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FOREWORD

In 1991, the International Commission on Large Dams (ICOLD) directed that its
Technical Committee on Concrete for Dams, then under the Chairmanship of
J.R. Graham (USA), and subsequently under the Chairmanship, of R.G. Charlwood
(CANADA/USA), to undertake the preparation of a comprehensive report on the
physical properties of concrete in dams. A sub-Committee of the ICOLD Committee on
Concrete for Dams, chaired initially by P. Bertacchi (ltaly) and subsequently M. Berra
(Italy), prepared this Bulletin.

The purpose of this Bulletin is to provide a comprehensive treatise on the physical
properties of hardened conventional concrete for dams, refreshing the partial
information contained in some out-of-date ICOLD Bulletins, giving an account of new
approaches and examining also some important properties not included in the previous
Bulletins. This document supersedes the ICOLD Bulletins: n° 15 (Frost resistance of
concrete - 1960) and n° 26 (Methods of determining effects on shrinkage, creep and
temperature on concrete for large dams - 1976).

The main body of this Bulletin addresses the physical properties of the mass concrete
used most frequently in design and analyses of concrete dams and appurtenant
structures. These include strength, elastic, creep, shrinkage and thermal properties,
permeability, and frost resistance.

The scope of the Bulletin is, for each property considered, to show typical behaviour,
factors influencing it, methods for experimental determination, and, last but not least,
methods to introduce the properties in mathematical models to be utilized both for
design and observation.

This Bulletin does not specifically address the properties of hardened concrete of Roller
Compacted Concrete (RCC) dams which are partially dealt in the Bulletin n°75 — Roller
Compacted Concrete for Gravity Dams and in Bulletin n° 126 Roller-Compacted
Concrete Dams. This specific topic may be the subject of a separate Bulletin at a later
date.

During the course of preparation of this Bulletin material was collected and drafted on
the topics of the application of fracture mechanics to concrete dams and also on the
increasingly important issue of expansion of concrete dams due to chemical reactions.
These two topics are proposed to be the subjects of separate new bulletins in the future.

Robin G. Charlwood
Chairman

Committee on Concrete Dams
January 2009
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1 INTRODUCTION
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1.1 PURPOSE OF THE BULLETIN

The purpose of this Bulletin is to provide a unique, comprehensive and update treatise
on the physical properties of hardened conventional concrete for dams, refreshing the
partial information contained in some out-of-date ICOLD Bulletins, giving an account of
new approaches and examining also some important properties not included in the
previous Bulletins.

In particular this new document serves to supersede the following out-of-date ICOLD
Bulletins: n° 15 (Frost resistance of concrete - 1960) and n° 26 (Methods of determining
effects on shrinkage, creep and temperature on concrete for large dams - 1976).

This Bulletin addresses the physical fundamental properties of the mass concrete
material used most frequently in design and analyses of concrete dams and
appurtenant structures. These include strength, elastic properties, creep, drying
shrinkage and thermal properties, water permeability, and durability.

It is understood that mass concrete material represents the intact concrete inside the
mass of the dam and not the more general mass concrete dam that include also
structural components and imperfections (Fig. 1.1). In fact, mass concrete material can
be thought of as “defect-free” whereas mass concrete structures, such as dams, often
have manmade structural components and imperfections as for example construction
and contraction joints, interfaces with other materials (e.g. waterstops, injected sealing
materials), drains or have cavities like cracks or honey combs. This Bulletin does not
intentionally deal with them.

Furthermore this Bulletin does not specifically address the properties of Roller
Compacted Concrete (RCC) dams which are partially dealt in the Bulletin n° 75 — Roller
Compacted Concrete for Gravity Dams and in the recent Bulletin n° 126 (Roller-
Compacted Concrete Dams — State of the art and case histories).

As submitted to ICOLD for publication, January 2009 Section 1-1
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Mass
concrete

material

Construction joint

¢, s, T

Fig. 1.1 — Mass concrete material in a concrete dam

The properties of fresh concrete are not considered. Chemical reactions and cracking
resistance are also intentionally excluded since they are already extensively treated in
other recent ICOLD Bulletins (n° 71 - Exposure of dam concrete to special aggressive
waters; n° 79 - Alkali-Aggregate Reaction in concrete dams; n° 93 - Ageing of dams
and appurtenant works; Bulletin n° 107 - Control and treatment of cracks in concrete
dams). The concrete erosion resistance is extensively dealt with in the ACI Report 210
R-93 “Erosion of concrete in hydraulic structures”.

The topics of the application of fracture mechanics to concrete dams and also the
increasingly important issue of expansion of concrete dams due to chemical reactions,
including alkali-aggregate reactions, are proposed to be the subjects of separate new
bulletins in the future.

1.2 SCOPE

The scope of the Bulletin is, for each property considered, to show typical behaviour,
factors influencing it, methods for experimental determination, and, last but not least,
methods to introduce the properties in mathematical models to be utilized both for
design and back analysis.

As submitted to ICOLD for publication, January 2009 Section 1-2
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1.3 RELATIONSHIP TO EARLIER BULLETINS

There are significant differences in objective and approach between the previous
Bulletins and this new one:

Bulletin n° 15 “Frost resistance of concrete” (1960) is really outdated. It contains the
results obtained in different laboratories more than 40 years ago. The influence of
chemical composition of cement on frost resistance was emphasized; the disruption
mechanism due to freezing of the water in the capillaries, the influence of the degree of
saturation, of the air content and of the spacing factor were not considered.

Bulletin n° 26 “Methods of determining effects on shrinkage, creep and temperature on
concrete for large dams” (1976) was focused mainly at the consequence on the
structure, caused by shrinkage, creep and temperature, both from point of view of
design and observation of dams. A first part containing these general aspects has been
saved, updated and introduced as general considerations; the long list of papers has
been omitted and substituted with a more recent one.

1.4 DEFINITIONS

The term “hardened concrete” refers to the properties of the concrete, starting just after
initial set of cement. The physical properties of concrete must be addressed in a
developing sense, the evolution of a property in fact starts from initial set and depends
on age and on curing conditions (temperature, humidity etc.). In some cases an
“equivalent age” could be defined to represent the “maturity” of a concrete.

Standard curing conditions are necessary for comparative reference, but don’t
represent a realistic situation of maturity. When analysing a particular stress situation at
a specific age, we must know how the concerned properties have been developed up to
that time and in that specific curing condition.

The adjective “conventional” is added to “hardened concrete” just to differentiate from
roller compacted concrete that may need a separate treatment in some respects.

1.5 CONTENT OF THE BULLETIN

The physical properties of hardened conventional concrete for dams have been
addressed in seven Chapters dealing with all frequently used engineering parameters
(strengths, elastic properties, creep, drying shrinkage, thermal properties, water
permeability, durability and frost resistance).

The structure of each chapter is generally as follows:
B Definition of the property;

B Typical behaviour, just after construction or during the normal service life of the dam,
as reported by the experience acquired;

B Factors influencing the property, such as: components and composition of the
concrete, time, ageing related to physical and chemical processes, temperature,
humidity, stresses, etc. Expected effects on the property;

As submitted to ICOLD for publication, January 2009 Section 1-3
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B Methods for experimental determination of the property, both in laboratory and in
situ;

B Transfer of acquired parameters of the mass concrete material to be utilised in
mathematical models, in the design phase, for the total behaviour of the mass concrete
dam.

The subject, principal author(s) and content of each Chapter and Appendix are as
follows:

- Strength properties (Section 2)

Concrete strength is defined as the maximum stress recorded during the load testing of
specimens carried out to failure. The type of loading excites different types of strength:
compressive-tensile-shear strengths are of main importance, both for static and
dynamic (earthquake) loading.

Typically for dams are strength requirements at high maturity and the rather high scatter
of strength values as compared to common civil structures.

New testing techniques taking advantage of knowledge in fracture mechanics could
provide most valuable information about post-peak stress-strain behaviour, both under
uniaxial and biaxial tensile and compressive stress conditions. However they are not
here addressed and could be the subject of another more extensive bulletin in the
future.

- Elastic Properties (Section 3)

The stress-strain concrete behaviour is quite complex and it was variously theoretically
characterised. However for most of usual applications the classic and simplest
constitutive model, based on linear elasticity in an isotropic homogeneous material, can
be used. The two parameters of Static Modulus of Elasticity (E) and Poisson’s ratio (v)
have been examined with reference to the main factors affecting them and to the
proposed correlation with the compressive strength. Dynamic Modulus of Elasticity
through non destructive techniques are presented and used both to evaluate the elastic
properties and to determine the concrete quality and integrity. Finally the significance of
elastic properties on dam behaviour and the use of elastic properties in mathematical
models for dam structural analysis are treated.

- Creep properties (Section 4)

Creep is time-dependent deformation due to sustained load. It is generally accepted
that concrete creep is a rheological phenomenon associated with the gel-like structure
of the cement paste; creep deformation can also be explained partly in terms of
viscoelastic deformation of the cement paste and to the gradual transfer of load from
cement paste to aggregate. Creep properties are of particular relevance to understand
the mechanism leading to the prediction of potential thermal cracking of mass concrete:
the most extensive use of creep data is in thermal stress analysis for concrete dams.

As submitted to ICOLD for publication, January 2009 Section 1-4



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 1 (Introduction)

- Drying Shrinkage (Section 5)

Volume changes in concrete can be caused by mechanical, physical and chemical
processes: in this Chapter only volume changes due to the moisture variations in
concrete and the consequent drying shrinkage are dealt with. The effect of drying
shrinkage of concrete in large dams is discussed: it reduces rapidly with the thickness
and become negligible at a depth of about 0.50 m.

- Thermal properties (Section 6)

Temperature has a very important effect on concrete dams. Two distinct phenomena
are considered:

* the hydration of the cement which causes an increase of temperature during the
hardening phase of concrete;

* the environmental variation of temperature under the normal service conditions.

In both cases the analysis of the temperature distribution in the dam and of the
consequent induced stresses need data on the conductivity and diffusivity, specific heat
and coefficient of thermal expansion.

- Water Permeability (Section 7)

The flow of water or moisture through a concrete dam can affect its general
performance and particularly its durability. Permeability and moisture coefficients can
be estimated through suitable test methods. Furthermore models describing the
mobility of water in a porous material such as concrete have been developed through
the years and briefly presented.

- Frost resistance (Section 8)

The deterioration of the concrete in a dam can be ascribed to a series of chemical and
physical causes (both internal and external). Freezing and thawing is the most common
external physical attack. External exposure conditions and concrete quality are of main
importance as they determine the resistance of concrete to freezing and thawing
cycles. Main test to evaluate the frost resistance are considered to prevent the
phenomenon and specific diagnostic investigations are suggested to identify it in frost
affected concrete dams to be repaired.
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2.1 GENERAL

Strength is the most commonly considered parameter in structural design of new dams
and for monitoring of existing dams.

Types of strength important for dams are compression, several types of tension and
shear strength. This corresponds to common loading combinations which give rise to
different modes of possible failure. It is then the relevant material strength, which
counteracts a specific failure mode to happen.

Factors influencing strength are the concrete constituents, the test conditions, curing,
the effects of ageing and size effects.

Concrete strength is tested on small specimens under controlled laboratory conditions;
concrete in the dam is exposed to more variables. Correlating the two conditions by
sound inductive reasoning based on project-specific data is imperative.

It is perhaps unfortunate that it has become the custom to relate structural safety
mainly on compression although no dam ever failed by excessive compressive
stresses. However, compressive strength is easy to test and easy to monitor. The use
of compression as the predominant strength indicator is also supported by the common
assumption that improving compressive strength will improve other concrete
parameters as well, both under static and dynamic loading. Such a general assumption
may be misleading as, for example, high strength concrete may experience less
ultimate strain capacity and thus lead to earlier incipient cracking. This Section will
therefore also focus on issues where other than compressive strength criteria are of
importance.

Strength is not a deterministic but a random parameter. Standard testing does respect
this physical fact; references to test results not in the same manner. This Section
therefore tries to emphasize the importance to include scatter (standard deviation,
coefficient of variation, confidence limits) as an integral part of reports on concrete
strength.

2.2 CONCRETE TESTING

2.2.1 Testing of concrete strength for new dams

2.2.1.1 Testing in stages

Testing for new dams is done in stages, coping with the increasing level of desired
knowledge about material parameters. Three stages are common for concrete testing
during final project phases:

e STAGE I: preliminary testing programs to curtail several potential sources of
constituents (borrow areas for aggregates, blending for cementitious material). This
test stage is intended to set limits for design mixes and will be used as a guide-line
for the subsequent test stages.

The approach is for simple tests about main strength parameters with values from
the literature for review and comparison.

As submitted to ICOLD for publication, January 2009 Section 2-2
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STAGE II: main testing program before construction commences to refine the
results of STAGE | with aggregates and cementitious material which are expected to
be used for construction

STAGE III: quality control during construction.

Testing samples of concrete during construction phase is necessary for controlling
the strength results with contract specifications, to be sure that quality of material
used in final product (for example, dam body) is comparable with design
assumptions and acceptable.

It is evident that uncertainty levels of any applied conservatism can be reduced
drastically if reliable and sufficient test results are available. Thus, pre-construction
testing in not only a safety but also an economic issue. It is rarely a benefit to curtail
pre-construction programs for economic reasons.

Concrete testing of existing dams will be discussed in Section 2.2.2.

2.2.1.2 Testing program

The general set-up of test programs comprises the variation of the most significant
concrete constituents and may be grouped in several parts:

Variation of cement content/content of cementitious material
Variation of type of cementitious material and its blending
Variation of borrow area

Variation of aggregate grading and influence of wet-screening
Investigation about minimum content of cementitious material

Investigations with different admixtures to investigate required water-cement ratios
and workability

Special testing, as required. Examples are bleeding, Alkali-Aggregate Reaction
(AAR), wedge splitting tests, dynamic properties, creep.

Only one component shall be changed at the time and its influence on fresh and
hardened concrete properties being tested. The results should allow the following:

Obtain required strength values to satisfy the result of the static/dynamic
stress/stability analysis

Assess the maximum content of blended material (pozzolans, fly ash etc.)
Obtain satisfactory workability and permeability
Assess the benefit of admixtures.

Tab. 2.1 shows an example of a STAGE Il test program for hardened concrete
properties.
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Tab. 2.1 — Example of test Program for hardened concrete properties

Nass Concrete Testing

Summary of Investigations on Hardened Concrete

— - : ; ‘ : ‘ | — - Comments
Part Variation of Components Density Compressive Strength [days] | Flex. Strengtl] Permeability|[Freezing and
7 | 28 | 90 | 180 [ 360" | 28 | 90 Thawing ?
1 Variation of cement content] Constant: aggregate source, grading
150 kg/m3 . . . . . . curve and MSA, air entraining agent,
175 kg/m3 . . . . . . workability (W/C ratio is then a result
200kg/m3 . . . . . . . . . of acceptable workability). Pre-testing|
225kg/m3 . . . . . . . . . with different admixtures
Variation of cement type
2a : )
(if an option)
175 kg/m3 . . . . . . . .
225kg/m3 . . . . . . . . . .
2 Variation of blending
(cement+puzzolans, fly
120+30=150 kg/m3 . . . . . . . can replace Part 1 if the use of
100+50=150 kg/m3 . . . . . . . blended material is preferable from
160+40=200kg/m3 . . . . . . . . . . the onset
140+60=200kg/m3 . . . . . . . . . .
3 Variation of borrow area
150 kg/m3 . . . . . . e.g. quarried aggregates vs. river
225kg/m3 . . . . . . . . . . deposits
4 Minimum content of
cementitious material *
100+30=130 kg/m3 . . . . . . . .
75+75=150 kg/m3 . . . . . . . .
5 Facing concrete: 250kg/m3
borrow area 1 . . . . . . . . .
borrow area 2 . . . . . . . . .
[-{Comments: The table is an example. The scope depends on the variables under discussion. Important is that pre-
[ construction testing is done well ahead of construction to profit from the knowledge of strength development with time and
[ thus prepare a reliable mix design.
I 1)nominal strength for large dams can be extended to the age of 1 year. Therefore this strength value migth support to
[-reduce cement content
H12) as a measure for general durability for facing concrete also at sites without temperatures below zero.
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When setting up test programs any investigator should be flexible enough to scrutinize
his/her needs: what is the impact of a particular concrete parameter on costs and
safety? - and to define the scope of the program accordingly. It is not reasonable to set
up tests for parameters of marginal significance just because they are needed for
analysis or it is common practice to test them.

Lets take an example. The modulus of elasticity of concrete, E, is a value which (a) has
a low variability, and (b) is only marginally important for the stress level in a dam. Even
in highly stressed arch dams, a change of E by multiples of its base value will cause a
proportionally minor change in stresses. So, why then concentrate on tests to obtain E?
The literature provides ample values and ways to predict reliable moduli [2.1].

Reliability on structural safety depends on obtaining satisfactory strength in the dam
relating it to laboratory test results. It is the relation between these two values, which
merits particular attention.

2.2.1.3 Sample Sizes

Typical for dam concrete is the large Maximum Size Aggregate (MSA) with respect to
commonly used sample sizes for strength testing. The ensuing bias of strength values
has to be given special attention.

Standard test for compressive strength use cylinders, cubes or the broken halves of
prism from flexural strength testing. Common cylinder sizes are 150x300mm (®=150
mm and h=300 mm), 300mm cubes and 75x75x300mm prisms.

In Austria samples sizes for compressive strength are 30 cm cubes and for flexural and
pure tensile testing 20x20x60cm prisms are used.

Smaller samples sizes than mentioned above would result in unduly influence of the
large aggregate sizes on the test result. Tab. 2.2 lists some conversion factors for
common sample sizes used for dam concrete testing [2.2] [2.3].
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Tab. 2.2 — Conversion Factors for Different Sample Sizes

Reference sample size: 30cm cubes=100%

Conversion to other sizes Relative strength Ref.
Size Conversion formula for MPa %
20cm cubes fo=1.114 110
15x30cm (6"x12") cylinders f555=0-8 T4y 80 ISO 2736
15x30cm (6"x12") cylinders f555=0-98.(f ;,-5.2) 78t083 1 [2.2]
30x45cm (12"x18") cylinders f30/45=0.91 (f 30 -3.6) 781082 1)

1) for a range of 25 to 35 MPa with lower relative strength
for the lower absolute compressive strength

Reference sample size: 6''x12"cylinder (15x30cm)=100%

3'x6" cylinder f,e=1.061,, 106 )
8"x16"cylinder fo,6=0-96 .., 96
12'x24" cylinder f10=0-91.8 . 91 [2.3]
18"x36" cylinder f4/5=0-86.5 ¢ 1, 86

The commonly required ratio between smaller dimension of the specimen and
maximum size aggregate (MSA) in excess of 3 also applies for mass concrete with
large size aggregates.

In Switzerland some testing for dam concrete used 40 cm cubes which are then sawed
into 8 cubes with size of 20 cm for testing. This is considered as very meaningful. It
allows using the full mix and has the advantage to get 8 specimens for the mean
strength value of the full mix and the sample-to sample scatter is small. It eliminates the
conversion from wet-screened to full mix. However, it is a more cumbersome
procedure.

The use of cubes has the advantage that no grinding and capping of the surfaces is
necessary and that the scatter in strength values is generally less due to less
imperfections in the production of cubes.

Benefits and shortcomings of cylinders vs. cubes are widely discussed in the literature.
Cubes are generally used in Continental Europe (except France) and UK. They are
easier to test because they need no capping or grinding. Another advantage is that
cubes can be tested parallel and perpendicular to the direction of casting to indicate
any difference due to casting direction.

On the other hand, cylinders are generally preferred in research because they better
represent true strength due to less influence of stress singularities from sample
surfaces. Cylinders are the common sample form in the US, France, Canada, Japan,
Latin America and Australia.
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2.2.1.4 Wet screening

Wet-screening is a common measure to overcome the discrepancy between a mix with
full MSA and dimensions of common sample sizes [2.4]. Wet screened concrete needs
conversion factors in order to assess the full-mix strength. The US Bureau of
Reclamation in its Designation 33 reports conversion factors for wet-screening of the 38
mm to 150 mm sizes which are depending on age. Tab. 2.3 reports a range of
compressive strength ratio for two types of concrete, the lower values for blended and
the higher values for unblended cement [2.4].

Tab. 2.3 — Compressive strength ratio between full and wet — screened mix [2.4].

Age at testing the wet-screened samples in Compressive strength ratio full
days mix (150 mm)/ wet-screened mix (38 mm)
28 0.7t00.8
90 0.651t0 0.75
180 0.651t0 0.77

Results from wet-screened laboratory testing are therefore non-conservative.

Similar results are obtained by Portuguese research with a larger scatter of test results
due to comparing full mix cylinders with wet-screened cubes [2.5].

Correlation tests between the strength of wet screened concrete tested at 28 days and
test specimens containing the full mass concrete are recommended to be part of a
STAGE Il testing program (section 2.2.1.1). However, if the site is well equipped for
large-scale tests, it may be possible to do it also on site (STAGE III).
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2.2.2 Testing of concrete strength in existing dams

2.2.2.1 General

Testing of concrete strength on aged dams during operation may have several
objectives. Among those are:

e to evaluate strength gain at ages in excess of sample age in laboratory testing
e to compare laboratory strength with in-situ strength

e to evaluate loss of strength from ageing, or chemical alteration (AAR or sulphate
attack), or loss by stress concentrations in certain parts of the dam, demonstrated
by unstable cracking or movements.

e to evaluate long-term creep.

Testing is generally either by non-destructive methods or by core drilling. The latter is
more commonly used.

Core testing for highly stressed dams is justified. Consider the many differences
between laboratory and field conditions: different compaction, different sample size and
MSA (Maximum Size of Aggregate), different state of loading (stress free vs. multiaxial),
different initial stress implications and different curing. It is therefore not surprising that
laboratory strength is different than strength in the completed structure. This has to be
accepted. What is essential is to be aware and interpret these differences reasonably.

The extensive French experience is summarized in a comprehensive report by LERM
[2.6]. A fine summary of implications with core extraction and testing is also reported in
[2.7] by Adam Neville.

2.2.2.2 Semi-destructive or non-destructive methods

There is a whole range of semi-destructive or non-destructive methods of testing
concrete strength in situ, e.g. with rebound hammer, measuring the velocity of sonic or
ultrasonic pulses through concrete, pull-out tests, break-off tests and penetration tests
[2.8].

Non-destructive sonic methods can be used for diagnostic investigations on concrete in
existing dams. They are based on the principle that the characteristics of the impulsive
sonic signal transmitted across the concrete can be related to the elastic properties and
soundness of concrete itself. In practice trains of elastic waves, with frequencies of 5-30
kHz are generated and received by special electro-acoustic transducers located inside
or on the surface of the dam. The investigation involves taking sonic logging
measurements along boreholes and direct velocity measurements between pairs of
adjacent holes or surfaces. By means of tomography techniques it is possible to obtain
a detailed map of elastic wave velocities inside the sections of the dam and to evaluate
the elastic dynamic characteristics and locally the state of integrity of the concrete. In
Italy this technique is widely used and several concrete dams have been checked by
means of the sonic tomography [2.9]
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It is also possible to obtain a correlation between velocity and concrete strength. But it
should be based, for each dam investigated, on traditional destructive compressive
tests on samples cored from the structure. In this case a detailed map of concrete
strength can be derived (Fig. 2.1).

Q. 65-R. 43

o @ ®
(m/s) (MPa)
> 4600 > 26
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4400 + 4600 19 + 26

4200 + 4400 14 = 19

4000 + 4200 10 + 14

3800 + 4000 . 7 + 10

3600 + 3800 5+ 7

3400 + 3600 3+ 5
< 3400 <3

Fig. 2.1 - Sonic tomography of a dam — Map for sonic velocities (1) and for concrete
compression strengths (2) [2.9].

2.2.2.3 Ratio between core diameter and MSA

Similar to the condition for laboratory test cylinders, the ratio between core diameter
and MSA (Maximum Size of Aggregate) should be close to 3 [2.10]. 200 to 300 mm
cores are generally used drilled from dam galleries or downstream surfaces, with the
200 mm cores only for smaller MSA, say less than 80 mm. Smaller than 200 mm cores
should not be used in any case.

When the desired ratio of 3 in not maintained, the number of samples for calculating a
mean strength should be increased.

When core drilling is known to be done it is useful to mark locations between reinforcing
bars in the dam galleries already during construction.
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2.2.2.4 Length-to-diameter ratio

Strength from cores depends on the length-to-diameter ratio (I/d). Standard cylinders
have a length-to diameter ratio of 2. However, cores from dams are occasionally
difficult to extract with this ratio. Conversion factors have then to applied for assessing
the length-to-diameter influence:

Conversion factors as suggested by ASTM and British Standards are (Tab. 2.4):

Tab. 2.4 — Conversion factors suggested by ASTM and British Standards

I/d-ratio ASTM C42(1990) BS 1881
2.00 1.00 1.00
1.75 0.98 0.98
1.50 0.96 0.96
1.25 0.93 0.94
1.00 0.87 0.92

Already the comparison of correction factors for low I/d ratios between these two
standards indicate that for |/d-ratios approaching unity the uncertainty of strength
prediction increases rapidly. This is further researched in [2.10]. Thus, it is
recommended not to use cylinders with I/d<1.5.

2.2.2.5 Core size

Another influence comes from the core size if smaller than 300 mm drillholes are used.
This is not recommended for dam concrete although sometimes smaller diameter holes
are used because of lack of equipment.

The core diameter has a significant effect on strength. The larger the size of the core,
the higher is the compressive strength [2.11]. For example, reducing the diameter from
150 mm to 75 mm would result in a 50% reduction of tested strength (results in [2.11]
from a 19 mm MSA concrete). The reason is that the thickness of the surface zone,
disturbed from the drilling process, is constant and thus becomes increasingly
influential at small core diameters’. It is therefore difficult to conclude reasonably on the
real strength from small diameter core sampling because of the joint influence of the
small core diameter and the heterogeneous concrete structure dominated by the
presence or not of coarse aggregates in the core.

' This finding seems to contradict the inverse relation between diameter of test cylinder and strength as
shown in Tab. 2.2. But, unlike molded cylinders, the influence of skin effects (particularly the disturbed
bonding by cutting through coarse aggregates) governs the strength reduction with decreasing core
diameter.
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2.2.2.6 Core vs. laboratory strength

Of interest is to compare laboratory compressive strength with strength from cores. A
specimen of the same geometrical characteristics and maturity drilled from a structure
has generally a lower strength than laboratory made and cured concrete specimen (10
to 30%). Moreover, the scatter is larger. The above range of 10 to 30% very much
depends on quality of drilling, curing and age.

These influences are corroborated by an interesting observation comparing laboratory
with field test series form Shasta Dam, USA [2.3] (Fig. 2.2). The two series have
different gradients indicating the superposition of two influences, namely (a) the known
decreasing rate in gain of strength with increasing age (here demonstrated by the kink
at 90 days), and (b) the influence of field-cured cores with less gain at high ages as one
would obtain from laboratory test results.

However, there are rare test cases, where the reverse relation, i.e. core strength higher
than laboratory strength, is found for dam concrete. It is reported that such reverse
relations result from overvibrated concrete, with excessive bleeding of mixing water,
which then reduces the w/c ratio leading to higher core strength. Another reason has its
origin in the fact that dry cores (not even oven dried) show higher strength than cores
from wet concrete due to the influence of pore pressure. Thus, if cores are extracted
outside the saturated upstream zone of a dam, 10 to 15% higher strength values might
be expected. The difference in dry/wet strength has then to be modified by the
influence of a scale effect, i.e. the scale effect is larger in small than in large cores.
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Fig. 2.2 — Development of compressive strength: laboratory vs. field sampling [2.3]
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Another factor contributing to the difference between core and laboratory strength is the
relief of the multiaxial stress condition after coring. This can be particularly influential in
Alkali-Aggregate Reaction (AAR)-damaged concrete, where a damaged matrix can
expand and thus reduce core strength.

The above dichotomy leads recommending to core dam concrete as a rule and not only
if unsatisfactory laboratory tests are obtained, at least for large, highly stressed dams.
Using cored strength values in a back-analysis would provide more reliable safety
margins. However, it should be mentioned that checking the compressive strength from
drilled dam cores is only successful if drilling is done with much care, if curing is done
properly, and if pre-test conditions are representative and realistically interpreted.
Otherwise the core strength tends to be unrealistically low.

ASTM C 42 [2.12] and EN 12504 [2.13] can be used as a reference for drilled cores. So
can ACI 318, which stipulates that field-cured test cylinders should achieve at least
85% of the strength from laboratory-cured cylinders [2.14]. ACI 318 defines two field
curing conditions depending on the expected condition in the structure: one is air
drying, the other soaking of the specimens. For dam concrete, soaking is more
appropriate for a saturated concrete mass and it should be long enough to eliminate
moisture gradients in the sample (curbing the influence of pore water pressure). If the
concrete to be tested is assumed to be in a steady-state dry condition then the cores
should not be wet-cured. This is important because the difference in compressive core
strength between the 2 curing methods can be 20 to 35%, with the air dried being the
larger of the two values [2.15].

Other comparative test results for structural concrete (28 days) demonstrate 90% to
76% for core as compared to laboratory strength [2.16]. Percentages depend on stress
level: it decreases from close to 100% for low strength (~20 MPa) to 70% for high
strength concrete (~60 MPa) [2.17].

2.2.3 Nominal age of concrete strength

In large hydraulic structures, structural elements are rarely required to withstand
substantial stress at early age. Unless unusual circumstances prevail, the Committee
recommends an age in excess of 180 days as basis for evaluating the characteristic
strength. This last one is defined in the following section 2.2.5.

It is utterly conservative to use 28 or even 90 days for assessing strength safety
margins, as occasionally specified for dam concrete. For most dams at least 180 days
seem reasonable. ACI 207 reports that design strength is on ages between 90 days
and sometimes up to two years [2.18]. In California 1 year is accepted too [2.19].

Accounting for the continued strength development beyond 90 days, especially where
pozzolans are applied, the correlation factors at 1 year may range as shown on Tab.
2.5 and Fig. 2.3 from [2.20].
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Tab. 2.5 — Gain on Compressive Strength with Age [2.20].

