

Use of a large amount of filler with moderate pozzolanic Urugua-, Jordao,
activity (siliceous crushed powder filler), available near Capanda, Salto Caxias
the job site on an economical basis

Cement content| Reduction of the cement content to a minimum value Saco Nova Olinda;

that guarantees the required properties Urugua-i, Canoas
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As a result of these approaches, several dams now under construction had their designs
improved in different ways. Most of them have relatively low cement contents and have measures
to control leakage at the horizontal joints. Some have also measures to carry seepage away before
it emerges on the downstream slope. Experiences accumulated during the construction of these
dams showed a cost saving when compared to the costs for a similar structure conventionally built.

The Japanese RCD approach is a cautious movement out from CVC mass to include
RCC in their structures. In the Shin-Nakano dam —one of the first with RCC — 13,500m’ were used
in the spillway stilling basin while the total concrete to raise the old dam was of 276.360m°. Later
Japanese dams added a higher proportion of RCC but not to the full extent as used in other dams.

With regard to construction easiness, RCD concrete should be easy to transport in dump
trucks, have a low material segregation, high workability and be easy to compact with vibratory
rollers.

The Japanese RCD Construction Method uses not only RCC, but also CVC of
different mix proportions to be used as exterior concrete, interior concrete, structural concrete and
rock-contact concrete, according to functional requirements, as can be seen in Figure 8.02. Any
concrele, except the one used as interior concrete, is a conventional “slumpable” concrete, al-
though mix proportions vary from concrete to concrete.

RCD is a stiff and lean (zero slump) concrete transported and placed by dump
trucks and compacted with vibratory rollers, with the following characteristics regarding
mix proportioning:

a) As a stiff and lean concrete, RCD has unit water and unit cement contents lower than
those of a slumpable dam concrete;

b) [ts sand ratio, which ranges from 279 to 329, is higher than that of CVC interior
concrete;

¢) In order to minimize bleeding and achieve high workability and watertightness, it is
important to use a high percentage (7% to 15%) of fine grains ((.15mm or less) in fine aggregate
and to also stabilize the surface moisture ratio of fine aggregate at a low level (3% to 4%).

In addition to properties, RCD concrete should have the following characteristics dur-
ing construction:

a) Since RCD concrete is delivered in dump trucks, spread with bulldozers and com-
pacted with vibratory rollers, it should have an appropriate consistency level (Vibrating Compac-
tion — VC value: 20 £ 10s) so that heavy vehicles, such as dump trucks, may travel on the concrete
spread with bulldozers, which in turn can be simultaneously compacted with vibratory rollers:

b) Segregation of aggregate during transportation, unloading and placement should be
minimized;

¢} After placement of concrete, joint cutters can be used to cut transverse contraction
joints.

The Japanese dams are by all means as safe as the traditional dams. They even have
transverse contraction or monolithic joints built in at 15m intervals. A series of layers are placed up
to S0cm or 100cm before rolling. After rolling, the exposed surface is invariably treated with a thin
bedding layes before the next lift is started.

American engineers at Willow Creek, taking a “calculated risk™ [8.01] on seepage.
built a unique structure which is a milestone in the history of dam construction. The cost savings
were of the order of 50 percent. Many hard discussions has been held due to the fact that this
structure seeps water between its horizontal lifts.
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Benefiting from the Willow Creek experience, another unique American trial is the
Upper Stillwater Dam with rich RCC mix. The dam did not leak through the construction joints,
but leaked through the cracks that appeared due to thermal mass behavior and absence of contrac-
tion joints.

A third American experience started during the construction of Elk Creek dam, by the
US Corps of Engineers, making a blend of Japanese and American experiences; however, the
construction works stopped and the dam was not completed.

8.3 Sitting and Logistic Factors

8.3.1 General Considerations

In CVC dam block construction, traveling cableways, jib cranes or belt conveyors are
necessary to transport concrete directly to the placement areas, often at different levels, and it is
usual to think and plan the construction in a vertical way.

In RCC dam construction, handling equipment is greatly simplified because the
concrete is placed over a wide horizontal area allowing transportation by trucks or a combination
of belts and trucks; however, due to the high construction speed, it is necessary to think and plan
the construction in both directions, vertical and horizontal.

Design and construction are very interrelated in the successful completion of an RCC
project. Equipment selection should consider quality, economics, schedule, risk and practicality.
The designer should specify the mixing and delivery requirements necessary to the success of the
design during construction and project operation as well. The contractor should understand that the
equipment and construction procedures directly influence the achieved quality of RCC and that his
options may be limited by design requirements.

One approach the designer can take to address this design interrelationship with
construction is to just tell the contractor what the quality of the “in-place™ material should be and
give him a completion date. Some limits may be set up for the time allowed to mixing. delivery and
compaction, but capability and type of mixing/delivery equipment, schedule and guality to be
achieved are left to the contractor to decide. Consequently, the contractor determines a major part
of the risk involving schedule and achievable quality.

Few contractors have enough first-hand experience with RCC to fully evaluate all the
intricacies involved with the process, or to understand how dependent the design is on equipment
selection. Even an experienced contractor may not realize that what was suitable or tolerated for a
previous RCC project equipment may not be acceptable for the next project design and perfor-
mance needs.

Thermal stresses due to hydration are an important design consideration in dams. CVC
dams can pre-cool the mix with ice (or pre-cooled aggregate with cool water or air) and/or use
cooling pipes to help control thermal stresses. These methods are not yet very useful in most RCC,
but controlling the rate of placement is. The time of the year can be important, when placing is
done and aggregates are produced. Sometimes, high internal thermal stresses can be avoided only
when placing is done during very short time periods and at a certain production rate. However,
the required mixing and placing capacity should consider shortcomings related to confined work
areas, rain and obstacles, such as galleries.
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Individual tasks performed during RCC dam construction are often found in several
other projects. Foundation preparation, concrete production, concrete delivery, lift placement, drain
installation and detail and mass concrete forming are not unique to RCC construction. Only by
combining these and other elements during the dam placement itself, they will emerge to form a
unique construction technology.

During the preparatory phase, which includes work such as mobilization, diversion,
excavation, aggregate production, outlet works construction and grouting programs, several con-
struction disciplines are represented. Until the dam placement begins, these disciplines are fairly
separable and independent. Once placement begins, the coordination of men and equipment of the
varying disciplines becomes the essential element to success. Following the placement, the work is
again a typical one as remaining earthwork and structures are completed.

Successful RCC construction begins long before the equipment mobilization. Innova-
live, aggressive and talented people and the best equipment available are not enough to succeed if
a project has been priced erroneously or a contract has significant inherent problems. Success
begins with sound, thorough homework during the bidding or proposal stages.

Initial evaluation begins with the understanding of the project scope and establishing
the technical capabilities required. Assuming that the equipment preliminarily selected is suitable,
availability becomes a key point.

- How many superintendents are required?

- What other key labor is necessary?

- What is the skill and ambition level of the local work force?

- What rented or owned equipment is available?

- Further, is it ideally or just moderately suitable and what its impact on cost and
production?

Market assessment is also part of the equation with regard to profitability and resources
commitment.

It is essential that all materials, access, embedded parts, foundation and lift cleanup,
elc, be planned and readied well ahead of time. It is also essential that communication between the
involved teams (project engineer — contractor — inspection) be well established so that they can
quickly solve problems of specification compliance that may significantly impact the progress of
the work.

Since the design section of RCC built dams is mainly the same as for any CVC dam and
the equipment used is similar to the one used on an embankment with a much larger cross section,
the top of the concrete dam may become jammed, especially when the construction nears the crest.
This aspect should be considered and very well detailed in the construction planning.

The options for river diversion for an RCC (gravity or arch) dam are similar to those for
a CVC dam, except that others options can be adopted, such as the construction of a depressed area
on the top of the RCC forming a weir, as it was done at Salto Caxias in Parana State—Brazil (see
Figure 8.01). RCC dam is continuously placed in layers across its full length. Conduits can be built
through the structure for river diversion. As with other CVC dams, RCC dams can be overtopped
without serious damage. This characteristic influences the cofferdam and diversion requirements,
as does the very short construction period which limits exposure to severe flooding.

The use of RCC probably would be less suitable for structures with unusual structural
complications, extensive inserts, or those which are heavily reinforced. Single reinforcement
layers have been successfully used in RCC, as usually adopted in gallery roof,






Construction Plannin_g, Construction and Details 249

8.3.2 Geology

The design and construction of concrete dam and many other structures are controlled
mainly by foundation considerations. Failure of a concrete dam under sustained loading or flood condi-
tions, as a result of initial failure in the concrete section above the base rock, is extremely rare, Histori-
cally, the failure mode for concrete dams has been by sliding or shear failure of the foundation rock.

8.3.3 Access

As previously mentioned, RCC dam is generally placed in continuous layers across its
full length. In this way, it would be very simple to think and plan just one access from just one side
of the valley. Unfortunately, this is not so simple or easy. The topography, plant location, coffer-
dams, river diversion phases and the characteristics of the structures themselves need to be under-
stood in an overall way. From another point of view, as the RCC construction can go fast, a slight
mistake during the initial phase can be catastrophic regarding milestones, guality and cost.

8.3.4 Environmental Condition

Placement rates will vary with climatic conditions and should be considered in
construction scheduling. Conversely, during certain periods of the year, unrestricted placing rates
may be permissible. In any case, lift scheduling should be precisely planned and controlled and be
consistent with thermal requirements. Because the RCC overall production rate can be very high,
controls limiting thermal cracking may restrict the time period when placement is permissible, as
well as the placeiment rate.

In rainy zones, it is very important to consider not only the time lost during the rain
period. but the time necessary to re-start the works, because of drainage of the area, cleaning and
preparation, which in certain regions and under such conditions can be the worst factor.

The significant Pangue RCC dam in the Chilean mountains is well known [8.04]. The
project zone has frequent and severe rains (dmm/hour and 4,000mm/year), difficult river diversion
and other logistic problems. The control and handling of water running off the layer and the abut-
ments make works very difficult to perform. The effects of rain not only depend on its maximum
intensity but also on its duration.

8.4 Economical Feasibility of RCC Construction

RCC dam construction is a process of rationalization of concrete dam construction that
includes reviewing both the design and construction process for CVC dams. The economy of RCC
dam construction, described in Chapter 10, is of great importance and may be better understood
through a comparative study with CVC dam construction. Economy is an important factor to take
into consideration, but it should always be restrained by the need for adequate structural, quality,
safety and durability properties.

8.4.1 Shortening Construction Period

The proper concrete placing schedule should be determined considering construction
facilities, number of shifts, volume of dam, materials supply, main milestones, financial availabil-
ity and site topography.
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Project success ultimately depends upon the team assembled. Project size, schedule
and intensity will not only determine the key positions but the number of qualified people
required for an effective management. Equally, perhaps more unique to RCC than many other
construction technologies, the management team should be more than technically skilled and
experienced. Several factors combine to demand more not only from the general superintendent,
but from his assistants and, to a degree, from the entire labor force.

During placement, two shifts, long working hours during 7 days a week and hard work
create an atmosphere where guality and production are not necessarily everyone’s highest priority.
management included. Nevertheless, during placement, motivation and teamwork need to be at
their peak because of the tremendous interdependence of activities. Therefore, the main
management’s task is to keep up their own stamina while planning ahead, ensuring quality,
providing necessary materials and equipment, keeping up equipment and tools, and managing and
motivating a tired, diverse work force.

Appropriate equipment selection and utilization are important elements to sup-
port success. Equipments are largely selected by their availability cost and task suitability.
However, RCC is affected by production rates; perhaps the best way to focus it is to look at
the plant capacity.

The concrete placement rate possible with roller compaction is so rapid that the dam
can be completed in a considerably shortened construction period, which can not only reduce
construction costs but also allow an earlier completion of the project. The cost savings achieved
by shortening the construction period include decreased leasing charges for construction
facilities, reduced costs for construction loans and reduced expenses, such as those for labor,
electricity and so on.

The fast construction of a dam can be beneficial, especially in cases where concrete
placement has to be interrupted during periods of adverse climatic condition, as it was done for
RCC dams in some zones in Japan and Canada during the winter season.

The benefits obtained by the earlier completion of a project are many. Particu-
larly, the shortened construction period reduces the probability of floods to occur during
construction.

8.4.2 Rationalized Construction Period

RCC dam construction enables a wide use of conventional construction equipment,
such as dump trucks, bulldozers and vibrating rollers. Properly used, these could adequate labor
costs. The use of such construction equipment can increase the rate of transporting and placing the
concrete and also adjust the number of skilled workers required.

The long, wide layers used in roller compacted concrete dam construction enable
the improvement of concrete placement procedures. When the need for transverse contrac-
tion joints is foreseen, these may be cut in the concrete immediately after placement by
different methods.

It has been thought for long that longitudinal joints can be minimized in RCC dams
because a continuous construction reduces the possibility of longitudinal temperature cracks. How-
ever, the elimination of the transverse contraction joints must be carefully studied. considering the
experience of transverse temperature cracks in some RCC dams as exemplified in Chapter 4.
Embedded pipe cooling and, in many cases, joint grouting can also be eliminated in straight grav-
ity dams but may be necessary in arched dams.
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8.4.3 Materials saving

RCC construction requires no slump concrete to be transported by dump trucks and
spread and compacted by crawler tractors and vibrating rollers to enable reduction in the cementitious
content, consistent with the performance required by the design. The use of pozzolanic materials
instead of part of the cement allows for further cost reduction.

A reduced cementitious content decreases temperature rise in concrete due to the heat
of hydration, thus reducing the need for pre or post-cooling (if necessary, as for arch/gravity) of the
mass when accompanied by a control of the lift thickness and the intervals of RCC placement.

8.4.4 Additional benefits

Project success depends on a cooperative interaction between the owner, the engineer and
the contractor. Each party lends its own strength and character to the ongoing task of identifying and
solving problems. While the contractor should evaluate and respect the design, its specifications and
ultimate project goals, the engineer and the owner should recognize the contractor’s task at hand.

What impact does constructibility have at the bid table? When construction competition
is high, savings resulting from constructable design are often hidden at the bid table because of an
aggressive competition and are disclosed only later when claims arise or not. However, when
competition is lower, constructibility will produce real savings to the owner by lower construction
costs and reduction of the pre-construction unknowns features and risk.

Although it is sometimes difficult to gather, an experienced team will endure the inten-
sity and the effects of the learning curve, which will yield higher quality and better performance.
While quality should not be compromised, the owner and the engineer ought to be aware of the
elements impacting the contractor’s costs and schedule. Such understanding will allow and
encourage an atmosphere towards cooperation and teamwork.

RCC is placed in long and wide layers and the height difference along the layer is
minimized (usually only one lift), improving safety conditions. The wide, horizontal working area
allows a safe movement of workers, machinery and materials, as well as improves communication
and instruction to the workers. The reduction of forms installation also reduces the risk connected
with this hazardous work.

Dump trucks, bulldozers, vibrating rollers and tire rollers are the primary machines used in
RCC dam construction and pavement. Easy availability of such equipment enables effective and flex-
ible work by introducing the desired number of machines, according to the construction schedule.