Mean compressive

Dam/Country Year Blending” strength [MPa] Strength ratig
OPC Pozzolan | Quantity| 90 days 365 days 365/90
Dworshak/USA 1972 I fly ash 25% 14.0 21.4 1.53
Glen Canyon/USA 1963 I Pumicite | 34% 33.8 47.0 1.39
Las Portas/Spain 1974 fly ash 122.5-30% 45.0 58.8 1.31
Valparaiso/Spain 1988 fly ash | 25-30% 28.6 30.4 1.06
Llauset/Spain fly ash 25% 31.3 42.3 1.35
Flaming Gorge/USA 1962 I calc. shale| 34% 24.1 32.3 1.34
Puylaurent/France 1995| CEMIII | fly ash 40% 24.5 32 1.31
Hoover/USA 1935 v none 22.8 29.6 1.30
Libby/USA 1972 I fly ash 25% 17.0 22.0 1.29
Baserca/Spain fly ash 25% 29.8 37.6 1.26
Yellowtail/lUSA 1965 I fly ash 30% 31.6 38.9 1.23
Katse/Lesotho 1995 I fly ash 30% 36.2 42.2 1.17
Grand Coulee/USA 1942 I1+1IV none 35.6 41.3 1.16
Sambuco/Switzerland 1954 I none 21.7 24.4 1.12
Morrow Point/USA 1967 I none 41.1 46.1 1.12
Val Gallina/Italy 1950 IP pozzolan |  33% 47.7 52.7 1.10
Schlegeis/Austria 1971 | CEMIII 20.5 27 1.32
Grand Dixence/Switzerland 1955 \% none 26.5 28.9 1.09
Legend:
none..... Ordinary Portland cement (OPC) only, of indicated ASTM or CEM type
quantity is % of total cementitious material.
The mean strength values are generally from construction and the mean of a large sample population.
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Fig. 2.3 — Gain of compressive strength with age [2.20].
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Tab. 2.6 shows long-term core strengths from Austrian dams:

Tab. 2.6 — Core strength from Austrian dams [2.21]

Dam Age of Core 90 day’s
core in strength (¢ cube
200 mm) strength
years
[MPa] [MPa]
Schlegeis 12 32.0 20.0
Drossen 26 40.3 20.4
Mooser 26 411 20.4
Limberg 32 44.5 31.0

From ltalian dams, more readily available [2.22] are ratios between 90 and 180 days
strength. Some are reported on Tab. 2.7:

Tab. 2.7 — Core strength from ltalian dams [2.22]

Dam Strength 90 days | Strength 180 days Strength ratio
[MPa] [MPa] 180/90
Cignana n.1 15,2 16,2 1,06
Suviana 13,6 14,5 1,06
Goillet 15,7 20,3 1,29
Santa Giustina 44 1 46,6 1,06
Pian Telessio 28,7 30,4 1,06
Campo Moro n.1 37,3 40,8 1,09
Valle di Lei 41,7 442 1,06
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2.2.4 Test Equipment

The type of the testing machine (press) may have an effect on the obtained results.
These machines are classified as hard (rigid) and soft (less rigid) depending how the
head of the machine is following the deformation of the specimen. In a hard machine
the head has difficulties to follow rapid deformations; in a soft machine it will follow
without delay. The consequence is that in a soft machine the energy stored in the
machine is released and acts on the specimen when it starts to fail. This additional
energy will cause more extensive crack propagation and indicate failure at lower loads
than with a hard machine. In a stress-strain diagram this will result in lower peak stress
for a soft as compared to a hard machine.

Loading range of the testing machine shall not exceed 90 % of the maximum range
capacity applied during the verification test. Furthermore, in order to improve the
reliability of measured values a minimum level of 20% is preferable, as for example set
by the Japanese Industrial Standards (JIS). During the test, the compressive load
induces lateral tensile strains in both, the steel platens and the concrete specimen, due
to Poisson effect. The mismatch between the elastic modules of steel and concrete and
the friction between the two, results in lateral restraint forces in the concrete near the
platen. The concrete specimen is therefore locally in a triaxial stress state, with the
consequent effect on strength. This effect is larger for cubes and smaller for cylinders
or prisms.

Most compressive test machines in field laboratories are not free from friction between
specimen and platen. This restrains the lateral end-expansion of the specimens and
introduces shear stresses, demonstrated by a shear-type failure pattern. This end-effect
results in a higher strength than for specimen which are exposed to pure compression
(failure pattern = parallel cracks). The effect is more pronounced for specimens with
lower I/d-ratios and it is also the reason why cube strength is higher than cylinder
strength.

Test machines should therefore be low in frictional resistance between platen and
specimen.

2.2.5 Evaluation of Strength Testing

Strength parameters of a composite material like concrete can never be defined without
uncertainty. Strength follows a statistical distribution and is not a deterministic value.
The factors contributing to variability are concrete constituents, production, testing and
ageing.

The literature of concrete testing has therefore developed a host of theories and
methodologies to evaluate scatter of test results and its application for dam concrete.
They are not discussed here. The reader is encouraged to consult the numerous
publications, among them the Bureau's of Reclamation Concrete Manual [2.4], ACI 214
[2.23], the corresponding ISO Standards 2859 [2.24], 3951 [2.25] and 5479 [2.26], CEB
— FIP Model Code [2.27] and reference [2.28].

Some particularities with respect to dam concrete testing are added.

e One is related to the strength gain with age. As mentioned, for dams the
characteristic age should be 180 days or, for larger dams (longer construction), one
year. This means that one-year strength data should be available when concrete
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placement starts. This is not always possible. In order to overcome the impasse, it is
often decided to take 28/90 day as characteristic strength or to conservatively
extrapolate these early strength data. In most cases, such decisions lead to
excessive cement content, which is uneconomic and, as aside effect, contributes to
unfavourable thermal conditions. Of course, the obvious remedy is to start early with
concrete testing. However, this needs planning, discipline and is often not done
because of unknown final concrete constituents.

However the characteristic age have to be always related to the specific dam under
examination, taking into account the scale of the structure and the times of
construction and service life.

This Bulletin would like to encourage the dam profession to also view the problem
from a more pragmatic standpoint. Research, published data from case histories,
and preliminary series with similar than the final mix design from the dam in question
provide a host of strength-gain values to judge strength gain up to the age of the
characteristic strength. Certainly, such a judgement has to be accompanied by
assessing the consequences of an anticipated error between assessed and later
measured characteristic strength: What, if the required strength is not met? Are the
stipulated factors of safety (FS) still acceptable? But: isn't FS=3 just an arbitrary
chosen number and FS=2.8 also acceptable? Can a local redistribution of stresses
be assumed beneficial in mitigating a lacking safety margin? How much is the gain
of strength between one year and the age when the calculated stresses are really
occur, e.g. during extreme temperatures, floods or an earthquake?

In many cases the limiting strength is not compression but shear or tension, mostly
along local zones, and shear/tensile strength is generally taken as a percentage of
compressive strength, not measured per se. This percentage is highly speculative
(particularly for dynamic loading) and uncertain in a similar order of magnitude than
speculating a particular strength gain between 90 days and one year.

What this all means is that engineering judgement and peer review, based on an
increasing data-base, often is a remedy to justify acceptance of uncertainties. This
can be beneficial for economy and safety. The shortcut of immediate conservative
solutions is not necessarily the only safe way to go.

e FEvaluating strength data, the most common design criterion, is based on the
following formula [2.23]:

fm =fc+ k.G

fm the mean required strength for which the mix has to be
designed

fe the characteristic strength (specified design strength to meet
required safety against stresses)

k a factor derived from the assumed strength distribution
which depends on a stipulated proportion of tests (fractile)
to fall below the level of f,, and on the number of tests carried out.

c standard deviation of strength test series

The k-factor is derived from fractiles of a Normal distribution. Commonly used k
values (for high number of tests, generally n>30) are reported in Tab. 2.8.
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Tab. 2.8 — Examples of k values

Percentage of tests | Percentage of tests | Chances of tests k
falling outside the falling below fc falling below the
limits £ k.o (fractile in %) lower limit
20 10 1in 10 1.28
10 5 1in 20 1.65
5 2.5 1in 40 1.96
2 1 1in 100 2.33

When comparing laboratory with core strength, the choice of k should be different
for both types of tests because of the larger inherent variability of the latter. The
procedure have also to be adapted, in the case of concrete strength evaluation from
cores of existing structures.

e For statistical evaluation bounded or curtailed distributions (instead of an
unbounded Normal distribution) are actually the correct choice because they
represent more realistically the physics of statistical scatter. Although most codes
still refer to Normal distributions there is a tendency for a change [2.29] as the
influence on reliability indices, and thus on safety factors, is considerable [2.30].

e Reporting and archiving of test results is essential. Dams may show signs of
distress years and decades after construction. Then, resorting to test documents,
fallen into oblivion, should succeed to finding information about test conditions,
sources of constituents, details of the mix design, number of samples, the variability
of test results and the like.

2.2.6 Generic Uncertainty in Test Procedures

As mentioned previously, in setting up test programs one needs to first assess the
impact of a parameter on safety and its costs of testing and then decide if testing is
meaningful or if it suffices to rely on published values.

In a similar way goes the decision about the impact of parameters, which are
cumbersome to be tested or which are commonly not tested at all although their
influence of strength is significant.

An example is the water-cement ratio (w/c ratio). In mass concrete field testing the w/c
ratio is, for good reasons, not measured. This is unfortunate, because its share on the
standard deviation for compressive strength is considerable (Fig. 2.4) and, were it
measured, the scatter of compressive strength could certainly be reduced [2.31].
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Fig. 2.4 - Shares of standard deviation during testing of compressive
strength: above without and below with control of w/c ratio [2.31]

Then, there is the dichotomy of simple tests with high repeatability as against
complicated tests with high dependability. The first have their limitations in the declining
statistical effectiveness with increasing sample size (Fig. 2.5), the second are delicate
to execute and evaluate.

An example is the decision either to assess tensile strength from formulas relating
tensile to compressive strength or to rely on the more delicate (pure) tensile strength
testing. The latter, if carefully executed more closely approaches reality, however, with
the impediment of high scatter if n is small. Here, the conflict ensues either having to
deal with a high uncertainty of the mean value (formula-based assessment) or with a
high scatter around a more reliable mean (tensile testing). Certainly, the latter is
preferable. It is therefore suggested to incorporate tensile testing in the technical
specifications.

What this all means is that the true strength in the dam is a random variable affected by
many influencing factors, conditions and testing traditions. Any tested strength value
has therefore to be recognized as an interpreted estimate of the unknown true strength.
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2.3 COMPRESSIVE STRENGTH

Compressive strength is the predominant property for dam concrete. Concrete dams
are designed to carry compressive stresses and to minimize tensile stresses. As
discussed in the following, compressive strength is influenced by a wealth of conditions
of fresh concrete, its placement and curing.

2.3.1 Effects of porosity and w/c-ratio on concrete strength

The strength of ordinary concrete is governed by the porosity of the cement paste,
which in turn depends on the water/cement ratio and on the degree of hydration. It is
primarily the porosity of the transition zone between the cement paste and the
aggregate, which influences strength, because this zone (about 50 um wide) is the
weakest link in the matrix, as cracking initiates within it. Porosity and degree of
hydration have a fundamental relation to strength of concrete, but they are not easy to
measure. Hence, for practical engineering applications, these parameters are replaced
by the free water/cement ratio and the age of concrete when relating them to strength
measurement. Typical relations between the water/cement ratios for an age of 28 days,
using several theoretical formula and empirical evaluations are shown in Fig. 2.6.

For dam concrete w/c ratios are rarely specified and are predominantly determined
experimentally to achieve satisfactory workability. In this context, advantage is taken to
reduce the w/c-ratio by the use of water-reducing and plasticizing admixtures. The
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curves in Fig. 2.6 can be interpreted in this sense: the range with lower w/c ratios is
mainly for concrete in more recent dams where admixtures are more widely used,
whereby the higher w/c ratios are typical for older dams where admixtures are limited to
an air entraining agent.

One needs to recognise the beneficial effect of water-reducing, plasticizing or
superplasticizing agents as a potential means to reduce the water content in the mix.
To lower the water content has several advantages. Besides the basic goal of higher
strength (at equal content of cementitious material), these are a reduced permeability
and thus higher durability (less porosity of the hydrated cement paste), less shrinkage
and thus less shrinkage cracking and, if ice is used for cooling, a reduced peak
temperature and thus less thermal cracking.

—e—Abrams —m—Swiss 1 —a—Swiss 2 —X—PCAmax —X—PCAmin —e—ACI| 211 —ll—Popovics

70

Constant:
» Age 28 days
60 Sample size 6"x12" (15x30cm) cylinders
Air entrained concrete
OPC (no blended cement)

50
@. \-\ Abrams: f.= 100/4"*.w/c
40 Swiss 1: f, = 0.6(72-60.w/c), Ref.[2.32]
A \ Swiss 2: f, = 0.6(84-72.w/c), Ref.[2.32]
PCA(max/min) see Ref. [2.20]
% L] \ ACI see Ref. [2.33] _

Popovics: equ.14 in [2.34] with
\\\x 200kg/m® cement and 4% air
" i\i\\

>

’7‘

0.3 0.4 0.5 0.6 0.7 0.8 0.9
w/c ratio

Fig. 2.6 — Compressive Strength vs water/cement ratio.

With respect to the denominator of the w/c-ratio, it is now common practice to use the
term "water-cementitious material ratio, (w/cm)", a clumsy term, however appropriate
because it makes sure that the denominator also includes all cementitious ingredients
such as fly ash, slag, pozzolans, or the like, which participate in strength development
together with Ordinary Portland Cement OPC.

French standards use the expression "liant équivalent” and even provide a factored
coefficient for “cm” which considers the amount of strength participation of cementitious
ingredients (e.g. by means of its pozzolanic activity index) [2.35].
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2.3.2 Effects of maximum size of aggregate (MSA)

For the main mass of interior concrete a MSA between 120 mm and 150 mm is
commonly used (80 mm for older dams). Larger or lower sizes are the exception for
large dams.

This rather small range is the result of a long lasting experience balancing to reduce
cement content and to achieve a good workability. The larger the aggregate size the
less cement is required for a given volume of concrete to produce enough cement
paste necessary to cover the aggregate surface.

To achieve the greatest cement efficiency, an optimum maximum size for each
compressive strength level has to be obtained with a given MSA and cement content,
as shown in Fig. 2.7. The results in [2.36] are from test series for Grand Coulee and
Clear Creek dams by the Bureau of Reclamation (USA). For modern dams, however,
only the Iower third of Fig. 2.7 is applicable because cement content rarely exceeds,
say, 250 kg/m Given the low gradient of the curves in the lower part of Fig. 2.7 and the
large scatter band of the Bureau's test series (not shown), the shown relations may
differ from dam to dam Other investigations confirm the low gradients for cement
contents below 250 kg/m® [2.37].
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Fig. 2.7 — Effect on Maximum Size Aggregates on Cement Content [2.36]
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2.3.3 Effects of aggregate properties

Compressive strength is governed by the strength of the aggregates and their water
requirement for satisfactory workability. This influence can be large.

Lets take an example: reducing the MSA from 6" to 3" for a 200 kg/m3 cement content
would — according to Fig. 2.7 - reduce the strength by roughly 5 MPa. The difference
between, say sandstone and limestone as source of aggregates can be in the same
range, even more, as shown in the examples of Fig. 2.8.

Due to the fact that aggregates of marginal qualification are used now more frequently,
e.g. for small gravity dams with a low stress level, to know the influence of aggregate
quality becomes increasingly important.
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Fig. 2.8 — Compressive strength vs type of aggregates [2.38]

Essential for the acceptance of marginal aggregates is an extensive test program of
both the aggregate parameters and then the concrete.

A common detrimental constituent in the aggregates is schist, i.e. rocks with high mica
content. Austrian experience is that the content of schist in the sand fraction (0 to 4mm)
should be kept low, say less than 5 %. Experiments demonstrated that an increase of
schist by 10% in the sand required an increase of 0.05 in the w/c-ratio for equal
workability which, in turn, reduced the compressive strength by 12%. Aggregates with
15% content of schist for the concrete of the Kdlnbrein dam resulted in an 18%
decrease of compressive strength as compared to aggregates free of schist [2.39].
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2.3.4 Effects of curing

Here we have to distinguish between curing of test specimens and curing during dam
construction.

Curing of test specimens is well defined in standards, e.g. in ACI 308 [2.40] or [2.4].
Given the many factors influencing strength results, strict adherence to curing as
stipulated in standardized test methods is mandatory in order not to add another source
of uncertainty.

Curing at site is unfortunately often taken less serious than laboratory curing.

It is essential for large dam projects that the contractor provides a fairly uniform product
with a specified strength of reasonable scatter as confirmed by periodic testing.
However, as soon as the product of this mechanized process leaves the mixer and is
placed, its stipulated quality and uniformity is at risk being impaired by deficient curing,
which is still labour intensive and therefore prone to lack of care. Dry dam and block
surfaces are a common view at construction sites although simple sprinkler devices
(such as hoses with holes) are easy to install and to operate. It is a pure matter of
discipline and site supervision to overcome this simple problem.

Curing requirements are treated in ICOLD Bulletins n° 47 (Quality Control of Concrete),
n° 76 (Conventional Methods in Dam Construction) and a recent Bulletin under
publication on “The Specification and Quality Control of Concrete for Dams”. This
Section therefore only covers some additional aspects to what is said in the above two
Bulletins.

Interrupted curing will largely affect the compressive strength development as indicated
by the test results of Fig. 2.9 (from [2.4] and [2.41]). Such test would seem to simulate
inadequate dam curing, generally caused by intermittent or no moistening of lift and
block surfaces.

Reference [2.41] reports of test results on 100x200mm cylinders comparing:

e exposure to environmental conditions (23,0°C+40% RH) for 1 day and fog room
curing for 7 days thereafter (23,0°C+95% RH), and

e exposure to environmental conditions throughout (no fog room exposure).

The loss of 28-days compressive strength for 7 types of concrete (with Ordinary
Portland Cement and blended cements) between the two curing conditions was
between 10% and 40%, the higher loss being for blended (fly ash) concrete.

One may argue now that for dam concrete such a loss of strength is less significant
than for structural concrete due to its limited impact on a large mass. However, what
counts is that the impact of inadequate curing hits the dam at the joints, its weakest
links. A loss of compressive strength also means a loss of shear and tensile strength at
lift joints. Lift joints are discontinuities in the concrete mass and they are exposed to
high temperature difference, prone to thermal cracking, and occasionally also exposed
to uplift. Therefore a loss of strength at this particular location can be particularly
detrimental for structural integrity and water tightness.

For the Zillergriindl dam in Austria, a curing compound was successfully sprayed on the
lift surfaces, immediately after pouring, or after removing the formwork. This also
enhances adhesion between lifts.
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Fig. 2.9 — Compressive strength development for different conditions of curing [2.4]

2.3.5 Effect of mineral admixtures and blended cements

Blending of Ordinary Portland Cement (OPC) with pozzolans, fly ash or slag and other
mineral admixtures are very common for dam concrete because of their generally
economic and performance advantages.

The amount of blending proportions differs largely. It is mainly governed by economic
aspects and by the extent to which the blended material is able to contribute to strength
development. Tab. 2.9 lists examples of dams with use of blended cement.

Apart from economy, the main benefits from blending is a reduced heat of hydration,
improved workability due to the finer gradation, and the reduced risk for Alkali-
Aggregate Reaction (AAR). The disadvantage of slower early strength development is
not essential for dam concrete, particularly as this strength is recuperated at later ages.

Another advantage comes from the increased paste content when using pozzolans or
other fine-grained additions. This increases the capacity for plastic deformation with the
advantage of increased tensile strain. This is, however more pronounced if intergrinding
the natural pozzolans with Portland cement clinker and not mixing the two compounds
at the site.
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Tab. 2.9 — Use of blended cements in selective dams

Dam/Country Type of dam Cvc:)rrl(jrrne‘tae Co;taetr:rg | ?g:?sgggus Type of blended material Blending
concrete
10°m® kg/m3 %
ZillergrYndl/Austria arch 1'400 170 fly ash 33
Katse/Lesotho arch 180 fly ash 30 to 50
Luminei/ltaly arch 100 270 pozzolans 25
Cancano Il/ltaly gravity 520 240 pozzolans 37
Vajont/Italy arch 265 250 pozzolans 35
Tagokura/Japan gravity 1'950 140 fly ash 25
Hitotsuse/Japan arch 560 215 fly ash 30
Itaipu/Brazil buttress 12'000 130 fly ash 23
Francisco Morazan/Honduras arch 1'510 150-180 pozzolans 25
Hungry Horse/USA arch-gravity 2'350 165 fly ash 55
Monticello/USA arch-gravity 248 170 calcinated diatom. clay 25
Yellowtail/USA arch-gravity 1'340 177 fly ash 28
Longyangxia/China gravity 1'587 160 fly ash 30
Ankang/China gravity 3'250 130-155 fly ash 30 to 55
Ertan/China arch-gravity 4'100 174 fly ash 30
Puylaurent/France arch 85 250 fly ash 40
Pieve di Cadore/ltaly arch-gravity 377 200 pozzolans 25
Valle di Lei/Switzerland arch 862 230 pozzolans 35to 37
Baserca/Spain arch 238 200 fly ash 25
Llauset/Spain arch 211 200 fly ash 25
Las Portas/Spain arch 641 200 fly ash 22.510 30
Alcantara/Spain buttress 950 250 pozzolans 30
Cedillo/Spain gravity 800 225 pozzolans 30

Blended cements need more testing (a) because of the properties of pozzolans may
vary widely and (b) because the quantity of blended materials has to be optimized with
respect to strength and durability. Fig. 2.10 [2.42] shows an example of a test series
resulting in the choice of 30% fly ash for this particular dam concrete.

Furthermore using blended cements reduces the heat of hydration.

2.3.6 Effect of sustained loading

In a standard test, the compressive strength is determined at loading in the range of
minutes. As this range of minute increases, lower strengths are recorded than in the
case of standard test. If, on the other hand, the load is applied more rapidly, a higher
strength is recorded. The well-known Risch-diagram in Fig. 2.11 demonstrates this
phenomenon impressively [2.43].

Under the low rates of loading, creep occurs. It flattens the stress-strain curve, however
only at a degree of loading, which does not exceed 70 to 80 % of the short-term
strength. The process of cracking during loading explains this behaviour. The
breakdown of concrete consists in the formation of cracks, either their extension with
arrest (stable cracking at low stress levels), or their extension without arrest (unstable
crack propagation at high stress levels).
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In dams, loading cycles are mainly depending on variation of the reservoir level and on
annual temperature cycles. These cycles are extremely slow as compared to common
laboratory loading with rates of 0.15 to 0.4 MPa/s. Moreover, they are applied to a
structure pre-loaded due to self-weight. For this kind of loading there are little laboratory
results available.

Interesting, in this respect, is the observation of increased ultimate tensile strain at
loading rates which are common for dams (see Section 2.4).

2.3.7 Multiaxial compressive stress domain in a dam

Generally concrete in dams is stressed multiaxially. Because of obvious reasons, it is
not common to test dam concrete under biaxial or even triaxial conditions and uniaxial
test results are used as strength parameters. This is an acceptable approach as long as
biaxial strength envelopes are used for safety evaluations of compressive stress
domains in the dam. In other words, the results of uniaxial testing enter as corner point
in the chosen strength envelope. Such envelopes exist from the literature; Fig. 2.12 is
an example [2.44]. Other examples are given in [2.45] and [2.46]. It would be utterly
conservative to use uniaxial compressive strength values alone for safety evaluations.

Compression-Compression (

cu ftu cu Cul

P fcu = 191 kp/cm?

o——0 fc, =311 kp/cm?
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Definition
of local
factor of safety:
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Fig. 2.12 — Example for biaxial strength envelope [2.44]
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2.4 TENSILE STRENGTH

A critical and important factor in the safety of concrete dams is the tensile strength,
both under static and seismic loading. Tensile strength is commonly and basically
tested in 3 ways: direct (pure) tension, flexural tension (also termed modulus of rupture)
and splitting tension (Brazilian test). Recently a test based on fracture mechanics has
been introduced, the wedge splitting test, that provides most valuable information about
concrete loading under tensile stress.

In spite of the significance of tension, it is not common to test and evaluate it as
consistently as compression. It is common to relate tensile to compressive strength as
shown by the example of Fig. 2.13 (from [2.47]).

The following sections try to outline common practices and trends to account for tensile
strength.
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Fig. 2.13 — Compressive vs flexural strength [2.47] !

2.4.1 Tensile loading in the dam

Which type of tensile strength shall be employed for simulating the real conditions in
the dam? Is it direct tension, is it the modulus of rupture, is it splitting strength or is it the
result from wedge splitting testing?

The choice should relate to the anticipated mode of failure and is therefore not unique.
It has been argued that the modulus of rupture gives values that can be directly used

' multiply the coefficients of the Bgz-formulas by 0.464 to obtain coefficients for MPa.
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for matching the results of finite element analysis [2.3]. On the other hand, splitting
tests are the easiest to handle and a large number of these simple test would also
provide a somewhat more reliable value of this random variable.

However, on a localized level (conditions at the crack tip), it is suggested that typical
cracking due to static loading, e.g. at the upstream toes of gravity and arch dams,
rather follows the laboratory condition of direct tension.

From the above, a more specific consideration for parts of the dam under tensile stress
is warranted and attention should be paid to the following:

e The ability to relate any value of tensile strength to the corresponding mode of
cracking in the given part of the dam

e The type of analysis being conducted for which the tensile strength is to be specified
(see Section 2.4.8)

2.4.2 Type of tensile testing

Notwithstanding the above, tensile testing at site may be restricted to evaluating the
flexural strength, preferably on 300x300x900 mm prisms, with splitting test results as a
redundant type of test. Such testing needs wet-screening of the large fractions down to
a grain size, which allows to respect the ratio between sample size and MSA, see
Section 2.2.1. The full mix of the flexural test will exhibit a more elastic strength value
(lower modulus of elasticity) because of accounting for aggregate interlock. In order to
relate the flexural to the direct tensile strength, the latter should be either taken from the
literature or tested in specialised laboratories.

Tab. 2.10 lists some suggestions for tensile strength testing.

Tab. 2.10 - Static tensile strength testing

Symbol | Type of Standard Sample size of Sample size Comments
tensile (example) standard test recommended
strength for dam concrete
f; Direct RILEM variable - Only to be tested in
tension CPC 27 specialized laboratories
f. Flexural ASTM 78 152x152x508mm | 200x200x600mm
stength g5 1881 |150x150x750mm  |or
(modulus
of rupture) |DIN 1048 150x150x700mm | 300x300x900mm
itti i i At selective locati
fsp Stpr)(laltr?nt% ASTM 496 | Variable Drilled core Hoeies "é‘; C&‘;Z'g: 2
g BS 1881 Variable (I) =751to 100mm monitoring demands
DIN 1048 Cyl. 150x300mm

Tensile testing show high scatter as initial stresses might have already impaired the
concrete's tensile strength potential even before the external load starts to act. Initial
stresses are those from drying shrinkage (causing a tensile stress) and from relaxation
due to viscoelastic creep (relieving shrinkage stresses), Fig. 2.14 [2.48]. The
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superposition of these effects determine weather or not tensile stresses will result in
cracking. They are also the reason for high scatter of tensile in-situ testing.

FPREDICTED ELASTIC TENSILE
i STRESS WHEN SHRINKAGE
STRAINS ARE RESTRAINED
/

- {a)
PREDICTED CRACKING
WITHOUT STRESS RELAXATION

 (b)

TENSILE STRENGTH STRESS RELIEF

QF CONCRETE
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DELAY IN CRACKING

TIME

Fig. 2.14 — Influence of shrinkage and creep on tensile strength [2.48]

Among the types of testing tensile strength, the wedge splitting test renders an
enhanced level of information as it gives a strain history result (fracture energy, strain
softening curve) instead of only a single strength value. It also allows gaining
conclusions from observing the broken halves of the specimen. This is of particular
interest for judging the consequences of tensile cracking in dams. Post-peak tensile
strain not necessarily leads to disintegration of the concrete and thus not to failure. This
is beautifully demonstrated by wedge splitting tests and can be a valuable input for
nonlinear dynamic analysis (damage parameters).

In view of the above arguments and uncertainties it is recommended that careful
thought be given before finally selecting tensile strength criteria.

2.4.3 Tensile strength ratios

Similar to what was said for the relation between laboratory and field compressive
(core) strength, there are several factors for tension which need to be interpreted wisely
before drawing conclusions. J. Raphael reports that large differences in tensile strength
between laboratory and field specimens stems from its curing history [2.49]. Drying out
between removal (drilling the core) and testing explains the differences of up to 50%
lower tensile strength for cores.

A multitude of test series have compared tensile with compressive strength (at the
same types of specimen) resulting in conversion factors. Some of these results are
givenin Tab. 2.11.
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Tab. 2.11 - Conversion Tensile to Compressive Strength

Conversion to compressive
No.| Type of strength test | Type of specimens | Strength f. after Hellmann [2.46] Other relations (all in kg/cm?)
cin f=c.f.*® [kg/cm?]
| min. average max. Source Formula
. ) prisms 10cm high and . i
1 | Flexural: center point load 0.86 1.07 1.28 Swiss standard SIA 162 fi = (2.5t0 3.0).Af
several lengths
Flexural; third-point load as above 0.76 0.98 1.2 Emosson dam f, = 2.0.Afc
2 10x10x40cm A.A.Khan et al. [2.50] f, = 0.86.f.°
15x15x53cm cyl. Raphael [2.49] f, = 0.95.f,%°
3 Splitting (Brazilian) 6"x12" (15x30cm) cyl. 0.48 0.5 0.7
cyl. 15x30 and Raphael [2.49] f,=0.7.£7°
4 Pure tension 15x25¢cm; prisms 0.36" 0.52" 0.68"
5x20x20, 9x15x60cm Kupfer-Gerstle [2.44] f, = 0.64.1.%
1) somewhat too low because of including tests by Gonnerman and Shuman (1928)
Multiplier of ¢ for transformation kg/cm2 to MPa: 0.464 in 2/3exp.formulas 10kg/ére: 1 MPa
f. is 28 days 20cm cube strength throughout all relations

2.4.4 Size effect

The size effect is made evident through comparison of geometrically similar structural
elements of variable sizes. Results from fracture mechanics indicate that it cannot be
discarded when comparing laboratory tensile strength with the one expected in the
structure [2.51].

Here it should only be mentioned that the size effect depends on the type of test and on
the rate of loading, i.e. it is different for direct, flexural and splitting strength, and also
different for static and dynamic loading. It is therefore suggested to use a so-called
apparent tensile strength for safety evaluations of tensile zones in the dam [2.52] [2.53].

2.4.5 Tensile strain capacity in dams

It is actually the tensile strain capacity (rather than the tensile stress), which is of
interest for the control of cracking in dams. The difference is basic, because only strain
(unlike stress) depends on the rate of tensile loading. Research in this field indicates
that slow rates of loading, such as they are induced by reservoir or temperature
fluctuations, can increase the strain capacity by a factor of 1.1 to 2.1 with respect to
laboratory loading rates [2.54].

Interesting in this respect is the observation on Austrian dams, as reported in [2.16],
where a much higher tensile strain capacity due to slow cyclic reservoir loading is
reported as compared to laboratory test results (Fig. 2.15). This phenomenon defeats
the occasionally brought forward argument that a higher content of cementitious
material is alleviating cracking. Such argumentation is questionable.
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Fig. 2.15 — Tensile strain capacity at slow loading rate [2.16]

2.4.6 Tensile strength at joints

The limiting tensile concrete strength is that which exists at lift joints and across the
contact surfaces between the dam and its rock foundation. Even with particular efforts
during construction to prepare concrete and foundation contact surfaces for bonding,
tensile strengths across bonded lift surfaces and foundation contacts should be
expected to be at least 10 to 20 % less than the corresponding intact tensile material
strength [2.53].

If tensile stresses are vertical then excess tension may cause opening of lift joints with
their reduced tensile strain capacity. Some designers cautiously assume no tensile joint
strength at all (zero tension approach) and consider a condition as being safe, if stable
cracking is the consequence of tensile stresses. This seems to be a reasonable
approach for static loading, however too conservative for transient earthquake and
flood loads.
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2.4.7 Tensile strength criteria

Similarly to what was said for multiaxial compressive strength considerations, uniaxial
tensile strength values can be used to define the corners of a biaxial strength envelope
in the tension-compression sectors (Fig. 2.12). However, the scatter of biaxial
compression-tension test series is too large as to draw a somewhat reliable biaxial
envelope line in this sector and to use it for defining the FS as AC/AB (as in Fig. 2.12).
Designers use other safety criteria as soon as tension is involved. Such criteria
comprise a no, or better limited, tension analyses. Considering the fact that concrete is
an elastic-plastic material, which demonstrates a margin against tensile cracking not
considered with a purely elastic model, nonlinear constitutive stress/strain models for
high tensile stress loading are more realistically approaching reality.

From phenomenological observations of crack patterns on samples exposed to biaxial
loading, idealized failure types can be deduced [2.55] [2.56]. These types depend on
the principal stress ratio at the ultimate state of stresses (point at the failure envelope in
Fig. 2.16) and can therefore be assessed from Finite Element (FE) - analysis results.
They may be termed:

1. cleavage or tensile splitting orthogonal to the tensile stress (case A)
2. transition between 1 and 3 (cases B and C)
3. shear failure or splitting parallel to tensile stress (case D)

From FE-results it may therefore be assessed which type of tensile strength is most
appropriate to be introduced in the biaxial failure envelope for a particular part of the
dam. Other than locally, cases A and D of Fig. 2.16 are practically inexistant in dams.

There exist also biaxial test results from wedge splitting, which model the conditions in
dams more closely than uniaxial wedge splitting results [2.57]. Fig. 2.17 demonstrates
how the fracture energy (Gs) decreases within the elastic range and that at, the onset of
microcracking, Gy starts to increase again prior to complete material disintegration. This
unsteady development ensues from restraints of expansion of the fracture process
zone for the descending G; branch and from aggregate interlock for the rising branch.
The relevance for dam concrete is a fringe resistance of a cracked concrete mass for
post-peak loading.
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Fig. 2.17 - Development of fracture energy under biaxial loading[2.57]

' Gy is the fracture energy under corresponding uniaxial loading
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2.4.8 Use of tensile strength in mathematical models

The development of mathematical models calls for performing laboratory testing of
strength parameters to be used in constitutive models. This is particularly relevant for
tensile strength parameters.

2.4.8.1 Linear elastic analysis

In many cases a linear-elastic stress analysis will be a most adequate representation
of reality. In this case it has to be considered that a uniaxial tension test will give a
nonlinear stress-strain relationship, different to what is assumed in the model. The
same is true for a flexural test: the load deflection response will be non linear (Fig.
2.18). To be consistent with a linear analysis, the stress difference between point A
(linear analysis) and B (test result) has to be considered by conversion factors for the
stress ratios AB. These factors can be obtained from pure tension, flexural tension tests
or wedge splitting tests. Factors between 1.2 and 1.4 can be expected from tensile test
series for mass concrete of dams.

p A apparent
tensile strength

B tensile strength

Stress

>

Strain

Fig. 2.18 - Apparent tensile strength (in a linear analysis) compared to tensile test
results [2.58]

As submitted to ICOLD for publication, January 2009 Section 2-36



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 2 (Strength properties)

2.4.8.2 Non linear analysis

To conduct a nonlinear analysis, the present state-of-the-art includes the ability to
formulate:

» plastic straining under compressive and tensile states of stress,
tensile strain softening,
material degradation due to a-priori strain histories,

>
>
» influence of creep,

» viscoplastic bi- or triaxial stress-strain solutions with cycles to reach conversion at
time-dependent plastic strain conditions (for seismic loading).

Here the validation of constitutive strength modelling via experimental data is more
cumbersome and delicate. Fig. 2.19 shows the example for validating tensile strain
softening by means of wedge splitting tests. The sequence of actions comprises:

1 Sample extraction from the dam. Standard diameters are 200mm. Several cores
should be extracted to average the scatter of strain softening curves. This scatter can
be large given the influence of paste-large aggregate heterogeneity on the fracture
mechanism. Curing immediately after core extraction can influence the result. It is
suggested to follow curing conditions of test standards such as RILEM[2.59] or ACI
[2.60].

2+3 Fig. 2.19 shows a wedge splitting test on cores, as an example, and the force-
crack opening diagram as the result of such a test. Equally, this test is commonly
performed also on beams or cubes [2.59].

4 The post-peak response of the material has to be transferred into a constitutive
model by FE-discretization. This means that the computed and measured fracture
energy (Gy) during testing (surface under the post-peak softening curve) must comply.
This needs consideration of the size effect relating the in-situ strength to the laboratory-
determined strength [2.61], and it generally needs mesh adaptations[2.62]. Shown on 4
are stress contours obtained from FE-analysis, which best match, the experimentally
found softening curve.

5 Example of a bilinear strain softening relation to be used in a plasticity-based
model. It is obtained by numerical compliance to experimental data. The kink indicates
that energy is consumed by two different fracture mechanisms: the upper branch of the
curve is due to microcracking, the lower branch by overcoming friction and tortuosity of
aggregate interlock.
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Fig. 2.19 - Strain softening: tensile strength testing for FE-validation. 1: core extraction,
2: wedge splitting testing, here shown on a core, with Fy the tensile force, 3: strain
softening curve from wedge splitting test, 4: FE-discretiszation of concrete test sample,
here a quarter-cube of a wedge splitting test with some stress contours in % of uniaxial
compressive strength, 5: bilinear softening diagram which best fits the measured
softening curve for input into a nonlinear FE-stress analysis, indicating two types of
crack propagation: Gy strain softening due to microcracking, and Gs, continued cracking
due to debonding of aggregate interlock [2.17].
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2.5 SHEAR STRENGTH

The significance of shear strength in dam concrete is practically limited to
discontinuities in the concrete mass (joints, cracks) and to the rock-concrete contact.
Shear strength depends on the adhesion between the substrate material and the grout
(in the case of grouted block joints), and the cohesive strength of the lift joint surfaces.

Shear strength is usually assumed to follow the Mohr-Coulomb’ relationship

T=c.A + tan¢.N
where
T= shear force,
C= cohesion of intact lift surface or contraction (block) joint surface accounting for
shear key, if constructed,
A=  intact area, e.g. total area times a coefficient assessing the efficiency of joint

curing, roughness or joint grouting,
tano = friction coefficient,
N normal force.

The Mohr-Coulomb relationship is an appropriate presentation for shear resistance,
since shearing strength is represented by the point where the failure envelope
intersects the vertical shear axis in a 6-t(normal stress-shear) diagram.

If doubts about effective joint treatment (e.g. thermal cracking due to lacking curing) or
if block joints are taking no or little grout, ¢ can conservatively be put to zero.

Shear resistance of the grout material (in block joints or at the concrete-rock contact)
depends on the water-cement ratio and thus on the compressive strength f.. In absence
of test results a shear value of 1=0.15. f; can be assumed, with t being the intercept of
the failure envelope, as mentioned above.

In addition to the Mohr-Coulomb failure envelope, a bilinear shear resistance criterion is
meaningful for assessing the shear resistance in shear-keyed block joints. The lower,
steeper branch in the c—t diagram is for shear resistance of the plain concrete surface
within the keys (high ¢, no cohesion), whereby the higher flatter branch is for shear
resistance of the joint surface (lower ¢ and some c= f [total block joint surface to shear-
keyed surface]). This implies that the steeper branch being the shear resistance of
concrete, say 1.=0.2. f; and the flatter branch a function of the key geometry.

For intact concrete a curved Mohr rupture diagram can be assumed enveloping the two
uniaxial Mohr circles for compressive and tensile strength.

Quality of bonding at joint surfaces is generally checked by shear tests from cores
drilled through joints. As may be expected, such shear tests demonstrate a wide range
of joint quality values between low-shear strength (core separation) and full material
strength (invisible joints).

' The common terminology relates a curved envelope to the Mohr rupture diagram (constructed by the
uniaxial compression and tension circles) whereby the term Coulomb relates to a linear/bilinear failure
criterion
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A fine survey of joint treatment in dams and their benefits are found in [2.63].

Test results can be evaluated to render several resistance parameters. Fig. 2.20 shows
the result of a simple shear test along a discontinuity, providing:

» apeak shear value

» aresidual shear value (from a second test),

» displacement at peak shear value, and

» degree of separation from the inspection of the shear surface.

*A  O(n)=constant

@ Degree of separation < 100%

(1) first test

— — @ consecutive test
@ Degree of separation = 100% T ,o¢

o

jﬁ»{  fmm |

Fig. 2.20 - Shear results from core testing

Such shear test results can then be used for modelling shear resistance envelopes in a
c—t diagram according to the anticipated shear resistance parameters, say, of block
joints with questionable grouting success or of "cold" construction joints (Fig. 2.21).

T A low
/ degree of separation
“
+ high
y )-/ use corresponding envelope
/‘b according to observations of
/ ; /+ sliding planes in the field
-
apparent cohesion O

Fig. 2.21 - Reduction of test data into a Coulomb o — = diagram.

As submitted to ICOLD for publication, January 2009 Section 2-40



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 2 (Strength properties)

2.6 DYNAMIC STRENGTH

This section concentrates on strength at loading rates which are related to strong
earthquakes, e.g. at strain rates of 10° to 10 /s. Corresponding results from several
test series under static and dynamic loading are summarised as static/dynamic strength
ratios in Tab. 2.12.

A caveat needs to be added using these strength ratios. What is not shown explicitly in
this Table is the larger scatter of dynamic strength values as compared to static
strength testing. This means that dynamic strength is less reliable than the static
strength. This has a bearing on the stipulated dynamic strength for safety analyses.
Ratios from experimental tests, like those in Tab. 2.12, should therefore be cautiously
chosen (e.g. lower bounds be taken) when using them for safety assessment.

Tab. 2.12 — Examples for Static/Dynamic Strength Ratios

Parameter [_)yr!./stat. Comments
max. av./single min.
You_ng's 1.25 Bureau's of Reclamation test series, rep. in Ref. [2.64]
1.57 142 1.28 Big Tujunga dam, cores drilled from the dam. 2
1,48 1.38 1,32 concrete types: 25 (1. row) ; 36 MPa strength (2. row)
1.18 Crystal Springs Dam as reported by J. Raphael [2.49]
1.15 Tests on Swiss dams, Ref. [ 2.65]
Compressive strength 1.60 1.00 Uniaxial loading from Ref. [2.66]
1.50 Multiaxial loading from Ref. [2.66]
1.20 Auburn Dam (Bureau of Reclamation)
1.20 1.60 Ref.[2.67] for saturated dam
1.28 1.15 1.00 Big Tujunga dam, cores drilled from the dam. 2
127 112 1.00 cpncret‘e types: 25 (1. row) and 36 MPa
1.32 Crystal Springs Dam ( J. Raphael) 32 MPa
Flexural strength 1.40 1.29 1.28 R_gf.[2.51] with reference to size
1.73 1.48 1.21 Bureau's extensive tests on Auburn dam (1977/78)
S_plitt!ng strength 1.31 Crystal Springs Dam as reported by J. Raphael [2.49]
1.50 Ref. [2.68]: testing for evaluating blasting impacts:
1.28 value for 20 MPa and lower value for 50MPa concrete
Pure tension 1.48 Santa Anita Dam as reported by J. Raphael [2.49]
1.83 Big Tujunga Dam as reported by J. Raphael [2.49]
1.13 1.08 1.00 Ref.[2.69] with tests on dry (1. row) and saturated
1.46 1.33 1.16 Specimen (2.row)
1.50 117 1.07 Zervreila Dam (Switzerland): cores drilled from the dam

Reinhard [2.70] suggests a ratio r = 14.fc' °5"respecting|
2.0 the dependence of r on the compressive strength. CEP
has a similar proposal. *)for f'=30MPa
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The US Bureau of Reclamation performed an extensive test series for dynamic
properties from cores of existing dams [2.71]. Main results are summarized in Table
Tab. 2.13. This is the most complete data series available for dynamic/static strength
ratios for dams.

Tab. 2.13 — Dynamic Concrete Properties from Dam Cores

Parameter Ratio dynamic/static Max. Min.
(mean * coefficient of variation ratio ratio
Compression 1.07+0.20 1.45 0.73
Young’s Modulus 0.894+0.17 1.1 0.7
Failure strain 0.93#+0.12 1.58 0.78
Poisson ratio 1.0940.29 1.69 0.69
Splitting strength 1.4440.15 1.73 0.98

The values are from 103 specimens of 10 dams constructed between 1916 and 1995.
The test data reflect a high variability due to the highly variable mix proportions and due
to different degrees of saturation of the specimens.

Evidently, one has to link these test results to what might happen in the dam. Not
considered in laboratory-obtained strength ratios is the dam’s strength margin during
strong shaking due to the concrete’s ability of plastic straining (strain softening) before
failure becomes imminent.

Here one is faced with two phenomena: one is the pure material response under
dynamic loading (obtained from small samples), the other is the large-scale structural
response. This means that the designer has to weight the compatibility of these
phenomena on a safety outcome, e.g. by tuning the choice of static/dynamic strength
ratios with the ability of the constitutive model to consider the above mentioned
structural safety margin.

2.6.1 Dynamic Compressive Strength
A number of test results exist about the dynamic-to-static strength ratio:

e A state-of-the-art paper is [2.66]. This well documented publication concludes that
the predominant parameter influencing the ratio is static compressive strength (and
not mix proportions, w/c ratio type of aggregate etc.). Again the scatter of evaluating
some 30 test series is high and varies between a ratio of 1.3 and 0.9 for strain rates
between 10°to 102 /s, with high strength concrete tending towards the lower ratios
of the above range and low strength concrete towards the higher ratios. This is as
expected, given the higher ductility of low strength concrete.
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e In 1975 tests were performed with the concrete of Big Tujunga dam in California on
cores drilled from different quality concrete [2.72]. A strain rate of 0.04s was applied
corresponding to the 1/4 of the assumed earthquake cycle. The results from 6
dynamic tests are as shown in the following Tab. 2.14.

Tab. 2.14 - Ratio between dynamic and static strength

Static strength Dynamic strength Ratio

(MPa) (MPa)

24.9 28.8 1.16
26.7 34.3 1.28
22.8 22.4 0.98
38.2 37.8 0.99
36.8 46.9 1.27
36.7 40.6 1.11

Given this information the a caution approach suggests using a ratio close to unity for
any analytical consideration unless test are performed for the particular dam.

2.6.2 Dynamic Tensile Strength

Commonly the 2/3-power law is used for the relation between tensile and compressive
strength, both for static and dynamic load.

Reference [2.49] uses the same power law for assessing dynamic tensile strength, f;,:
fi=1.07. f.2° [kg/em?]
f = 0.5. f.° [MPa]

with
fi dynamic tensile strength from pure tension tests
fe compressive cylinder strength

The comparison with Tab. 2.11 shows that this formula suggests a 50% increase of
dynamic against static strength.

Again, such high ratios should be used with caution and in combination with the
mathematical model to be employed for stress analysis, as mentioned earlier. Another
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factor influencing the static/dynamic strength ratio is compressive strength. Studies at
Delft University indicate a decreasing static/dynamic strength ratio with stronger, more
brittle concrete, expressed by the formula

fi=3.2. > [MPa]
for earthquake loading, see Fig. 2.22 [2.70].

f+ (MPa)
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Fig. 2.22- Tensile (static/seismic) vs. compressive strength [2.70]

Besides the above mentioned post-earthquake strength margin, the dynamic tensile
strength is also an ambiguous material parameter as soon as it is used as input in
linear stress analysis. If a linear stress-strain relation is used on a material, which
actually behaves nonlinearly at high stresses, then the analysis will predict failure at a
higher stress than the test value (peak of the stress-strain softening curve). The linear
high strength was termed apparent tensile strength [2.58].

The difference between apparent (linear) and nonlinear peak at ultimate strain can be
considerable, both for static and dynamic tensile strength. In [2.3] a ratio of 1.35 for
dynamic loading and for common dam concrete (f;=20 MPa) is suggested.

The strain-rate effect on the tensile strength for different concretes, with maximum
aggregate size up to 25 mm, is shown in Fig. 2.23 [2.73]. The range of strain rates
might be very large; typically from ~ 10? s of earthquakes to ~ 10° s of impacts.

The increase of the tensile strength with increasing relative humidity was observed
[2.74].
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Fig. 2.23 — Dynamic/static tensile strength at different strain rates [2.73]

2.6.3 Dynamic Shear Strength

No increase for dynamic as compared to static shear parameters is generally assumed.
From an engineering aspect the friction coefficient should be larger for short term
loading which leads occasionally to accept an increase of 10%.
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3.1 GENERAL

The elastic characteristics of a material define how the material will deform when
various loads are applied. Elastic properties provide a measure of the stiffness of a
material. Concrete has a non-linear stress-strain curve, however to a certain degree it
may be considered an elastic material (Fig. 3.1).

Inelastic
deformation

Stress, f

Modulus of elasticity = E = ei

|4—>| Strain, e
Permanent set

Fig. 3.1 - Generalised stress-strain curve for concrete [3.1]

Prior to discussing the elastic properties of concrete, it is useful to present a brief
summary of other constitutive models which have been used to determine the stress-
strain response of concrete structures.

Concrete is variously characterised theoretically as “elastic”, “visco-elastic”, “elastic-

plastic”, “poro-plastic” or otherwise depending on the behavioural model assumed.
“Elastic” (see for example [3.1] and Timoshenko and Goodier [3.2])

behaviour by definition has the property that the strains appear and disappear
immediately on the application and removal of stress. Elastic behaviour does not imply
a linear stress-strain relationship. In non-linear elastic models, the elastic properties
may vary depending on the level of stress or other controlling parameters. “Viscoelastic”
(for example Neville et al. [3.3]) behaviour includes treatment of time dependent
deformation such as creep. Viscoelastic rheological material models are applied to
concrete when the stresses are relatively low which is similar to the range of
applicability of linear elastic material models. At higher stress levels the time dependent
behaviour of concrete is non linear. Creep of concrete is discussed further in Section 4.
“Elastic-plastic” behaviour (see for example, Bangesh [3.4] and Chen [3.5]) includes
permanent deformations and a plastic flow rule subsequent to “yielding”. “Poro-plastic”
(see for example, e.g. Fauchet et al.[3.6]) behaviour includes the effects of fluid
pressure in the pore spaces of an elastic-plastic material.

Fig. 3.2 shows a rheological equivalent of the above mentioned stress-strain response.
It shows, among others, the typical stress transfer between the damping (viscosity) and
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the friction element, hereby, with time, stress will be completely transferred from the
first to the latter resulting in irreversible (plastic) strain. Plastic strain continues until the
accumulated strain is enough to activate resisting stress. This kind of process can then
be simulated in a non linear stress-strain relation for Finite Element-modelling.

In addition, it is necessary to select further idealisations in terms of homogeneity and
isotropy. Homogeneity is frequently assumed at a macro level but of course at the
particle level the grains and aggregate form a very inhomogeneous mixture. In
structures where distinctly different concrete mixes were used, then selected volumes
may be assumed to be homogeneous within themselves but may vary from volume to
volume. In some instances, inhomogeneity may develop with time due to deterioration
mechanisms varying spatially. Isotropy is usually assumed in conventional mass
concrete. In fact it can be shown that strength parameters (compressive strength,
Young’s modulus) are only insignificantly (if ever) different when comparing their values
parallel or perpendicular to the direction of concrete placement.

The classic and simplest constitutive material model is one of linear elasticity in an
isotropic homogeneous material in which the behaviour can be characterised by two
parameters, the modulus of elasticity (E) and the Poisson’s ratio (v). A material is
isotropic when its elastic properties are identical in all directions.

AN

Elastic element

Friction element poroplastic strain
{plastic)

Viscosity element

{creep)
N N

Fig. 3.2 - Rheological equivalent of typical stress-strain response in concrete [3.7]

The above models consider the concrete as “continua” but in fact internal cracking due
to shrinkage or other source of tension may introduce discontinuities. Moreover, vertical
block joints or weak horizontal lift joints are marked discontinuities too. These
discontinuities may be modelled as equivalent continua as “no tension” models, with
“smeared cracks” and strain-softening or as discrete cracks depending on the level of
detail available and behaviour desired.
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The behaviour of concrete is usually characterised differently for static and dynamic
loading. This will depend on the rate of loading and the idealisation. In some cases,
such as blast loading, the rate effects are significant in themselves, in others the
distinction is related to modelling assumptions and strain magnitude, for example, the
use of secant modulus for static loading versus tangent modulus for dynamic loading of
small amplitude.

Here we discuss the use of the two parameter model, using a modulus of elasticity and
Poisson’s ratio to include certain elastic and inelastic behaviours exhibited by concrete.

3.2 STATIC MODULUS OF ELASTICITY

3.2.1 Typical behaviour and definitions

The behaviour of concrete in compression is shown diagrammatically in Fig. 3.3 (from
Mehta [3.8]).

Since the curve is non-linear, various definitions of elastic moduli are possible as
illustrated. These are:

1. the tangent modulus given by the slope of the line drawn tangent to the stress-strain
curve at any point, or stress level, on the curve. The tangent modulus is of little
practical significance since it applies to very small stress-strain conditions. However,
with respect to using elastic moduli in finite element analyses (FEA), the tangent
modulus is a choice when non-linearities are taken as rate-dependent (e.g. in a
viscoplastic model) or for short term loading, for which the modulus is regarded being
higher than long term loading.

2. the secant modulus given by the slope of the line drawn from the origin to the point
on the curve at the stress level, and,

3. the chord modulus (or an incremental modulus) given by the slope of the line
between two points. It is the modulus defined in most standards, in which the strain
is measured between stipulated load percentages (see 3.2.4).

Concrete in dams will exhibit time dependent straining (creep) and the notion of an
elastic modulus does not strictly apply. However, in a linear-elastic FEA the artifice to
choose a secant modulus, including creep effects, is fully justified.
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Fig. 3.3 - A typical concrete stress-strain curve and various definitions of elastic moduli

3.2.2 Internal mechanisms affecting the behaviour

The non-linear stress-strain behaviour has been explained in terms of the progression
of micro-cracking of concrete through four stages [3.8]. Initially, before the application of
external load, the concrete would contain micro-cracks in the transition zone between
the matrix and the coarse aggregate. The number and extent would depend on the mix
proportion, curing history and strength of the material and consist of drying shrinkage,
chemical shrinkage (autogenous volume change) and thermal cracks. Up to a certain
level depending on the placing, mix design and curing, the micro-cracks will be stable
and the modulus will be approximately constant, i.e. essentially linear. Then as the
strain progresses, the micro-cracks increase in length, although they may still be stable,
and non-linear behaviour becomes apparent. Subsequently the micro-cracks become
unstable and non-linearity is stronger and eventually spontaneous crack growth and
large strains occur which could eventually lead to failure. In this Section, the discussion
mainly pertains to linear elastic behaviour which occurs at low level of strain and when
micro-cracking is small.
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3.2.3 Factors affecting the elastic modulus

These are aggregates, cement paste matrix, aggregate — cement paste interface
(transition zone), test conditions (humidity, temperature, loading rate application), age
and damage conditions.

3.2.3.1 Aggregates

The relationship between the concrete static modulus and the aggregate used for the
concrete can be obtained through the volumetric contents of both cement paste and
aggregates, and their relative static moduli. In particular this relationship can be
expressed with the two-phase composite models, which combine elements with parallel
(Voigt model) and series (Reuss model) phases (Fig. 3.4) [3.9].

The parallel system is the upper bound for elastic properties of interest while the series
system provides the lower bound. Concrete made with natural aggregate in a soft paste
conforms more closely to the lower bound, i.e. the series model.

However other more realistic models for concrete have been suggested as those by
Hirsch and Counto (Fig. 3.4) [3.9] or that one consisting of spherical particles in a
continuous matrix [3.10]. This last can be expressed as:

(-V)E, +(1+V)E,
a+V)E,+(1-V, )E,

E =| IE,

These models depend on the assumptions that (1) the concrete is a three-dimesional
combination of the two homogeneous and isotropic phases, the matrix and the coarse
aggregate, (2) each phase behaves linearly in the linear elastic regime, (3) there is no
interaction between the aggregate particles, and (4) that there is a perfect bond
between aggregate and the matrix. These assumptions are not all always valid.

For good quality normal weight aggregates, such as those used in dams, E; is
considerably higher than E,, and the true value for E¢ should lie between the theoretical
lower limit (series model) and the spherical model.

The porosity of the aggregate is another aggregate parameter able to influence the
concrete elastic modulus. In fact it directly affects the aggregate stiffness, E,. A dense
aggregate has a high elastic modulus and this also produces a concrete with a higher
modulus. Aggregates from low porosity rock such as basalt and granite have E, greater
than 60 — 70 GPa while aggregates from more porous rocks, like for example
sandstone, are characterised by a lower E, (8 - 25 GPa). The aggregates coming form
rocks with variable porosity, like for example limestones, are consequently
characterised by more variable values of E,, between 10 and 60 GPa.

The higher is the concrete grade (e.g. facing concrete) the greater is the porosity
importance of the aggregate.

Other aggregate properties that influence the elastic modulus of concrete are the
maximum size and size distribution, the shape, the surface texture and mineralogical
composition. These last through the influence of micro-cracking in the transition zone
between aggregate and cement paste (see 3.2.3.3).
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Model Equation
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Ec Elasticity modulus of concrete [MPa]
E., Elasticity modulus of matrix [MPa]
Matrix E, Elasticity modulus of aggregate [MPa]
Vi Volumetric fraction of matrix in concrete
V. Volumetric fraction of aggregates in concrete
Aggregate X Arbitrary parameter for combination of parallel

and series composition within Hirsch’s model

Fig. 3.4 - Concrete two-phase composite models and computation of elastic modulus

[3.9]
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3.2.3.2 Cement paste matrix

Similarly the capillary porosity of the cement paste matrix controls the concrete elastic
modulus. The porosity of the cement paste matrix is affected by the water/cementitious
ratio, air content and mineral admixtures. The modulus of the cement paste matrix is
generally in the range of 10 GPa to 30 GPa.

It should be noted that these values are similar to the elastic moduli for low quality high
porosity aggregates.

3.2.3.3 Transition zone

Fig. 3.5 schematically shows the typical stress — strain curve for a concrete and its main
components (cement matrix or paste and aggregate). As for all composite materials,
the concrete curve lies between those of the two components but while these two last
ones are substantially linear elastic, in the considered concrete stress range, the
concrete curve is not. The reason of this is the behaviour of the cement paste —
aggregate interface or transition zone.

6000

Aggregate

Concrete
4000 +—

Cement Paste

Stress, psi

2000

i |
O 1000 2000 3000

Strain , 1078

Fig. 3.5 — Typical stress-strain behaviour of cement paste, aggregate and concrete [3.8]
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The transition zone contains void spaces, micro-cracks and calcium hydroxide crystals,
whose amount is related to degree of consolidation and degree of hydration and type of
curing. They already exist in this interface zone even before the application of external
loads but generally they remain stable up to about 1/3 of the ultimate load. This is
approximately the range where stress-strain curve remains linear (Fig. 3.5) and an
elastic modulus E¢ can be measured.

Above this range, the transition zone microcracks begin to increase in length, width and
numbers and the higher the stress level the lower the stability of the microcracks
system. This is reflected by a clear non linearity in the concrete curve of Fig. 3.5. Above
50 — 60 % of the ultimate load cracks begin to form also into the cement matrix and
then very high strain are finally developed up to failure [3.9].

3.2.3.4 Test conditions

The test conditions also affect the value of measured elastic modulus. Tests conducted
under dry conditions indicate approximately 15 to 20 per cent lower elastic modulus
than corresponding samples tested in the wet conditions, depending on the saturation
degree [3.8] [3.11].

There are several authors that have experimented this phenomena. Gorisse [3.12] has
established the following relationship that quantifies the value of the E modulus.

E (saturated) = E (dry) + 3 GPa.

The dry samples are adversely affected by drying which increases the amount of micro-
cracking in the transition zone. It is worth to note an apparent inconsistency in that the
compressive strength under dry conditions is, on the contrary, higher than in wet
conditions, due to the wedge effect produced by the presence of water inside the
concrete porosity.

For this reason it is important, when taking cores from concrete dams, to maintain their
in situ moisture content during specimen preparation and transportation to the
laboratory (for example wrapping them with plastics and moist towels).

The modulus of elasticity varies also with changes in temperature and a tendency of
decreasing values with increasing temperature conditions have been found [3.3]. The
influence of temperature on elastic modulus is not direct, because there are other
aspects that must be considered at the same time, such as the humidity degree and the
sealing degree. In the most cases that have been analysed, a dry concrete has a
reduction of elastic modulus that varies with the temperature in quasi-linear way when
the value exceeds 50°C, and reaching 400°C, the modulus has lost 60% of the initial
value.

In case of saturation of the concrete, and the moisture doesn't decreases, the value
modulus can fall quickly, and at 150°C the 60% of the initial value can be lost.