The cableways usually used in CVC dam construction, on a narrow valley, require
large excavations at both abutments of the dam. On the opposite, the absence of cableways in RCC
dam construction minimizes the impact on the natural environment.

8.4.5 Safety

Dams should be conservatively designed and carefully built. Nevertheless, it is time for
a study to find ways of reducing the cost of concrete dams with same safety. By comparison, earth
embankments of all sizes have relative vulnerability due to the potential failures in overtopping
and internal erosion of the fill material. In the meantime, even with a cost reduction in relation to
concrete dams, embankments dams were and are more prone to failure. Following a number of
different routes, researche carried out in the early 1960's and 1970s led to the development of
RCC dam building.
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8.5 Construction Planning

The layout, planning and logistics for construction with RCC are generally different
from those for CVC mass concrete construction. Handling the rate of placement has been the
essence of success in concrete construction. Considering the increased labor intensity, the learning
curve of placement emphasizes such condition even further.

Figure 8.02 graphically shows the impact created when (a) working hours are increased
to two shifts, 10 hours a day and seven days per week, and (b) the total labor force almost doubles.
Additionally, a typical weekly paycheck during placement will be 150% of the one prior to place-
ment. While this surge does not necessarily create a problem, it requires a well planned preparatory
work, appropriate management structure and face the effects of the learning curve.

The learning curve defined as labor efficiency versus time may have a significant
impact on cost, duration and quality, While larger projects exhibit similar characteristics, smaller
or shorter duration projects are more adversely affected by new job assignments, new hires, train-
ing periods and employee turnover. Dam configuration, experienced supervisors and skilled labor
also contribute to both learning and performing efficienty.

Placement begins with a fairly small lift, and unexperienced people. During the first
few days, the engineer takes steps to assure the necessary labor-dependent quality standards
regarding foundation cleanliness, bedding thickness, placement sequence, compaction timing, seg-
regation control, ete. Meanwhile, the same labor force responds to demand for work efficiency,
increasing production, task sequencing, as well as safety and awareness considerations. As mis-
takes diminish and the work force learns how to satisfy the supervision, the gallery is reached and
enforces new parameters and tasks. When the gallery is finally cleared. the lifts are fairly long and
still relatively wide, allowing smooth efficient placement. However, nearly two weeks after the
last day off, the interest in keeping quality and production fades away. Within a few days more,
the placement crew feels constrained as the lift width becomes difficult and the dam is now consid-
erably higher.

Nearing the top, an internal spillway and/or vertical form transition reduces production
and new methods and sequencing are adopted. Being aware that the placement is almost over, the
tired labor force willingly adapts herselfl to the changes and finally the dam is completed. With a
higher or larger dam, learning involves a smaller time percentage of the constructon period and
much more can be done to maintain a motivated work lorce. Nevertheless, each project will have a
cost impact and a labor efficiency curve dependent upon size, duration, complexity and management.

A tremendous benefit is being obtained as RCC technology takes hold and constructibility
questions emerge as a natural consequence (o the new development. Constructibility [8.02] could
be understood as a design that ensures the desired performance and quality standards while maxi-
mizing construction efficiency and flexibility. Constructibility can and should be evaluated in terms
of an overall project impact, including specific construction details or specifications as well. As 1o
the design elements, evaluation should be thorough and methodical. During evaluation, one should
remember that placement intensity and labor efficiency curve develop early. Equally, does the detail
or specification require equipment, tools or people who otherwise may not be required? While many
dams may exhibit similar design, each should be considered in the light of its overall project goals.

Few areas which frequently raise the issue of constructibility are mixing plant require-
ments, delivery requirements, backup equipment, aggregate gradation control, facing element
design and sequencing, quality control versus quality assurance and seepage control measures.
When primarily focused on final quality and performance, job methods (i.e.: equipment to be
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Rapid and continuous delivery of RCC is important to mass applications. The theoreti-
cal or rated peak capacity of the plant should be well above the desired average production. As a
general guide, the sustained average placing rate usually does not exceed 65% of the peak or rated
plant capacity when haul vehicles are used for delivery on the dam, and 75% when a whole con-
veyor delivery system is used. These values tend to be lower in smaller projects and higher in
uncomplicated larger projects. Mixers for RCC and CVC should fulfill two basic functions:

- Capacity and
- Blend of all ingredients

Scheduled maintenance should not be neglected and repairs should be accomplished
rapidly.

Variations in free moisture content of the aggregates can be particularly troublesome
when the plant starts up. Some plant operators make the error of over-estimating free moisture and
provide too little water in the initial mixtures. This is particularly undesirable because most initial
mixtures will be used to cover construction joints or foundation arcas, where RCC should be slightly
on the wet side for improved bond. It is better to start on the high side of the moisture and then
reduce it to the desired consistency than to start with a mixture that 1s too dry. Mixture uniformity
should be maintained at all production rates to be used.

Properly designed pug-mills have handled 75mm and larger MSA: however, experi-
ence has shown that the amount of material larger than 50mm should not exceed about 8% and the
maximum size should not exceed 100 mm. Continuous drum mixers have been used suecessfully
with over 150mm MSA. Twin shaft mixers have been used successfully with over 150mm MSA
for both RCC and CVC types, mainly in the Japanese RCC dams.

Accurate introduction of the correct quantities of materials into a mixer is only one part
of the mixing process. A uniform distribution and a thorough blending throughout the mixture and
then the discharge in a continuous and uniform way is the other part of the process; therefore, it can
be more troublesome with some RCC mixtures than with CVC mixtures.

Accuracy of the concrete plant and methods to control the mixture during production
should be studied as to its cost effectiveness. If an exact quality control and a low variability are
necessary, they can be provided for RCC mixtures but at an increased cost and reduced placing rates.

Proper ribboning of the aggregates and cementitious material as they are fed into the
mixer is very important to minimize mixing time and buildup. The exact timing of adding water to
the mixture and the angle of its introduction have also been critical. Each plant and RCC mixture
design seems to have its own peculiar requirements that can only be determined by trial and error.

Different mixing plants have been successfully used in the production of RCC. Both
continuous and batch mixers are acceptable for RCC production.

Important technical requirements include providing sufficient capacity for the typically
high placing rates and blending the ingredients into a uniform mixture. From a practical stand-
point, the mixer should operate for extended periods with little or no downtime. Repairs should be
made rapidly. Since RCC mixwres are relatively harsh, drums and mixing chambers should be
designed to resist concrete buildup in recessed corners due to the dry mixture.

Continuous and forced (twin shaft and ribbon types) batching mixers often provide
higher output capability than batching-tilting type plants. Computerized continuous plants, with
load cells, may now provide the same degree of control found in batching operations. Continuous
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Dam Country Mixer Type Number and Mixer
Capacity (m’)
Shimajigawa Japan Twin shaft forced 2"1.5
Pirika Japan Twin shaft forced 2'25
Sakaigawa Japan Tilting drum 47225
Tamagawa Japan Tilting drum 6"3.0
Mano Japan Tilting drum 3*1.5
Asari Japan Tilting drum 2*3.0
Miyagase Japan Twin shaft forced 2°3.0
Willow Creek USA Tilting drum 24
Middle Fork USA Tilting drum
Upper Stillwater USA Tilting drum & Ribbon type (2*6)+(2*3)
Monksville Usa Continuous "pug-mill”
Elk Creek USA Twin shaft forced 4*45
Cenza Spain Tilting drum 2*7.0
Santa Eugenia Spain Tilting drum 3*3.0
Maronio Spain Tilting drum 3*3.0
Tongjiezi China Twin shaft forced 4*1.5
Shuikou China Twin shaft forced
Puding China Tilting drum 615
New Victoria Australia Continuous "pug-mill”
Molonglo Australia Continuous "pug-mill”
Copperfield Australia Continuous "pug-mill”
Craigbourne Australia Continuous "pug-mill”
Bucca Australia Continuous "pug-mill”
Concepcion Honduras Continuous "pug-mill"
Saco de Nova Olinda Brazil Continuous "pug-mill"
Jordao Brazil Continuous “pug-mill"
Salto Caxias Brazil Continuous "pug-mill*
Capanda Angola Continuous "pug-mill“+ tilting drum
Knellpoort South Africa Split drum 1*45
Wolwedans South Africa Split drum 1*55
Urugua-i Argentina Continuous "pug-mill”

Figure 8.18 RCC dams and mixers-plant type used.









268 The Use of RCC Francisco R. Andriolo

The number of aggregate size groups that should be fed into and blended by the mixer
is a major factor. Fewer size groups result in an easier mixing, still limiting the adjustment degree
that could be made later to mix proportions. Many RCC projects have used two-size groups and
some have used a whole single one in stockpile. Others have made use of a number of stockpiles
which are typical of conventional concrete. Each size group means that the mixer should meter,
feed and blend one material more. It also means more coordination, more space for storage, greater
distance to transport materials to the mixer. Therefore, many other things can go wrong.

The number of size groups and their proportions should be compatible with the mixer
capacity. With only one size group, only one feeder or bin should be supplied, calibrated, moni-
tored and maintained. If a plant has multiple bins but just one or two-size groups, production can
still be carried on at a limited capacity if one of the bins becomes plugeed. If each bin has a
different aggregate and one of them becomes plugged. the whole production stops. If multiple size
groups are needed, it is to add a standby bin and a feeder. In order to minimize this advisable
concern, more coarse aggregate should be included in the stockpile containing the fine aggregate.

It is expected that the same moisture variation problems experienced with CVC sands
occur with RCC gradings using clean sands which are stockpiled wet or subjected to rain. In
contrast, gradings including fines tend to keep a uniform moisture throughout the pile. The mois-
ture can be near as much the total water required in the mix. They also tend to have less segrega-
tion. It means that the mixer has less water to add and less mixing to do.

Whether or not pozzolanic material is used in RCC, the quantity involved is a decision
based on a variety of factors. Each situation should be evaluated separately. A consideration to
make is whether cost, space, additional mix designs and extra work involving handling pozzolanic
material are necessary. It is one more thing to order, deliver, store, meter, and mix. On a small
project the simplicity of using a plant that does not handle pozzolan outweighes the benefit of
pozzolanic material even if good quality fly-ash was readily available. The quantity involved can
be so small that cement savings do not offset the cost of an extra storage silo and a feeder and there
is no technical need to use it. Still, if it is technically necessary to use a pozzolanic material, a
pozzolanic cement can be a solution.

Retention time in continuous mix plants may only be 5 to 10 seconds. If additional
mixing is needed, some paddles can be reversed to let the material throw back against the flow
path, paddles angle can be changed, an end baffle can be added so that the volume of the mix
chamber is increased, or a longer chamber may be needed. In general, pug-mills have a better
performance when they operate at/or near their capacity. Slowing down flow rate decreases the
volume of material in the chamber and the degree of agitation.

Water requirements in most RCC mixes are lower than CVC mixes. It may be neces-
sary to have smaller water pipes, recirculating piping or restrictors, if the mixer was designed to
handle larger flows and cannot accurately meter low flows. A common way to introduce water into
the mixer is with two or three longitudinal pipes above the mixing chamber, with small holes for
the water to run out. It drops onto the material being mixed. If the holes are large and/or the
addition of water is very small, the water may only run out of one pipe, on one side of the chamber.
The use of smaller holes and the turning of the pipes so they are transverse to the axis of the mixing
chamber were of good help in this situation.

Minor moisture adjustments desired during placement can be made immediately at the
plant on request by the placing foreman or inspector without adjusting other batch weights for
yield. The theoretical yield adjustment associated with production changes in moisture will be
within the practical accuracy of the operation.
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During the first runs of a newly established RCC plant, higher water demands should
be anticipated until the whole equipment is saturated and the planned production rate achieved. As
the plant operation stabilizes, the placing foreman or inspector may then call for a water reduction
consistent with placing conditions at that time.

Cement and pozzolanic material feeders require special attention at low cement content
mixes or low production rates, as well as at high cement contents or high production rates. High
production and cementitious contents use cement at an unusually fast rate. If on-site storage con-
sists of only one silo, trucks should fill it continuously without interruption. Adequate space and
careful truck scheduling are essential. The flow of cement from the silo into the cement feeder
should be the same with both a full silo and a nearly empty silo, however, the fluid flow of cement
may act differently when the silo reaches a certain level. Pressurizing the silo and providing an
automatic plant shutdown below the level at which inaccurate feeding begins may be necessary.

Low cement contents can be troublesome unless a feeder intended for this purpose is
provided. It is important to recognize that calibration tests of the feeder may show that the correct
amount of cement is being added per cubic meter, but within each cubic meter the cement content
may be higher for a portion of the mix and lower for the next portion.

8.9 RCC Transporting and Placing

The entire process of mixing, transporting and placing RCC should be accomplished as
quickly as possible and with minimal re-handling. Local conditions at job sites will affect the time
limits for these operations, but it is recommended that dumping should be accomplished within 15min
of initial mixing, spreading within 15min of dumping and compacting within 13min of spreading.

Local environmental and placing conditions at different job sites will affect the reasonable
time range for these operations. The time between the start of mixing and the completion of compac-
tion should be less than the initial set time of the mixture under the same conditions. A general recom-
mendation to follow with non-retarded mixtures is to accomplish placing, spreading and compacting
within 45min of mixing. The entire system of mixing, transporting, placing, spreading and compact-
ing should be accomplished as rapidly as possible and with as little re-handling as possible. It can be
extended for colder (and night) weather and should be reduced in warmer weather (and sunlight). It
can also be extended for mixtures that are proven to have effectively extended set times because of
high pozzolanic material contents, slags or effective admixtures with wet RCC consistencies.

8.9.1 Equipment Selection

The volume of material to be placed, access to the placement area, available equipment
and capital cost for new equipment and design parameters are in general the controlling factors for the
selection of equipment and procedures to be used to transport RCC from the mixing location to the
placing area.

Essentially and theoretically, there are two methods for transporting RCC:

I. by hatch,

II. continuously, or
combination of both. Typically using continuous conveyor feed to a hopper on the dam from which
vehicles take batches for final delivery to the spreading area. This would practically be the third
method.
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In extremely rough foundation areas and where the foundation has deep holes, a small
front-end loader or small excavator bucket may be used to reach the placement site to deposit
material. This is a slow operation and may be the only practical solution for some locations. When
the lift surface is established, it is desirable to start each lift from the same general area and to
begin in a non-critical area, such as the downstream rather than the upstream slope.

A front-end loader may be needed to safely spread the mixture to the external edge of
an unformed downstream slope. The blade can be set so that it extends ahead, over the wheel tracks
1o either side so the equipment and the operator are not at the edge of the lift at the downstream
slope. These machines are also useful where a narrow zone of higher quality RCC is specified to
protect the downstream slope. Hauling equipment will not be able to dump the mixture in this
narrow area, but the grader may spread the dumped material into its designated offset.