However, between the normal range of temperatures (0°C-50°C) the effect of the
temperature on the modulus is less important.
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The rate of loading application is another important factor that influence the concrete
elasticity modulus. In fact, under instantaneous loading only a little strain can occur
prior to failure and the modulus of elasticity is higher than in static conditions [3.8] (see
also the paragraph 3.3 on the dynamic modulus of elasticity and Figure 2.11 in Section
2).

For very slow loading rates, the elastic modulus is, on the contrary, lower than in static
conditions, also due to the significant creep effects. In fact creep strains would be
superimposed, thus lowering the elastic modulus further [3.8] (see also the Section 4 on
creep properties).

3.2.3.5 Age

The concrete modulus varies with time and numerous investigators have presented
results of tests and equations to describe this behaviour.

For example a commonly accepted expression developed by Geen and Swanson [3.13]
is as follows:

E(r):E{om.{m}

feu

where E = Young’s modulus at 28 days, f(t) = cube strength of concrete at time t and
fou = cube strength of concrete at 28 days.

Investigations on dam concrete show a considerable increase in moduli with age. ACI
207 (“Mass Concrete”) [3.14] shows elastic properties (modulus of elasticity and
Poisson ratio) for 13 dams. An increase between 105% and 138% within the period of
28 days and one year is reported.

Raphael in his “The nature of mass concrete in dams” [3.15] reports results for ratios
“‘modulus under sustained load after one year to the instantaneous modulus after 28
days”. The average increase within this period is 122% with a low coefficient of
variation of 7.5% (Fig. 3.6).

The effect of an increase of the modulus of elasticity with time even beyond an age of
90 days is particularly pronounced when pozzolanic materials are used within the
cementitious content of the concrete mix.

Research has also shown that concrete modulus of elasticity tends to increase with
time at a faster rate compared to the compressive strength [3.9]. This is though to
depend on the density improvement of the transition zone, because of the slow
chemical beneficial interactions between cement paste and aggregate, that still can
continue even after a long time.

Fig. 3.6 also indicates some cases where the modulus of elasticity increases during the
period of cement hydration (say until an age of 90 days) and is constant thereafter.
Because all laboratory samples show significant increase with age, such cases of no
modulus increase on core samples may be related to eventual micro-cracking on
sample from coring.
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Fig. 3.6 - Increase of modulus of elasticity with age [3.15]

3.2.3.6 Damage conditions

If concrete is damaged or plasticized (because of high loads, fatigue, chemical or
physical deterioration etc.), its elasticity modulus becomes, of course, lower compared
to that in no damage conditions. A reduction of this parameter, as the damage
proceeds, can be observed through the changing of slope of loading and unloading
cycles, both in tension and compression. From Fig. 3.7 can be observed how the elastic
parameter can evolve due to the effects, for example of micro-crackings.

However, one has to be cautious in not relating an E-modulus reduction to a
corresponding reduction in strength. As fracture mechanics testing shows, damaged
concrete can mobilize margins of strength due to aggregate interlock of a micro-cracked
concrete. Such strength margins are of particular interest for judging post-earthquake
stabilities in dams.

Fig. 3.7 — Elastic modulus evolution due to damage increase
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3.2.4 Estimation of the elastic modulus

The elastic modulus of a concrete is conventionally measured using standardised tests
directly based on concrete samples subjected to uniaxial loading (paragraph 3.2.4.1).
The sizes of these samples should be at least three times the maximum size of the
aggregate used in concrete. However, from an experimental point of view, this is not
always easy: in fact the maximum size aggregate usually ranges from 80 to 200 mm
and large specimens, for example cylinders of 45 x90 cm, should be required [3.16].

Due to the practical difficulties in performing such tests, dam concrete is usually wet-
screened, removing aggregates larger than 40 mm, and using standard cylinders of
15x30 cm (2.2.1 in Section 2).

However this procedure can result in a incorrect estimation of the elasticity values. A
method has been recently proposed [3.17] in order to predict the modulus of the real
size aggregate concrete from the experimental results obtained form the wet-screened
concrete specimens (paragraph 3.2.4.2). It is based on the application of the simple
elastic models presented in the paragraph 3.2.3.1.

Furthermore empirical approaches can be used to estimate the elastic modulus, less
complicated and time-consuming compared to the experimental determination. A lot of
empirical relationships have been proposed and recommended by national and
international standards, estimating the elastic modulus directly from the concrete
compressive strength (paragraph 3.2.4.3).

3.2.4.1 Experimental determination in laboratory

Dam concrete is designed for a compressive stress state, therefore the static modulus
of elasticity is typically measured with concrete in compression. For example, the ASTM
C469 [3.18] provides the static Young’s Modulus and Poisson’s Ratio using a
compressive test procedure.

It stipulates the use of chord modulus with a lower point at strain of 50 pe and the upper
point corresponding to 40 per cent of the compressive strength at the time of loading.
The lower and upper chord modulus points are chosen to avoid seating effects and also
the modulus is obtained in the “elastic” range of the stress-strain curve. ASTM C 469
uses 6 by 12 inch (15 by 30 cm) cylinders.

For drilled core specimens, only diamond drilled cores with length-to-diameter ratios of
greater than 1.5 are used. The strains along the axis of compression should be
measured with two or more gage lines such that eccentric loading and non-uniform
response can be monitored. The gage length for strain measurement is an important
consideration. ASTM C469 specifies that the gage shall not be less than three times
the maximum size of aggregate or more than 2/3 the height of the specimen. The
preferred gage length is typically about one half the height of the specimen.

Before loading the specimen it is important to follow a specific centering sequence,
accurately placing the test specimen in the centre of the loading platens of the testing
machine and monitoring the strains values provided by the gauges. If these strains
eccessively differ by more than 20% from their mean value. It is recommended to re-
centre the test specimen and repeat the test.
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This preloading procedure, with loading and unloading cycles, is also effective in order
to stabilise the concrete behaviour and reduce the creep effect that can be induced by
the strain-time diagram used for the determination of the elastic modulus.

The static modulus of elasticity in compression, Ec, in MPa, is given by the formula

Ao o,-0,
Ae € —¢,

where

G, is the upper loading stress, in MPa (for ASTM C469: o, = 0.4 f;);

oy is the initial stress (for ASTM C469: stress corresponding to a strain g, of 50 L)
€, is the mean strain under the upper loading stress:

€ Is the mean strain under the initial loading stress (for ASTM C469: 50 ue).

An interesting aspect of the stress strain curve obtained from such a test is that the
sample fails suddenly shortly after the maximum load is obtained. Such a response is
related to the properties of the testing machine rather than the behaviour of the tested
concrete specimen. The use of a stiff testing machine will result in gradually softening
behaviour in the post-peak response stages of the test.

The modulus of elasticity in tension and flexure is typically taken to be equal the value
obtained from compression tests. Data from tension and flexure tests indicate that this
is a reasonable approach.

3.2.4.2 Prediction based on elastic models

A valuable proposal for predicting the elasticity modulus of a real dam concrete from
the experimental results of tests carried out on standard wet-screened concrete
specimens (e.g. cylinders of 15x30 cm) is presented in [3.17]. It is less complicated and
time-consuming than testing on large size specimens.

On the basis of an experimental research on dam concrete, it was found that this aim
can be easily obtained by simply using the wet-screened concrete data, along with
estimations of the aggregate modulus, in a multiphase concrete model such as the
Hirsch model presented in paragraph 3.2.3.1.

By taking the matrix phase as the wet-screened concrete (15x30 cm cylinders with
aggregate size up to 40 mm) and the gravel above 40 mm (40 - 120 mm) as the
aggregate phase, the elastic moduli calculated for the real size concrete were quite
close to those experimented on large size specimens (45x45x90 prisms with aggregate
0-120 mm) of real concrete.
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A synthesis of the comparison between the experimented and calculated results is
reported in Tab. 3.1, with two different values of aggregate moduli (50 and 65 GPa). In
this case the calculated error is less than 10%. More detailed information on this
procedure can be found in [3.17].

Tab. 3.1 — Comparison between the predicted moduli of the real concrete (Hirsch
model) and the experimental ones (at different ages and for two aggregate moduli)

Age Emn (GPa) E. (GPa) E: (GPa) E. (GPa) Error
(days) Wet-screened | Aggregate Real concrete | Real concrete
concrele predicted experimented
7 24.8 50 30.2 30.3 -0.3%
65 32.6 7.6%
28 34.5 50 38.2 37.3 2.4%
65 41.2 10.5%
90 35.1 50 38.7 43.0 -10.0%
65 41.7 -3.0%
180 37.2 50 40.3 42.2 -4.5%
65 43.4 2.8%

3.2.4.3 Empirical expressions through correlation with the compressive strength

The concrete modulus of elasticity is usually and widely expressed as a function of
concrete uniaxial compressive strength. Different national building codes propose
various formulas for normal strength concrete (NSC) and high strength concrete (HSC).
Among the relationships for NSC the equations of American Concrete Institute (ACI
Building Code 318), British Standard BS 8110 and Eurocode 2 (Design of concrete
structures) are here presented, where the f. is the characteristic compressive strength
(in MPa) from 15x30 cm cylinders and E is the average modulus of elasticity in
compression (in GPa) at the same age (28 days).

1. ACI Building Code (ACI Committee 318) [3.19]:
E=4.37 fo '
This formula applies for normal density concrete with unit weight of 2,300 kg/m3
2. The British Code of Practise (CP 110, Part 1) [3.20]:
E=9.1. fg °
3. Eurocode 2 (Design of concrete structures) [3.21]:
E=9.5 * (fy +8)"*
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According to the Eurocode 2, the elastic modulus can be calculated even at a later age,
if ok is replaced by the effective strength at the considered time.

Common to all equations is a high coefficient of variation.

Typical estimates of static modulus of elasticity obtained from the ACI and British codes
is given in Tab. 3.2.

Tab. 3.3 shows the elastic moduli calculated according to the Eurocode 2 for the
different concrete grades, from C12/15 to C50/60 (cylinder strength / cube strength in
MPa).

Tab. 3.4 shows modulus of elasticity values for concretes from German and Swiss
dams, compared to their compression strength. Information on concrete mix design and
time of testing are also provided.

Tab. 3.2 - Typical estimates of static modulus versus compressive strength [3.8]

ACI Building Code 318 British Code of Practice (CP 110)
£ MPa (psi) E GPa (x 10° psi) fo MPa (psi) E GPa (x 10° psi)
20 (3,000) 21 (3.1) 20 (3,000) 25 (3.6)
27 (4,000) ( 6) 0 (4,500) 28 (4.1)
40 (6,000) 0 (4.4) 0 (6,000) 31 (4.5)
53 (8,000) (5 1) 0 (7,500) 34 (4.9)
67 (10,000) 9 (5.7) 0 (9,000) 36 (5.2)

Tab. 3.3 — Elastic moduli for different concrete grade according to Eurocode 2 [3.21]

Concrete
grade C 12/15|C 16/20 | C 20/25 | C 25/30 | C 30/37 | C 35/45 | C 40/50 | C 45/55 | C 50/60

E (GPa) 26 27.5 29 30.5 32 33.5 35 36 37
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Tab. 3.4 - Compressive strength vs elastic modulus from German and Swiss dams

Cube Compres. Static Elastic
Strength Modulus
Dam
Project | Type Country Mix Design | Age [d] | fc [MPa] | Age [d] | E [GPa] | Ref. Remark
3 10.9 4 Quality control
. 16.3 ; 17.0 programme; cube
Greywacke, . - gglriT:pr. strg:]%tiré
Leibis CVC Germany, NMSA 1§5mm’ ¢ 28 26.7 28 27.6 strength, density on
Lichte Gravity | 2004 120kg/m®,  FA 3-22] | 560x300x300mm
40kg/m®,  Water 90 30.6 90 30.2
3 cubes, flexural
103kg/m
180 30.8 strength, modulus
on 200x200x800
360 352 mm beams
3 10.7 4 20.7 Quality control
. 15.4 . 019 programme; cube
' ' coer. - stendty
Leibis CVC Germany, NMSA 1§5mm’ ¢ 28 24.5 28 27.3 strength, density on
. . 150kg/m®,  FA [3.22]
Lichte Gravity | 2004 3 300x300x300mm
50kg/m”,  Water 90 29.1 90 30.2
3 cubes, flexural
110kg/m
180 31.8 strength, modulus
: on 200x200x800
360 34.0 mm beams
Granite, NMSA Cube compr.
. CVC Switzerland, | 150mm, C B strength C20 on
Albigna | & ity | 1959 140kg/m®, Water| %© 25.3 365 | 24.0-28.0 | [3:23] | 56,500x200mm
ca. 115kg/m3 cubes
Granite, NMSA Cube compr.
CVC Switzerland, | 120mm, C 3 strength C30 on
Emosson | Aroh | 1974 160kg/m3, Water|  ° 27.5 865 | 30.2-37.7 | [8:23] | 316,300x300mm
ca. 130kg/m® cubes
Gneiss, NMSA gﬂ:gﬁ: compr.
Grand CVC Switzerland, | 100mm, C 16.3/
Dixence | Gravity | 1961 140kg/m®, Water| 90 18.7 365 825 | [3.29] gYSLO(gSI:(ﬁZBOmmon
ca. 130kg/m3 " -
cylinder
Limestone, Cube compr.
. CvC Switzerland, | NMSA 100mm, C strength C20 on
Zeuzier Arch  |1956 140kg/m3, Water | ° 323 3) 365 44 [3-28] | 500x200x200mm
ca. 120kg/m® cubes
Gneiss, NMSA Cube compr.
) CVC Switzerland, | 100mm, C ) strength  C20 on
Zervreila | Ao | 1957 140kg/m®, Water| 90 23.6 365 | 13.8-15.9 | [8.23] | 56,500x200mm
ca. 135kg/m® cubes
cve Gneiss, NMSA Cube compr.
. Switzerland, | 120mm, C 30.0/ strength  C30 on
Mauvoisin ég\‘m 1957 140kg/m®, Water| 90 325 365 88.5 | [8:23] | 330x300x300mm
y ca. 105kg/m® cubes
CvC Cylinder compr.
Arch- Switzerland Gneiss, NMSA strength
Mauvoisin | Gravity | 3o01 | 63mm, 90 29.7 [3.23] | CYL(16x32) on
(Height 140kg/m® d=160xh=320mm
ening) cylinder
Gneiss, NMSA &r’gzgteg compr.
. CVC Switzerland, | 150mm, C
Moiry Arch 1958 140kg/m®, Water 90 259 [3.23] | CYL(30x45) on
ca 110kg/m3 d=$00xh=450mm
) cylinder
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3.3 DYNAMIC MODULUS OF ELASTICITY

An important characteristic of concrete is its behaviour under short term loading such
as experienced during earthquakes (e.g. strain rates of 10° to 10? /s). ASTM C469
[3.18] states that the modulus of elasticity values obtained under rapid load application
(dynamic or seismic rates) are usually higher than moduli in the static conditions. The
dynamic modulus can be considered as approximately equal to the initial tangent
modulus while the static modulus is equal to the cord modulus (Fig. 3.3). In the dynamic
condition, the strain behaviour of concrete is not influenced by the micro-cracking and
creep, as it happens in the case of static modulus in presence of applied stresses
[3.10].

3.3.1 Modulus of Elasticity under Seismic Loading

Several investigations were carried out to study values and relations between static and
seismic moduli. Some of them, specifically concerning dam concrete, are summarised
in Tab. 3.5.

Tab. 3.5 - Results from investigations for seismic moduli of elasticity [3.24]

Dynamic/static Ratio Reference
max. av./single valué min.
1.25 Bureau's of Reclamation test series
1.57 1.42 1.28 Big Tujunga dam, cores drilled from the dam. 2 concret
1.48 1.38 1.32 types: 25 MPa (1. row) and 36 MPa strength (2. row)
1.10 0.89 0.66 Bureau's of Reclamation test series

118 Crystal Springs Dam

1.15 Tests on Swiss dams

1.04 extensive testing for Zervreila Dam (Switzerland)

For a better evaluation of the results of such investigations, the following considerations
can be drawn:

e In general, the observed high scatter comes mainly from difficulties to test
specimens under short rates of load application and from the influence of the
individual granular texture and size distribution in the generally small test sections.

e The ICOLD Bulletin 52 [3.25] mentions on p. 105 that “... indiscriminate application
of increased [tensile] strength criteria in analysis should be treated with caution as
incipient cracks in most dams exist due to static thermal loading...”. Such a note of
caution certainly can also be applied to the ratio between seismic and static moduli.
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e Nagayama et al. report in [3.26 that the modulus of elasticity is not affected by
loading rate.

e Harris et al. [3.27] comment about test series with cores from 10 US dams: “the
average dynamic to static modulus of elasticity was 0.89 with a coefficient of
variation of 17%”. “Consequently the average dynamic modulus did not tend to
increase as the dynamic strength increased”.

Another characteristic for concrete exposed to reversed straining, as it is common
during high intensity earthquake loading, is that irreversible plastic straining will occur
together with reversible elastic deformations. This will result in hysteresis effects, which
may broadly be characterised in Finite Element Analysis by a lowering of the equivalent
elastic modulus (together with an increase of damping).

All this demonstrates that the ratio between seismic and static modulus of elasticity is
burdened with a high scatter. This means that the reliability of assessing values for the
modulus of elasticity under seismic loading is lower than that for static loading. A
conservative approach would therefore tend to use lower bounds when applying
corresponding reference data or test results.

3.3.2 Dynamic Ultrasonic Modulus of Elasticity

The dynamic ultrasonic modulus of elasticity of concrete, as determined according to
the national standards, for example ASTM C 597 [3.28], is greater than the static
modulus, typically around a value of 25 per cent. Other authors report figures as high
as 40% [3.8].

The determination of the dynamic modulus of elasticity Eq4 is based on the studies on
the sound wave propagation and is related to the propagation velocity of longitudinal
stress wave pulses through concrete.

Eq4 can be expressed as follows:

s+ *(-=2v)
i =P*V 1-v)

E

where:

p = concrete density

V = pulse velocity

v = Poisson coefficient

Two ultra-sonic test methods are currently used to determine the concrete modulus in
the high frequency range i.e., ultrasonic pulse velocity method and the cross hole sonic
logging method. In the ultrasonic pulse velocity method an ultrasonic pulse is emitted by
a transducer coupled to the structure surface. A receiving device detects the ultrasonic
pulse and the transit time is determined. The path length is known and the ultrasonic
pulse velocity is computed. The velocity is used to compute the dynamic modulus for
high frequency excitation. The range is dependent on the transmitter energy with a
range of 3 m for low powered systems and 10 m for high powered systems. The cross
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hole sonic method is a down-hole version of the previous method. This method is useful
if a particular zone in the structure is to be investigated.

As already stated in Section 2 (Strength Properties), non-destructive sonic methods can
also be used also for compressive strength evaluation and diagnostic investigations on
concrete in existing dams.

Another possible test method for determining the dynamic modulus of elasticity is that
based on measurements of the fundamental transverse, longitudinal, and torsional
frequencies of concrete cylinders and prisms. In fact the resonant frequency of a
structure is directly related to its dynamic modulus and hence its mechanical integrity.
National Standards cover this testing method as, for example the ASTM C215 [3.29].

3.4 POISSON’S RATIO

Poisson’s ratio is the ratio between lateral strain accompanying an applied axial strain
(Fig. 3.8). Also, Poisson’s ratio must be determined from strains which are within the
elastic range of the stress-strain curve.
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Fig. 3.8 - The Poisson coefficient as ratio between lateral and axial strain [3.1]

Under high loads, Poisson’s ratio increases rapidly due to the level of cracking within
the section. However this response is non linear and indicative of near-failure
conditions. Under static conditions, for static stresses below 40 percent of the
compressive strength, the Poisson’s ratio varies in the range of 0.11 to 0.21 (and
generally from 0.15 to 0.20) based on strain measurements for normal concrete [3.11].

In the German Specification DIN 4227 [3.30], Poisson’s ratio is related to the elastic
modulus E as follows (Tab. 3.6):
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Tab. 3.6 - Typical estimates of compressive strength versus Poisson’s ratio

E (MPa) 24,000 30,000 35,000

vV 0.15-0.18 0.17-0.20 0.20-0.25

The elastic modulus of concrete in mass concrete is typically in the range of 24 to 30
GPa, therefore this also indicates that Poisson’s ratio will vary from 0.15 to 0.20.

Poisson’s ratio is higher for dynamically loaded concrete. A dynamic determination of
Poisson’s ratio yields an average value of 0.24 which is significantly different than the
static value.

However the tests carried out by Harris [3.27] from 16 dam core samples showed an
average ratio dynamic/static Poisson of 1.07 with coefficient of variation of 31%. Again
this demonstrates the high scatter inherent in dynamic test methods. It is therefore not
recommended increasing the Poisson ratio for dynamic loading from 0.15/0.20 to 0.24.

Tab. 3.7 shows modulus of elasticity values for concretes from US and Brasilian dams,
together with their Poisson ratio. Information on concrete mix design and time of testing
are also provided.
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Tab. 3.7 - Elastic Modulus vs Poisson’s ratio from US and Brazilian dams (part )

Static Elastic Poisson Ratio
. Dam . . Modulus
Project Type Country Mix Design Ref.
Age[d] | E[GPa] | Age[d] Ratio [-]
Limestone & | »g 38.0 28 0.18
Granite,
NMSA
Hoover 225mm, C 90 43.0 90 0.20 [3.31]
225kg/m?®,
Water
130kg/m?® 365 47.0 365 0.21
Basalt, 28 32.0 28 0.17
NMSA
Grand CvC 150mm, C
Couloe Gravity USA, 1942 |5 akg/m?, 90 42.0 90 0.20 [3.31]
Water
134kg/m® 365 41.0 365 0.23
Limestone,
Chert, 28 37.0 28 0.15
Sandstone,
Glen CVvC NMSA
Canvon Arch USA, 1963 [ 150mm, C 90 43.0 90 0.15 [3.31]
y Gravity 111kg/m°, P
53kg/m?,
Water | 180 46.0 180 0.19
83kg/m
Limestone, 28 24.0 28 0.13
Sandstone, ) ’
NMSA
. CVvC
Flaming | acn  |usa, 1962 | 199Mm. © 90 30.0 90 0.25 [3.31]
Gorge Gravit 111kg/m~, P
y 56kg/m°,
Water
88kg/m’ 180 32.0 180 0.20
Limestone, 90 42.0 90 0.24
Andesite, ) ’
ove 50mm, ¢
Yellowtail | Arch USA, 1965 117kg 3 p 180 37.0 180 0.26 [3.31]
Gravity 50kg/m°,
Water
82kg/m’ 365 43.0 365 0.27
Andesite, 28 30.0 28 0.22
Tuff, Basalt,
NMSA 90 34.0 90 0.22
vorow | VG Usa, 1967 | 114mm, [3.31]
221kg/m?®, 180 37.0 180 0.23
Water
93kg/m° 365 32.0 365 0.20
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Tab. 3.8 - Elastic Modulus vs Poisson’s ratio from US and Brazilian dams (part Il)

Static Elastic Poisson Ratio
. Dam . . Modulus
Project Type Country Mix Design Ref.
Age [d] | E[GPa] | Age [d] Ratio [-]
Basaltic 28 19.0 28 0.19
Gravel, NMSA
Lower CcvC 150mm, C
Granite Gravity USA, 1973 86kg/mé, P [3.31]
29kg/”‘3é Water
82kg/m 90 27.0 90 0.20
Quartzite 28 22.0 28 0.14
Gravel, NMSA
. CvC 150mm, C
Libby Gravity |YSA 1972 | garam? p [3.31]
29kg/m®, Water
79kg/m3 90 28.0 90 0.18
Granite 90 26.0 90
Gneiss, NMSA
CvC 150mm, C
Dworshak Gravity USA, 1972 125kg/m®, P [3.31]
42kg/m°, Water
97kg/m° 365 26.0 365
Quartzite 28 35.0 28 0.15
Gravel, Basalt,
llha CcvC . NMSA 150mm,
Solteira Gravity Brazil, 1974 | o 82kg/m®, P [3:31]
27kg/m°, Water
82kg/m® 90 41.0 90 0.16
28 38.0 28 0.18
Basalt, NMSA
Hollow | Brazil / 150mm, C 90 43.0 90 0.21
ltaipu Gravity |Paraquay, [108kg/m® P [3.31]
Buttress [ 1982 13kg/m3, Water 180 43.0 180 0.22
85kg/™
365 45.0 365 0.20
Granite, NMSA 28 31.0 28 0.20
fheodore | cvc 100mm, C
>V Arch USA, 1995 |128kg/m®, P 90 37.0 90 0.21 [3.31]
Modificatio . 3
n Gravity 32Il:g;m3, Water
85kg/m 365 | 43.0 365 0.21
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3.5 SIGNIFICANCE OF ELASTIC PROPERTIES ON DAM BEHAVIOUR

The modulus of elasticity is an important concrete parameter, vital for structural
analysis and for evaluating the strain distributions and deformations in concrete dams,
especially when their design is based on elasticity considerations [3.17].

The concrete deformation that occurs immediately after the load applications depends
on the “instantaneous” elastic modulus. The subsequent development of the
deformation, over a period of time with constant load, is the result of creep. Sometimes
this last one is generally accounted for by determining a “sustained” modulus of
elasticity to be used in static analyses [3.32].

From the experimental point of view, the sustained modulus of elasticity should be
evaluated from the concrete specimens with the same testing procedure prescribed for
the instantaneous elastic modulus [3.18], except for the testing time that can attain two
years or more, under constant sustained loads. These sustained moduli are further
discussed in Section 4 (paragraph 4.5 modelling creep in structural analysis).

As already discussed in paragraph 3.2.3.5, the elasticity modulus has an appreciable
increasing trend with time, particularly in pozzolanic cement concrete, and could be
even faster than for compressive strength (Section 2). From a series of laboratory
modulus data at different ages (up to 365 days) from more than 50 Brasilian dam
concretes [3.34], it was found that, in the presence of mineral admixtures, the average
ratio between the elasticity modulus at 365 days and at 90 days is about 1.2. Single
values can even attain ratios in excess of 1.5. This fact could also have a detrimental
effect in highly hyper-static structures such as dams and especially arch dams that
have a complex relation with their foundation.

For these structures, in fact, problems could arise in transferring direct loads to the
foundation rock or in reacting to imposed deformations like thermal loads. Different
stress levels and distributions, compared to those predicted in the design phase, can
appear and cracks could develop. Thus, in order to avoid extreme situations that are
not expected, it is recommended to consider the possible increase of the concrete
elastic modulus already in the design stage. This problem should be taken into account
also in the monitoring and interpretation of the dam behaviour [3.33].
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3.6 USE OF ELASTIC PROPERTIES IN MATHEMATICAL MODELS FOR DAM
STRUCTURAL ANALYSIS

The degree of refinement of the mathematical model used for static and earthquake
loading influences the choice of the modulus of elasticity. Most important is the effect of
rate of loading as it both influences strength and elasticity.

Fig. 3.9 illustrates that different loading rates and situations result in different “apparent
elasticities”. The shown relations refer to mathematical modelling as follows:

0-A: initial tangent

0-B: dynamic laboratory test (rapid)
0-C: static laboratory test (short-term)
C-D: medium-term creep

0O-D: medium-term secant

0

P

€

Fig. 3.9 - Definitions of apparent moduli of elasticity used in mathematical models

e Static correlations: medium-term creep strain is often included in the secant
modulus (O-D), but for some models creep can be explicitly calculated with respect
to the initial tangent elasticity [3.35].

e (differences exist between static (O-C) and dynamic (O-B) laboratory tests due to
strain rate dependency. These differences can be modelled by a visco-plastic model
[3.36].

e Tangent moduli (O-A) are required for modelling when non-linearity is taken as a
rate-dependent (e.g. visco-plastic) phenomenon.

In this respect the following references to other Sections of the Bulletin are in order:

» reference to Section 2 - 2.4.8 Use of tensile strength in mathematical models -
linear elastic analysis and non linear analysis

» reference to Section 4 - C.4.5 Modelling creep in structural analysis (concept of
sustained modulus of elasticity)
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Even if linear elastic analysis is the standard method for dam structural analysis, in
several conditions such as seismic loading, deterioration, loading beyond capacity, the
structural dam behaviour is better modelled with non-linear analysis. This is particular
important if damage prone conditions are to be expected for existing dams. Reference
[3.38] uses the principles of damage mechanics to analyse non-linear static or dynamic
behaviour.

However, data obtained from standard elastic material tests are still important because
they can be used, as suggested by the Bureau of Reclamation [3.37], to provide a
comprehensive stress-strain diagram, able to represent different failure states of the
concrete.

As an example, in Fig. 3.10 typical experimental compressive-stress-strain curves for a
Bureau of Reclamation dam are reported, together with a comprehensive “failure state
diagram”, derived from the best fitting of experimental behaviours of sample population.
It allows a rational evaluation on the need for either linear or non-linear modelling.

The working stress zone, with an elastic pattern, is that below the stress corresponding
to 40% of the average ultimate strength, as defined by the ASTM C469 [3.18]. The
zone above this level represents a transition zone to non-linear behaviour,
characterised by accumulated non recoverable strains. Both linear and non-linear
laboratory tests are recommended in this zone. Some supplemental tests to represent
the non-linear behaviour is suggested by [3.37], based on loading and unloading cycles
(Fig. 3.11).

Post failure tests and fracture energy special testing are required for the cracked zone.
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4.1 GENERAL

Creep is time-dependent deformation due to sustained load [4.1]. The nature of the
concrete behaviour can be shown schematically in Fig. 4.1.
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Fig. 4.1 - Typical concrete creep curve [4.2]

This particular concrete was loaded at age 28 days with resulting instantaneous strain
€inst- 1he load was then maintained for 230 days, during which time creep is seen to

have increased the deformation to € ceep Which is almost 3 times its instantaneous
value. If the load were maintained, the deformation would follow the solid curve. If the

load is removed, as show by the dashed curve, the elastic instantaneous strain €ng is
recovered, and some creep recovery is seen to occur. If the concrete is reloaded at
some later date, the instantaneous and creep deformations develop again as show
[4.2].