As can be seen in Figure 8.45, bulldozers are usually equipped with lugless tracks
(street pads) which leave a flat lift surface either horizontal or on the design inclination, though
tracks with lugs may produce better compaction. Inclination may be used for surface drainage,
from the order of 20 (H) (horizontal) to 1{V) (vertical) 1o as flat as SO{H) to 1{V) have been used in
some cases. About 15(H) to 1(V) is considered the maximum practical grade for RCC placement,
where vibratory rollers are used for compaction. The roller should compact the lift only after it has
been properly spread. Ridges or steps between adjacent passes of the bulldozer blade may result in
an uneven compaction. As a general rule, having a flat surface ready to be rolled in the shortest
time is more important to high quality work than having an exact grade but delaying rolling. An
approximately 330mm lift spread by a bulldozer will usually result in a net 300mm compacted lift.

Spreading with wheeled equipment, such as a front-end loader or motor grader, has
several disadvantages. This equipment is generally slower than the dozer, requires more room,
tears RCC by spinning tires when attempting to push too much material, and precompacts the
material under the tires. Such precompacted areas are then filled with additional material during
the spreading operation. There is a concern that the roller may ride on these precompacted zones
and partially bridge over the material between them. It seems that this problem is less severe when
tracked or heavy rubbertired vehicles are used. However, and as a general rule, if the material has
sufficient “workability™ for lateral movement under vibration, bridging will not occur in unsegre-
gated material.

8.9.5 Lift thickness

The most common compacted lift thickness can be seen in Chapter 4, Figure 4.56. In
Japan, many thicker sections of about 450mm to 1000mm have been compacted in one lift after
being spread by dozers in several layers. Within a range of about 150mm to 450mm, the large dual
drum vibratory rollers used for compaction may reach about the same consolidation with only 4 to
7 passes. A compacted thickness of 200mm to 400mm can be easily placed and compacted with the
use of most equipment and mixture designs,

A 300-mm-350-mm thickness is convenient to work with in the field. This is also about
the maximum thickness that can be easily deposited by scrapers and bottom-dump trucks, How-
ever, the trend is to use the thickest lifts compatible with the spreading and compaction equipment.

Each project should be studied aiming at optimizing the benefits of thicker or thinner
lifts. Thicker lifts mean fewer lift joints and fewer potential seepage paths, but thinner lifts allow
the joints to be covered sooner with better bond potential. Thinner lifts generally suit better smaller
jobs and thicker lifts suit better larger jobs. Thicker lifts may cause hardship to compaction.
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8.10 Compaction

Compaction is the mechanical means by which consolidation is achieved, providing a
reduced porosity. Consolidation is the term applied to CVC, but RCC is densified by compaction.
Several different parameters influence compaction:

- maximum size aggregate:

- quantity and type of binding material;
- moisture;

- thickness of layers;

- equipment used, translation speed, etc.

Adequate compaction is an essential factor in order to guarantee a good behavior of the
material. RCC is tamped or rolled into a dense mass by external equipment energy rather than by
being internally (or externally) vibrated and densified by settlement under its own weight. Com-
paction should be performed as soon as possible after the no-slump concrete is spread.

8.10.1 Roller selection

Maneuvrability, compactive effort, drum size, frequency, amplitude. operating speed
and required maintenance are all parameters to take into account when selecting a roller. Compactive
output in volume of concrete per hour obviously increases with the physical size and speed of the
roller, but larger size rollers do not necessarily give the same or better density and compactive
effort provided by smaller rollers with a greater dynamic force per unit of drum width. Job size,
workability, lift depth, consolidation extent due to dozer action and space limitations will usually
dictate roller selection. Large rollers cannot operate closer than about 250 mm to vertical formwork
or obstacles, so smaller hand-guided compaction equipment is usually needed to compact RCC in
these areas. If a slipformed or precast facing system, with an internal face sloping away from the
RCC is used, the large rollers may operate all the way to the facing.

The dynamic force per unit of drum width or per area of impact on tampers is the
primary factor that establishes effectiveness of the compaction equipment. Experience has also
shown that rollers with higher frequency and lower amplitude compact RCC are better than rollers
with high amplitude and lower frequency, although suitable results have been achieved in some
projects which have used rollers with both high frequency and amplitude. A typical compactor is a
10ton double or single drum roller with a dynamic force of at least 8kgf/mm of drum width. These
rollers are typically used for asphalt and roadway compaction. Larger 15ton and 20ton rollers with
more mass and size, typically used in rockfill construction, have been used with RCC but they
usually have larger amplitudes, lower frequency and suit less the aggregate gradings used in RCC.
It is more difficult to achieve density and a good lift joint interface with these larger rollers.

The present RCC technology depends upon compaction by vibratory roller. Vibratory
rollers within the following standard data have proven to be effective, in most cases, in the com-
paction of RCC mixtures typically used in dam construction. The Japanese have generally used
7ton machines. The trend in the industry is toward heavier vibratory rollers and RCC technology is
expected to benefit from the 13ton and 15ton machines now being manufactured.
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usually result in suitable compaction for tight areas with densities about 98% of that achieved with
the large roller. This reduced density is often considered acceptable, except for special areas iden-
tified as critical and truly in need of greater compaction.

A single vibrating pass is a length, not a circuit, lap or round trip. Rolling without
vibration should not be considered as a pass. One pass with a double drum roller is equal to two
passes with a single drum roller. In Japanese practice, the 45cm to 100cm lifts are compacted with
as many as 12 passes of a Tton vibratory roller followed by 6 passes of 25ton rubbertired roller.
Within the range of 150mm to 460mm, the 10ton double drum vibratory rollers are used in others
countries. The 10ton to 15ton double drum vibratory rollers may develop suitable compaction of
150mm to 400 mm layers.

In the development of RCC technology. other rolling equipment and compaction meth-
ods have been used and tested with varying degrees of success. For vibratory rollers, the dynamic
force is apparently the most critical factor. Care should be taken to ensure the uniformity of
compaction throughout the layer thickness.

8.10.2 Minimum Passes and Lift Thickness

The minimum number of passes for a given vibrating roller to achieve specified com-
paction depends primarily on RCC mixture and lift thickness. Experience shows that the maxi-
mum lift thickness will be governed more by how fresh the mixture is at the time of compaction,
gradation and effectiveness of the dozer, while spreading, than by the number of roller passes.
Tests should be performed in test fills prior to or during the early stages of construction to deter-
mine the minimum number of passes required for full compaction based on the design mixture and
the planned lift thickness. As a general rule, the compacted thickness of any RCC lift should be at
least three times the MSA diameter.

The required number of roller passes may be determined or verified in the test section.
Some compaction specifications require the first pass to be in the static mode for wetter consis-
tency mixtures. This may compress the surface and prevent the roller from bogging down. Drier
mixtures may begin with the vibrating mode. Additional passes should be in the vibrating mode.
Frequency and amplitude settings may have to be adjusted depending on the workability of the
mixture. The most effective compaction typically occurs with a high frequency of 1,800vib/min-
3,200 vib/min and a low amplitude of about 0.4 to 0.8mm. The transient loading and vibration
result in consolidation of wetter consistency mixtures with a measurable VeBe time. The same
frequency and amplitude ranges have also been very effective with “compaction™ of drier consis-
lency mixtures.

Typically, 4 to 6 passes of a double drum 10ton vibratory roller will achieve the desired
density for RCC lifts in the range of 150mm to 450mm of thickness. Overcompaction or excessive
rolling should be avoided. A density reduction has often been observed in the upper portion of the
lift. The technique of compacting thick lifts but spread in several thinner layers, has been used in
Japan. It requires effective compaction by the dozer during spreading and may require more roller
passes on the top layer of the lift. Special attention is needed so that higher numbers of roller passes
do not overcompact the top of the lift, while a deeper part is under-compacted

The fresh surface should be smoothly spread so that the roller drum produces a uniform
compactive force under the entire width of the drum. If the uncompacted lift surface is not reason-
ably smooth, the drum may over-compact high spots and under-compact low spots, Rollers should
not be used to “flatten™ ridges or high spots that remain from spreading. The drum will otherwise
over-compact the ridge and under-compact between ridges.
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8.10.4 Roller Travelling Speed

The Japanese [8.09] developed several studies concerning compaction methods and
respective results.

In RCC placement, it is important to know the vibration energy required to obtain a
specified density ratio. This could be understood considering the vibratory roller to be used, vibra-
tion conditions, such as frequency and vibration amplitude during placement, rolling speed and
number of passes.

According to the results on a test section performed [8.09] with five different vibratory
roller models with RCC mix proportions, compaction thickness, number of passes and compaction
speed, a correlation was done. The expression below shows that the roller traveling speed has a
great influence on compaction.

E= [(2a*L*n*N)y*(W+F2)|/(V*B*L) where

E = Vibration Energy (kg.cmfem2)
a = Amplitude {cm)

W = Axial Load (kg)

F = Centrifugal Force (kg)

V. =Travel Speed {(cm/min)

L = Contact Length between Drum and Concrete Surface {cm)

n = Frequency {cpm}

N = Passes of Roller {times)

During the construction of the Jordao Dam, it was observed [8.10] that, with the roller
speed of approximately 2km/hour, about 50% of the passes were necessary as for a travelling
speed of 4km/hour,

8.11 Curing and Protection

After RCC has been placed and compacted, the lift surface should be cured and
protected just as for concrete placed by conventional methods. The surface should be kept in a
moist condition, or at least as to avoid moisture loss. This is done by fog spraying or covering,
Also, the surface should be protected from freezing or from contamination agent by insulating it
with plastic sheets until it aquires sufficient maturity. It should be protected from temperature
extremes as well, until it exhibits sufficient strength,

Immediately after an RCC lift has been compacted, it is essentially impermeable and
will not be damaged by light to moderate rain if there is no hauling or traffic on the surface. After
a rain, hauling on the lift may resume only after the surface has begun to naturally dry back to a
saturated dry surface (SDS) condition. A slightly sloped surface will aid in draining free water and
speed the restarting of placing operations.

At the completion of rolling, lift surfaces should be moistened and kept damp at all
times, until the next lift is placed or until the required curing period has ended. It is guite hard to
achieve this requirement since contractors have tended towards using water trucks with coarse
sprays to wet the lift surface. This should not be permitted since good fog spray nozzles providing
an extremely fine spray are readily available. If coarse sprays are used, paste and fine aggregates
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sometimes erode away from the surface. The operators of a water truck, in the attempt to cover all
parts of the surface, often make tight turns and repeated passes over the same areas. It also should
not be permitted because tire action mechanically damages the surface. Even though a properly
proportioned RCC mixture will not develop laitance, improper use of a water truck may produce a
surface scum much alike laitance due to overwetting, erosion and tire action. Piping use and hand-
operated hoses with fogging nozzles should be considered. Still better it would be to place RCC
fast enough so as to cover each lift surface before it dries out or, instead, place RCC during cool
and humid periods so that little additional wetting would be required. However, the need for fog-
ging the surface will seldom be entirely eliminated.

Cure during construction has been accomplished with modified water trucks or tractors
on larger projects, and with hand-held hoses for all size projects. Trucks should be equipped with
fog nozzles to overspread a fine mist that does not wash or erode the surface. They may be intensified
with hand-held hoses for areas inaccessible to water truck. Provision should be made to maintain
the damp surface while the trucks are fueled, maintained and water refilled. Care should be taken
so that trucks do a minimum amount of turning and disruption to the surface.

The final RCC lift should be cured during an appropriate period of time, over 14 days.
Curing compound is unsuitable because it is difficult to achieve a 100 percent coverage on the
relatively rough surface and there may be a probable damage to it from construction activity, a low
initial moisture in the mixture and the loss of a beneficial surface temperature control associated
with moist curing.

During construction, the compacted surfaces of RCC layers should be maintained in a
damp condition but with no ponded water. This is accomplished in a most convenient way with
water trucks remaining on the placement during 24 hours a day, 7 days a week. Where labor is
inexpensive and/or the area is too congested for an effective use of trucks, sprinkler systems and
hand-held hoses may be more efficient. The trucks should overspread a fine mist that does not
wash or erode or puddle the surface, and should be augmented with hand-held hoses to reach areas
inaccessible to truck. Provision should be made to keep the surface damp while the trucks are
fueled, maintained and water refilled. Care should be taken so that trucks do a minimum amount of
turning and disruption to the surface.

During RCC placing, a light rain may be tolerated providing that the equipment does
not track mud onto the RCC or begins to drive moisture into the surface. thus damaging the com-
pacted material. Damage is evident when the roller begins to pick up material on the drum; placing
should then be stopped. When conveyors are used for delivery and little or no vehicular traffic is
necessary on RCC, construction may continue in damp weather but may require a gradual decrease
in the amount of mixing water used due to the higher humidity. The point at which damage first
occurs, when operating under too wet conditions, is obvious and usually sudden.

An effective cure may be done by an agricultural fog spraying. as shown in Figure 8.55.

Advantages may be obtained by placing thicker lifts in warm climates to reduce the
total number of potential cold joints. In cooler climates or climates subjected to wide temperature
range, fast placement of thinner lifts may help to protect hardened lower lifts while plastic upper
lifts “absorb” the thermal shock.

In cold weather, attention should be given to potential problems caused by sudden cool-
ing of the large exposed RCC surface, especially during night time temperatures, while awaiting
the next lift. The placing cycle may be adjusted to overcome such irregular cooling conditions by
night time placing. In other times, insulation in the form of plastic blankets may be used to prevent
sucdden heat loss and possible thermal cracking of the mass.
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8.12.2 Construction Joint Surface

For sliding stability, joint tension and/or watertightness, the design usually requires
clean and relatively fresh joint surfaces with good bond. Another consideration is the permeability
of the untreated construction joint, which is likely to be much higher than that of the concrete.
Several are the undesirable consequences of a highly permeable construction joint:

- Increase in uplift pressure;

- Opening of the joint and loss of bond;

- Leaching out of lime and other cementing compounds;

- Risky increase of a deleterious alkali-aggregate or alkali-silica reaction: and
- Penetration by cold water starting or extending cracks.

One of the most important design considerations for RCC dams is the control of seepage.
Excessive seepage is undesirable from the structural stability aspect, possible long-term adverse
effects on durability, adverse appearance of water seepage on the downstream slope and the economic
value associated with lost water. Properly proportioned, mixed, placed, and compacted, RCC should
make a structure as watertight as does a conventional concrete. The joints between RCC lifts are
the major pathways for potential seepage through an RCC dam. Seepage can be controlled by
incorporating appropriate design and construction procedures as the use of bedding mortar over
the full area of each lift joint, contraction joints with waterstops, draining and collecting seepage
water. Collected water can be channeled to a gallery or to the toe of the dam. Collection methods
include vertical drains with waterstops at the upstream face and vertical drain holes drilled from
within the gallery, near the upstream or downstream face. It should be emphasized that any RCC
dam, regardless its intended use or structural or environmental conditions, should be designed and
built to prevent seepage as a matter of good engineering, as well as produce a high quality structure
at little or no extra cost.

Typical specifications or requirements for the clean-up of construction joints being
prepared for placement of a new concrete require the removal of all loose, flaky, unsound frag-
ments of concrete, sand, oily or organic materials, scaling compounds, deleterious coatings and
other foreign or defective materials. Immediately prior to placement of concrete, the surface of the
construction joint should be clean and damp.

The ACI Manual of Concrete Practice (Sec 4.3.2)[8.12] provides the following general
guidelines:

“Efficient and best preparation of horizontal joint surfaces begins with the activities of
topping oul the lift. The surface should be left free from protruding rock, deep footprints, vibrator
holes and other surface irregularities.

In general, the surface should be relatively even wirth a gentle slope for drainage. This
slope makes the clean-up easier. As late as is feasible, but prior to placement of the next lifi,
surface film and contamination should be removed to expose a fresh, clean mortar and aggregate
surface. Overcutting 1o deeply expose aggregate is unnecessary and wasteful of good material.

Strength of bond is accomplished by cement grain, not by protruding coarse aggregate.
Usually, removal of only abour 2mm of inferior material will reveal a satisfactory surface.”

While removal of all objectionable material implies satisfactory cleanliness of the joint
surface, specifications rarely include standards for judging its roughness, resulting in disputes
about the adequacy of joint preparation or treatment methods.
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Sometimes, there is also a confusion about how to define objectionable and deleterious
materials, such as a fine film of crystalline calcium carbonate which strongly adheres to the
concrete surface. Any material which is compatible with Portland Cement and its cementation and
setting process, or does not impair the strength, permeability or durability of the concrete, does not
need to be removed.

In an ideal situation, a well treated construction joint should have essentially the same
strength properties as the monolithic concrete. Thus, when responding to loads imposed upon the
structure, the elastic response of the joint should be indistinguishable from that of the concrete
above and bellow it. In other words, in bond. tension, shear and bending, the same safety margins
should be available at the joint as in the concrete. Also, the treated joint should be as impervious as
the concrete.

The following questions always arise when design. specifications and quality control
procedures for a concrete dam are prepared:

# How does the actual performance of construction joints treated by various methods
compares with the desired objective?

# How should the adequacy or acceptability of the various types of construction joint
treatment be evaluated?

To find realistic and representative answers to such questions, a larger number of inves-
tigations involving tests on samples cored out of test fills or existing dams, at different concrete
ages, have been carried out by organizations throughout the world. Results of in situ tests to deter-
mine bond and shear strength between new concrete placed on the roughened surface of a several
years old concrete are also indicative of the efficacy of joint treatment.

Joint development

Horizontal construction joints may be either of a planned or unplanned variety. When
an RCC lift is not covered with additional RCC before it reaches initial set, it becomes a cold joint
to some degree.

Horizontal joints are inevitable in mass RCC because of its layered or lift method of
construction. Each layer is the thickness of material spread. Layers may be compacted as individual
lifts, or several layers may be spread before compacting them as one lift prior to initial set of RCC

Cold joints result from temperature, time of exposure, wind, sunlight and are also sen-
sitive to the quantity and characteristics of the cementitous material and the effectiveness (if any)
of set-retarding admixtures. If the set time of the mixture is retarded through cold temperatures, for
example, a high percentage of pozzolanic material, an effective retarder and wetter consistency, or
slag, the length of time prior o a cold joint can be extended.

Large projects and others, where joint shear strength is critical to stability and safety,
should confirm design assumptions for joint shear strength with full scale bi-axial shear tests of
RCC 1o be used, conditions to be encountered, and construction controls that will be enforced.
Initial design assumptions can be based on extrapolation from substantial tests, evaluations and
successful design assumptions from previous projects.

Designers generally have found it prudent to require the bedding mixture after a lift has
been exposed for about 1 to 2 days. Other designers have found it prudent to use bedding in a
systematic way for a portion of all layers, regardless of the surface maturity. Shear strength, as it
relates to design, can be checked by a test fill.
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A bedding mortar over the full area of each Iift joint is recommended as mandatory for
providing watertightness for any dam that will impound water for extended periods. It is also
necessary for dams where appreciable bond strength between lifts is necessary (such as those built
in earthquake zones where more tensile strength across the lift joints is required than is available
without bedding maortar). Tests show that the use of a bedding mortar can approximately double
the tensile strength and shear strength at the joints. It is desirable to provide bedding mortar over
the full area of each lift joint even if watertightness or tensile strength is not a concern. At Elk
Creek dam, the cost of full-area bedding mortar was found to be 33 US$ cents/m? of lift joint
surface area. A bedding mortar for other structures such as massive foundations, dam facings, sills
and cofferdams, should be considered during the design stage based on the need for bond or water-
tightness, or both.

Another type of bedding mixture application has been used in some of the dams built
by other commercial or governmental agencies in the United States. It involves the spreading of
concrete mixtures having up to 19mm MSA to a thickness of 20mm to 50mm in a zone along the
upstream face of the dam. The width of application ranges from several feet to approximately one-
third of the width of the dam. This type of mixture has been used only to provide watertight-
ness at the upstream face. Spreading of this type of bedding mixture is usually by manual
labor. The effectiveness of this treatment is not considered to be equal to the full-area bedding
mortar described above and this treatment should not be used except when especifically approved
by the designers.

8.13 Detailed Construction Method

8.13.1 Facing Systems

Large surface areas that are not horizontal can be shaped to almost any desired slope or
configuration, but special consideration must be given to anchorages, appearance and technique.
A wide range of options exists.

The height of overhanging sloping forms restricts areas accessible to the vibratory
rollers. These forms should, therefore, be limited in height or hinged at mid-height to reduce
the volume of concrete that should be placed under the overhang by conventional methods.
Conventional jump-form anchors may not have adequate embedment depth for form support when
anchored in low-strength RCC and special anchors may be required.

Handling and raising conventional form-work may become the restrain factor during
RCC mass production. Near the crest of the dam, where the volume of RCC per lift is low and the
form area for upstream and downstream faces is relatively large. It can easily take more time to set
and move the forms than it takes to place RCC.

Small rollers can be operated til 25mum of vertical formwork: however, large rollers
usually cannot get closer than about 200mm. Good compaction can be achieved at vertical
surfaces with MSA of 38mm and smaller and careful attention to details as layer thickness and size
of roller. After compaction, there is always a small projection of uncompacted RCC above the
surface that the roller cannot reach. If this is kept raked away from the form, layer lines will not
stand out after removal of forms and surfaces comparable with conventionally placed mass con-
crete are possible.
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Figure 8.87 Containers with granular
material for casting the gallery.

8.13.3.3 Drains

Gravel drains, porous concrete and porous drain tubes have all been used to collect
seepage and relieve pressure. In some cases, these techniques can be used in lieu of a gallery. Drain
holes have also been drilled from planned RCC construction joints to galleries and from galleries
into the RCC. This drilling can start soon after the RCC is compacted and is usually done with
percussion equipment.

Several recent dams have internal draining holes near the upstream face that exit in the
gallery. These holes vary in diameter from 73mm (NX size) to 102mm and are usually drilled
vertically from the surface of a lift into the gallery.

8.14 Contraction Joints

As is the case of most non-reinforced concrete structures, cracks do occur in RCC
structures, and, if it is a dam or other water retention structure, leakage will also occur. Cracking
may occur despite measures taken to prevent it. The possibility of unplanned cracking should be
anticipated in design by providing for drainage conduits and sumps where necessary to remove
water from the structure. Cracking that has occurred at various projects has not diminished the
stability of these structures, but has caused some operational problems, although repairs were
successfully undertaken.
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One of the roles of contraction joint spacing is to mitigate the effects of foundation
restraint and to control cracking in the dam. The main functions of contraction joint spacing are to
control the effects of foundation and abutment restraint, to prevent relative displacements due to some
relevant topography variation and to allow contraction of the concrete without cracking in the dam.

Placing vertical transverse contraction joints in dams built with RCC and installing
waterstops in these joints near the upstream face should be considered for crack control. The num-
ber and placement of these formed construction joints should be determined by a thermal study,
construction considerations, and by examination of the foundation profile parallel to the dam axis.
Joints should be considered where changes occur in the foundation profile which may cause a
concentration of stresses. In RCC dams, transverse contraction joints can be installed with no
impact to RCC placement operations.

Thermal stresses can be the controlling criteria in RCC dams and they deserve proper
attention. However, thermal issues sometimes receive excessive attention in design and not enough
attention to options available in construction. RCC offers options that should not be overlooked
just because they are not practical with CVC concrete. In addition to the obvious concern for peak
internal temperature, thermal stress is related to foundation restraint, material properties and the
rate of cooling,

Reducing the cementitious content in the central portion of the dam where tensile and
compressive stresses are very low, will reduce the peak temperature, with no major influence on
the controlling criteria of shear or sliding stability.

The amount of stress that develops due to cooling from a peak internal temperature is
much greater near the foundation contact or abutment than it is at some distance away from the
foundation or abutment.

One economic advantage of RCC is that formed transverse walls along the inner faces
of monolithic blocks are eliminated. However, other measures to prevent temperature cracks are
required. These joints are perpendicular to the dam faces and are used to prevent cracking consis-
tent with CVC dam construction. The vertical joint at the upstream face contains waterstop embed-
ded in the facing concrete to control seepage.

As it has been mentioned in Chapter 4 in the Japanese concept-method the spacing
between transverse joints is of the order of 15 meters (as in CVC dams), extending the concrete in
a continuous way and proceeding afterwards with the execution of the joint by a groove using a
vibratory cutter, within which are inserted galvanized steel or PVC sheets which act as joint initia-
tors. In other countries the spacing between joints is perceptibly larger and even in some (nowa-
days so few) cases their establishment is not considered. It can be done by especially developed
Jjoint-cutting machines as is done in Japanese RCD dams. These machines are very effective and
have little or no detrimental effect on the rate of construction. The reduction or elimination of
formwork is also an important factor for economical construction and is time saving.

Another method successfully used in dams like Urugua-i, Capanda and Brazilian ones
(Jorddao and Salto Caxias) employes a steel thin plate covered by a plastic sheet to form the
contraction joint, as shown in Figures 8.90 to 8.92.

A further example is the placing method of joint inducers like the one which was
created and used in South African dams.

If transverse contraction joints are used, standard waterstops should be installed in an
internal zone of conventional concrete at the joint near the upstream face. This zone would be
monolithic with a CVC facing. Waterstops and joint drains are installed in the same way as in
conventional concrete dams.
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Inspection, Quality
Control and Assurance

9.1 General Points, Philosophy and Guidelines

9.1.1 The Need for Quality Assurance

Who does not want assurance that the concrete job in which he is involved will
achieve the quality necessary to give good performance and great appearance throughout its
intended life? Probably, no one.

The designer wants it; his reputation and professional satisfaction depend on it.

The builder wants it for much the same reason, but sometimes there are adverse influ-
ences such as time and money problems.

The owner wants it; his money is in the project and he has to live with what he gets. Any
governmental agency responsible for public welfare and caring of its reputation wants it.

¥ Why then, if all responsible parties want quality, it is not automatically achieved?

¥ What it is necessary o consider aiming to assure quality?

¥ Perhaps the answer lies in the inadvertencies, not uncommon in construction
activities.

¥ Perhaps it lies in the loss of pride in craft.

¥ Perhaps it is inherent in human nature and culture. More than many centuries ago
in 79 AD, Frontinius, the operations and maintenance superintendent for the famous Roman
aqueduct, noted, possibly with a touch of exasperation, after describing the procedure
necessary for making secure repairs, that these were things “which all the workmen know,
but few observe.”

¥ Perhaps, because people are no different today, we need to do something special
to insure quality in concrete construction.

It is very common in manufacturing and service industries today to maintain a rigorous
program of inspection and testing, reporting independently to top management and with authority
1o say “No” and reject substandard performance. It can be noted that large companies are increas-
ingly emphasizing their efforts to better serve customers in their advertisements.

Quality control and resulting assurance is no different on concrete construction work.
Basically this is inspection and the related testing of materials and concrete. It is however, more



332 The Use of RCC Francisco R. Andriolo

than making a few slump (CVC construction) or consistency tests (RCC construction) and
cylinders for strength tests. The full scope of duties and responsibilities of the inspection and
testing staff are only effective if it includes everyone interacting with them.

This means recognition by management of the worth of this wider concept, and accord-
ingly, adoption of a policy that is in full support of it. For instance, it will require that engineers and
other professionals firmly support their own specifications. Capable inspectors struggling to see
that there is substantial compliance and not making concessions in disregard of specification
requirements, which presumably were the basis on which bids for the work were taken, should be
taken into account.

It also includes proper study and designation of available materials to make concrete
with properties best suited to the purpose. But this is a separate subject of its own.

Quality assurance includes specifications which clearly spell out requirements, limits,
standards, and where necessary, equipment and methods. “Performance-type™ specifications for
CVC or RCC work are totally unrealistic. They merely reflect a complete unawareness that they
can produce inferior results despite apparently acceptable performance or appearance, unless each
step. which will be covered by the next step, is inspected as the work proceeds. Few constructions
can be accepted only on the basis of final performance or appearance trusting that all is as it
should be. If quality is to be assured throughout, it must be definitely recognized, confirmed,
and recorded with adequate consistency during the entire performance of the concrete work,
s0 that whenever it is not as it should be, prompt and effective action can be taken for its
correction.

Owner surveillance, acceptance inspection and testing are necessary, starting during
aggregate production and continuing through the mixing, placing, and curing of RCC. For the
surveillance to be effective, surveillance and inspection personnel must be trained before the
beginning of construction. This can be done by seeking instruction from other personnel who
have had experience with RCC and by the use of available training aids in the form of slides
and videotapes.

9.1.2 The Need for Inspection

The purpose of inspection is to assure that the requirements and intentions of the
contract documents are faithfully accomplished.

The term inspection as used in concrete construction includes not only visual observa-
tion and field measurements, but also laboratory testing and the assembly and evaluation of test
data.

One important responsibility for the concrete inspector is the quality of the materials
used in the concrete. Often low quality raw materials, particularly aggregate materials, can be used
to produce concrete of satisfactory quality if they are suitably processed or prepared. However, the
final materials entering the concrete mixture must be of specified quality. It is difficult and usually
impossible to produce specified concrete from nonconforming materials.

On the other hand, a principal ingredient needed for specified concrete construction is
sood guality workmanship in all operations and processes. It has been said that most good con-
crete is made from tested and certified cement; sound, durable, well graded, and properly tested
aggregates: suitable admixtures; and clean, pure water-and most nonconforming concrete is made
from the same good materials.

Manual skills, technical knowledge, motivation, and pride of workmanship -all
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contribute to good workmanship which is the real key to quality concrete construction. Workers
in concrete jobs may have been exposed to some technical training but seldom adequately.
Many workers have pride in their work and do make an attempt to attain satisfactory quality.
However, the need to stay within cost limits often requires an emphasis on production
rate. If this consideration is uppermost, quality may receive inadequate attention. Ironically,
cost may suffer also: unsophisticated pursuit of fast production may increase the cost and
slow the schedule. Techniques that speed concrete placement may add material cost or require
extra finishing or repair, or lengthen the curing process.

9.1.3 Costs of Quality Construction

Properly organized, a quality control program increases a contractor’s profits
by reducing the amount of money needed to correct poor workmanship or replace
substandard materials.

It can be estimated that business spends as much as 15% to 20% of gross income to
correct or rework products to an acceptable level of quality.

Whether it has a quality control program or not, every project has a quality cost compo-
nent. Every contractor has a choice as to when he will pay that cost. He can pay the controlled cost
of quality control during construction, or he can pay the uncontrolled cost of correcting defective
workmanship and materials later.