Although several hypotheses of creep, based on certain observed mechanisms of
deformation, have been proposed, it is generally accepted that concrete creep is a
paste property, i.e. a rheological phenomenon associated with the gel-like structure of
cement paste [4.3] [4.4]. The movement of water into and out of the gel in response to
changes in ambient humidity produces the well-know shrinking and swelling behaviour
of concrete. In creep, gel water movement is caused by changes in applied pressure
instead of differential hygrometric conditions between the concrete and its environment.
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This concept is supported by the similar manner in which creep and shrinkage are
affected by such factors as water-cement ratio, mixture proportions, properties of
aggregate, compaction, curing conditions, and degree of hydration [4.5]. Creep
deformation can also be explained partly in terms of visco-elastic deformation of
cement paste and to the gradual transfer of load from the cement paste to the
aggregate. This concept offers explanations for the linearity of creep strain over a wide
range of stress, the reduction in strain rate with time, and the sensitivity of creep to
temperature [4.6].

Creep has been classified as “basic creep” and “drying creep” [4.3]. In basic creep no
exchange of water from the concrete specimen to the environment is possible and only
permanent and irreversible strain occur. It is not influenced by humidity, size and
ambient temperature conditions. Drying is the other creep that develops in concrete. It
is partly reversible and partly irreversible

4.2 FACTORS INFLUENCING CREEP

Creep is influenced by properties of aggregate and cement, and by strength, mixture
proportions, age of loading, level of stress, and conditions of storage of the concrete.
Most of the creep studies that have been conducted have been for the purpose of
determining the effect for one or more of these variables on creep. This section briefly
summarises the current state of knowledge regarding the major factors that influence
the creep of concrete.

4.2.1 Aggregate

Since the cement paste is subject to creep and the aggregate generally is not, the
effect of aggregate is to reduce the effective creep of concrete. Creep of concrete, c,
and the volumetric content of aggregate, g, are related by [4.7]:

Cp 1
log—=a log——
I-g (4.1)

where ¢, is creep of neat cement paste of the same quality as used in concrete and o is
defined as follows:

3(1-p)
Cepe20-2m) L
H >

(4.2)
where

Ua = Poisson’s ratio of aggregate

u = Poisson’s ratio of the neat cement paste

E. = Modulus of elasticity of aggregate, and

E = Modulus of elasticity of the neat cement paste
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As evident from Eq. (4.2), the modulus of elasticity of aggregate affects the creep; the
higher the modulus, the greater the restraint offered by the aggregate to the creep of
concrete.

Tests indicated that the influence of the type of rock of which the aggregate is
composed has an effect on creep primarily through the modulus of elasticity of the rock
[4.8]. Typical rocks used as aggregates in the order of increasing creep are limestone,
quartzite, granite, basalt, and sandstone. Concrete made with sandstone aggregate
exhibited creep more than twice as much as concrete made with limestone aggregate.

Examples of creep data in dam concretes characterised by different types of
aggregates are shown in 4.3 (Tab. 4.1).

4.2.2 Cement

Creep is generally not influenced by the type and composition of cement if the concrete,
at the time of loading, is fully hydrated. Since the usual Portland cements differ from
one another primarily in the rate of hydration (gain of strength), for a constant applied
stress at the same early age, creep increases in order for ASTM Types Ill, |, and I, V
and V. l.e. type lll has the highest, Type IV the lowest early strength.

The influence of the cement type on creep is less significant for dams than for common
civil structures due to the late hydrostatic loading (early creep only due to self weight).

Fineness of cement affects the strength development at early ages and thus influences
creep. The amount of gypsum in the cement may affect creep in a manner similar to its
influence on shrinkage [4.7]. This means that finer cements need more gypsum, which
influences creep. Creep as a function of gain of strength is also valid for all kinds of
blended cements.

4.2.3 Strength and mixture proportions

Strength is a convenient, but approximate, measure of the water-cementitious material
ratio and degree of hydration of the cement in concrete. For a constant cement paste
content and the same applied stress, creep is inversely proportional to the strength of
concrete. Therefore, it can also be stated that creep increases with an increase in
water-cementitious material ratio of the concrete mixture.

The relationship between creep and cement paste content is of particular interest in the
field of mass concrete for dams. Mass concrete for dams commonly contains large size
(e.g., 150-mm) aggregate. Fabrication and testing of concrete specimens containing
such large aggregate are expensive. For paste contents normally used in mass
concrete, the creep of sealed specimens, having identical water-cementitious material
ratio and air contents in the mortar phase but different amounts and size of a given
coarse aggregate, is proportional to the amount of paste [4.9] [4.10]. This finding has
made it possible to develop significant data for mass concrete from small specimens.
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4.2.4 Age at loading

Age of concrete at loading is a factor in creep in so far as age influences the degree of
hydration and the development of strength. At later ages when the degree of hydration
remains substantially constant, the rate of creep becomes independent of the age at
loading.

4.2.5 Level of stress

It is generally accepted that there is a nearly linear relation between creep and the
applied stress up to stress-strength ratios of approximately 0.35 to 0.40. Above the limit
of proportionality, creep increases with an increase in stress at an increasing rate, and
there exists a stress-strength ratio above which creep resulting from sustained load
causes failure [4.11]. This stress-strength ratio is in the range of 0.8 to 0.9.

4.2.6 Ambient humidity

Creep increases with a decrease in the ambient relative humidity (RH) as shown in Fig.
4.2 [4.12]. Strictly speaking, the ambient RH only affects creep if drying takes place
while the specimen is under load. If concrete has reached moisture equilibrium prior to
loading, the magnitude of creep will be independent of the RH [4.6].
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Fig. 4.2 - Creep of concrete at different relative humidities [4.12]
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4.2.7 Temperature

The effect of concrete temperature on creep is of importance for mass concrete in
dams where later temperatures can be significantly higher than the concrete placement
temperatures due to heat of hydration. The rate of creep increases with increasing
temperature. Test results indicate that the rate of creep increases approximately 3.5
times when temperature increases from 21C to 70 C [4.13]. Laboratory investigations
have shown that when the temperature alternates creep is higher than at either extreme
of the alternating temperatures [4.14]. This is similar to the behaviour of concrete at
alternating humidity.

4.2.8 Specimen size

It has been demonstrated [4.9] that creep of sealed specimens is independent of
specimen size. For unsealed specimens exposed to drying environment, it is evident
that there must be a size effect associated with the moisture gradients within the
specimen. It was reported that shrinkage and creep were dependent only on the ratio of
surface to volume but independent of the shape of the specimen [4.15].

4.2.9 Creep under different states of stress

Most creep testing has been concerned with specimens subjected to compression.
Creep was less under multi-axial compression than under a uniaxial compression of the
same magnitude in the given direction [4.16]. McDonald reported that the average
values of compressive creep differed by a factor of 1.00:0.84:0.69:0.45 for uniaxial,
biaxial, triaxial, and hydrostatic loading, respectively [4.17].

Creep in saturated concrete is larger than in dry concrete. This is advantageous against
the development of tensile stresses at the upstream toe of dams.

For creep under tension there are only conflicting results reported [4.4].

4.3 MEASUREMENT OF CREEP

The method normally used to measure creep is based on the application of a constant
load to concrete cylinders or prisms placed in a loading frame. The constant load, which
may be applied for several months or even years, can be maintained though loaded
springs or hydraulic systems. Loads may be applied at different ages and can be
decreased or removed when desired to investigate creep recovery. The strains can be
measured periodically by means of internal strain gages or by demountable mechanical
extension gages applied to the external faces of the prism. Since the amount of creep
is influenced by humidity and temperature, creep tests should be carried out in
conditions appropriate to those existing in the structure. It is clearly not possible to
reproduce these conditions exactly, particularly in the case of the temperature, which
will vary. As regards to the humidity conditions for mass concrete in dams, it is
generally considered appropriate to carry out the test in a sealed specimen to prevent
moisture loss from the concrete (basic creep). Both cylinder and prism creep specimen
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subjected to constant loads have been enclosed in sheer copper casing with soldered
joints, polyethylene plastic bags, or neoprene or butyl rubber encasements.

A device for in-situ measurement of creep and its back analysis by the LNEC (Portugal)
is reported in [4.18].

The strain measurements obtained in creep tests must be processed to take account of
the immediate elastic strain due to loading and, in the case of unsealed specimens, the
shrinkage strain. Creep and shrinkage are difficult to separate in measurements of
deformation during testing of unsealed specimens because they are inter-related. The
usual approach is to determine the shrinkage by making a parallel set of concrete
cylinders or prisms, which are kept in the same environment as the creep test
specimens but which remain unloaded. In this way, strains resulting purely from
shrinkage are measured directly.

It is common to plot creep test results on a semi-logarithmic graph in which the linear
axis represents creep strain and the logarithmic axis represent time. Many sets of data
show an approximately straight line over a considerable period of time. This has led to
the development of numerous logarithmic equations for creep. An example of a typical
creep equation is shown below:

e:é+F(K)ln(t+l)

where:

€ = total strain per unit stress;
E = instantaneous elastic modulus at the age when it is first loaded;

F(k) = creep rate, calculated as the slope of a straight line representing the creep curve
on the semi-log plot; and

t = time after loading, in days (duration of loading).

While it is not intended that a theoretical logarithmic law should be inferred from the
equation, the slope of the least squares line is a convenient parameter for comparing
the creep characteristics of different concretes.

For a large concrete dam project, it is a generally necessary to conduct creep tests on
sealed specimens in the laboratory at enough ages of loading so that a complete
knowledge of rheological behaviour is available. Such data can be represented
pictorially by a creep surface such as that shown in Fig. 4.3 [4.5].

Seasonal reservoir storage schemes are typically subjected to cycling load variation
depending on the year period. In addition the cycling nature of the hydrostatic load,
temperature effects also have a cycling variation, at least at near the upstream and
downstream dam faces. These accumulated effects are to be taken into consideration,
when interpreting laboratory test results for creep in real dam behaviour [4.19].

Some creep data from Brazilian concrete dams are reported in reference [4.20] and
briefly summarised in Tab. 4.1. Other valuable creep test results on dam concrete can
be found in references [4.19] [4.21] and, for Swiss Dams, in Fig. 4.4 [4.22] [4.23] and in
reference [4.24].
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Tab. 4.1 Creep values for Brasilian mass concrete [4.20]

Age at time of Schist Quartzite Basalt Greywacke
loading
(Days)

1E | Fk | 1/E | Fk) | 1/E | FK | 1/E | F(k

10*E%/MPa 10*E%/MPa 10*E®/MPa 10*E®/MPa

23.3 18.8 12.7 9.6 6.1 6.7 6.0 9.0

22.3 10.5 9.5 8.4 6.0 5.5 3.5 8.3

28 13.2 8.13 6.8 6.3 3.5 4.1 3.1 7.2
90 9.2 5.9 5.7 4.5 - - - -
365 6.9 3.4 - - - - 3.1 4.8
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Fig. 4.3 - Typical Creep surface [4.5]
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Fig. 4.4 — Comparison of results of creep tests on two different types of dam concrete
(Swiss dam and Shasta dam) [4.22] [4.23]

4.4 SIGNIFICANCE OF CREEP PROPERTIES ON DAM BEHAVIOUR

Due to the special conditions of concrete in dams, as for example the high temperature
in the body mass and the high sustained load (self-weight) at early ages, the cycling
hydrostatic loading, the low cement content, with higher strain at equal stress, etc.,
creep in dams is usually larger than in other civil structures and needs a careful
estimation.

In particular, information on creep properties is of relevance to an understanding of the
mechanism leading to the prediction of potential thermal cracking of mass concrete
when undergoing thermal cycles due to the heat of hydration and ambient conditions.
Therefore, the most extensive use of creep data has been in the thermal stress analysis
for concrete dams.

The effect of creep strain of a dam concrete, particularly due to the cycling loading
conditions, together with the changes in the mechanical material properties, plays also
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an important role in the ageing of concrete dams [4.22]. In fact, the creep effect does
not stabilise rather quickly for thick structures like dams and creep is very close to the
so called “basic creep” for which no evidence of complete stabilisation is obtained after
several decades of loading [4.25]. For example creep tests carried out on 27 year old
concrete samples of the Zervreila arch dam, in Switzerland, have shown that creep
deformation can form an important contribution to the total deformation process for
many years [4.26].

This is clearly shown in Fig. 4.5 where the radial displacement at the top of the crown
cantilever of the arch dam was chosen as a measure for the correlation of the
irreversible creep strain with age. In this case the effect of creep deformation has been
assessed taking into account the creep recovery, which occurs when the structures is
unloaded (seasonal variation of the loads) [4.22].
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Fig. 4.5 — Normalised radial deformation of a Swiss arch dam, assumed as a measure
of the irreversible creep strain over the years [4.22]
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Information on creep properties is also of particular interest to evaluate the stress
behaviour and the structural safety of a mass concrete dam when subjected to the
expansion phenomena due to Alkali-Aggregate Reaction (AAR). Literature and field
data seem to indicate that AAR expansion tends to increase the rate in concrete [4.27].

4.5 MODELLING CREEP IN STRUCTURAL ANALYSIS

One method of expressing the effect of creep in structural finite elements analysis is the
sustained modulus of elasticity in which the stress is divided by the total deformation
(i.e., instantaneous deformation plus creep deformation) for the time under the load
(see Fig. 4.1).

Typical instantaneous and sustained moduli of elasticity of mass concrete are given in
Tab. 4.2. It can be seen that the values for sustained moduli of elasticity are
approximately one-half those for the instantaneous moduli when loads are applied at
early ages and slightly higher percentage of the instantaneous moduli when loading age
is 90 days or greater. The sustained modulus of elasticity has been used, for example,
in simplified linear thermal stress analyses to account for the creep effects. It allows a
quick approximate determination of thermal stresses analyses to account for the creep
effects. It allows a quick approximate determination of thermal stresses resulting from
heat of hydration of cement and ambient conditions.

Tab. 4.2 - Typical instantaneous and sustained modulus of elasticity values (GPa) for
mass concrete [4.28]

Age at time of Basalt Andesite & Sandstone Sandstone &
loading (Days) Slate Quartzite
E E E E E E E E

12 5.7 9.7 3.7 19 10 9.7 4.3

7 16 7.6 14 6.9 29 13 15 6.5
28 24 12 24 12 31 18 25 12
90 28 17 30 19 36 22 29 18
365 34 21 32 24 39 25 32 21

REMARKS (All concrete mass mixed, wet screened over 37.5 mm sieve):
E= instantaneous modulus of elasticity at time of loading, GPa

E’= sustained modulus of elasticity after 365 days under load, GPa
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The experimentally generated creep surface (Fig. 4.3) can be also used to formulate
the creep equation required in thermal and structural stresses in the mass concrete of
dams.

Even more elaborated models have been proposed in the technical literature, able to
predict, in a general and comprehensive way, the long term creep strain of concrete: in
fact this last can play, together with the changes in the mechanical material properties,
an important role in the ageing of concrete dams [4.22], particularly in presence of
cycling loading conditions [4.29]. Among the models, those proposed by ACI (American
Concrete Institute) Committee 209 [4.30], by CEB (Comité Euro-international du Beton)
[4.31] and by other Authors [4.32] [4.33] [4.34] [4.35] can be reported.

For example the so called “double power” creep model of Bazant [4.33] describes a
creep compliance function J(T,t) which represent the total strain (elastic + creep) per
unit stress, at age “T”, caused by an uniaxial constant stress acting since age “t".

J(T,7) =%(1+CI)(T_'" +a)T-1)"

where E and n are the Elasticity modulus and a power constant respectively, while ®, m
and o are materials parameters. Examples of the values of such parameters for some
dams are shown in Tab. 4.3.

Tab. 4.3 — Values of the parameters of the creep compliance function for some dams
[4.22] [4.33]

E (GPa m n o P
Canyon Ferry 85.26 0.3222 0.115 0.10 7.267
Ross Dam 24.56 0.451 0.114 0.01 2.814
Dworshak Dam 43.03 0.353 0.058 0.00 13.510
Shasta Dam 41.52 0.701 0.099 0.032 17.46

This model [4.33] has also been extended to consider the cyclic creep caused by the
cycling loading conditions of dams [4.22]. The following correction function was then
included in the creep compliance function, taking into account a T relaxation time
constant.

T-t

J(T,7) :%(ch(r—’" +a)(T —7)" *(K, +K,(1-¢ " ))

Ky is the fraction of elastic strain which is instantaneously recovered on unloading K; +
Ko =1.

The principle of superposition was involved and the effect of unloading was simply
added to that of loading.
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Based on this function, in the structural analysis of the Zervreila arch dam [4.22], it was
possible to obtain a suitable correlation between the calculated cyclic total strain and
the normalised chosen function (deformation of the crown cantilever crest of the dam).
This calculated normalised strain due to seasonal variation of loading, including creep
effects, is shown in the following Fig. 4.6, to be compared with the experimental data of
the previous Fig. 4.5.
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Fig. 4.6 - Calculated normalised strain due to seasonal variation of loading, including
creep effects, at Zervreila arch dam [4.22]

In the case of expansion phenomena due to Alkali-Aggregate Reaction (AAR), again, if
the instantaneous modulus of elasticity is used in the mathematical models, very high
stress states come up, not consistent with the real stress behaviour at the dam
site[4.36] [4.37]. Redistribution effects caused by creep are to be taken into
consideration in the evaluating criteria. Alternative to models with more or less
complicated creep laws is the simple approach, usually adopted, based on the use of a
sustained elastic modulus lower than the instantaneous modulus of elasticity. Even
lower ratio than those presented in Tab. 4.2 are reported in the literature. In the case of
Mactaquac, for example, in order to evaluate the stress within the mass concrete
structure, a sustained modulus of elasticity of about one third of the instantaneous
modulus was used for the evaluation of the long term loading effects (concrete grows
loads) [4.38].
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5.1 GENERAL

Volume changes in concrete can be caused by a series of mechanical, physical and
chemical processes such as stresses from applied loads, moisture variations,
temperature variations, cement hydration, carbonation and phenomena like sulphate
attack or alkali-aggregate reaction. Some of them are characterised by a volume
decrease (shrinkage) while others by a volume increase (swelling). However, when
becoming excessive, they are detrimental to the concrete, inducing deformations in the
dam, which are transmitted to its foundations to a greater or lesser extent, according to
the relative rigidity of the foundations and the type of the dam. Because in practice
these deformations are usually partially or wholly restrained, stresses are developed
and cracks may therefore appear, depending also on concrete ultimate strain capacity.
The ability of the concrete itself to withstand its design loads could then be affected and
its durability compromised.

In this section the volume decrease due to the moisture variations in hardened concrete
(drying shrinkage) will be essentially dealt with. The volume decrease due to moisture
variations in fresh concrete (plastic shrinkage), due to hydration of cement (autogenous
shrinkage) and carbonation (carbonation shrinkage) will be only rapidly touched on.
Other processes are instead specifically treated elsewhere in this ICOLD Bulletin (i.e.
elastic, creep, thermal and durability properties). However it should be remembered that
some of these processes are inter-dependent and influenced by common factors. Both
shrinkage and creep, for example, depend on moisture migration within the concrete
and can hardly be completely isolated. The magnitude of creep can be affected by
concurrent shrinkage and the two phenomena are influenced by a common process
during drying. Creep does not add to shrinkage but combines with it [5.1].
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As further discussed in the paragraph 5.7, the volume changes in concrete dams due to
drying shrinkage are usually to be considered as belonging to the indigeneous
physiological behaviour of concrete and should not be considered as pathologic.
Moreover, as they concern only the external part of the massive concrete, they are
usually of minor importance in dams, even if cracks can develop on concrete surfaces
exposed to air, further enhancing the risk of other deterioration phenomena such as for
example leaking. Therefore, if cracking of concrete due to drying shrinkage is not dealt
with, the cracking advances and may cause serious problems.

5.2 TYPES OF SHRINKAGE

A first shrinkage phenomenon occurs when concrete is still plastic. The loss of water
through evaporation from the surface, drainage of forms and suction by drying concrete
below, cause a volumetric reduction named plastic shrinkage. Taking place on plastic
and not on hardened concrete, it is beyond the scope of the Bulletin.

On the contrary autogenous shrinkage occurs on hardened concrete and can be
defined as the decrease of volume when no moisture movement to or from hardened
concrete is possible, as typically happens inside the massive concrete of dams.
Autogenous shrinkage is caused by the initial water content of the concrete mix when
this water is used up in the cement hydration. The decrease of volume is the result of
the formation of hydrated final products that are characterised by lower volume than
that of the initial component materials (cement and water). Autogenous shrinkage is
very small, typically 40*10° after 1 month curing to 100*10°° after 5 years and it is
generally not distinguished from more relevant drying shrinkage [5.2]. Increasing values
are to be expected with high cement content, low water/cement ratio and at high
temperatures.

Also carbonation, that is the reaction of CO, with Ca(OH), of hydrated cement to form
CaCOg, produces a shrinkage, named carbonation shrinkage. It is usually measured
together with drying shrinkage but its mechanism is different. In fact the progressive
decomposition of Ca(OH). increases the compressibility of the cement paste and then
foster the ability of drying concrete to shrink. Carbonation shrinkage is strongly
influenced by relative humidity of the environment: it is negligible at low (25%) and high
(100%) values of R.H., when carbonation process is hindered, while it is considerable at
intermediate humidities (50%). Since CO. does not penetrate deep into the mass
concrete (rarely more than 20-40 mm), this type of shrinkage is usually of minor
importance.

Drying shrinkage is the effect of loss of water by evaporation from hardened concrete
stored in unsaturated air and consequent moisture variations inside the concrete itself.
Compared to the other shrinkage types, this is the more relevant one for both
conventional and mass concrete. However drying shrinkage becomes negligible in
conditions approaching 100% of relative humidity or when drying is prevented. The total
drying shrinkage potential of a dam concrete specimen exposed to 50% relative
humidity is in the range of 200 - 800 * 10°°, depending on the several factors influencing
shrinkage and discussed in the following. As in most cases only drying shrinkage is of
engineering importance, it will be specifically considered and more accurately
examined.
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5.3 CAUSES AND MECHANISM OF DRYING SHRINKAGE

Drying shrinkage is related to the gel and capillary porosity of cement paste that allow
evaporable water to be contained inside the concrete. At low relative humidity the loss
of free water (not physically bound), which takes place first in the large size capillaries,
causes little or no shrinkage as its effect is limited by the paste structure. Only when the
adsorbed water is removed from the hydrated gel a volume decrease occurs,
connected to a gel contraction. Shrinkage is therefore directly associated with the water
held by small gel pores in the range of 3 to 20 nm [5.3].

As shown in Fig. 5.1, if concrete is successively wetted, it again swells but only a part of
the initial shrinkage is reversible and subsequent cycles of wetting and drying are
characterised by lower volume changes (moisture movement).

The reversible part of shrinkage ranges between 40 and 70% of the initial shrinkage,
depending also on the age of the onset of first drying and on the extension of
concurrent carbonation. The irreversible drying shrinkage is probably due to the
development of new chemical bonds within the paste structure as a consequence of
drying.

Drying is generally very much slower than wetting. This can be justified by considering
that when the water flows outwards through gel and capillary pores, the adsorption
bonds of water particles increases as the water content decreases.

Massive concrete is characterised by an even lower rate of drying and the deeper is the
concrete layer considered the lower is the loss of water and then its shrinkage. Fig. 5.2
shows that, although the drying penetration depends obviously also on environmental
relative humidity, in practice concrete underneath 50 - 60 cm is not subjected to any
loss of water and drying shrinkage. It is therefore evident that a gradient of relative
humidity will be established between the surface and the internal part of a massive
concrete, inducing stresses and possible cracks.

As submitted to ICOLD for publication, January 2009 Section 5-3



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 5 (Shrinkage)

in air
s TEm T in water
Drying
Shrinkage
|
\
Reversible \ I‘ | T
Shrinkage \ \ 1 Moisture
* N \ 1 Mouvement
S ~ \ \
AY v
Irreversible
Shrinkage

time
Fig. 5.1 - Volume changes and humidity conditions (just qualitative behaviour)

100 | |
900 BN\t after 1 month ||

80 I::\-\\ ————— after 1 year |
70 ) \ after 10 years

60
50 :\\ \

40 + :': \\\\ \\

30
20 | AN

10 N —
0 =

Loss of evaporable water

0 10 20 30 40 50 60 70 80
Depth under the concrete surface (cm)

Fig. 5.2 - Loss of water at different depths from a massive concrete at 50% R.H.

As submitted to ICOLD for publication, January 2009 Section 5-4



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 5 (Shrinkage)

5.4 FACTORS AFFECTING DRYING SHRINKAGE

Drying shrinkage is affected by several factors that very often act simultaneously [5.4].
To assess its influence it is necessary to consider them separately, also because their
interrelations are quite complex and not still completely understood.

5.4.1 Materials and mix design

The main source of concrete drying shrinkage is its hydrated cement paste: the higher
the water content and the higher its porosity and the larger the resulting shrinkage.

However the shrinkage of concrete is considerably less than that of cement paste owing
to the restraint against deformation of the surrounding aggregates. The ratio of the
concrete shrinkage (S¢) and the relative cement paste shrinkage (Sp) can be estimated
through the relation S;=Sy*(1-a)" where “a” is the volume fraction of aggregate and n a
value depending on the elastic modulus of [5.5]. The higher the aggregate modulus the
lower the concrete shrinkage (Fig. 5.3). Therefore quartz or granite (high modulus of
elasticity) generally give a concrete with less shrinkage than sandstone (low modulus of
elasticity). Granite and sandstone aggregate used in some concrete investigations on
Guri dam (Venezuela) indicated shrinkage values at 90 days passing respectively from
340 to 750 * 10°®, other conditions being constant [5.6]. An increase of water content
also reduces the volume of restraining aggregate and thus results in higher shrinkage.

The aggregate content of the concrete, the aggregate modulus of elasticity and the
water content are therefore the most important material factors influencing concrete
drying shrinkage. The water content of a mix would just indicate the order of shrinkage
to be expected: some indications for normal concrete are reported in Fig. 5.4. For dam
concrete, water contents even lower than the value of 160 kg/m3 reported in Fig. 5.4 are
used but shrinkage values below 200 * 10 are hardly to be obtained.

Other parameters can indirectly have an influence through their effect on the aggregate
content of concrete and on the compactability of concrete mixture. For example the
maximum aggregate size and grading control the amount of cement paste in a properly
designed concrete mix. Therefore larger maximum size aggregates allow the use of
leaner mixes, at a constant water/cement ratio, and then lead to a lower drying
shrinkage. In some cases the importance of the shrinkage of the aggregate on the
shrinkage of concrete has been emphasised [5.7] [5.8]. Aggregates with low modulus of
elasticity and high absorption capacity could exhibit significant changes in volume from
the wet to the dry state an vice versa.

The properties of cement have minor influence on concrete shrinkage. For example
fineness and composition of Portland cement affect mainly the rate of hydration but not
the characteristics of the hydration products [5.2]. Mineral additions as granulated slag
and pozzolans and accelerators admixtures as calcium chloride seem to increase the
drying shrinkage as the result of pore refinement of cement paste. Mineral admixtures
may increase the shrinkage also because of their increased water demand. Water
reducing admixtures have naturally a significant effect on limiting the concrete
shrinkage while air entrainment admixtures has not been found to have a significant
influence.
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5.4.2 Time, humidity and temperature

It is well known that shrinkage takes place over a considerably long period of time (20
to 30 years) but the rate of increasing of shrinkage decreases with time. Most of the
total shrinkage occurs in the first years. Fig. 5.3 shows an example of concrete drying
shrinkage over a period of 30 years for concretes of fixed mix proportions but made of
different aggregates and stored in air at 21°C and 50% relative humidity, after an initial
wet curing of 28 days [5.3].
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A prolonged moist curing before drying delays the shrinkage development but
contradictory results on the final shrinkage magnitude of concrete have been reported.
It is generally assumed that long initial moist curing tends to reduce the shrinkage.

On the contrary, the relative humidity of the environment surrounding the concrete
greatly affects its drying shrinkage. Therefore much attention should be given to keep
the concrete surfaces from drying out during construction.

There is a theoretical hygrometry equilibrium at 94% relative humidity at which does not
occur neither weight nor volume changes. At lower humidity the water flows from the
interior to the outer surface of concrete and the shrinkage increases as the humidity
decreases. For a given exposure time, the effects of relative humidity of air on drying
shrinkage of a structural concrete are shown in Fig. 5.5. In the above quoted concrete
investigations carried out on Guri dam (Venezuela), the ratio between the shrinkage
value at 70 % and 50% was about 0.7 as reported in Tab. 5.1 [5.6], confirming the trend
of curve in Fig. 5.5.

Temperature is generally less important than relative humidity, affecting mainly the rate
of concrete ageing due to the more rapid development of cement hydration.
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Fig. 5.5 — General trend of the effect of relative humidity of the environment upon
drying shrinkage [5.9]
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Tab. 5.1 — Range of drying shrinkage for different concrete compositions and different
environmental conditions

Variable Range of variable AETEE ] Shrmk??;e]at R EETE
Water content 110/160, I/m*® 250/650
Fineness of cement:  |Spec. surface, cm?/g
ASTM | 2200/1300 800/700
ASTM IV 2200/1300 1050/850
sandstone 750
Aggregates )
granite 340
fog/water curing tzero
Ambient humidity 70% RH 500
50%RH 700
_ _ _ 28 days 300
Duration of moist curing
90 days 250
Conditions:
concrete with MSA=20mm, water/cement ratios between 0.59 and 0.62,
28 days fog curing, thereafter in 50% rel. humidity (RH) at 21 °C.

5.4.3 Geometry

For a given period of time, at a constant relative humidity and temperature and with a
fixed concrete mix composition, the magnitude of shrinkage depends on both size and
shape of the concrete element. In fact they influence the length of the path travelled by
the water diffusing from the interior of the concrete to the atmosphere.

The shrinkage increases as the ratio between volume and surface area decreases. The
shrinkage of a concrete element with a ratio of 150 mm is about one half of that showed
by the same concrete in an element with a volume/surface ratio of 25 mm [5.10], [5.4].

Therefore for practical purposes drying shrinkage cannot be considered as purely an
inherent property of concrete without reference to the size and shape of the element.
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5.5 ESTIMATION OF DRYING SHRINKAGE

5.5.1 Laboratory methods

The measurement of drying shrinkage is covered by several National Standards. For
example ASTM C 157 [5.11] prescribes the use of concrete prisms of 100 mm square
cross section and 285 mm long. After 28 days of moist curing, the specimens are
stored in a dry room at a temperature of 23 °C and a relative humidity of 50% up to 64
weeks. The magnitude of shrinkage can be determined by means of a measuring frame
fitted with micrometer gauges or inductive transducers. ASTM C 341 [5.12] provides for
similar procedures in the case of specimens cored from a structure.