The benefits far outweigh the costs of quality control. Building the job right the first
lime can increase a contractor’s profits-and future business.

Quality builds future business. Some contractors feel that low prices generate more
business than high quality. But it is a rare buyer who accepts poor quality because it was a bargain.
Those that build it right the first time are more often favored with a seat at the planning table in
future projects.

In broad terms, the cost of quality includes:

I. Failure prevention cost

- Running your company’s program to improve workmanship and eliminate sub-
standard materials

- Solving quality problems as they arise and adjusting the Quality Control plan for
future savings

- Management audits to make sure the system functions

- Quality control measurement equipment

- Training programs for workers and supervisors

II, Appraisal cost

- These are the costs to measure the degree of conformance to quality requirements,

- Testing incoming materials, vendor inspection, the costs of test personnel, super-
vision and clerical support

- Cost to verify tolerances, concrete strengths, the placement of joints, inserts,
blockouts, and reinforcing steel

- Any field test procedures
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1. Failure or rework costs

- Costs of replacing work, materials, and rejected products

- Troubleshooting on nonconforming materials and products

- Complaint costs, including meetings and price adjustments

- Correcting surface imperfections

- Replacing unacceptable work including demolition and disposition of rejected
products, trucking new materials to the site- hauling rejected materials away

- Equipment and labor costs while awaiting decisions on repairs or corrections

- Backcharges by others for tolerance problems in your work

The total cost of quality is the sum of these three costs. The potential profit for the
company is the money difference between the modest cost of quality control and the substantial
savings possible as defects are eliminated or reduced. Quality does create profits.

Quality 1s marketing strategy that builds future business. Contractors with a reputation
for “building it right the first time” have an edge over those whose poor workmanship usually
causes delays and problems,

9.1.4 Specification Inclusions

The task of inspection will be easier and thus more effective, and job results will be
better, if the specifications include as many requirements as possible to insure accomplishment of
the intended result with relatively little inspection.

This broader concept for quality construction with CVC or RCC will also include any
pre-testing of materials, mixes, and concrete properties needed to insure that they will be suitable
for the work.

During construction they will be regularly tested for compliance and performance, and
results will be recorded. Specifications will state that sampling, testing, and evaluation of results
for acceptance will be based on statistics patterns, not on a single test. Basically, this will mean that
when 4 out of 5 consecutive tests for each specified property of materials or concrete meet speci-
fied values, it will be considered to comply with that requirement. The principal of 100 percent
compliance is now widely discredited and recognized as not only unrealistic but also expensive.
Concessions made under it, though probably reasonable in some aspects, tend to weaken firm
requirement of compliance with non-material. performance aspects of the specifications.

A good specification is that which only requires things that need to be done to make the
concrete suitable for its purpose. It contains no requirements that can be ignored or slighted and
omits no requirements that must be met. It is not possible to write such a specification; it is only
possible to try to do so.

With a “good specification™ neither the contractor nor the inspector has any doubt as to
what must be done. With such a specification, any part of the work that is not in accordance with
the requirements must be changed so that it does comply. The question of whether it is “good
enough,” even though not as good as required by the contract, will not arise.

The vast majority of concrete satisfactorily serves the purposes for which it was pro-
duced. Few examples of concrete are the best that they could have been. Most are better than they
need to be and hence cost more than they needed to cost. A few do not satisfactorily serve the
purposes for which they were made and receive most of the attention.
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The few jobs that do not satisfactorily serve their purposes do so, in nearly every
case, for several reasons rather than a single reason. Some of these reasons are:

(a) Failure of the owner to understand what he needed:

(b) Failure of the engineer to understand the owner’s needs and to translate these needs
into proper quality levels of relevant properties and into correct specification requirements for the
work;

(c) Failure of all concerned with establishment of specifications to include only what
was needed and exclude what was not needed;

(d) Failure to require uniform compliance by the contractor with all requirements of the
contract;

(e) Failure by the contractor to comply with all requirements of the contract.

9.1.5 Desired Performance

Quality Control (QC) and Quality Assurance (QA) can maximize the probability of
obtaining the level of performance that will result if the construction meets the specified require-
ments. There are an infinite number of quality levels that can be set. Sometimes the levels are set
too low and the product, even if it meets the established requirements, fails to give satisfactory
service. Often the levels are set too high, and the work is made more costly than necessary. Proce-
dures using such tools as electronic data processing should associate all the relevant properties that
a structure must have to give the desired service -in the environment in which it is to serve- to the
properties of available materials and combinations of materials, construction systems, methods,
practices, and schedules. An infinite number of alternatives are then considered, and the single,
most economical, satisfactory solution selected. Thus the proper levels of quality will be estab-
lished, which, if met, will insure construction that will give the desired service at a lowest cost.

Everybody wants concrete with levels of relevant properties it should have to serve its
purpose, but no one wants to pay extra for higher property levels that are not necessary. Therefore,
the best concrete for any given purpose is the one that does the job adequately at the lowest cost,
considering both maintenance and repair. A concrete job that costs more than it should is a poor
job, regardless of being structurally stronger or having a better appearance.

Individuals and organizations involved with inspection must recognize that needs and
requirements will vary and must be tailored to each individual project, The actual level of inspec-
tion used depends on the type and complexity of the project, special features involved, specific
legal requirements, and the purpose of the inspection program. These may demand more or less
detailed inspection requirements,

Inspection is not an end in itsell. It is simply a subsystem of the guality assurance
system and of a contractor or producer’s quality control system. Inspection and testing by them-
selves do not add quality to the product or process being inspected. Inspection and testing only
confirm whether the product or process meets the criteria established. The information derived
from the inspection and testing process, however, when properly evaluated and with conclusions
and decisions implemented, will result in improvement of the quality of the product or process. It
also must be recognized that quality is achieved only by implementation of an adequate quality
assurance program from planning through design and construction to acceptance by the owner.

Quality during the construction phase is achieved almost entirely by the contractor or
producer’s quality control program. This quality control program involves everyone from
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management to field supervisors to the workmen themselves. Quality control must have the
strong active support of top management, and the active concern and participation of everyone
involved in the construction process. Again, inspection and testing are only a part, although
a very important part, of both quality assurance and quality control programs.

Different standards and criteria are applicable to different constructions as these
constructions have different purposes. The fitness of concrete to do a job is similar to the fitness of
a person to do a job. For some purposes a concrete-or a person- needs a much greater degree of any
of many capabilities than is needed for other purposes. Such capabilities include the ability to carry
load without undue strain or cracking. the ability to endure adverse environmental conditions,
physical attractiveness, or the ability to remain relatively unchanged in dimensions with changes
in ambient temperature or moisture conditions.

How should proper levels of quality be established? To be specific. how should appro-
priate levels of quality be established to insure that the concrete to be used in a particular part of a
particular structure will give satisfactory performance by adequately resisting the deteriorative
forces of its environment of service?

{a) We should do concrete work as well as needed;

(b) We should do concrete work the best we know how;

{c) We should provide the best concrete work we can afford;

(d) If we deliberately do less than the best, we should know why we did it and what to
expect as a result:

(e) We should not waste money doing better work than is justified.

9.1.6 Traditional Quality Assurance

Many specifications for concrete used in the past (and still being used) are recipes or
prescription-type specifications rather than end-product specifications. Some also spell out in
detail the operations of the contractor and the equipment to be used in the production of concrete.
Such specifications were developed because adequate quality definitions and test methods, and
their evaluation, related to the quality of the end product were lacking. Attempts to define required
end-product quality and the values used were usually based on experience and judgment rather
than any rational concept. These specifications, combined with the skills of experienced designers
and the cooperation of experienced contractors with skilled workers, have produced good
concrete structures. However, sometimes the resulting structures have been of less than de-
sired quality.

Under the above procedure, usually a random, supposedly representative, sample is
taken. This sample is tested and the result compared with the specified value of the particular
characteristic. If the test result is within the specified tolerances, the material passes and is
accepted. IT not, the material fuils to pass, Engineering judgment must then be applied and a deci-
sion made as to whether the material may be said to substantially comply, and thus be accepted, or
whether the material truly fails and must be rejected, or whether the material should be re-tested.
Substantial compliance is not defined, and thus can vary from person to person and job to job,
creating confusion and disputes. Actual research has shown that as much as 30 percent of some
construction controlled by traditional methods has been outside the stated limits when closely
examined by statistical methods using random sampling, even though it was considered com-
pletely acceptable under the control practices used.
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When a failing test is encountered, re-testing, without upgrading the material being
tested, is not an appropriate action (unless the original test has been improperly performed, in
which case the entire test should be voided). Even if the results of the two tests (original test and
retest) are averaged. there is a built-in bias because the second test is taken only if the First test fails,
not if it passes.

9.1.7 Turnkey Type Operation

In the case of the turnkey type of construction, the design and construction are done
within the same organization, which usually has an engineering group and a construction group.
The engineering group is usually charged with inspection for acceptance and the construction
group operates as the contractor in a conventional construction operation.

The contractor is responsible for the management, control, and documentation of activities
that are necessary for compliance with all contract requirements. The Owner Quality Assurance (OQA)
program is responsible for establishing performance periods and quality control requirements and for
ensuring that the Contractor Quality Control (CQC) program is functioning as required.

For RCC production, several areas of the CQC program are important. The first is to
maintain a well-managed and trained CQC staff, This is partly affected by the geographical market
area from which quality CQC personnel can be drawn. In many areas qualified personnel with
experience and training are not available.

Another concern is that CQC organizations often do not respond to or modify, in a
timely manner, operations that prove to be in disagreement with specifications. Certain activities
such as making aggregate moisture or grading adjustments must be addressed immediately to
prevent permanent deficiencies. A project program should emphasize monitoring and correcting
those features that must be responded to immediately. There are also parts of the specifications that
the contractor might not view to be as significant as the government does. As an example, a con-
tractor may try to make the case that an aggregate grading that is slightly out of specification will
not alter the product quality and surely does not warrant stopping RCC production. For such
issues, it is best to develop a clear understanding at a high level (government resident engineer and
contractor project engineer) of what appropriate actions should be taken to prevent problems from
oceurring and when they do occur, how to prevent a similar event in the future. In the example
given, it is possible that most of the aggregate has already been produced and there is no practical
way to bring the aggregate back into grading. It may be more prudent to analyze the consequences
of using the ageregate as is, or adjusting the mixture proportions to a new grading curve. Quality-
control problems associated with specific monitoring or testing can be well defined and are, there-
fore, usually easier to control.

9.1.8 Credibility

When the personnel is employed by the owner or engineer their efforts to achieve qual-
ity construction are never questioned. Unfortunately, there is a trend in some agencies, supported
by some engineers, to place these activities in the hands of the contractor. This is the case of
turnkey projects. It may be suggested that the credibility of such inspection can be affected by a
conflict of interest.

Such doubts could be largely reduced or eliminated altogether if the owner or engineer
had at least one qualified person working with the contractor’s inspection forces. This person
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could not only make confirmatory observations but make confirmatory random tests as well, to
insure that the record being produced by the contractor was accurate. On turnkey work where
the owner has no staff on the job, the contractor can establish the credibility of his testing and
inspection records only by convincing evidence that his quality forces are entirely free agents,
responsible only to his top management. As one advertisement said about its quality managers:

- Their job is to help make sure that you get what you pay for.

- Their only allegiance is to quality.

- If they say “no™ due to nonconformance, then “no™ it is. And no one reverses
their decision.

Careful inspection should be enforced in all of the operations relating to:

- the selection of the materials;

- the design of the mixtures;

- mixing, transporting, placing, consolidating, and finishing;
- protection and curing.

9.1.9 Statistical Concepts In Quality Assurance

The science of statistics is a versatile tool. Its use permits decisions to be made with
an established degree of confidence.

Contract documents can be written using statistical concepts to express quality require-
ments as target values for contractors, and to express compliance requirements as plus or minus
tolerances. Tolerances for the target value, prescribed by design needs, can be based on statistical
analyses of the variations in materials, processes, sampling, and testing existing in traditional
construction practices. Tolerances derived in this manner can be both realistic and enforceable.
They take into account all the normal causes of variation and allow for the expected distribution of
test results around the average. Provisions can be made both for control to the stated level and for
control of the variation from this level.

In addition to indicating the acceptable and non-acceptable material in construction, it
is also common in highway construction to use statistical methods to indicate “gray area” when-
ever the test results show that the material is not completely in compliance with the requirements
but can be accepted if and when permitted by the contract documents.

Contract documents based on statistical concepts are widely used and becoming more
common. Public agencies, particularly the various state highway departments have emphasized
their use basically because statistical concepts are particularly appropriate, and waluable, for
use on projects involving high rates of production and large volumes of concrete or other
materials, such as highway paving projects, large dams, and airfield paving. Use of statisti-
cal concepts has proved not only feasible but also very effective and efficient where properly
applied.

Statistical procedures for quality assurance are based on the laws of probability; conse-
quently, these laws must be allowed to function. One of the most important requirements for proper
functioning is that the data be selected by random sampling. A true random sample is one for
which all parts of the whole have an equal chance of being chosen for the sample. Without true
random samples, statistical procedures give false results.
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Random selection is obtained only by positive action: it is not merely a haphazard
selection, nor one declared to be without bias. Selection by the proper use of a standard table
of random numbers is acceptable. It is possible and feasible to adapt the use of random
numbers to the laboratory, to the field, and to the factory. Mechanical randomizing devices
(dice, spinning wheel, etc.) are sometimes used, but no device is acceptable as random in the
absence of passing certain statistical tests.

The difficulties in attaining randomness are greater than generally known. A discussion
of the preparation of sampling plans is presented in ASTM E 105 [9.01].

9.1.10 Records

Assurance of quality in construction is not a reality without records that give
that assurance. These records must be systematically and presentably kept. They must
be accurate, consistent, and believable. But they need not be excessive in coverage and
should not be redundant.

If faithfully kept records show compliance with specification requirements and the
general appearance of the concrete work is good, there should be no question of acceptance of the
work regardless of its size, complexity, or importance, or for what owner or agency it is built. It is
emphasized that further records of other tests or observations are not necessary and they will not
improve the assurance that can be taken from the fully adequate record herein advocated. In fact,
any further testing and inspection, such as recording all batch weights, slump tests on most truck
loads, or routine sampling at the end of pump lines, is likely to detract from the quality of the work
through its many interruptions, and certainly will increase its cost unnecessarily.

Written records and reports of inspections and tests are required by contract documents,
codes, and regulatory agencies. The contract documents should consider the needs of the project
and regulatory requirements when defining the specific reports and records that must be devel-
oped. Many reports must be maintained for the life of the project and therefore should be legible,
complete, and reliable. They provide a record of as-built conditions, including verification of con-
struction performed in accordance with the contract documents, and include any noncompliance
and corrective action taken. Many times, they are used to settle disputes and as a basis for future
modifications to the structure. When public safety is involved, particular attention must be
applied to include all of the attributes required to satisty code and jurisdictional authority
requirements.

The records and reports mentioned in this Chapter are illustrative of those that could be
used when required by project conditions or contract documents. Obviously, the detailed needs for
inspection (and, therefore, the records and reports to verify it) are affected by many factors. Some
of these factors, but by no means all, are the legal requirements of the jurisdiction in the project’s
local, contract requirements, size of project. location of project, criticality of the concrete being
placed, amount of concrete being placed, etc. Just as in preparing contract documents to fit the
needs of each particular project, so the inspection requirements are determined for each project,
and the records and reports required for verification.

9.2 Quality Plan

An overall Quality Plan or System for a construction can describe in general terms the
Quality Control System used for the a project with emphasis on:



340 The Use of RCC Francisco R. Andriolo

- The guality objectives to be attained:

- The specific allocation of responsibilities and authority during the different phases
of the project;

- The specific procedures, methods and work instructions to be applied;

- Suitable testing, inspection and examination at appropriate stages:

- A method for changes and modifications in a quality plan as the project proceeds;

- Other measures necessary to meel objectives.

The main objective of each quality plan is to give the project manager the overall tool
assuring that the work in the different phases is executed in a controlled manner. Personnel
performing activities affecting quality must be appropriately trained and records will be kept of
executed training. Records of training and a list of persons authorized to perform certain tasks
must be kept and maintained by the respective members of the team.

Procedures need to be established, maintained and documented in order to perform,
verify and report that the service meets the specified requirements. The reliability, availability and
maintainability of the operation need to be monitored and reported.

The Quality Control System tries to increase the quality and productivity of the works
and reduce costs. It must be designed to prevent and eliminate or reduce mistakes during the
construction works, and provide repairs, if and when mistakes occur. The design of a structure
should be accomplished considering what measures will be required to insure that the required
quality is achieved. It is obvious that the design of projects where little quality control is antici-
pated should be more conservative than the design of a project where a very effective quality
control program is anticipated. For most projects the quality control requirements are specified in
the contract documents, or by separate agreement with a quality control organization. The prepara-
tion of those documents should be coordinated with project designers so that the design require-
ments are suitable.

While quality control is usually considered to be an activity performed during RCC
placement, it is also important that quality control issues be considered during design, planning,
and the initial phases of construction of an RCC project.

A viable Quality Control System should consider the numerous construction operations
basic not only to RCC but also to the CVC, and how they are performed. Preparation and advance
planning are the key to success and quality construction. Pre-construction meetings, pre-construc-
tion testing, and pre-construction evaluations such as test sections are critical parts of the quality
program. Once the concrete (RCC and CVC) placement is underway, the more traditional
concepts of quality control become evident, but advance planning and preparation continue
to be important.

Evaluation and acceptance procedures that quickly deal with inevitable quality varia-
tions during construction are also critical to quality control.

Before any purchasing deal is closed, offers must undergo a technical and commercial
analysis to ensure that specifications are fulfilled. Whenever necessary, a quality certificate can be
requested from the supplier. Acceptance inspection can be made by a trained and specialized team
using specific procedures for each kind of material or product. This inspection can take place
either at the supplier, before shipment, or at the job site, depending on the situation. The Overall
Quality Plan must be adjusted to the local conditions taking in count the workman labor perfor-
mance, equipment and technical knowledge.
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The control can be based on the following main items:

- A qualified team;

- Adequate and modern technology:
- Adequate equipment and facilities;
- Elimination of mistakes and defects;
- Monitoring of the process:

- Standardizing

The objective of Quality Control is to ensure that the characteristics of received or
produced materials and equipment are preserved. Adequate care and methods will be employed in
the handling of materials and equipment. Whenever necessary, specific arrangements will be made
for the handling of sensitive equipment.

All data and information relative to the Quality Control System must be collected in a
standardized routine and accurate manner, to give evidence of the required quality for materials
and equipment. Records will include the following features:

- Quality assurance as used herein refers to all functions involved in obtaining
quality materials to provide satisfactory services;

- Periodical reports based on statistical analyses must be made for all items in the project:

- Before concrete production starts, all materials will be analyzed according to their
properties and only those in conformity with the standards will be chosen.

RCC placing rates can be extremely high when compared to conventional concrete.
Placing rates in excess of 400m’/hr have been achieved on some large projects (see Chapter 8).
Small structures have been constructed in only a few days or weeks. With such rapid placement
rates or short-term construction periods, problems must be evaluated and solutions implemented in
a short period of time. Any problem that delays RCC placing essentially delays the whole produc-
tion. Good communication among the owner, engineer, inspection personnel, and contractor
personnel is essential. The most common placement delays are usually due to problems caused by:

1. Insufficient materials

2. Foundation preparation and cleanup
3. Joint cleanup

4. Equipment breakdown

5. Weather condition (hot or cold : wet or dry: rain)

After the selection of the materials (cement, pozzolanic materials, aggregates, water
and admixtures) available for use according to the standards and specifications, concrete
mixes must be designed by the laboratory, in compliance with an adopted “*Recommended
Practice” or Standard. Materials inspected for acceptance before being shipped to the job site
can have their status checked for damage during shipment and storage.

It must be assured that all personnel are correctly selected, trained, qualified and
motivated so that the results anticipated by the company will be attained and even surpassed. A key
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element in resolving potential problems in advance 1s to assure that all participants understand
the project requirements, and that necessary procedures are clearly understood. Basic issues
that must be considered in advance are:

¥ Staffing - Sufficient laboratory and inspection personnel should be trained and
available for the anticipated production operations. Shift overlaps and transitions require advance
planning. All staff members must know what is acceptable and unacceptable, and they must consistently
apply acceptability criteria. Whenever necessary. the work will keep proof on file showing that execu-
tive and quality personnel are qualified and/for certified by an agency of recognized competence.

v'  Facilities and equipment - Appropriate testing facilities and equipment for the
size and volume of tests that may become necessary must be available in advance of RCC
related work. Technicians should be trained in the proper use of the equipment and in the
proper implementation of the test methods.

v Communications - The project staff should meet with the contractor to review
and discuss requirements and procedures for RCC material production, placement, testing,
inspection, and job site safety. Adequate radio communication at the job site among key personnel of
the contractor, inspection/quality control organization, and field design personnel has been respon-
sible for avoiding work stoppages and unnecessary removal of questionable material.

Based on what was described above, it can be suggested that before the works start
a “Quality Control Plan™ and a “Manual for Quality Control” should be adopted. This “*Manual™
proposes measures which include the following basic points:

: Be aware of possible problems;

- Anticipate possible corrections;

« Guarantee guality;

- Seek modifications and improvements:

- Be objective, dynamic and compatible with the pace of construction;
- Controls must include materials and concretes (RCC and CVC);

For an overall view of the scheme that can be adopted Figure 9.01 shows a flow
chart of actions with the following points:

Action A - Pre-qualification and knowledge -This corresponds to the stage of initial
studies, knowledge and selection of materials and suppliers.

Action B- Information on handling.

ActionC - Control of arrival (delivered) of material - This action seeks to guarantee
quality and uniformity of the material and products, based on pre-qualification data. These tests
are proven by certificates, and will be performed by each supplier.

Action D - Control during production - This action is to evaluate the points or proce-
dures that could be vulnerable during production.

Action E - Control of application- This point consists of disciplinary actions during
production.

Action F - Inspection during execution- This action will have the function of evaluat-
ing the best procedures for executing the works.

Action G - Structure commissioning- This will have the function of formal commis-
sioning of each stage of structures or services.
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In addition to inspection activities, a comprehensive RCC quality control program
should monitor the aggregate properties, RCC mixture proportions, fresh concrete properties,
hardened concrete properties, and in-place compaction. An example of possible tests and test
frequencies are given in Figure 9.02, that was successfully adopted during Capanda RCC Dam
construction in Angola [9.02]. The frequency and extent of testing should be adjusted
according to the size of the project, the sensitivity of the design to variations in quality,
and the rate of RCC production.

Quality control of the material and concrete used for the Capanda project, was the
Constructor’s responsibility. To perform these activities, a “Quality Control Plan™ was devised,
in order to comply with design and specifications requirements. Logistic conditions for
construction of the development were also considered such as. purchase of basic materials,
distance from site to production centers, quantity and quality of labor available, schedules,
and assurance of quality parameters compatible with the magnitude of the works. Figure 9.02
shows, in schematic form, the Quality Control Plan established.

The “goal™ of quality control is to identily problems before they occur or
sufficiently early in the process so they can be corrected. Monitoring and reacting to the
trend in performance is preferable to reacting to specific test results. The trend, identified
by a series of tests, is more important than data provided by a single test. By continuously
tracking trends it is possible to identify detrimental changes in material performance and
initiate corrective actions. Further, it is possible to modify the frequency of testing
based on trend performance. For example, it is common to specify a high testing frequency
during the beginning of aggregate production and to later reduce the testing frequency
as production stabilizes and the trend in grading stabilizes.

Tests must be performed rapidly. The rapid placing rates and typical 20 or 24 hour
per day construction timetables require careful attention and interaction between Quality Control
testing, inspection personnel, and production personnel. If Quality Control System activities
cause significant delays to any stage of RCC production such as mixing, placing, compacting,
or foundation cleanup, all construction may be affected and possibly stopped.

Fresh RCC properties may vary with daily, weekly, or monthly fluctuations in ambient
weather conditions. This, in turn, affects water requirements, compaction characteristics during
construction, and the quality of the concrete. Normally. construction activities continue
throughout a variety of warm, cold, wet or dry ambient conditions. Quality Control System
personnel should assure that continuous adjustments in moisture and, if appropriate, other
mixture proportions are made to adapt to these conditions. All personnel must communicate
between shifts about these adjustments in order to achieve continuity of the product.

Even more than in CVC, the use of compressive strengths test on concrete speci-
mens as a method of control in RCC construction has a major disadvantage in the time required
obtaining results. Because of the rapid rate of placement in RCC construction, and the fact that
layers of material can be covered with new lifts within hours, test cylinders serve as record data
for quality assurance and are not an effective method of day-to-day quality control.

Emphasis on thorough control of materials (gradation, cementitious content, and
moisture content) and conditions during placement is essential to proper RCC. If the aggre-
gates are as specified with regard to source and quality, the cementitious materials are pre-
tested from pre-qualified sources, the technique and timing of mixing, spreading, and compacting
are within the designated guidelines, and an appropriate method of curing is followed, the end
product will be acceptable.
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An advantage of RCC and the above approach is that unacceptable material is
identified early and can be removed at relatively low cost. For example, a zone of low-density
material can be identified by nuclear density gauge testing within a short time of placing and
then can be re-compacted or removed prior to achieving final strength.

It is important that qualified personnel be in close contact with the mixing plant at all
times to maintain water contents at the optimum level for compaction. The control measures
that should be instituted in RCC construction are essentially material dependent. If the mixture
was designed for strength and consistency requirements, measurements ol consistency
should be performed to maintain consistency within the desired range and to expand the
judgment based on observations of the inspector and placing foreman. Adjustments in batch
water can be made prior to placement when consistencies approach control limits.

9.3 Training and Communication

Quality is best assured when the inspection and testing force is well trained and
skillfully supervised. This includes seeing that the inspectors know at least what they need to
know and that they have the correct attitude of firm but pleasantly detached authority, although
endeavoring to be helpful wherever they properly can. For these important reasons of
supervision and training, it is usually better to include these functions in the owner's or
engineer’s organization than to assign this great responsibility to an outside organization over
which supervision and control is difficult at best. This condition is more important in RCC than in
CVC construction due to the rapid rate of concrete placed. The cost of quality concrete work will be
least when all concerned really want it and work harmoniously together to see that they get it

An important early move in this direction is to hold pre-bid and pre-construction
meetings attended by responsible representatives of the owner and builder, engineer, inspec-
tion and testing people, and materials suppliers. Thus mutual understanding of specifications
and potential problems is promoted, and acquaintance and communication is established.
Such meetings can also be helpful during construction.

As part of the quality assurance and control program, orientation and training
sessions should be held for supervisors, inspectors, and workmen. The differences in tech-
nigue between CVC and RCC as well as granular embankments should be discussed and
understood by all. Key issues should be explained, such as time limitations for mixing, spreading,
and compacting. and concerns about segregation, joint integrity, and curing. It should be
emphasized that although RCC looks and behaves like granular fill in its early stage, it is
concrete and should be treated as carefully as conventionally placed concrete. This includes
cure, protection, and care of compacted concrete surfaces.

During construction of an RCC structure, both the designer and inspection per-
sonnel should be aware that, as with other construction methods, undesirable material will be
placed occasionally. Field personnel should not overreact to isolated cases of placement of
“rejectable”™ material that does not jeopardize the overall function of the structure and where
remedial action would create a worse condition than leaving the material in place. Critical
operations should be identified and given more attention during construction and inspection
o prevent placement of marginal material.

The tendency is to treat lift surfaces as compacted embankment rather than as fresh concrete.

Itis very important to take in account that in RCC construction, due to its speed, the construc-
tion planning and the quality control system must be considered in advance, and very welladjusted.
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9.4 Materials

What inspection and testing then is necessary to provide the quality desired?

This may be divided into material-acceptance testing, concrete production inspec-
tion and testing, and inspection of concrete placement and other aspects of construction.
Together with these go sufficient record keeping showing what was done and what was
obtained. The extent to which each is carried out may vary somewhat in accordance with
the size and importance of the job, but always bearing in mind that each is an element in
getting quality, regardless of size of job.

Concrete materials other than aggregates can be accepted on certification of the
producer but it should be required that these certifications be accompanied by a copy of his
test results showing that the cement, pozzolanic materials, or admixture does in fact meet
specification requirements. Random samples of delivered materials can be taken, possibly at
one month intervals more or less as experience may indicate advisable, and tested for
conformance with certification tests.

All RCC materials should meet the project specification requirements prior to placing.
The test frequency (Figure 9.02) should be established based on the size of the structure, the
rate of RCC production, and the degree to which it is necessary in the design requirements. For
small structures, certain materials may be accepted based on the supplier certification. Larger
structures may require testing at the point of manufacture in order to keep up with the high
output necessary to maintain production.

9.4.1 Cement and Pozzolanic Material

Cement and pozzolanic material (if used) should conform to the adopted standard
quality requirements. Cement can be accepted on manufacture certification, or the suppliers
may be required to be “pre-qualified” (see Action A - Figure 9.01). Tests may also be
performed on grab samples during construction of large projects under their quality
assurance program. Non-prequalified sources should be tested before construction begins,
and subjected to check tests during construction.

On the Capanda Development the only brand of cement used was Cimangola,
Ordinary Portland type, supplied in bulk. According to the supply contract, the manufacturer
himself was responsible for quality control and for the dispatch of his product. To this end, the
procedure established was that the samples were delivered every 2 hours or 100ton produced,
to determine Free Lime, Blaine Fineness, Setting Time and Loss on Ignition. Supplementary
“Factory Control” samples were taken daily every 500ton, for complete physical-chemical
tests. Manufacturer’s tests were made to British Standard BS 4550, On site, the Quality Control
Plan established that Control and Reception samples be taken. Reception (on arrival) samples
were taken from each batch received on site, at the rate of 1 sample for every 100ton or fraction
thereof. Control samples were taken weekly from each concrete batch plant, characterizing the
cement immediately on application to concretes. Eventually, a sampling at every 5,000ton was
also established for inter-laboratory testing, allowing checking of the procedures used by the
Laboratories involved. Figure 9.03 shows all data obtained through control made (with samples
taken at the concrete batch plants) as well as the requirements as specified, based on
methods of ABNT-NBR 7215 (Brazilian Method of Test).
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9.4.2 Admixtures

Admixtures (if used) should conform to the adopted standard quality requirements.
Admixtures can be accepted on manufactures certification, or the suppliers may be required to
be “pre-qualified”, also (see Action A - (9-01). Admixtures can be added with equipment and
procedures similar to those used for CVC concrete in both batch and continuous mix plants.
This typically involves introducing the admixtures with the water, and often requires that the
admixture dosage be interlocked with the RCC production rate to assure the proper dosage.