Nevertheless these specimens are usually not suitable for a dam concrete, due to their
small sizes in comparison with the typical aggregate maximum size used in dam
construction. Larger specimens should then be considered and, if necessary, the
concrete be sieved.

Some results obtained by the Bureau of Reclamation on mass concrete for dams are
reported in Tab. 5.2. The tests were conducted on 100 x 100 x 705 (or 1000) mm
specimens from concrete wet screened from the mass mix to contain 38 mm maximum
size aggregate. Drying shrinkage specimens were fog cured for 14 days after
fabrication and then allowed to dry in a room at 50 % relative humidity and 23 °C. In
Tab. 5.2 autogenous shrinkage results are also reported. They were obtained in on
specimens sealed in soldered copper jackets and maintained at 23°C [5.13].

However the results obtained on concrete test specimens in the laboratory are of
limited value in determining the amount of shrinkage which actually takes place in the
concrete of a dam. This is due to the fact that shrinkage is very much dependent on the
size of specimens being tested and on the humidity and temperature conditions. The
rate and magnitude of shrinkage of a small laboratory specimen will be much greater
than that obtained on the concrete in the structures. Furthermore, even if carbonation
shrinkage has a minor importance in the overall shrinkage of a concrete dam, it plays
an important role in the shrinkage of small specimens, particularly when subjected to
long term exposure to drying in laboratory [5.14].

Therefore it is a common practice to estimate drying shrinkage from empirical formulas
as herein described.
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Tab. 5.2 — Drying shrinkage of mass concrete in Bureau of Reclamation dams [5.13]

Dam Drying shrinkage at 1 year | Autogenous shrinkage at 1 year
(*10°) (*10°)
Hoover 270 -
Grand Cooley 420 -
Angostura 390* 0
Kortes 600 23
Hungry Horse 520 52
Canyon Ferry 397" 37
Monticello 998 38
Anchor 588" 36
Glen Canyon 459 61
Flaming Gorge 496 -
Yellowtail 345# 38

* cured 90 days instead of 14 days
# 9 month shrinkage

5.5.2 Site measurements

The shrinkage of concrete for dams may be directly determined in site by instruments
placed in the dam. A possible way is by means of so-called “no stress” strain gauges
[5.15]. These are gauges which are embedded in the concrete with a space on all
sides, except one, to prevent stresses being carried through to the strain gauge.
Standard designs of electric strain or acoustic strain (vibrating wire) are normally used
for “no-stress” gauges. With suitable choice of dimensions for the isolated blocks of
concrete, they should enable concrete shrinkage in dams to be measured with a fair
degree of accuracy [5.16].

However experience has shown that site measurements of shrinkage are often difficult
to attain. In fact it is only in the interpretation of results that the effects of shrinkage can
sometimes be separated from other effects, for example temperature variations and
creep. To this aim it may be necessary to take into account the differential expansion of
concrete relative to the gauge due to temperature changes.
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5.5.3 Prediction models (ACI, CEB/FIP, etc.)

Different models have been proposed and are commonly used to predict the drying
shrinkage. They generally are formed from two parts: the shape of the shrinkage-time
curve and the scaling terms.

The following simplified expression was suggested by ACI (American Concrete
Institute) Committee 209 [5.17] [5.18] for predicting the drying shrinkage of concrete
(after 7 days moist curing):

t—t,

&sh (1, tsho) = ;Tf;‘)ho) (€sh)u
where:
€sh (1, tsho) is the shrinkage strain, at time t with reference to time tgno
t is the time (in days)
tsho is the time (in days) at start of drying
(€sh)u is the ultimate shrinkage strain
This design approach refers to standard conditions and to correction factors.

The average value of the ultimate shrinkage suggested for a concrete with a specific
composition, 7 days of moist curing, drying at 40% R.H., minimum thickness of member
of 150 mm, volume/surface ratio of 38 mm and temperature of 23°C is 780 * 10°.
Correcting factors y are applied to this ultimate value for different conditions and
concrete compositions.

This ACI equation is simple but when selecting reasonable values for ultimate
shrinkage it has to be kept in mind that laboratory results are much higher than those to
be expected in the dam.

According to the method proposed by CEB/FIP (Comité Euro-International du Béton /
Féderation Internationale de la Précontrainte) in the Model Code 1990 for Concrete
Structures [5.19] [5.18], and included in the ENV EC 2 (Eurocode 2 for Concrete
Structures), the drying shrinkage ¢.s developed in a period of time t-ts can be estimated
from the formula:

€cs (t, ts) = €cs0 Bs(t'ts)

where:
t is the age of concrete (in days) at the time considered
ts is the age of concrete (in days) at the time of initial drying

€cso=€s(fem)*Pru is the notional shrinkage coefficient, depending on concrete strength,
type of cement and relative humidity

83 (fcm)=[1 60+BSC*(90- fcm)]*1 0_6
fem=mean compressive strength of concrete in N/mm?

Bsc=coefficient which depends on type of cement (4 for slowly
hardening, 5 for normal or rapid hardening and 8 for rapid hardening
high strength cement)
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Bru=-1.55 [1-(R.H./100)° ]
R.H.=Relative Humidity in %

The parameter strength of concrete, which has per se no effect upon
shrinkage, has been introduced in the shrinkage prediction as a measure of
the effect of the composition of concrete, in particular of the water/cement
ratio.

Bs(t-ts) is the shrinkage-time curve

;o tS 0.5
- |5

BsH=0.035h,°

ho=2"Ac/u is the theoretical thickness where A; is the area of concrete
section in mm?® and u is the perimeter in contact with the atmosphere
in mm.

Relations to estimate the effect of ambient temperature both for the development and
magnitude of shrinkage have been also proposed by CEB/FIP for a temperature range
of 5-80°C.

Some other prediction models have been proposed by Standard Organisations, for
example by the Japan Concrete Standard Specification [5.20], by Australian Standard
for Concrete Structures [5.21], by Brooks and Neville [5.22], or in the recent technical
literature, for example by Bazant [5.23], Gardner and Lockman [5.24].

For Example the proposal of the Japan Concrete Standard Specification is as follows:
Eos (t, 1) = [1-exp {-0.108 (t - to) **° } ]* €

where:

€'sh=-50 + 78 [1-exp (RH/100)] +38 loge W — 5 [loge (V/S/10)]°

€'sn : final value of shrinkage strain (x 10'5)

€'cs (1, to) : shrinkage strain of concrete from age of tp to t (x 10'5)

RH: relative humidity (%) (45% < RH < 80%)

W: unit water content (kg/m®) (130 kg/m® < W < 230 kg/m®)

V: volume (mm3)

S: surface area in contact with outside air (mm?)

V/S: volume-surface ratio (mm) (100 mm < V/S < 300 mm)

to and t: temperature adjusted age (days) of concrete at the beginning of drying and
during drying, values corrected by the following equation should used.

toand t= ', At exp [13.65 - — 000
273+T(Ar)IT,

Ati: number of days when the temperature is T (°C); To=1 °C
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The ACI 209-1992 and CEB/FIP 1990 model Code use the concept of an hypothetical
ultimate shrinkage and a Ross-type equation to represent the effect of time. Brooks and
Neville do not use the concept of an ultimate value and use a logarithmic expression of
time to estimate the long-term shrinkage.

According to Bazant B3 model [5.23] the shrinkage prediction is based on a time
function S(t) like

1—1,

S (t) = tanh
Tsh
t is the age of concrete (in days) at the time considered
to is the age of drying started (in days)
Tsh is the half time shrinkage

and is calibrated by a computerized data bank comprising the relevant test data
obtained in various laboratories. According to his results, the coefficient of variation of
the deviations of the model from the data are distinctly smaller than those from the CEB
Model (1990) and much smaller than those for the previous model in ACI 209. Details
of the model are in reference [5.23].

According to Gardner and Lockman [5.24] the shrinkage data can be better represented
by a Ross type term in the following way:

€sh= €shu ~ B(h) *B(t)

where:
€sh is the shrinkage strain
€shu is a constant value depending on type of cement and concrete mean

compressive strength

B(h) = (1-1.18h*) correction term for the effect of humidity; for h<0.99 where h is the
humidity expressed as a decimal

B(t) correction term for the effect of time; the following shrinkage-time
curve is proposed:

r—t
t) = ‘ #107°
& L—tc+97*(V/S)”2}

t is the age of concrete (in days) at the time considered
te is the age of drying started (in days)
V/S is the volume / surface ratio, mm

It could be expected that more complex the prediction model for shrinkage, the great
would be it accuracy. However it has been shown that this is not necessarily the case
[5.25]. For example the involvement of such factors as mix proportions does not
necessarily lead to increase the accuracy as there are many other effects not yet
accounted.
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While these models yield reasonable results for laboratories conditions, a close
correlation between the predicted deformations and the measurements from the field
should not be expected. The degree of correlation can be improved if the prediction of
the material response is based on test data from the actual materials used, under
environmental conditions similar to those in the field.

5.6 EFFECT OF SHRINKAGE ON CRACKING

If shrinkage could take place without any restraint, there would be no damage to the
concrete. However, the concrete in a structure is always subject to some degree of
restraints, internal or external. Therefore the combination of shrinkage and restraints
causes tensile stresses that can ultimately lead to cracking [5.26]. As the mechanism is
similar to thermal cracking and the crack pattern look also similar, shrinkage cracking is
often mistaken by thermal cracking, even if it occurs at a later age [5.27].

When the cement paste shrinks, it places the surrounding aggregate under
compression and itself become subjected to tensile stresses. In addition some internal
restraints arise also from non uniform or differential shrinkage due to moisture gradients
between the surface and the inside of concrete. This is the typical case of massive
concrete where the length of moisture migration is considerable and the volume to
surface ratio is large. The differential shrinkage causes tensile stresses near the
surface and compressive stresses in the core. Assuming a surface shrinkage of 300 *
10, a modulus of elasticity of 25 GPa and with the hypothesis of strains completely
precluded by the concrete core, the differential shrinkage would induce a surface
tensile stress of about 7 MPa. Since the stress arises gradually, it is relieved by creep
but even so an extensive pattern of surface cracks may result. Normally they are small,
extend only a short distance into the concrete and reinforcements are not particularly
effective in altering the size or spacing of these cracks. The concrete durability could
however be compromised.

Foundations or other parts of the structure represent the external restraints. While the
internal restraints can rarely be avoided, the external ones can instead be reduced by
careful design measures such as, for example, adequate contraction joints or facing
concrete. Usually, for cracking considerations due to exterior restraints, the volume
change caused by drying shrinkage is considered in terms of equivalent change in
concrete temperature. In fact, the volume change for drying shrinkage is similar to
volume change from temperature differences, except that the loss of moisture from
hardened concrete is extremely slow, compared to the loss of heat. ACI Committee
207R [5.28] proposed an expression to evaluate the equivalent change in concrete
temperature Tps in the design of secondary reinforcements, when the length of
moisture migration or volume to surface ratio is small, like for example in concrete
slabs.

The amount of cracking caused by shrinkage will depend not only on the amount of
shrinkage but also on the relative rates of development of tensile strength, modulus of
elasticity and shrinkage itself and on the effect of the creep in reducing the tensile
stresses [5.29] (see also Fig. 2.14 in Section 2). In mass concrete compressive
stresses are developed during the very early period, when temperatures are rising,
while tensile stresses appear only afterwards. However, due to the low strength of
concrete at early ages, most of the creep takes place during the first week and
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therefore concrete loses most of the stress relieving capacity before this is needed for
preventing cracking induced by shrinkage. Furthermore rapid drying out does not allow
a relief of stress by creep and may lead to more pronounced cracking.

5.7 EFFECT OF SHRINKAGE ON CONCRETE DAMS

As already mentioned, the volume changes in concrete dams due to shrinkage are to
be considered as belonging to the physiological behaviour of concrete and are not
pathologic signs like, for instance, the swelling due to the alkali-aggregate reaction or
the degradation due to the action of aggressive waters.

Shrinkage may proceed during a very long time (decades) because of the slow drying
and the thickness of concrete in dams. In several cases, however, there is no easy way
of distinguishing between shrinkage and creep that influence each other.

The shrinkage effects are usually less important for gravity dams than for arch, multiple
arch and buttress dams [5.30] and in fact shrinkage problems are reported chiefly in
connection with these last dams.

For arch dams in wide valleys contraction due to shrinkage may cause downstream
tilting, which further reduces the low compressive stresses at the upstream dam heel,
favouring the tendency of cracking in this zone, increasing the ingress of uplift
pressures and inducing a progressive modification of the drainage curtain [5.31].

Experience has shown that this can be very often tolerated with only minor precautions
but attention must always be given to the foundation conditions at the downstream toe
where stress patterns and magnitudes and the hydraulic gradients may be seriously
disturbed [5.32]. The shrinkage strains observed in an arch dam over a period of 16
years was of about 40 * 10 (30 * 10°® in the first 8 years and 10 * 10°® in the remaining
8 years) equivalent to a uniform temperature drop of 4 °C. It was considered as 80% of
the ultimate probable shrinkage value [5.33]. This shrinkage contraction tends to open
the contact between dam heel and foundation, allowing uplift to develop. Similar
shrinkage values are reported in [5.34].

In multiple arch dams, due to the reduced arch effect at the foundation level, the tilting
tendency is much less important but some cracking in the concrete arches near the
foundation could take place, depending on local geometric conditions.

In buttress dams the drying shrinkage of concrete makes surface cracks inevitable, at
least near the foundation. Near-vertical cracks, sometimes with horizontal branches,
can appear in the buttresses soon after the dam has been built but the dissipation of
hydration heat increase the risk of cracking and the intensity of the cracking itself [5.35].
In fact both phenomena produce tensile stresses, particularly near the foundation
restraints (where the cracks originate). Seasonal temperature cycles are responsible for
cracks evolution. An extensive investigation was carried out with the Finite Element
Method on a specific case of hollow gravity buttress dam in ltaly to understand the
cracks observed in site. The analyses were performed considering, in addition to the
other load conditions, the combined effect of concrete shrinkage and cooling at 30 year
from the date of construction, altogether assumed equivalent to a 50 °C temperature
drop [5.36]. The results showed that the shrinkage and cooling were such as to justify
the occurrence of cracks already during construction.
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In all types of dams the cracks due to differential shrinkage, even if they do not
necessarily penetrate deep into the mass concrete, could be detrimental because they
may favour the access of aggressive agents and then compromise the concrete
durability.

In general, shrinkage effects in dams are not impairing stability due to a number of
reasons:

= shrinkage is a surface phenomenon and its effects reduce rapidly with concrete
thickness;

= shrinkage is a early age phenomenon. It reduces with the rate of drying and it
fades out during first impounding for common dams;

» shrinkage values from laboratory testing are much higher than those to be
expected in the dam. The latter are only a fraction of those reported in the
literature from common civil structures,

= in dams, concrete is less exposed to air (as compared to common civil
structures), which leads to less drying shrinkage, and

= shrinkage will be reduced by creep recovery.
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6.1 GENERAL

Temperature has an important effect on the behaviour of concrete dams. Temperature
gives rise to thermal stresses which can be, like in thin dams, comparable to stress
procedure by other external loads. The evaluation of such types of stresses requires an
analysis of two distinct phenomena:

e the hydration of the cement which causes an increase of temperature during the
hardening phase of concrete;

e the environmental variations of temperature under the normal service conditions.
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The hydration reactions of the cement develop and conclude during the early years of
the life while the environmental variations of temperature continue to affect the
structure throughout its lifetime.

In both cases a careful analysis of the temperature distribution in the dam must take
into account the effective heat of hydration developed during the hardening phase of
concrete, the thermal conductivity and diffusivity, the specific heat and the coefficient of
thermal expansion of the concrete. All these parameters evolve during the setting time
and depend on temperature and moisture content of concrete.

Some data on thermal properties of concrete dams can be found in reference [6.1].

6.2 TEMPERATURE RISE OF YOUNG CONCRETE DURING HYDRATION OF
CEMENTITIOUS MATERIALS

One of the most important factor associated with thermal cracking in concrete dams is
the evolution and distribution of the rise in temperature at any time after pouring. The
rise in temperature is a direct result of the heat evolved from the hydration of the
cement.

In order to minimise the risk of thermal cracking in concrete dams a knowledge of the
expected temperature rise during the hydration of cement is desirable. The temperature
distribution in hardening concrete depends in a complex way on a large number of
parameters: they are schematically summarised in Fig. 6.1. They can be divided among
factors related to mix design (type and content of cementitious material and
aggregates, water content, admixtures, etc.), factors related to construction techniques
(block shapes and sizes, restraint conditions, speed of placement, artificial cooling
systems, curing procedures, heat loss through galleries and shafts, creep, etc.) factors
related to the environment conditions (temperature daily fluctuations, heat gain by solar
radiation, wind effects, etc.). Also the thermal properties of concrete (conductivity,
diffusivity and specific heat) play an important role: they, in turn, mainly depend on the
type of aggregate.

Numerous laboratory techniques have been developed to measure the temperature rise
in concrete [6.2] [6.3]. They range from sophisticated calorimeters used to monitor the
temperature in very small samples of cement to temperature measurements at the
centre of a large insulated block of concrete.

The testing methods used to this aim can be divided into the following categories: heat
of solution technique, isothermal conduction calorimetry, adiabatic and semi-adiabatic
calorimetry .The first two method methods are applied to pure cement or cementitious
pastes and make them possible to measure the heat generated by samples kept at
constant temperature. Temperature rise in concrete under adiabatic conditions is then
calculated, based on the experimental test results. The adiabatic and semi-adiabatic
calorimetry can instead be applied to concrete, directly measuring the temperature rise.
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Factors influencing temperature control

Mix design Construction

— Type of cementitious material L Dimension of mass between

contraction joints (block size)
— Content of cementitious material

— Dam geometry: restraint to

— Type of aggregates thermal expansion
— Water content — Placement temperature
— Use of admixtures — Speed of placement of layers

— Heat loss through galleries and
shafts
— Artificial cooling

— Curing

— Creep

—| Ambient conditions

— Seasonal and daily femperature
fluctuations

— Heat gain by solar radiation

— Heat loss by radiation and convection
(wind effects)

Fig. 6.1 — Lay-out of factors influencing temperature control in concrete
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6.2.1 Heat of solution technique

This technique consists of determining the heat of solution of hydrated cement or
cementitious material by dissolving the hydrated material in a mixture of acids and
recording the temperature rise in an insulated container (calorimeter). By subtracting
the equivalent measure for the unhydrated cementitious powder, the heat of hydration
can be obtained. Measurements are typically performed after 3, 7 and 28 days of
hydration. Standard procedures for determining the heat of hydration of cement by the
heat of solution method exist (EN 196/8 and ASTM C186). Low heat cements must not
exceed a maximum heat of hydration value of 270 J/g (about 65 cal/g).

The concrete temperature rise under adiabatic conditions AT is then determined by the
following relationship:

ar =20 (6.1)
c*y

being Q(t) the total heat of hydration for unit volume of concrete developed at a

considered time, ¢ the concrete specific heat and y the density of concrete. This

methods do not take account of the parameters that affect the temperature rise in real

structure, so Equation (6.1) gives rise to large errors.

6.2.2 Isothermal conduction calorimetry

More and more works laboratories refrain from performing the solution method in auto-
control procedures, applying an isothermal heat flux calorimeter instead.

With this method [6.4], the heat of hydration of cement paste is directly measured by
monitoring the heat flow from the specimen when both the specimen and the
surrounding environment are maintained at approximately isothermal conditions
(isothermal heat flux calorimeter). Thermopiles are often used to convert the thermal
flux into a voltage, which can be continuously monitored. This device measures the
release of heat “online” throughout the hydration period, which permits to illustrate the
reaction sequences of different cements or cementitious mixes. One difficulty lies in
capturing the heat released during the initial mixing (wetting) of the cement and water.
Calorimeters have been designed with internal mixing units to attempt to capture the
complete heat signature curve.

The heat flux calorimeter further permits to investigate the impact of mineral and
chemical admixtures on cement hydration. The chemical admixture can either be input
with the water or the cement during the mixing process, or after a time lag. The change
in the sequence of heat of hydration release conveys information on the working
mechanism of the chemical admixtures.

Again the concrete temperature rise under adiabatic conditions is then determined by
the equation 6.1.

The ideal testing method should be able to reproduce the temperature = f(time) curve of
each type of concrete during hardening. Since the information obtained though
isothermal tests do not reflect the conditions in the real structure, prediction of the
temperature rise of concrete from these results can be difficult.
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6.2.3 Adiabatic or Semi-Adiabatic Calorimetry

Adiabatic and semi-adiabatic methods are much more reliable. They use calorimeters
(Fig. 6.2) for measuring directly the temperature rise in a concrete sample being
hydrated: the first ones work with no heat exchanges with the external medium, in the
second one the heat exchange with the external environment is limited.

Since it is impossible to achieve an adiabatic environment, the calorimeter is
considered adiabatic as long as the temperature loss of the sample is not greater than
0.02 °C/h. Controlling the temperature of the surrounding environment prevents the
heat loss. The insulated material could be water, air and heated containers. Water
insulation is the most popular way [6.5].

Adiabatic heat measurements are most convenient for producing a continuous heat of
hydration curve under curing conditions close to mass curing. And also adiabatic
hydration curves are the most suitable starting points for temperature calculation in
hardening concrete dams. One of the major drawback of an adiabatic calorimeter is the
effect of curing temperature on the rate of hydration is measured implicitly. The
activation energy is required to convert the result to the isothermal reference
temperature. The result can also be affected by the assumption of the thermal
properties of the materials. The advantage is that the heat evolution of an actual
concrete mixture can be determined.

Outer

stainless
steel body

Aluminium
isothermal
shield

Heating
resistors

Sample
container in
stainless

Concrete
Sample

Fig. 6.2 — Adiabatic calorimeter scheme
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6.2.4 Comparison among different methods

True adiabatic conditions are impossible to achieve but they do at least more closely
resemble conditions at the centre of a large pour than do the isothermal conditions.

An exhaustive example of experimental data concerns the results given in Fig. 6.3 with
respect to a concrete used for an ltalian large dam. To prevent a large amount of
temperature rise a pozzolanic cementitious mixture has been used.

The mix composition is: cement content 200 kg/m®, basalt aggregate 2082 kg/ m®, fly
ash 50 kg/ m®, w/c=0.82. The measurements of heat of hydration of the cementious
mixture performed by the heat of solution method at 3 and 7 days have given 40 cal/g
and 49 cal/g respectively.

From the measurement of the specific heat of concrete equal to 0.25 kcal/kg/°C and
applying equation 6.1, the corresponding adiabatic temperature rises are 13°C and
16°C, respectively.

The adiabatic temperature rises measured directly at the same time during the
hydration of 25 litres of a concrete sample have given 20°C and 24 °C, respectively.

Moreover, the in situ measurement of temperature rise at the centre of a dam block
during the construction is only a little lower than the adiabatic temperature rise, as a
consequence of an amount of heat losses. In conclusion, the use of the heat of solution
technigue has given rise to an underestimate of about 35% on the evaluation of the
adiabatic temperature rise.
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Fig. 6.3 - comparison between heat of solution technique, adiabatic and in situ
measurements

This example put also in evidence that a more realistic test would perhaps be to use
semi-adiabatic methods where some heat is lost form the calorimeter. It should be
realised, however, that even these tests may not truly reflect the conditions in the
structure where the rate of heat loss is continually changing. However, also in presence
of constant rate of heat losses, it would be very difficult and expensive to accurately
reproduce them in the laboratory. So, through a careful calibration, semi-adiabatic
calorimeters must be considered as an alternative and less expensive way to reproduce
the adiabatic temperature rise with a lower accuracy than adiabatic calorimeters do.

Adiabatic and semi-adiabatic calorimeters have been developed to measure the
temperature rise in cement pastes, cement mortars and concrete samples. Although
those developed for use with pastes and mortars are often much smaller than those
used for concretes, the results obtained do not give a direct measure of the
temperature rise in the concrete. The results can only be used to estimate the
behaviour of the concrete from a knowledge of the mix proportions and thermal
characteristics of the aggregates. Calculations of this kind can be extremely difficult
because the kinetics involved are significantly different due to the effects of the
aggregate.
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For calculations by numerical models, it would be preferable to have an expression
describing the heat of hydration of concrete. This is very difficult to obtain since, as it
has been mentioned, the number of parameters that affect the heat of hydration of
concrete is so high that actually no general expression of the heat of hydration is
existing. So, it is common practice to perform a direct measurement of the temperature
rise of the concrete by adiabatic or semi-adiabatic methods and use the experimental
data in a tabular form as input for numerical methods.

Other examples of adiabatic temperature rise curves from a dam concrete are reported
in Fig. 6.4., in Fig. 6.5 and in Fig. 6.6.

In Fig. 6.4 the temperature rise of concretes with constant content of cementitious
materials, but different heats of hydration of the cementitious mixes, are reported: they
refer to a long period of time, up to 74 days.

Fig. 6.5 shows the temperature rise of concretes with different types of cement (normal
Portland, Pozzolanic and Blast Furnace) at different cement contents (from 140 to 300
kg/m®). The infinite time temperature rise is obtained by extrapolating the results of the
first 7 days.

Finally, for two of the concretes of Fig. 6.5 (Portland cement Ptl 325 at a cement
content of 300 kg/m3 and Pozzolanic cement Pz 225 at a cement content of 200 kg/m3),
the effect of different initial temperature (over 20 °C and about 15 °C) is shown in Fig.
6.6. Even if the final rise temperature at infinite time is almost the same, the heat
evolution with time of the concrete mixtures are quite different, especially at the first
week, when the tensile properties of concrete are low. This behaviour underline the
importance of the concrete temperature at placement on the crack tendency of a dam.

Thermal cracking in dams is most critical to occur in the core of a lift and at the lift joint.
The latter is occasionally forgotten in the thermal analysis (long waiting time at lift joints
can create high temperature difference).
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Fig. 6.4 — Example of adiabatic temperature rise with cements of different heat of
hydration (content of cementitious material: 180 kg/ms) [6.6]
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Fig. 6.5 — Examples of adiabatic temperature rise with different cements and cement
contents (Ptl = Portland cement; Pz = Pozzolanic cement; Af = Blast Furnace cement)
[6.7]
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Fig. 6.6 - Examples of adiabatic temperature rise for two concretes with different initial
temperature [6.7]

6.3 THERMAL CONDUCTIVITY OF HARDENED CONCRETE

The thermal conductivity of a concrete is the rate at which it transmit heat and is
defined as the ratio of the flux of heat to the temperature gradient.

Thermal conductivity A of concrete depends on the moisture content, type of aggregate,
porosity, density and temperature. For ordinary hardened concrete in a normal
temperature and moisture state, thermal conductivity may vary between 1.2 and 3.0
[W/m?%K]. Values beyond 3.0 W/m9K, even up to 3.5 W/m?%K, are found as well (Tab.
6.1). Besides a strong dependency on the type of aggregate, the conductivity also
depends on the moisture content in the pore system.
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Tab. 6.1 — Typical coefficient of thermal conductivity of concrete: typical values (1 W/(m
°C) = 0.8598 kcal/(m °C h)

Type of aggregate Thermal conductivity of concrete
[W/(m °C)] [kcal/(m °C h)]
Quartzite 3.5 3.0
Dolomite 3.2 2.7
Limestone 2.6-3.3 22-28
Granite 26-27 22-23
Rhyolite 2.2 1.9
Basalt 1.9-2.2 1.6-1.9

6.3.1 Effect of dry density

The influence of the dry density v, is mainly correlated with the content and the type of
aggregate. With some exception in concretes with barytes aggregate, the following
relationship [6.8] [6.9] between thermal conductivity and dry density can be used:

Ao = 0.072e"01 (6.2)

where the thermal conductivity is expressed in W/(m °C) and the dry density in kg/m®.

6.3.2 Effect of temperature

Data concerning the effect of temperature on thermal conductivity are rather scarce.
However, they agree in indicating a decrease in thermal conductivity with the increasing
temperature. As order of magnitude, it can be assumed a decrease of about 0.04 W/(m
eC) for a rise in temperature of 10 °C [6.8].

6.3.3 Effect of moisture content

The thermal conductivity of concrete increases with increasing of the moisture content.
For the determination of the effect of the water content on the thermal conductivity of
moist concrete the ACI recommends the use of the following formula [6.8] [6.9]:

A =ho (1+kw™ 1) (6.3)

7o

with: Ao = thermal conductivity of oven-dried concrete
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Yo density of oven-dried concrete [kg/m’]

ky = factor equal to 6 for light weight concrete and to 9 for
normal concrete

w = water content [kg/m°]

6.3.4 Measurement method

No standard testing method exists to measure the thermal conductivity of concrete. The
main reason is that concrete is a complex system constituted from a solid skeleton and
pore space, partially filled with water, which can be closed or interconnected. As far as
a thermal gradient is applied migration of the water through the interconnected pore
spaces takes place. This alters the hygrometric conditions of the sample to be tested,
the higher the thermal gradient and the longer the duration of the test, the higher the
degree of disturbance is. For this reason the standard testing methods for insulating
and dry materials, such as the hot guarded plate method, cannot be applied to concrete
samples unless they are in oven-dried conditions. The alternative way is to use
transient methods. The most popular is the linear heat source method [6.9], which
consists in inserting in the material a thermal probe, heated at constant power, and in
measuring the temperature rise during the transient time. Data reduction according to
the linear heat source theory allows to determine the thermal conductivity.

6.4 SPECIFIC HEAT OF HARDENED CONCRETE

The specific heat ¢ of concrete is the heat required to rise a unit weight of concrete 1
degree. It can be determined from the values of the component parts of the mix:

C= Z Ci. gi (6.4)

with: gi fraction of content by mass of the mix components

Ci specific heat of the mix components:

The range of specific heats of the constituents are:
aggregate: c;= 0.7 - 0.9 k J/kg °C" = 700 — 900 J/kg,’°C
cement: c. = 0.84 kd/kg °C
water: ¢, = 4.186 kd/kg °C

Typical values of the specific heat for ordinary concrete vary between 0.850 and 1.15
kJd/kg °C [6.10].

Because of the high specific heat of water there is a strong correlation between the
specific heat of a mix and the amount of water content. The specific heat of concrete
increases with increasing moisture content. For water saturated concrete the higher
values apply while the lower values can be referred to dry concrete.

' 1 J/kg, C°=0.24x10° keal/kg, C° = 2.38x10™* Btu/Ib°F
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The specific heat also increases with the increasing temperature: an increase of about
10% for an increase in temperature from 10 °C to 66 °C has been reported by ACI [6.8].