REQUIREMENT UNITY |[NUMBER OF | AVERAGE|COEFFICIENT OF | LIMIT
SAMPLES VARIATION %%
% RETAINED OMN # 200 % 371 57 23,9
% RETAINED ON # 325 % 318 20,6 219 <30
SPECIFIC SURFACE BLAINE cm’/g 392 3430 125 = 3200
APPARENT SPECIFIC GRAVITY glem’® 187 1,1 2,7
ABSOLUT SPECIFIC GRAVITY g/lem’ 349 312 0,6
TIME OF SETTING - INITIAL h: min 600 02:07 232 >10h
- FINAL h : min 567 03:23 223
LE CHATELIER - EXPANSION mm 252 1 18 <50
AUTOCLAVE - EXPANSION % 167 0.5 258 <08
COMPRESSIVE 3DAYS | kglicm® 154 177 236 = 100
STRENGTH 7DAYS | kgtlem® 155 267 18,1 > 200
( AGE) 28 DAYS kgflem® 193 349 145 > 320
HEAT OF 7 DAYS cal/g 23 78,1 7.7
HYDRATION ( AGE) 28 DAYS cal/g 23 88,3 5.9
LOSS ON IGNITION % 212 1,13 327
INSOLUBLE RESIDUE % 214 0,53 39,6
sio2 % 214 20,5 3.4
Fe203 %% 202 3,58 133
Al203 % 202 6,31 10,8
Ca0 % 214 64,3 1.4
MgO % 214 0,89 38,2 <35
S03 % 600 1.99 196 <30
FREE LIME % 601 1,51 397 <20
c3s % 202 44,9 14,2
c2s % 202 242 226
C3A %o 202 8,96 196 < 9,0
C4AF % 202 115 11,3

Figure 9.03 Tests carried out on Cimangola Cement (Samples from Concrete Plants).
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9.4.2 Aggregates

Aggregates should be sampled at the time concrete is sampled but only moisture
content and cleanness and grading tests should be made on each of these samples, depending
on whether these properties have been marginal. Tests of other aggregate properties should be
made in other intervals for the record to show that they are unchanged from those approved for
the work. If it is thought that there has been change or significant encroachment on specification
limits, additional such tests should be made as a basis for any needed action and for the record
to show what was done.

The quality and grading of aggregates significantly affects the fresh and hardened
properties of RCC. The grading of both fine and coarse aggregates affect workability, and the
ability to effectively compact or consolidate RCC. In addition to standard gradation analyses,
high fine mixtures also require testing for Atterberg Limits of liquid and plastic index. The
aggregate source, whether a new on-site source or a commercial off-site source, should be
inspected and approved in advance (see Action A - Figure 9-01).

Moisture content and grading tests are performed during initial processing and
stockpiling of aggregates. These tests should be performed at least once per shift during
production (See Figure 9-02).

Producing sufficient aggregates at a stable moisture condition is important to ac-
commodate high RCC production rates. Varying moisture in stockpiles will result in varying the
workability of RCC. An increase or decrease in moisture of only a few tenths of one per cent
can change the compacting characteristies of RCC. This is mostly affected if large amount of
fines is used. Overly wet stockpiles limit the available water, which may be batched as ice if (not
usual) cooling is required.

The high production rates achievable with RCC may require that a large reserve of
aggregate be on hand prior to initiating placing. This is also advantageous from the standpoint
of grading control and allows systematic and gradual plant adjustments to be made without
drastically disrupting production. The stockpiles also permit easier maintenance of uniform
moisture and temperature distribution in the aggregate, which in turn provides control of the
mixture. This is particularly true if reclaim tunnels are used. If the material is withdrawn from the
exterior stockpile surfaces, more attention may be needed to control variability in the gradation

DENOMINATION | AGGREGATE | USED FOR | CONCRETE TYPE
SIZE (mm) RCC CVC-CONVETIONAL
CRUSHED SAND 5--0 YES YES
COARSE 1 18--5 YES YES
COARSE 2 38--18 YES YES
COARSE 3 76 -- 38 YES YES
AGGREGATE G1 18--0 YES NO
AGGREGATE G2 64 --19 YES NO

Figure 9.04 Granulometric ranges for aggregates production.
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If out-of-specification material is produced. corrections should be initiated as soon
as the cause is identified and materials that cannot be recovered by reworking or blending
should be wasted.

The moisture content of aggregate stockpiles for aggregates having greater than [-
90 absorption should be maintained at the highest practical level. Unsaturated aggregates
may increase RCC porosity by absorbing water from minimum paste mixtures.

Al Capanda dam [9.02] aggregates control was established using two types of
samples Production and Control;

Production samples were taken weekly at the aggregates belt conveyor, between
crushers and stockpiles. These samples allowed for routine checks of the crusher system
classification and conditions also providing information also on control and balancing of
stocked materials. During initial production phase, these samples were taken at daily and
sometimes hourly intervals until the system was quality and quantity adjusted.

Control samples were taken weekly at each of the concrete batch plants allowing
characterization of the aggregates on their immediate application to concrete. Granulometric
ranges considered in the production of aggregates for conventional and RCC concretes are
shown in Figure 9.03, where it is noted that the RCC was produced from the various granulometric
ranges available. This was because RCC was produced both at conventional concrete plants
{Batch) and also in continuous mixing plants (Pug Mill).

The combined aggregate “G1™ (0-19mm) was obtained by combining crushed sand
with Coarse 1, at the crusher system. In the same way, the combined aggregate “G2" (19-64mm)
was obtained from the combination of Coarse 2 and 3, with a small reduction in size of Coarse
3. This reduction, although requiring more crushing effort, had the purpose of improving
performance of the RCC Pug Mill-Continuous mixing Plant, ensuring less segregation both of
the “G2" and of the RCC itself. Because the sand content of “G 1™ was insufficient for completion
of RCC total grain size, an additional amount of crushed sand was supplied directly from the re-
crushers for fillers, conveniently located within the system. Data obtained on aggregate
control are presented in Figure 9.05.

PROPERTY unITY | cRUSHED AGGREGATE
SAND G1-(19-0)mm | G2-(84-18)mim | B1-(19-4,8)mm | B2-{38-19)mm | B3-(76-38)mm
APPARENT SPECIFIC GRAVITY glem”’ 1,59 1,61 16 1.42 1,43 141
ABSOLUT SPECIFIC GRAVITY | giom’ 265 2.65 2.66 2.65 266 266
ABSORPTION % 0.9 077 0,33 06 042 0,45
ABRASION LOS - LOS ANGELES % |({ONTHE METASANDSTONE - ROCK FOR AGGREGATES PRODUCTION =138 )
NUMBER OF SAMPLES N 250 | 134 | 122 | 145 162 125

Figure 9.05 Physical characteristics of Capanda aggregates.

As mentioned in Chapters 5 and 6, the use of crushed sand was of fundamental
importance for the Capanda Project concretes especially because it was possible to benefit
from the use of crushed powder filler. On proportioning of RCC mixes, it was prescribed that
concrete total grain size should have a minimum 10% content of particles less than 0.15mm (at sieve
mesh # 100), and 7% of particles less than 0.075mm (at sieve mesh # 200). To better characterize the
real amount of crushed powder, in the manufactured sand, comparative grain size analyses were carried
out, with dry and wet screen on twin samples, obtaining the results shown in Figure 9.06. These
comparison tests have evidenced that on wet screen grain size tests the retained material
content on sieve mesh # 200 results about 80% greater than with dry screen testing.
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TEST % RETAINED ACCUMULATED ON SIEVE (mm)
CONDITION 48 | 24 | 12 | 06 | 03 | 0,15]0,075
DRY SCREEN 8 39 | 58 | 69 | 78 | 87 | 94
WETT SCREEN | 8 39 | 58 | 68 | 76 | 84 | 89

Figure 9.06 Comparison granulometric results with dry screen and
wet screen (Average value for 31 samples)

9.4.3 Mixing Water

For the concrete plants at Capanda Project the water from the Kwanza River was
used after sedimentation in the raw water reservoirs on site, with no chemical treatment. Samples
were taken at the batching outlet in the concrete plants once a week for control purposes only.
Results obtained are shown in Figure 9.07.

REQUIREMENT | UNIT | NUMBER OF | AVERAGE | COEFFICIENT OF | LIMIT
SAMPLES VARIATION %
oz mg /| 186 2,5 92,8 <3
SOLID RESIDUE | mg 181 48,4 53,7 < 5000
CLORIDES mq /I 185 3.6 66,7 < 500
SULPHATES mg 186 5.2 136,56 < 300
pH 186 7.6 11.8 58to8

Figure 9.07 Control tests of mixing water

9.4.4 Admixtures

No admixtures were added to the RCC for Capanda. Horever, these products were
used for CVC and sent to site backed by manufacture quality certificates. Control samples were
taken weekly at each of the concrete plants. Results obtained are shown in Figure 9.08.

ADMIXTURE REQUIREMENT UNIT | NUMBRR OF | AVERAGE | COEFFICIENT OF LIMIT
TYPE SAMPLES VARIATION %
RETARDER / SOLID RESIDUE mg /1 118 31 12,2 32 037
WATER SPECIFIC GRAVITY glem? 118 1,15 35 1,1510 1,17
REDUCER pH 118 69 17,4 4107
SOLID RESIDUE mg /1 17 8,8 20,5 751085
AlR SPECIFIC GRAVITY glem? m7 1 1 1,01 1o 1,02
ENTRAINING pH 17 125 62 1to13
SUPER SOLID RESIDUE mg A 16 az2z2 G 321037
PLASTICIZER | SPECIFIC GRAVITY g/cm’ 16 117 0.4 1,151t 1,18
pH 16 7 22 Eto8

Figure 9.08 Control tests of concrete admixtures.
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9.4.5 PVC - Membrane

A PVC membrane used as a supplementary safety element for impermeability of the
upstream facing, has been studied in detail [9.03] and developed to comply with the specific
conditions of the Capanda Dam. The Quality Control Plan determined that Delivery factory
samples be taken before sent to site. Frequency was set for one sample to be taken every

1.000m? of membrane produced. Tests results obtained are shown in Figure 9.09.

REQUIREMENT UNIT | NUMBER OF | AVERAGE | COEFFICIENT OF | LIMIT
PVC MEMBRANE SAMPLES VARIATION %
THICKNESS mm 23 2,49 0,96 >2
HARDNESS Shore "A" 23 o1 0,56
RUPTURE STRENGTH kgf/cm® 23 181 3,96 > 150
ELONGATION AT RUPTURE % 23 351 10,01 > 200
TEAR RESISTENCE kat/cm” 23 14 5,28
HYDROSTATIC RESISTENCE | kgficm® 23 16,3 6,47 > 14
WATER ABSORPTION % 23 0,39 413 <05
SPECIFIC GRAVITY g/em’® 23 1,24 0,53 121013

Figure 9.09 Results of PVC membrane quality control.

9.4.6 PVC - Water Stops

Likewise, the Quality Control Plan determined that delivery factory samples be
taken from the waterstops before these were sent to site. Frequency was set for one sample to
be taken for every 200m produced. The water stops were sent to site backed by manufacturer’s
respective quality certificates. In addition, Control samples were taken on site with tests carried
out by ltaipu Binational Laboratory. The results obtained are shown in Figure 9.10.

REQUIREMENT UNIT NUMBER OF | AVERAGE | COEFFICIENT OF LIMIT
PVC WATER STOP SAMPLES VARIATION %
HARDMNESS Shore "A" 10 83 0,74 75to 85
RUPTURE STRENGTH kgffem® 10 143 4,96 =120
ELONGATION AT RUPTURE % 10 306 7.32 > 280

Figure 9.10 Results of control tests for PVC. Water-Stop.

9.5 Proportioning and Mixing

9.5.1 General

As in conventional concrete, equipment used for volumetrically proportioning or weight
batching of RCC must be carefully calibrated to meet project requirements. This calibration must
be maintained throughout the construction period. Experience has shown that the appearance of
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freshly mixed RCC alone does not provide an adequate indication of the thoroughness with
which the material has been mixed. A mixture with homogeneous appearance may not have
cement well distributed. A mixture with virtually no cement may handle and appear the same as
a lean mixture with cement. Mixer efficiency tests are needed to establish initial minimum mixing
times (or retention times for continuous mixers) and maximum mixer loading. Periodic verifica-
tion of the mixing time should be made during construction by additional tests.

The importance of performing concrete strength tests carefully and precisely cannot
be overemphasized. In most acceptance confrontations the indicated strength of the concrete
is the deciding factor. Usually other questions can be worked out if strength tests are good. If
they are not, there is a real problem. So it is important that the tests results are not low due to
carelessness and incompetence in sampling, molding, curing, and testing. Aside from
dishonesty, there is little that can be done to make a test cylinder stronger than the potential of
the original concrete. But there are many things that can reduce its strength. Well trained and
supervised people should do this work with care to see primarily that the sample is truly
representative and that the cylinder specimens are evenly filled and fully consolidated without
voids or rock clusters in any portion; that they are kept wet with visible moisture on the surface
at all times and in moderate room temperatures until testing: that capping for testing should be
strong, thin, precisely flat, and especially not convex. This need for perfect planes applies also
o the two loading surfaces of the testing machine. Convexity or other irregularity of end
surfaces has seriously reduced test values and caused needless trouble and concern on too
many occasions. Don’t let it happen to you! Constant alertness is the price of success in
concrete construction just as it has been the price of liberty in the history of mankind!

Evaluating RCC mixture proportions has two main aspeets:

¥ First, establishing that materials are entering the mixer with the desired proportions.

v Second, to evaluate the workability of the RCC and the uniformity (or variability)
of the mixture proportions after it leaves the mixer or after it has been placed.

The right amounts of materials in a mixer in relation to the volume it produces are of
little use if the mixture contains areas, for example, with twice the design cement content and
others with no cement or if the mixture has segregated badly.

9.5.2 Mixing Plant Layout

The mixing plant layout should provide easy access to aggregate stockpiles and
methods of sampling all materials without stopping production. Sampling locations and equip-
ment for cement, pozzolanic material, aggregates, admixtures, water and concrete should be
determined to safely obtain representative materials.