6.5 THERMAL DIFFUSIVITY OF HARDENED CONCRETE

Diffusivity is described as an index of the ease or difficulty with which concrete
undergoes temperature change.

Thermal diffusivity a is defined as the quotient of the coefficient of thermal conductivity
and the specific heat per unit volume:
A
a=—-
Y.c (6.5)

The main factor of influence on the thermal diffusivity is the type of aggregate. Tab. 6.2

gives typical values of thermal diffusivity of concrete for different types of aggregate
[6.9].

Tab. 6.2 — Typical thermal diffusivity of concrete for different types of aggregate.

Coarse aggregate Diffusivity

[m?/h]

Quartzite 0.0054
Limestone 0.0045 - 0.0055

Dolomite 0.0046

Granite 0.0040

Rhyolite 0.0033
Gneiss 0.00354 — 0.004

Basalt 0.0030

Thermal diffusivity of cement varies between 0.002 and 0.004 m?/h.

As for thermal conductivity, also diffusivity depends on dry density, moisture content
and temperature. The dependency on the moisture content and temperature follows
from the dependency in the coefficient of thermal conductivity and the specific heat
from these parameters.
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6.5.1 Effect of dry density

Very little data are reported about the influence of the dry density on the thermal
diffusivity. They however indicate a linear increase of diffusivity with the dry density of
the order of 0.00012 m?h for an increase in dry density of 100 kg/m®, in the range of
1500-2500 kg/m® [6.9].

6.5.2 Effect of moisture content

As both conductivity and the specific heat increase with increasing moisture content,
the net effect on the coefficient of thermal diffusivity is only marginal. Data reported in
literature do not indicate a dependence of diffusivity from moisture content.

6.5.3 Effect of temperature

The influence of temperature on the thermal diffusivity depends upon the corresponding
influence on both the thermal conductivity and the specific heat. Since with increasing
temperature the conductivity decreases and the specific heat increases, the thermal
diffusivity decreases stronger with increasing temperature (up to about 15% in the
temperature range from 10 °C to 66 °C) than the thermal conductivity [6.11]. This effect
has been observed though accurate laboratory measurements (Fig. 6.7).
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Fig. 6.7 — Relative variation of thermal diffusivity against temperature variation [6.6]
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However a measurement campaign of the thermal diffusivity on Brazilian dams in the
thermal ranges between 20 and 60°C showed practically no temperature dependence
[6.6]. This could be probably due to the difficulties of these types of measurements
(paragraph 6.5.4).

6.5.4 Measurement method

Even more difficult than for conductivity is the problem to measure the thermal
diffusivity of concrete. The main reason relies upon the fact that, being the concrete an
heterogeneous material, large samples are necessary. Since the testing methods used
for metals, such as the laser flash method, work on very little samples, they cannot be
applied. In the laser flash method, a short pulse (less than 1 millisecond) of heat is
applied to the front face of a specimen using a laser flash, and the temperature change
of the rear face is measured with an infrared (IR) detector.

So thermal diffusivity is usually evaluated by measuring the temperature variations in
different points of a huge concrete sample, or directly in a concrete dam, under a
dynamic temperature field suitably generated inside the concrete. Through a careful
data reduction, which takes into account the phase shift of the thermal wave at the
different points, thermal diffusivity can be estimated.

Recently a new testing method has been developed [6.9] [6.12]; it can be applied both
in laboratory samples as well on site. The method is based on the linear heat source
method in the double probe version, namely the two linear parallel probe method (TLPP
method). It consists in inserting two probes inside the sample: one is used as heating
source, the other as temperature sensor positioned at a known distance from the
heating probe.

By applying the linear source theory to the temperature measurements detected by the
second probe during the heating time the thermal diffusivity is also determined.

Such method has the advantage that during a single test both thermal conductivity and
thermal diffusivity can be measured simultaneously; through the measurement of the
density the specific heat can also be determined and, thus, a complete thermal
characterisation of the material is obtained. It can be carried out both in laboratory and
at the dam site.

Fig. 6.8 — Needle probes for thermal tests on concrete specimens in laboratory
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Fig. 6.9 — Lay-out of the two linear parallel probe method for thermal measures in field
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Fig. 6.10 — Thermal measurements on concrete at a dam
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6.6 COEFFICIENT OF THERMAL EXPANSION OF HARDENED CONCRETE

The coefficient of concrete thermal linear expansion is defined as the change in linear
dimension per unit length divided by the temperature change expressed in millionth per
°C. It is affected to a large degree by the thermal expansion coefficient of the
aggregate, since the latter generally occupies 65-80% of the volume of concrete. The
coefficient of thermal expansion of concrete ranges from 4 pum/m °C up to 14 pm/m °C
(Tab. 6.3), usually in the range 8 to 12 um/m °C. The thermal expansion coefficient of
pure cement paste is of the order of 20 um/m °C, but as the cement content for unit
volume of concrete is very low in respect to the content of aggregate, its influence on
the thermal expansion of concrete is only marginal. No influence of the temperature
seems to exist in the temperature range going from 10°to 80°C.

There are no data concerning the influence of the moisture content: The reason can be
due to the fact that, since it is necessary to reach two different thermal equilibrium
conditions of the sample for the measurement of the thermal expansion, it is very
difficult to maintain the same water content in the sample during the test.

Tab. 6.3 — Typical coefficient of thermal linear expansion of concrete for different types
of aggregate.

Coarse aggregate Coefficient of linear expansion
[10° °C]
Sandstone 410 14
Dolomite 7t0 10
Limestone 4t012
Basalt 6to8
Granite 7109

Other references on thermal properties of concrete are reported from [6.13] to [6.25].

Finally in Tab. 6.4 and Tab. 6.5 a list of thermal properties of dam concretes, mainly
from Bureau of Reclamation, is reported [6.23] [6.26]. Other data of thermal properties
of concrete with mica sand are reported in [6.27].
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Tab. 6.4 — Thermal properties of mass concrete dams (l) [6.23] [6.26]

Dam/ °C | Coeff. linear Thermal Thermal Specific heat
aggregate expansion | conductivity diffusivity
um/m °C kcal/mh°C m%h * 10° k J/kg °C
Hoover/ 10 2.53 4.7 0.887
Limestone-
Granite 38 8.6 2.48 4.4 0.941
66 2.46 3.9 1.050
Grand 10 1.61 2.9 0.916
Coolee/ | 3g 8.3 1.61 2.7 0.967
Basalt 66 1.62 25 1.075
Friant/ 10 1.83 3.4 0.904
Quartzite,
Granite. 38 - 1.83 3.2 0.962
Rhyolite 66 1.84 3.1 1.017
Shasta/ 10 1.96 3.6 0.916
Andesite, Slate | 38 8.6 1.96 3.6 0.975
66 1.95 3.2 1.033
Angostura/ | 10 2.22 4.2 0.925
Limestone 38 7.2 2.20 3.8 0.992
66 217 3.5 1.054
Kortes/ 10 2.39 4.6 0.870
Granite,
Gabbros, Quatz |50 8.1 2.38 4.4 0.925
66 2.36 41 0.979
Hungry 10 2.56 4.9 0.908
Horse/ 38 10.3 253 46 0.971
Sandstone
66 2.51 4.3 1.033
Canyon 10 2.41 4.6 0.895
Ferry/ 38 9.4 239 4.4 0.937
Sandstone,
Metasiltstone, 66 2.36 4.2 0.983
Quartzite, Rhyol.
Monticello/ 10 2.34 4.3 0.941
Sandstone,
Graywacke, |38 9.4 2.31 4.0 0.992
Quartz 66 2.28 3.7 1.046
Anchor/ 10 1.70 3.2 0.950
Andesite, Latite,
Limestone |38 8.1 1.70 3.0 1.013
66 1.71 2.8 1.079
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Tab. 6.5 — Thermal properties of mass concrete dams (ll) [6.23] [6.26]

Dam/ °C | Coeff. linear Thermal Thermal Specific heat
aggregate expansion | conductivity diffusivity
um/m °C kcal/mh°C m?/h * 10° k J/kg °C
Glen Canyon/ 10 3.19 6.0 0.908
Limestone,
Chert, 38 - 3.06 55 0.971
Sandstone 66 2.94 4.9 1.033
Flaming 10 2.65 50 0.925
Gorge/ | 3 i 2.60 46 0.979
Limestone,
Sandstone 66 2.58 4.3 1.038
Yellowtail/ 10 2.31 4.2 0.946
Limestone,
Andesite 38 7.7 2.26 3.9 1.000
66 2.20 3.6 1.054
Libby/
Natural quartz
Gravel 36 10.8 3.32 6.2 0.920
Dworshak/
Granite, Gneiss | 4 9.9 201 3.9 0.920
Ihla Solteira/
Quartzite, Basalt | 45 125 258 46 0.920
ltaipu/
Basalt 36 78 1.58 27 0.975
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6.7 IN SITU MEASUREMENTS OF CONCRETE TEMPERATURES

In situ temperature measurements in concrete dams are important both in the
construction phase and during the normal service life of the structure.

The knowledge of the spatial distribution and the temporal development of internal
temperature rise, due to the concrete hydration, is essential to control the induced
thermal stresses and to prevent the consequent cracks. The concrete temperature
value, which causes a stage of no-stress (Fig. 6.11) is called zero-stress temperature
[6.28] [6.29]. The higher the zero-stress temperature of the concrete and the
temperature decrease to an average ambient temperature is, the higher is the
resulting potential of thermal induced cracking [6.30]. In situ temperature
measurements are also used to control the cooling process during the grouting
operations.
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Fig. 6.11 — Stress in young concrete under restrained deformation [6.30]

During the normal service life, the temperature inside of the dam body varies
according to the water and air temperature and significant temperature differentials
depend on the reservoir and seasonal fluctuation (Fig. 6.12), and are a significant
loading for thin dams only.
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Fig. 6.12 - Influence of ambient temperature cycles on concrete depth

The temperature measurements are important for some dams to determine the
causes of dam deformation due to expansion or contraction and to compute actual
movements [6.31]. They are very important particularly in thin arch dams since volume
change caused by temperature fluctuation is a significant contributor to the loading on
such dams.

The temperature in concrete dams may be measured using any of several different
kinds of embedded thermometers or by simultaneous temperature readings on
devices. The most commonly ones are resistance temperature detectors (RTD’s) and
vibrating wire sensors. Both provide long-term stability and accuracy. They are to be
placed non uniformly along the width of the dam in order to respect the higher
temperature gradient towards the faces, Fig. 6.13.
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Fig. 6.13 — Typical arrangement of thermometers along the width of an arch dam.

According to the US Army Corps of Engineers [6.32], “thermometers are preferred
over thermocouples because they have been more dependable, have greater
precision, and are less complicated in their operation. Standpipes filled with water
have also been used as a substitute for temperature measurement during
construction. In using a standpipe, a thermometer is lowered into the standpipe to the
desired elevation and held there until the reading stabilises. Standpipes can be an
effective way to obtain vertical temperature gradients but are not practical for
measuring temperature variation between the upstream and downstream faces of the
dam. The addition of several standpipes through the thickness of the dam will add
extra complications to the overall construction process. Standpipes also tend to
indicate higher temperatures than thermometers”.

A typical location of thermometers in an arch dam is reported in Fig. 6.14 [6.33].

Usually, concrete temperatures are monitored only through spot measurements.
However, recently the technology of fibre optic cables provide the possibility of
continuous inline temperature measurements along the fibre cable integrated into the
dam structure. This technology allows very accurate and economic measurements of
temperature distributions in mass concrete. Examples of applications of the technique
of Distributed Fibre optic Temperature Measurements (DFTM) on concrete dams are
reported in [6.30] and [6.34] and illustrated in Fig. 6.15.

The thermal history of concrete obtained from the in situ-measurements of
temperature are to be used for comparison with thermal numerical studies in a back
analysis, where

(a) the analytical model can be calibrated with the measured temperatures in the
concrete, and

(b) the evolution of temperature and control of cracking can be foreseen by adequate
calculations, using adequate “thermal models”.
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thermometers across thickness
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7.1 INTRODUCTION

7.1.1 Influence of permeability on the dam behaviour

The permeability of concrete, or how readily water penetrates it, is usually regarded
as the single most important property determining the durability of concrete in dams.
The permeability has also other influences on the dam behaviour such as on the
uplift forces. Some of the influences are mentioned below and also shown in Fig. 7.1

Leaching: Highly permeable concrete is more vulnerable to leaching, i.e. water
dissolving hydration products making the concrete even more permeable, softer,
weaker and vulnerable to other attacks such as freeze-thawing. etc. Leaching
phenomena are specifically dealt in the ICOLD Bulletin n° 71 of 1989 (“Exposure of
dam concrete to special aggressive waters — Guidelines”).

Aggressive constituents (e.g. sulphates, chlorides, carbon acid) can be conveyed
more easily in concrete with higher permeability, and the effect of soft reservoir water
is intensified.

Freeze-thawing: Freeze-thawing attacks are highly dependent on the content of
moisture in the concrete. Higher permeability means more concrete parts with higher
moisture content and a higher risk for freeze-thawing damages. Sometimes “curtains”
of calcite are formed due to leaching on the downstream surface of dams and behind
these curtains water are accumulated, which often lead to freeze-thawing damages.
The frost resistance of concrete in dams is examined in this Bulletin, in the following
Section 8.

Pore-pressure: In a concrete with high permeability, water is easier sucked or
pressed into the concrete whereby the pore pressure more easily is built up, with
increasing uplift pressure. If a dam has sections with different permeability, the pore
pressure will also differ between the sections. A special case is when leaking water
meets CO; at the downstream end and rather tight CaCOs-curtains is formed, making
pore pressure increase in the concrete.

Alkali-Aggregate Reaction (AAR): The alkali-aggregate reaction (AAR) is a reaction
between alkali in the pore solution and aggregate reactive for alkali. A gel is formed.
In concrete with high content of alkali, reactive aggregate and with an external source
of humidity the formation of the gel may be sufficient to cause internal expansion and
severe cracking. The permeability is one of the governing properties influencing the
supply of water. References could be found in the ICOLD Bulletin n°79 of 1991
(“Alkali-aggregate reactions in concrete dams: review and recommendations”).

Reinforcement corrosion: As a consequence of leaching the pH-value will drop in
the concrete around embedded reinforcement bars, reducing the passiveness and
increasing the potential for corrosion.
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Fig. 7.1 — Different types of environmental attacks on a concrete dam

7.1.2 Permeability in porous media and concrete

The permeability of a porous medium is a measure of how readily a fluid penetrates
it. Water permeability is often used to denote a number of different mass transfer
mechanisms. The diffusion of water moisture, the absorption or desorption of water
on the pore walls, liquid flow due to capillary suction, and unsaturated or saturated
liquid flow due to external pressure have all been referred to rather loosely in the
literature as permeability.

However, permeability mostly refers to homogenous steady-state percolation of water
through water-saturated material (Darcian flow). A common mathematical way to
describe such permeability is by the well known Darcy’s law [7.1]:

Qw = kw-dP/dx-A (7.1)

where gw = flow of water (m%/s);
kw = permeability coefficient (m/s);
dP/dx = pressure gradient (m/m);
A = cross section area (m?).
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Although it would be desirable to be able to find a geometric quantity for
characterising the geometry of pores generally, they unfortunately diverge and
converge as well as differing markedly in scale, making them very difficult both to
measure and to model. The smaller the pores, the greater the effect of the pore walls
on the hydrodynamic phenomena. The flux of a fluid tends to occur where it can flow
most easily, i.e. in the larger connected pores or cracks.

The flow channels involved can differ very much in shape and origin. During the
lifetime of concrete, flow channels can be formed, changed and closed again. The
greater the number of flow channels there are in the concrete and the broader, less
tortuous, smoother and more connected the flow channels are, the less the
resistance is against water mobility and the greater amount of water can be
transported.

The flow of water in a porous material can be characterised by a potential that forces
water through the pores, and by the resistant forces that slow down the flow. In the
case of capillary transport, both the driving force and the transport coefficient are a
function of the geometry of the pore space, whereas in permeability the transport
coefficient alone is a function of the geometry.

The permeability of concrete depends on the permeability of each phase of the
concrete, and thus on

e the permeability of the paste
e the permeability of the aggregate
e the permeability of the interfacial zone

Permeability tests have historically been performed both on paste and concrete.
Permeability tests on “mass” concrete as for thick concrete dams are found in the
technical literature since the years 1920. Classical investigations are: McMillan &
Lyse, 1930 [7.2]; Ruettgers, 1935 [7.3]; Mary, 1936 [7.4]; Mather & Callan, 1950
[7.5], Nycander, 1954 [7.6], Sallstrdm, 1968 [7.7].

7.1.3 Water in concrete

Concrete is a porous material with a strong ability to bind water hygroscopically. The
gel pores in concrete have a size of ~10° m, about 4 to 5 times that of a water
molecule. Capillary pores have a size of less than 10 m [7.8]. They can be filled with
water by capillary condensation.

The water contained in concrete is often classified into non-evaporable water (W)
(also denoted as chemically bound water), and evaporable water (W¢). The
evaporable water is often classified into water adsorbed on pore walls (Wge) and
mobile water (Wy). As can be understood by its name, mobile water is mainly
involved in the mass transfer of water. How the water is fixed within the concrete
depends on the geometry of the pore system, the type of solid material in the matrix,
the humidity, and the thermodynamic balance between the pore system and the
surroundings.
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The water contained in concrete stems from different phases of construction and
curing. For example,

Wiot = Wo + Wcuring 'Whydr + Wrorced (7.2)

where Wi, = total water; Wy = mixing water; Weuing = water added during curing;
Whyar = chemically bounded water present during hydration; and Wireea = water
forced into the concrete during its life cycle, e.g. by capillary suction or as a result of
external water pressure being imposed.

The water bound in concrete during the hydration, Whyq, is usually estimated on the
assumption that 1kg cement in average binds 0.25 kg water at complete hydration.
That is

Where C = total amount of cement (kg); and a = hydration ratio (-). See also 7.2.5.

7.1.4 Permeability of cement paste

In cement paste, which is free of defects, the degree of permeability depends on the
number, size, shape and connectivity, as well as the relative humidity (RH) of the
pores. The greater the amount of mixing water available, the greater the extent to
which pores are formed during hydration. During the hydration process, the pores are
filled to varying degrees with hydration products which lead to a decrease in porosity
and connectivity and thus to a drop in permeability.

Fig. 7.2 presents results of a study by Powers et al. [7.9] concerning Darcian
permeability in cement paste that was very well hydrated (=93%). The permeability
increases very rapidly when certain levels of the w/c ratio or of capillary porosity are
reached. The fact that the relation appears to be about the same in both figures is not
surprising, since in the Powers structural model capillary porosity is proportional to
the w/c ratio. The very rapid increase in permeability at a capillary porosity of about
30% is partly due to larger capillaries and an increasing interconnection between the
capillaries. The flow of water in a flow channel is proportional to the fourth power of
the radius, which results in a very rapid increase of flow if the capillary radius is
enlarged. It seems clear that the permeability of cement paste is controlled by its
capillary porosity.
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Fig. 7.2 - Water permeability of well hydrated cement paste in relation to (a) the w/c

ratio and (b) capillary porosity (Powers et al. 1954 [7.9], presented by Fagerlund in
[7.10]).

7.1.5 Permeability of aggregate

Despite its generally low porosity (below 3%), aggregate tends to have about the
same level of permeability as cement paste [7.11] [7.12] (Tab. 7.1). This can be
explained by the difference in typical size between the capillary pores in the paste
(10 to 100 nm) and in aggregate (larger than 10 um in average) [7.12].

Tab. 7.1 - Comparison of the permeability of rocks and of cement paste [7.11].

Type of rock Permeability W/c ratio of mature cement paste of
(m/s) the same permeability

Quartz diorite 8.24.107" 0.42

Marble 2.39-57.7-107"° 0.48-0.66

Granite 5.35-15.6-10"" 0.70-0.71

Sandstone 1.23.107"° 0.71
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7.1.6 The permeability of concrete

This discussion about concrete permeability is mainly valid for mass concrete
material and not always valid for mass concrete structures as a whole, e.g. dams.
Mass concrete materials can be thought of as “defect-free” whereas mass concrete
structures, such as dams, often have manmade discontinuities, as for example
construction joints, or cavities, for example cracks due to different causes.

Although the reduction in flow area (when the porosity is lower for the aggregate than
for the cement paste), segmenting of the flow channels and lengthening of the
effective flow channels, suggests that the permeability of concrete should be less that
of cement paste, the permeability of concrete is in fact about 100 times as high as
that of the corresponding cement paste [7.13]. The major explanation for this is that
the addition of aggregate produces a porous interfacial zone between the aggregate
and the paste and that micro-cracks are formed there during hydration [7.12].

The permeability of the interfacial zone is governed mainly by the pore size
distribution within the zone, the crystals within the zone (mainly Ca(OH).) and micro-
cracks within the zone. The interfacial zones are weak and relatively porous and are
vulnerable to differential strains between the cement paste and the aggregate
induced by drying shrinkage, thermal shrinkage and externally applied loads, such
strains resulting in micro-crack. No direct measurements of the permeability of the
interfacial zone can be found in the literature.

The flow of water through concrete is the sum of all leakage of water through it,
ranging from large-scale flow in large connected and water-filled cracks and cavities
(e.g. honey combing, beneath aggregate, along rebar, etc) to very low levels of
vapour diffusion through the capillary pores. In defect-free concrete, such as mass-
concrete, flow occurs in capillary pores and the porous transition layer around the
aggregate. Defects in concrete, such as cracks, can have permeability many orders
as high as that of the concrete itself, its level depending on the size of the cracks and
on how connected they are within the concrete.

The amount of pores present in the cement paste phase is typical in the order of 35-
50% of the volume. In for example ordinary aggregate of granite the pores represent
approximately 0.5-1% of the volume. Within the whole concrete, i.e. including both
cement paste and aggregate, the porosity is on the order of 10-20 %.

The driving potentials for water flow in a concrete dam exposed to water at the one
side and either air or water at the other side is schematically shown in Fig. 7.3. In the
figure the conditions are presented at a relative short time after impounding Fig. 7.3
a) and after long time after the reservoir has been filled (Fig. 7.3 b). Water transport
is due to a combined flow of different mechanisms such as vapour diffusion and
capillary suction in not water saturated concrete and external over-pressure in
saturated concrete.
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Fig. 7.3 - Scheme of the driving potentials for the flow of water in a concrete dam
exposed to water at the one side and either air or water at the other, where (a) shows
the conditions found a relative short time after the reservoir has been filled and (b)
the conditions long after the reservoir has been filled.

The permeability of i) plain cement paste, ii) the paste phase in concrete and iii) of
concrete is shown in Fig. 7.4, on the basis of different studies. The figure indicates
that permeability decreases as the hydration ratio increases, the permeability
increases as higher w/c-ratios are used, and the permeability increases for concrete
compared to plain cement paste. It is also shown that the permeability increases if
bigger aggregate particles are used, which also other studies show [7.10]. In reality
there is a large scatter in permeability measurements depending on type of curing,
type of aggregate, size of the concrete, etc, which can be seen in Fig. 7.5, showing
different studies of the permeability of cement paste and concrete.

According to Hearn [7.14], the results of individual studies have shown a direct
proportionality between permeability and the w/c ratio, although the data for different
studies show a high degree of scatter in relation to each other (Fig. 7.5). This is
probably due to differences in specimen treatment and in test procedures, which is
important to bear in mind when comparing different permeability studies.

As submitted to ICOLD for publication, January 2009 Section 7-8



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 7 (Water permeability)

106000 é
// 1.5 T T T

—~ Cement Paste f
£ 10000 ’/f 2 (x1072) ,’
= 113 mm aggr, / y E ——= Concrete ]
= size i EE (x107'°) I
2 000 5 / 2 [

1 —— 75 mm =

14 =
E 38mm 4 -§
/ o ‘
g B o
3 100 Amm g2 _ 5
= #| 7| 60% hydr. ratio =
Q s i B
= LA A
= s . fo) 1
z & TP% hy|dr. ratio 0 02 04 06 08
10 |- ST )
9BY% hydr. ratio W/C Ratio
1
0,3 04 0506 08 10
W/c ratio

Cement paste phase in concrete Ruettgers et al (1935)
Cement paste Ruettgers et al (1935)
Cement paste Powers et al (1954)

Fig. 7.4 - (a) Permeability to water for various cement pastes and for the cement
paste phase in various concretes [7.10]. Observe that the permeability shown for the
“paste phase in concrete” (solid line) is for the paste phase in the concrete only,
which means that for having the permeability for concrete the values should be
multiplied with the share of cement paste. b) Water permeability for cement paste
and for concrete [7.13].

10 3 -
§ . - 4 ] °
-] W/C vs PERMEABILITY FOR CONCRETE
10 ‘§ o . LY ° ° o
3 b 0o .2
/-U)\ _ 1 ° " 2° . ° e, .
.10 ~'°3 *
LS °
\Et : L] - 'y .
h 10 —"§ a ‘: [ e . o .
5 ] . '
L<1(_I 10 “’E . Lt
= ] ° . * coooo COLLIER, 1928
o . sscoo LAWRENCE, 1984
Ll 10 774 sasaas GLANVILLE, 1926
o E se00¢ COOK & WATWAYS, 1951
= . »»2#++ DHIR, 1989
. +++++ TYLER, 1961
10 —*4 xawux RUETTGER 1935
E e eese NORTON PLETTA. 1931
i eeees MALHOTRA 1983
] eoeee BAMFORTH., 1987
10 " trrrrreeer TrTTTTTTTYT T T T D B B o 2 o o ¢
0.00 20.00 40.00 60.00 '80.00  100.00 120.00

W/C RATIO (%)

Fig. 7.5 - Correlation between the w/c-ratio and the permeability of concrete on the
basis of data from different studies [7.14]. Note the high degree of scatter, probably
due to differences in specimen treatment and in test procedures,
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7.2 FACTORS INFLUENCING THE CONCRETE WATER PERMEABILITY

7.2.1 General
Permeability of concrete may be divided in:

* Laboratory tested permeability
* Permeability of mass concrete in a dam
* Permeability of the overall dam structure(including joints and interfaces)

It can be said generally that all factors that enlarge, connect or straighten existing
flow channels or create new flow channels increase the permeability of the concrete.
Since the flow of water in tube-like pores can be said to be proportional to the pore
diameter raised approximately to the power of 4 and in a crack the thickness raised
approximately to the power of 3, the flow obviously increases rapidly as pores and
cracks become wider and more connected.

7.2.2 Cracks or cavities

Cracks or other cavities can be formed due to various factors: man-made joints,
imperfect compaction, thermal shrinkage during the cooling period after casting,
shrinkage due to drying, flow channels along the reinforcement bars due to water
separation and to settlement of the concrete mass, due deflection, due to seasonal
changes in temperature, elastic strain and creep and due to externally applied loads.
The cracks are found mainly in the interfacial zone between paste and aggregate, but
are found in the paste as well. Micro-cracks are always larger than capillary pores.
They propagate from one discontinuity to another, creating more or less continuous
flow channels throughout the cement matrix. The curing period is particularly
important, since drying and cooling produce large variations in stress in the concrete
when it has not yet obtained any large degree of strength. The sooner the water
curing of concrete starts, the more quickly the concrete gains in strength and the
smaller the stresses due to differences in temperature and moisture are. In the
massive concrete of dams, cracks are easily formed due to large temperature
differences during hardening and along construction joints, unless suitable actions
(such as cooling) are undertaken to prevent cracks from being formed. Around water-
stopping bands in joints, around embedded steel for gate abutment or in other parts
in dams where imperfect compaction may occur, the permeability is often higher than
in the mass concrete.

Leakage through cracked concrete can be approximated by using Poiseuille’s law
and introducing a correcting roughness coefficient for irregularities and crack
tortuosity. Fig. 7.6 shows an example for potential leakage assuming a continuous
crack (or leaking lift joint). It indicates the importance of high quality (facing) upstream
concrete in order to avoid excessive leakage into dam galleries.

As submitted to ICOLD for publication, January 2009 Section 7-10



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 7 (Water permeability)

Leakage in l/s

100

20
80 /
70
60 /
50
Source:
Poiseuille Law adapted for
40
rough crack surface /

30 persistent crack length along assumed . ¢

gradient (throughgoing crack) / /
| /
10 | /

0 0.5 1 1.5 2
Crack opening in mm

==(== Typical gravity dam (hydraulic gradient 1.3) === Typical arch dam (hydraulic gradient 6)
== wm= Potential leakage into an u/s dam gallery (hydraulic gradient 20)

Fig. 7.6 — Leakage along cracked concrete or defect lift joints.

7.2.3 Internal humidity

The humidity of the concrete has an important influence on the water permeability.
The solid phase changes due to shrinkage or swelling or to chemical reactions,
leading to changes in the geometry of the pore system. The moisture content itself
influences the extent to which water can flow through the pore system.

In a dam there may be many combinations of moisture conditions throughout the
structure, the flow of water being a function of many different types of transport
mechanisms. Fig. 7.3 and Fig. 7.7 show in principle how water can be transported
through concrete subjected to water on one side and air on the other, e.g. as in a real
dam. In the upstream end and as long as the flow channel is filled with water the flow
is of a Darcian type. By flow channel is meant any capillary pore, micro-crack, joint,
etc, where water is transported in. However, coming closer to the downstream end
the channel becomes dryer and not completely filled with water. At RH above about
45 % curved water menisci are formed in narrow passages, leading to capillary
condensation. In air-filled parts the water is transported as vapour diffusion along the
channel. Some of the water/vapour may also be adsorbed on the walls of the
channel, are stuck in very narrow pores or react chemically with compounds in the
pore walls. Some pores are so isolated and difficult to reach by the water that they
are filled with water first after a long period of water suction.

In thick concrete structures with a low w/c ratio there may be parts located in the
interior, which have a humidity of less than 100 %, even if the concrete is always

As submitted to ICOLD for publication, January 2009 Section 7-11



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 7 (Water permeability)

covered with water. The reason is that much water is used in these parts during the
hydration and external water has difficulties to reach these parts.

Water saturated part Not water saturated part
e N A Downstream

end

Upstream ,—— —~/
end

Adsorption

Reaction

Capillary
suction

Darcian flow
Vapour diffusion

Fig. 7.7 - Movements or fixation of water molecules in saturated or dry pores of
cement

7.24 Curing conditions

The same type of curing in laboratory and in field are of course different. Adequate
laboratory permeability is confirming a good pore structure (mix design) but it does
not take into account the influence of work execution and early-age cracking (field
curing).