4.5.3 Pre-batching and Batching Inspection Report

Batching and mixing concrete inspection includes documentation of required tests
and verification that proper materials have been used, proper proportions batched, and proper
mixing completed. Prior to batching for production, verification should be made that the batch
plant conforms to the specified standards. Verification may be based on a certificate of inspection
report of the plant incorporating the results of calibrations, uniformity tests, and plant conditions.
A report of the uniformity tests of mixes should be based on mix proportions and materials
similar to that used for the project. The capability and performance of the plant to conform to
specified limits of weighing accuracy of each material must be verified and recorded.
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CONTENT OR SAMPLING | SAMFLING AT
PROPERTY AT MIXER | PLACEMENT
CEMENT 82.5 70
MOISTURE 91.5 75
UNIT WEIGHT OF THE 98.5 85
AlIR-FREE MORTAR
COARSE 80.5 80
AGGREGATE

Figure 9.15 Maximum allowed variability index values.
Note: Variability index =(smallest value/largest value)
x 100 [9.07].

In this modified approach, a sample of RCC is taken from the placing area immediately
after spreading but prior to rolling. This is done during the first, middle, and last third of a
production shift. Modern and simple laboratory equipment, such as microwave ovens, or
DMA (See Chapter 7) and calcium analyzers, provide results within a few hours. Samples are
tested for the unit weight, amount of coarse aggregate, moisture, air content, unit weight of the
air-free mortar, and the cement content. By comparing results of the three samples, the variability
of the mixture can be established the same day it is tested.

At the start of production on a new project, an adequately long mixing time should be
adopted to assure thorough mixing until test results are available. This can be slowly decreased
by perhaps 10 seconds each day, until test results show that excessive variability in the
product will occur if mixing time is further reduced. The mixing time established by testing can
vary from plant to plant and mixture to mixture,

Experience has shown that the appearance of freshly mixed RCC alone does not
adequately indicate how thoroughly the material has been mixed. The cement may not be properly
distributed in a mixture with uniform appearance, and a mixture with virtually no cement may handle
and appear the same as a lean mixture with cement. Mixer proofing efficiency testing is needed
to establish minimum mixing times and mixer loading. Variability indexes can be specified for
tests under ASTM C-94[9.05] or Corps of Engineers designation CRD C-55 [9.06].

Normally, mixer testing is concerned only with the mixer, comparing the components
and quality of the concrete found in the first, middle, and last parts of the mixer drum. RCC is
frequently made in continuous mixers, which do not lend themselves to such testing. Also,
considerable beneficial re-mixing or damaging segregation can occur in the delivery and spreading
process. A modified approach to mixer evaluation, which considers the effect of handling is
appropriate. Such an approach simply combines concerns for “within batch™ variations with
“batch-to-batch™ variation and is applicable to both continuous and batch-type operations.



Inspection, Quality Control and Assurance 359

A variety of RCC quality control tests have been developed to accommodate
the wide range of consistencies, mixture proportions, and aggregate grading possible
with RCC. Some tests are adapted from CVC procedures while others are adapted from
soil cement or earthwork technology.

Either from previously established strength expectancy for the proportions and
materials used, or from tests of preliminary batches of similar proportions, it should be
reasonably well known before the concrete work starts what strength the mix should produce
if the slump and air content are kept within the requested limits. Thus, strength tests of job
concrete are primarily for the record to show to what degree the expected strength was obtained.
If it is found that fewer than the required percent reached the required strength, it merely means
a slight encroachment on the safety factor at that age. If it is believed that higher strength later
will still be insufficient, an appropriate adjustment can be made in cement content.

Control of strength and any evaluation of strength tests should be carried out in accor-
dance with ACI Standard 214, “*Recommended Practice for Evaluation of Strength Test Results of
Concrete™ [9.08 and 9.09]. The earliest indication from strength tests that corrective action is needed
is when the moving average of the five last tests encroaches the requested value for minimum
required strength at that age. Many times if an appropriate adjustment in cement content has been
made. a modest encroachment on 28-day strength will be acceptable on the basis of companion
91day or 180 day tests which show strengths well above requirements. It is strongly recommended
that these be made.

Along with the immediate plotting of all strength tests and the moving average, the
corresponding consistency, water and cementitious content and density determined for each test
batch should be plotted.

At Capanda project, CVC concretes were produced in two batching-mixing
plants with tilting conical mixer with 3m?* capacity per mixer. Nominal production of each
plant was 120m#/h, with production reaching 130m#/h during peak periods. Quality control of
CVC concrete production was made by taking routine samples of the concrete and its mixing
materials. Sampling was made at the concrete plants where small field laboratories were installed.
Moisture of the aggregates, for correction of mixing water, was determined every 2 hours for
the small aggregates and at least twice a day for coarse aggregates. Tests were carried oul on
fresh mix samples (slump, entrained air content and tlemperature), aiming at control homogeneity
and enable mixing corrections and adjustments,

Moldings of F 150mmx300mm test specimens for strength tests were made for
every 200m? produced or fraction thereof. At every 2,000 m?, additional test specimens were
molded for modulus of elasticity and diametral (splitting) compression tensile strength tests.
Tests over hardened concrete enable statistical evaluation of compliance to design requirements,
based on the reliability established and dispersions obtained. To check production equipment,
all batchers were checked monthly, during maintenance or long shutdown periods or on
occurrence of any anomaly. The following figures have heen established as maximum deviations
for each batching: water and cement 1%; sand 2%; coarse aggregates 3%: admixtures 5%.

For preventive control, periodical check-lists were run on each equipment. to inspect
the following items: mixing water piping system; storage conditions of the various materials; ce-
ment supply system conditions; mixing and batching plants conditions.

Mix design of the CVC used in the dam construction and the respective control
parameters are shown in Figure 9.16.
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USED AS URIT FACING MIX FACING MIX BEDDING MIX BEDDING MIX| PLINTH
REQUIRED STRENGTH kghicm 120 120 120 120 160
AT AGE Dias 90 o0 w0 o0 28
IDENTIFICATION E 3803 E 38 04 E1507 E 1308 C 3801
SLUMP cm 541 541 14 42 1442 541
AR ENTRAINED % 441 441 41 el Aal1
PROPORTIONING MIX
CEMENT lgim” 230 200 260 230 265
WATER kg'm* 166 168 218 220 168
CRUSHED SAND lng/m" 740 B4 1100 1155 675
COARSE B1(19-4.8)mm kg 560 530 B0 650 560
COARSE B2(38-18)mm fgim® 600 570 530
SET RETARDER kogim® 0.8 0.8 1 0.9 0.8
AR ENTRAINING fgim?® 011 0,1 012 0,11 0,12
COMPRESSIVE STRENGTH -
STATISTICAL DATA
SAMPLES FOR 3 DAYS AGE 8 286 71 B8 B3
AVERAGE kglicm® &5 B0 6 59 124
COEFFICIENT OF VARIATION % 264 251 211 264 24
MIX EFFICIENCY tkgticm )/ { kgim ) 0,37 040 0,25 0.26 047
SAMPLES FOR 7 DAYS AGE 45 263 T2 84 ai
AVERAGE kglicm 142 128 iiZ 0 183
COEFFICIENT OF VARIATION % 268 21.1 3l 254 19,8
MLX EFFICIENCY fkgiiem b/ { kgim ") .62 0.64 0,43 0.45 0.73
SAMPLES FOR 28 DAYS AGE B 545 143 174 B4
AVERAGE kgliemz 217 168 177 154 276
COEFFICIENT OF VARIATION % 202 L] 17.1 18.6 15,8
MIX EFFICIENCY fhgticm )/ kgm ) 0.4 0.94 0.68 0.67 1.04
SAMPLES FOR 50 DAYS AGE TH 453 133 150
AVERAGE kpticm* 256 215 210 181
COEFFICIENT OF VARIATION % 176 173 167 171
MIX EFFICIENCY featiem * )/ fem *) 1t 1,08 0,81 0.79

Figure 9.16 Mix design and statistical data on CVC concretes mainly used at Capanda

dam- Angola [9.10].
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9.5.8 Cement Content Control in RCC Fresh Mix

ASTM methods C-1078 [9.11] and C-1079 [9.12] can be used to determine the cement
and water content of fresh concrete by chemical titration or calcium ion analyzer. The sample size
and specifics of sample preparation have been modified to facilitate the procedure with some RCC
mixtures. The Heat of Neutralization test has also been used to determine the cement content of
freshly mixed concrete. All methods must be calibrated for a given aggregate, mix water, and
admixture. None of these methods are effective for determining the pozzolanic material content of
concrete.

To check homogeneity of cement proportioning or mixers efficiency, daily tests were
made with reconstitution of cement contents in the RCC fresh mix. This reconstitution was made
by titration chemical process, determining the cement amount indirectly, from the calcium content
present in the sample. This procedure required previous calibration with laboratory preparation of
various RCC mixes with variable and strictly known cement proportioning, with always the same
proportion among its various components, water included. For each mix, the necessary E.D.T.A.
(Ethylene-Diamine-Tetra-Sodium Acetate) volume was determined for total content of CaQ. Since
the volume of E.D.T.A. spent, was directly proportional to the quantity of CaO (and therefore of
cement) contained in the mix, a linear correlation was established between these two parameters.
This correlation was called test calibration standard. Data obtained during control made through
this method are shown in Figures 9.18 that also shows the results obtained in other RCC applica-
tions [9.13 10 9.16].

9.5.9 Moisture Content- Workability and Consistency Control
at mixing plant

Once concrete proportions and cement content have been selected for the strength
required and are being batched uniformly from the same aggregate, the consistency of the RCC is
the primary item for inspection and control. A variable consistency is likely to add to variation in
concrete strength. Excessive consistency usually decreases strength through increase water-
cement ratio or stratification. RCC of insufficient consistency is likely to lead to poor compaction.

Various methods have been tried in an effort to measure the workability or
compactibility or consistency of RCC. None of them have been universally successful or
generally accepted. For example, although the modified VeBe test mentioned in Chapter 7 has
been used successfully to duplicate workabilities of some RCC concrete mixtures, it does not
seem adequate as a field control test of dry RCC mixtures. In reality, a laboratory workability
test may be useful for mix design and research work. During construction, the gradation is
essentially fixed, and the moisture can be controlled by observation. These factors taken
together essentially define the workability of this zero-slump material.

It also appears that the variability of consistency measurements and compacted density
increases directly with mixture stiffness and fines content. Compaction reduces the volume of
entrapped air by forcing the aggregate particles into a smaller volume. The degree to which this is
accomplished depends on the lubrication of the aggregate particles by the surrounding paste
(water, cement, pozzolanic material and fines) and the combined effects of vibration and compact-
ing effort. If the paste volume is inadequate or the paste is too fluid, there will be inadequate
lubrication of particles for lateral movement and consolidation will be more difficult.

There will be little, if any, discernible change in the compacted surface of the RCC to
indicate that full compaction has been accomplished. When the paste content is adequate to
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provide a measurable consistency, paste will rise to the surface and fill the voids between aggre-
gates. The time required for this to be accomplished is an indication of the mixture’s workability.

To a very large extent, the stability and watertightness of an RCC structure depend
on the mixture proportions used and the resulting consistency and workability of the RCC. The
inspector on an RCC placement is responsible for ensuring that RCC consistency and work-
ability are adequate for complete compaction. Two testing procedures can be used at frequent
intervals to determine it RCC being produced is of the correct consistency for compaction. The
modified VeBe test is used to determine consistency and the nuclear densimeter is used to determine if
compaction is adequate. The modified VeBe test constitutes the best test for controlling RCC consistency
as an indicator of RCC workability and the ease with which RCC can be compacted. The VeBe time used
during construction is determined initially during the mixture proportioning studies done in a laboratory.
The time is then adjusted as necessary during the pre-construction engineering and design phase of the
project when a preliminary test section is constructed. It is later further adjusted when the project test
section is built after award of contract. Still further adjustments, as necessary, may be made 1o the
VeBe time during construction. Once a VeBe time is established, the normal procedure is to
maintain a consistent VeBe time for the RCC being produced by making batch water adjustments
as necessary Lo compensate for changes in aggregate moisture and changes in humidity, wind,
and temperature. The batch water adjustments should be made if two consecutive VeBe readings
vary from a target VeBe time by 5 or more seconds. Changes to the established VeBe time
should be made only to improve compaction and the resulting density.

The VeBe apparatus used to measure the consistency of no-slump CVC concrete is
used to measure the consistency of wetter RCC mixtures. It provides an indication of the
workability or ease of consolidating the concrete in place. When it is used for the wetter types
of RCC mixtures, typical VeBe times are 10 to 30 seconds.

To check the influence that not applying the overload would have to the test results,
the same sample of RCC was tested indicating a smaller dispersion in tests made with overload.
Technique achieved with the Capanda RCC did “not™ produce evidence of absolute applicability
of this method, probably due to the low plasticity of the RCC, because of the cement content
adopted and also the different cohesiveness of fine aggregates content. It was shown that extreme
remolding-consistency time values do not always correspond to RCC with deficient compaction.

The moisture or water content is important for several reasons:

¥ 1o determine the W/C or W/(C+PM) ratio on projects that may use it in design or
design specification requirement;

v 1o assure the optimum or desired moisture content for workability and com-
paction, and

¥ as one of the indicators of mixture variability.

Some moisture test methods are:

(a) Chemical tests (ASTM C-1079)

(b) Drying tests (hot-plate, oven, microwave)

(c) DMA- Brazilian (See Chapter 7)

(d) Nuclear tests- mostly useful for compaction control during the RCC placement

Chemical and drying tests can be performed on samples obtained either before or after
compaction. The samples must be representative of the actual production, particularly with respect
to the mortarfaggregate ratio and the time the sample is obtained.
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9.5.9.1 Chemical tests

Two chemical tests are stated in ASTM C1079, “Determining Water Content of
Freshly Mixed Concrete.” Both procedures relate the water content of the concrete to the
chloride ion concentration of the test sample either by volumetric titration or calorimetric
technigque. The methods require calibration for individual mixtures and materials, and
recalibration for new reagents. A reasonably clean and unchanging laboratory environment is
recommended for these test procedures.

9.5.9.2 Drying tests

Drying tests include hot plate, standard oven, or microwave oven to remove the
water from a representative sample. The tests are adapted from soil and aggregate test
procedures. The test accuracy is affected by both evaporation and chemical hydration of
water. This in turn is a function of time, temperature, precipitation and humidity, mixture
proportions, and materials properties (grading, absorption, and cement chemistry). The test
result is significantly affected by where and when the sample is obtained. A sample tested
directly out of the mixing plant may not be the same as a sample tested after being spread and
compacted by a roller. Consequently, the location for sampling should be specified.

9.5.9.3 Water Content- DMA- Brazilian Method of Test

As mentioned in Chapter 7, Pacelli and al [9.17] developed a very simple and rapid
method of test to determine the water content and unit weight of RCC. Aiming to establish an
alternative to usual methods, a procedure for controlling the unit water of RCC and the unit weight
of fresh concrete has been developed. Such method, known as * Water Measurer Device - WMD
(DMA in Portuguese), allows the prompt control of unit water during the RCC fabrication.

This method has been conceived based on a physical principle, the density of
materials compounding concrete. Water being a material with lower density, the more water in
an RCC mix, the lower the density.

9.5.9.4 Nuclear tests

This is the most popular process used to determine the moisture content, based on
the measurement of hydrogen ions of the ma