Both the curing of concrete at an early degree of hydration, and the treatment
conditions, present at later stages, influence the permeability of the concrete as a
result of the formation of micro-cracks. The access to water, and use of an
appropriate curing temperature, are of great importance for the tightness of concrete.

Fig. 7.8, Fig. 7.9 and Fig. 7.10 and show laboratory results of the influence of
different curing conditions on the water permeability of concrete. The maximum size
of the aggregate was 32 mm. The water pressure was applied to a surface of the
specimens with a diameter of 170 mm (see paragraph 7.3.3) . Fig. 7.8 shows the
influence of different water curing times on the 28 day permeability, if curing is started
one day after casting. If the curing last 1-5 days the permeability is highly reduced
while the permeability is almost not affected by longer curing times. Fig. 7.9 shows
the importance of that curing with water begins as soon as possible after casting. Fig.
7.10 shows the influence of different methods of curing on the permeability.
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Fig. 7.8 - The influence of the duration of water curing on the permeability, if curing

has started day after casting. Concrete w/c ratio = 0.7. Age of specimens at time of
test = 28 days [7.6].
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Fig. 7.9 — The influence of the starting time for water curing of five day. Concrete w/c
ratio = 0.7 . Age of specimens at time of test = 28 days [7.6].
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Fig. 7.10 - The influence of different w/c ratios and curing conditions on the
penetration of water in concrete tested at 28 days. P = concrete for 14 days in
watertight moulds and afterwards in laboratory air; E, A and D = concrete for 2, 5 and
13 days respectively in water prior to its being in laboratory air [7.6].
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Powers and Copeland [7.9] showed by laboratory experiments that even in the case
of a very slow drying to 79 % RH and re-saturation the coefficient of permeability
increased 70-fold. Vuorinen [7.16] found the permeability to increase 100 times in
initially fog-cured laboratory specimens if they were first dried at +105°C and then re-
saturated. Even a short period of drying after demoulding can “destroy” the tightness
of concrete, due to the formation of micro-cracks.

The pore size distribution of the paste phase in concrete is strongly influenced by the
curing temperature. High temperatures increase the volume of large pores [7.13] and
also lead to micro-cracking, which both lead to higher permeabilities. Ekstrom [7.17]
found that if concrete specimens were heated at an early hydration age but not dried,
the initial permeability was about 100 times as high as for virgin specimens, although
it later decreased by a factor of about 100, probably due to continued hydration.

7.2.5 Degree of hydration

The permeability of concrete, mortar and cement paste is sensitive to the degree of
hydration or age at which a permeability test is started. The permeability is much
larger when testing is started at a young age [7.2], [7.3] and [7.9] (Fig. 7.11).
Concrete exposed to penetrating water at an early age may seal due to continuous
hydration. The degree of hydration (hydration rate) is typically around 0.9-0.95 for
well hydrated concrete in dams after long time. However, the hydration ratio depends
much on the availability of water. The lower the relative humidity (RH) the lower the
hydration rate becomes and beneath RH 80% the hydration stops [7.18]. That means
that in concrete structures where there might be somewhat dryer parts, as in parts
with low w/c ratio or inside thick dams, the hydration ratio will be lower than 0.9 even
after long time.
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Fig. 7.11 - Effects of length of cure on permeability of concrete [7.3]
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7.2.6 Water cement ratio

The higher the w/c ratio, the higher the permeability of both the cement paste and the
concrete is. Fig. 7.5 presents results of several investigations concerning the
dependency of w/c on the permeability of concrete. The data in the figure include
only specimens that were cured for at least 28 days and were tested without any pre-
conditioning.

If superplasticizers are used a lower w/c ratio can be used for the same workability as
a higher w/c ratio. A lower w/c ratio means a reduction of the permeability.

7.2.7 Large air- or water-filled pores

In hardened concrete there exist air-voids “naturally” made in the compaction
process. To improve the freeze-thawing resistance even more air-voids can be made
if air-entraining agents are mixed into the fresh concrete. Air-voids prevent water from
penetrating the concrete, leading to a lower permeability, as long as they are filled
with air.

However, as the water pressure increases, the air is compressed, possibly allowing
the water to pass. Also, the air bubble will gradually be filled by water. The higher the
pressure, the easier it is for the air in voids to be dissolved in water. However, a long
time is required before the air voids are completely filled with water, permitting the
permeability to increase. Many authors[7.3] [7.19] [7.20] emphasize the long period of
time, possibly hundreds of years that may be required before the water pressure
becomes steady across a wide concrete section, such as the gravity dam shown in
Fig. 7.12. Water is also sucked into the dam by capillary suction, increasing the
saturation rate. A long time is required, nevertheless, before saturation is completed.
In reality, water will penetrate more quickly if there are cracks or other cavities in the
dam.
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PERMEABILITY = 200X10™'2CU. FT/SEC/SQ.F T./ FT.HEAD/FT. LENGTH.
POROSITY=0.05 (INCLUDING HYDRATION).
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Fig. 7.12 - Calculated penetration of water into a 400-ft (122m) wide concrete dam for
various durations of hydraulic head [7.19]. Permeability in figure = 200-107'2
(ft/s)-0.305 (m/ft) = 6.1-10"" m/s.

7.2.8 Porosity and pore size distribution

The hydration of cement results in cement paste in the concrete with two forms of
pores: gel pores and capillary pores. The main flow of water goes in the capillary
pores (or cracks if these are present), which are much larger than the gel pores,
ranging from 10 nm up to 1 um in size. According to Hearn [7.14], Peer [7.21] has
shown that pores smaller than 10”7 m in diameter and with a length/diameter ratio of
2 or less do not contribute significantly to the water permeability of cement paste for
water. With increasing degree of hydration, the capillary pore system becomes less
connected, becoming filled with hydration products. Below a w/c ratio of
approximately 0.7, the connections within the capillary pore system become largely
blocked, whereas above w/c 0.7 no total blocking occurs [7.10].

Due to the highly complex pattern of the pore system in a porous material, no simple
relation between porosity and permeability can be found [7.22]. Nyame and lliston
[7.23] [7.24] conducted a study of the relationship between the permeability of
hardened cement paste and its porosity and pore size distributions with the aim of
gaining a better understanding of the significance of a threshold diameter in
connection with permeability. The authors concluded that the hydraulic radius of the
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pore system describes the measured permeability rather well (Fig. 7.13), except for
pore sizes of close to molecular dimensions. They found permeability not to be a
unique function of porosity, but to be dependent upon the w/c ratio as well, as can be
seen in Fig. 7.14. The authors assumed continued hydration to subdivide the pore
system into many unconnected pores. They suggested water flow to occur in distinct

flow channels.
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Fig. 7.13 - The relationship between the “continuous pore radius” and the saturated
permeability of hardened cement paste [7.23].
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7.2.9 Type, size and amount of aggregate

For a given water-to-cement ratio, the tightest concrete can be achieved by use of
such an aggregate, which has a shape and a size distribution that require a minimum
of mixing water. The aggregate should have a grading curve with as much of the
space between the larger particles as possible is filled with smaller particles, thus
reducing the amount of cement paste. Unstable mixes leading to bleeding might
produce channels in the concrete and cavities under big aggregate particles. This will
increase the permeability. The grading curve of aggregate shall be such that stable
mixes are produced. Use of larger and more porous aggregate makes the concrete
more permeable.

The larger the aggregate, the greater the risk of microcracks and the permeability
increasing [7.6]. The work of Ruettgers et al. [7.3] indicated that with the use of a
larger aggregate the concrete was more permeable (Fig. 7.4). Other researchers,
however, have not found there to be any strong relationship between the gradation of
the aggregate and permeability [7.4] [7.25]. Probably, the permeability is not
increased if larger aggregate is used if the concrete is well compacted and well
cured. However, if this is not fulfilled, concrete with larger aggregate is probably of
higher permeability because micro-cracks and cavities may be formed around the
aggregate.

7.2.10 Type of cement

Ingredients in the cement that consume calcium hydroxide and forms calcium-silica
hydrates gels, such as pozzolanic material (fly ash, silica fume, blast furnace slag),
usually decrease the permeability of concrete in the micro-scale level. On the other
hand, if cracks are formed, the sealing of them (paragraph 7.2.11) may be reduced.

The more finely the cement is ground, the tighter the concrete becomes [7.6]. On the
other hand, Powers et al [7.9] maintain that after some time pastes made from
coarsely ground cement are just as impermeable as pastes made of finer cement.
Any impact of cement fineness on permeability is tied up with the corresponding w/c
ratios (required for adequate workability), i.e. finer cement calls for higher w/c ratios,
which, in turn may increase water permeability. However, this reasoning is not correct
if the workability of fine cement concrete is improved by chemical admixtures
(superplasticizers, air entraining agents, etc.).

7.2.11  Leaching, self sealing or deposit of material inside a dam

The permeability of concrete may change due to the removal or the formation of
compounds inside the concrete or on the surfaces. For an example, the dissolution
and precipitation of calcium hydroxide may lead to a change in the permeability.

If solid material is leached away, the permeability in the area in question increases. In
[7.26] the permeability of concrete specimens made and tested in laboratory often
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rose sharply after their being percolated for some time. When the flow of water rose
rapidly, it appeared that the increase in flow took place in only a rather few individual
flow channels that had been broadened through material being leached away from
the channel walls. In such cases the flux could not be described in terms of a steady-
state Darcian flow but rather by a number of flow tubes described by Hagen-
Poiseuille’s law (paragraph 7.4.2).

If leached material comes in contact with carbon dioxide, or bicarbonate comes in
contact with calcium hydroxide, the resulting precipitation of CaCO3; may decrease
the permeability in the area, the concrete is self-sealed. The cement paste in
concrete may also seal due to continued hydration, which is discussed in the
paragraph 7.2.4. The backing of leaching by carbon dioxide is the reason why
siphons are occasionally used at the exit of drains, hindering carbon dioxide to enter
the drain hole (Fig. 7.15).

Fig. 7.15 — Siphon in a dam foundation gallery in order to avoid that the leaking
water from a limestone formation is exposed to carbon dioxide of the air.

In high dams, the head of water may cause pore rupture and thus increase the length
of continuous leakage paths. However, also the opposite may occur, namely that
high pressure may block pores by its silting up with material from the reservoir.
Permeability rates after first impounding may therefore not be representative for the
dam'’s later life cycle.

Pozzolonic material (fly ash, silica fume, blast furnace slag) decrease the amount of
free calcium hydroxide in the pore solution and thus also influence the permeability
(see 7.2.10).

According to Meyers [7.27], material can readily deposit inside a thick concrete dam.
Both Ca(OH), and CaCQO3; are more soluble at lower than at higher temperatures and
some of this material will be precipitated in the central portion of the concrete mass or
in dam galleries (Fig. 7.16). However, in the majority of cases CaCQOs3; precipitations
reduce permeability due to blockage and/or long-term self-colmatation.
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Fig. 7.16 — Excessive deposit of CaCO; - leaching from cement grout - in a dam
foundation gallery.

7.2.12  Workability and placing

The workability of concrete is important for tightness. The concrete needs to fill out
the mould and enclose the reinforcement. The grading of aggregate is decisive for
the workability, consistency and stability of the concrete. Experience shows that, at
equal w/c ratio, a stiff consistency results in concrete that is less tight than if the
concrete has a more plastic consistency [7.6]. In old concrete dams made of stamped
concrete, there is a considerable risk of the concrete not being tight, especially at
joints between different batches of concrete.

Potentially, entrapped air or honeycombing (large irregular voids due to poor
compaction) are damaging, even if they are isolated and do not form continuous flow
paths in the cement matrix.

A frequently observed detrimental effect on permeability is honeycombing along lift
joints. The reason is mainly incomplete compaction because vibrators are easily
damaged when touching the hardened concrete of the lift surface. In order to avoid
such damages the workers tend to pull back the vibrators before they touch the lift
surface.

Bleeding has equally serious effects; the formation of bleeding channels creates
continuous flow paths and the deposition of water pockets underneath coarse
aggregate particles” [7.14].
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7.2.13  The viscosity of water

The flow resistance of a liquid is highly dependent on its viscosity. In large flowing
channels, the viscosity of the water depends on the temperature. In very small
channels, such as in many of the pores in concrete, large intermolecular forces
develop between different ions in the water and between ions in the water and ions
bounded in compounds in the pore walls. When strong intermolecular forces need to
be exceeded, the viscosity becomes greater. Although all the evaporable water in
cement materials is mobile when subjected to hydrostatic pressure, some of it has a
high degree of viscosity. Powers [7.28] calculated the effect of w/c-ratio on the
viscosity (Tab. 7.2).

Tab. 7.2 - Computed relative viscosity of the fluid in saturated cement pastes, as
based on eq. 62 in Powers [7.28].

Wi/c Porosity | Hydraulic radius Factor for the increase in
€ (A) viscosity

0.38 0.280 7.8 47 600

0.45 0.346 10 2 700

0.50 0.395 12 600

0.60 0.461 16 134

0.70 0.489 18 78

Powers noted that the permeability is 5-6 times as great when pure water permeates
a cement paste than when salts, particularly NaOH and KOH, are dissolved in the
water. Powers and Copeland [7.9] also observed that the permeability increased
when alkali were removed from the pore solution. Some reports mean that the
roughness of the walls of the channels may extend through the laminar layer, causing
turbulent flow. The true viscosity also includes the turbulent viscosity [7.29].

7.2.14 State of stress

Experiments conducted by Wisnicki et al. [7.30] indicated there to be no significant
reduction in permeability due to 2-dimensional compressive stress being applied. A
stress of maximally 75% of their compressive strength was applied in the experiment.
It appeared that the main effect of stress upon the permeability of concrete was that
of closing major cracks.
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7.3 TEST METHODS FOR WATER PERMEABILITY

7.3.1 General

Measuring water mobility in concrete is generally a very difficult task. Unsaturated
concrete can be penetrated by water by means of a number of different mechanisms
such as adsorption, diffusion, chemical reactions, capillary suction and viscous flow
caused by over-pressure. The pore system may change its geometry due to the
formation or leaching of compounds or to swelling or shrinking. However concrete
permeability serves as a quality indicator of the dam concrete and it needs to be
tested, permeability tests being selected very carefully. Permeability through joints or
cracks, not here referred, is related to the whole structure more than to the mass
concrete materials (paragraph 7.1.6).

Testing samples taken out from real dams is especially difficult because such
samples are often not completely water saturated. If they are water saturated in the
test this saturation may more or less destroy the pore system, which changes the
permeability.

The variation of permeability in concrete is considerably higher than other properties,
for example strength. Alterations in preparation of the specimen, or in testing
procedures, and different ages of the specimens when tested, can lead to large
differences in the measured permeability. The degree of saturation of the concrete is
probably the major cause of discrepancies when results from different laboratories
are compared.

There are various advantages to use saturated concrete in permeability tests:

e there is only viscous laminar flow of water under such conditions. No absorption,
moisture diffusion or capillary suction take place;

e the flow can be calculated with the simple use of Darcy’s law, assuming viscous
flow;

e the flow is steady over time. Both in-flow and out-flow need to be measured in
order to ensure the presence of the equilibrium conditions;

e There is no shrinkage or swelling.

The disadvantage in only studying Darcian flow in saturated concrete is that such
concrete is not very frequent in real structures. In dams of reasonable good concrete
quality, saturated concrete is limited to a rather narrow portion near the upstream
face. The downstream face, exposed to air, has relative humidity below 100%.

Permeability measurements suffer from a lack of standardization. It is usually very
difficult to compare the results of different permeability tests due to differences in test
setups and procedures. The causes for these different results can be the following:
Different concrete mix designs (including the maximum size of aggregate);
Different curing methods (drying, heating, in air, in vapour, in water);

Different quality of the penetrating water;

Different concrete ages or different duration time of the test;

Different applied water pressures;

Different sizes of test specimens or made on different ways, e.g. cast or drilled out
from a larger block of concrete.
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One standard method for measuring the permeability in saturated concrete is
described in [7.31]. In a comprehensive study made of Scherer et al [7.32] several
methods are reviewed such as beam-bending tests, pressure decay test,
thermopermeametry test and dynamic pressurization test.

There are also a number of standard methods in which the water is forced into a
concrete that are not completely water saturated. After a certain time and under a
certain pressure, depending on the considered standard, the specimen is split in two
halves and the penetration of the water front is measured. One method is SS 13 72
14 [7.33], shown later on in Fig. 7.20 (paragraph 7.3.3). Other methods are
BS1881[7.34], ACI-SP 108 [7.35], DIN 1048 [7.36], ONORM B 3303 [7.37] and ISO
7031 [7.38]. Because the concrete is not completely saturated the test is in reality a
test of the combination of capillary suction and water tightness. However, based on
other investigations (see paragraph 7.3.6), the penetration depths are transformed to
a permeability coefficient comparable to the permeability coefficient in Darcy’s law.

The test equipment for measuring water permeability consists usually of (e.g. Fig.

7.17):

e A pressure side applying a pressure on the test specimen;

e Atest cell in which the specimen is placed;

e A measuring device at the outlet that measure the flow of water penetrating the
specimen.

All parts must be made of materials resistant to both high and low pH-values

Ordinary municipal ~Pressure tank

tap water flowing ~ of steel. Air under
into pressure  Pressure-
reduction Steel or plastic pipes.
l Rubber  valves )
Deionising A\ ‘ bladder J
aggregate ) a
Water n a— Rubber plug
d il and balloon
L 2 1 EEL) =
N pressurg Measuring
[ 2001ite W\ , glass
400 litre
storage tank. 1 !. 1L
p Water under N~
wmp pressure f Test ce]l'with
Plastic tube for entrapped ;Eiti;geclmen

air and for flushing

Fig. 7.17 - Permeability equipment, consisting of a deionising aggregate, a storage
tank, a pump, a pressure tank, pressure reduction valves and a number of test cells
containing concrete specimens [7.26].
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7.3.2 Preparation of specimens

The most important task is to decide what the relevant permeability is for the test, for
example:

e Permeability of virgin (never dried, never heated) specimens made in laboratory.
¢ Permeability of not virgin, e.g. dried and/or heated, specimens made in laboratory.
¢ Permeability of specimens taken out from a real structure.

For dams the first testing is most common and it is used as an indicator of the
durability of the concrete mix. Permeability testing should therefore be a standard test
in a pre-construction test program (see Table 2.1 in Section 2).

To achieve true Darcian permeability the test specimens preferably must be water
saturated before the test starts. If the specimens already are saturated before the
test, such as virgin specimens, they can be directly put into the test equipment. If the
specimens are not fully saturated, for example laboratory made not-virgin specimens
or cores drilled out from dams, the air inside the specimen must be forced or sucked
out of the specimen before a steady-state water flow appears. This can take different
long time depended mainly on the moisture content in the pore system, the pore size
distribution of the specimen, the history of treatment of the specimen, continued
hydration reactions, swelling, etc.

To saturate concrete without destroying the pore structure and changing the
permeability is difficult. Two main principles are commonly used: Forcing water into
the specimen or sucking water into the specimen.

If the specimen is exposed to external water pressure such a long time that the flow
becomes steady state, the specimen can be assumed to be water-saturated. In such
a case a test method like that described in Fig. 7.17 can be used. The possibilities of
continuous hydration or leaching must however be regarded if it takes a long time
reaching steady-state flow.

A faster method to water-saturate a specimen is to vacuum saturate the specimen. A
suitable method is described in NT Build 492 [7.39], point 6.3.2 . In another method,
specimens are dried in oven before the vacuum treatment. This is a quicker method
for withdrawing all air inside the specimens. On the other hand, this method will much
more alter the pore size distribution and porosity and thereby also increase the short
term permeability of the specimen. In long lasting tests the permeability often
decrease again due to continued hydration.

Given these difficulties, permeability testing from cores of existing dams is only
meaningful if serious defects in material-permeability are found to be prone for
investigations.
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7.3.3 The test cell

A test cell consists usually of a steel cylinder in which the test specimen is placed.
Between the specimen and the cylinder there must be some sort of sealing to avoid
water leakage. Different types of uniaxial test cells are shown in Fig. 7.18 and in Fig.
7.19.

A passive sealing is made, for example, of bitumen or epoxy that is let to stiff in the
gap between the cell and the specimen (Fig. 7.18). An active sealing can for example
be a rubber tube in the gap between the cell and the specimen and which is filled
with high-pressure air (Fig. 7.19a). Another example is when the specimen is made
conical with a membrane around it. The specimen is pressed down by the applied
pressure and becomes sealed (Fig. 7.19b). Fig. 7.20 shows a test cell used in the
standard method SS 13 72 14 [7.33] that gives the permeability indirectly via the
depth of the penetrated water front.

The test cell shown in Fig. 7.19b was used in an experiment described in [7.17] for
concrete specimens with a thickness of 50 mm and a diameter of 150 mm. For
concrete used in many dams, with aggregate of perhaps 120 mm or more, bigger
specimens and larger devices are needed. A rule-of-thumb is a diameter three times
as big as the biggest aggregate used in the concrete. Example of the permeability
apparatus suitable for testing mass concrete from dams are shown in Fig. 7.21.

50mm tong core section with clame
cast epoxy resin sides. mild steel top ring
concrete
_ perspex cover
R A base and
brass . 0'ring seals
: o cal
ring ‘..‘ .. \§ ) p resin
PR 1, RS o' ring seals ‘o’ ring seal
(- i mild steel bottom
water inlet plate
(pressurised) R R
BAKER'S CELL TAYWbOD ENGINEERING CELL

Fig. 7.18 - Examples of uniaxial cells with passive sealing [7.14].

Conical steel ring

steel end plate O-ring

concrete specimen O-ring

Tl =
S TR
,B q,' Latex membrane N AT
preseal g Fas Steel plates
steel containing '”
ring I S
50mm I Pressure side N
| :g;\ g:a(glbeerubber (inlet) ke 17 =k Downstream side
[ perspex cylinder S (outlet)
bolt R
L | i \_"’\ L Concrete specimen

LAWRENCE'S CELL
(@) (b)
Fig. 7.19 - Examples of uniaxial cells with active sealing from (a) [7.14] and (b) [7.17].
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A Flat support, e.g. a table.
B Tightening ring of rubber with a diameter of 170 mm.

C Supporting ring of steel outside the rubber ring.
D Concrete specimen.

E Supporting and locking frame
F Pressurized water inlet.

Fig. 7.20 - Text set-up with uniaxial cells described in the standard method SS 13 72
14 [7.33]. In the test a water pressure of 0.8 +/- 0.03 MPa is applied for 24 +/- 2 hours

whereupon the specimen is immediately split in two halves and the penetration front
is measured.
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Fig. 7.21 — Permeability apparatus used for testing mass concrete [7.3].

Generally permeability testing at dam sites need to use a simple test set-up.

Fig. 7.22 shows a device used for dams to test permeability at site. The pressure
vessel is used for both cylinders and cubes. The pressure is increased stepwise from
0.5 to 30 atm. (or less for small dams). Each pressure range is kept constant for 24
hours and a protocol records any leakage. Generally, good concrete will not leak at
all after the 10 cycles reaching 30 atm. Then the specimen is crushed and the water
penetration depth is measured and a corresponding Darcy value calculated.
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Fig. 7.22 — Device for permeability testing of large concrete dams.

7.3.4 The pressure side

Gravity dams have a pressure gradient as low as 1.3 to 1.4 meter water head per
meter of width of the structure (m/m), a 100 m high dam being traditionally 75 m wide
at the base.

Arch dams can have pressure gradients of up to 12 (m/m). Buttress dams can have
gradients of about 30 to 40 (m/m) over their front slabs. The buttress itself may have
a more complex pattern of gradients, the complexity depending on the geometry, the
possible cracks that leak water and the moisture conditions close to the pillar.

Of particular interest for controlling permeability is the pressure head between
reservoir pressure and dam galleries close to the upstream face. Some designers
stipulate a gradient not exceeding 25.

The most common ways to achieve a water pressure on the specimen is:

e Place the test cells inside a hydropower station and subjected to the headwater;
e The water is pressurised by a container with high pressure gas;

e A pump pressurises water inside a container (Fig. 7.17)

7.3.5 Water flow measuring

The method for measuring the flow of water coming out from the specimens must
fulfil the following requirements.

The out-flow end of the specimen must be filled with water, in order to avoid any
contact with air before water have percolated out from the specimen.
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The measuring exactness must be suitable to the amount of water that comes out
from the specimens. Some concrete has very low and some very high permeability. It
should be possible to read the amount of water in an exact way, but on the other
hand, the water shall not spill over the measuring vessel.

The measuring vessels shall not let air in or moisture out. If air is let in, the CO5 in it
will form CaCQOj3; with the percolated solution coming from the specimen. If moisture is
let out, the correctness of measured volume of water will be wrong.

There should be careful investigations regarding possible leakage through the
sealing. If there is any flow channel in the sealing, the flow of water may be very
much higher than through the specimen only.

7.3.6 Expression of results

When steady state flow of water is reached, the permeability coefficient is calculated
as (see equation in 7.1.2):

K = QuL/dP/A (7.4)

where:

kw = permeability coefficient (m/s)

qw = water flow (m®/s)

dP,, = difference in pressure (m) between upstream and downstream end of the
specimen;

L = length of specimen (mg;

A = cross section area (m®).

For penetration tests, i.e. for not completely saturated specimens, the penetration
depths may be transformed to Darcian permeability. Sallstrém [7.7] studied relations
between the standard method SS 13 72 14 [7.33] for testing the water penetration
(Fig. 7.20) and one method for testing water permeability. A relation is shown in Fig.
7.23.

Conventional dam concrete has generally a inherently low water permeability [7.40].
Good proportioned concrete mixes placed with good vibration and subjected to a

suitable curing, usually show permeability values in the range of 10-10 t0 10-13 mys.

In Tab. 7.3 the permeability coefficients k,, are reported for some Bureau of
Reclamation dams. Specimens for Dworshak and Lower Granite dams were 150 x
150 cm (6 x 6 in.) cylinders while specimens for the other dams listed in Tab. 7.3
were 460 x 460 mm (18 x 18 in.). The tests were carried out under a pressure of 2.8
MPa (400 psi).
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Fig. 7.23 - Relation between permeability and penetration depth for concrete
composed of low-heat cement and 4 to 6 percent air, 32 mm maximum aggregate
size and various w/c-ratios (0.55 to 0.82) [7.7].

Tab. 7.3 — Mass concrete water permeability [7.41]

Dam Water permeability coefficient ky
(m/s)
Hoover 5.99 *10°°
Hungry Horse 1797107
Canyon Ferry 1877107
Monticello 7.93*107
Glen Canyon 1757107
Flaming Gorge 1.077107
Yellowtai 1.90 *10°7
Dworshak 1.847107
Lower Granite 4.54* 10"
Anchor 4.37* 10"
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7.4 MODELING WATER PERMEABILITY IN SATURATED CONCRETE

7.4.1 Introduction

Many models describing the mobility of water in a porous material such as concrete
have been developed through the years. It should be emphasized that the complexity
of the microstructure of cement paste, mortar and concrete is so great that it is not
possible to derive their macroscopic properties from simple flow rules on a micro-
scale without efforts being made to model the structure itself [7.42]. It is above all the
enormous scale differences in the material, ranging from a 2 nm to approximately
100 nm pore diameter size and to the atomic size of the elements that are difficult to
include in a model.

Methods for modelling fluid motion are usually classified into two groups, the one
being microscopic models and the other macroscopic models.

Microscopic models describe the motion involved in terms of each of the small
tubular conduits in the porous medium, using a statistical approach. By these models
more detailed studies can be made regarding transport of water and other
constituents as air, ions, etc in concrete at different properties and geometry. On the
other hand the verification with experiments is often very complex and difficult, not
suitable for any standard tests of mass concrete from dams. Often a microscopic
model can be used for macroscopic calculations, if estimations are made of how to
“smear out” the microscopic model on a larger volume and in more than one
directions.

Macroscopic models describe the fluid as a unit moving at a macroscopic-average
velocity, which can be given, for example, by Darcy’s law. Macroscopic models are
more useful for estimating the permeability for mass concrete in real structures and
they can be used for 2- and 3 dimensional dam structures directly in analytical or
numerical models and can be verified in tests in a relatively easily way.

Van Brakel [7.44] divided the modelling of porous media into two other main types:
pore space and non-pore space models. Pore space models can involve the
conception of connected tubes or discrete particles in one, two or three dimensions.
These are often suitable for examining microscopic behaviour. Non-pore space
models can be empirical correlations (such as Darcy’s equation), discrete particle
models, continuum models or statistical models, often suitable for analysing
macroscopic behaviour. Van Brakel is of the opinion that even non-pore space
models need always to some extent to be attached to a pore space model. With
respect to capillary liquid transport in particular, he regards the sensibility of using the
continuum approach as being disputable.

74.2 Macroscopic (non-pore space) models for mass concrete

Macroscopic, or non-pore space, models are often used to calculate homogenous
percolation of water in a continuous body of concrete, e.g. a dam. A commonly used
model is Darcy’s law for saturated concrete, but also other models are used for
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example when the concrete is not saturated (e.g. Richard’s equation) or if the water
velocity through the concrete is rather high (e.g. Brinkman equation).

Darcy [7.1], in filtrating water through sand in a circular tube, found the following
empirical relationship (Darcy’s law) concerning homogenous flow in saturated,
porous media:

g =k A o=h) (7.5)
L
where g, = the amount of the percolating fluid (m®s); k, = the bulk permeability
coefficient, which depended on both the porous media and the fluid (m/s); Ay = the
cross sectional area of the filter bed (m?); hy, h» = liquid that rises above an arbitrary
level at the inlet or outlet end of the filter bed (m); and L = the length of the filter bed
(m) (Fig. 7.26).

Py

L}

Reference level

Fig. 7.26 - A principal figure in Darcy’s experiment [7.45].

In its original form, Darcy’s law overlooked hydrodynamic microscopic flow in a
complicated system of pores. The law is an averaging macroscopic one. The
macroscopic approach is commonly used in modelling work and is the perhaps the
only approach that can be verified experimentally. In practice, it is the value kw that is
usually measured and reported. According to Collins et al. [7.46], there is evidence,
however, that the flow of water through saturated concrete, mortar and hardened
cement paste very closely approximates Darcy’s law [7.3] [7.11]. Darcy’s law is
limited in some aspects. It is essentially valid for the following [7.47]:

e Homogenous, steady-state flux in saturated, porous media

e The permeability coefficient ky, which is fluid-dependent (it depends on the
viscosity)

Incompressible fluids

Isothermal conditions

Creeping, laminar flow (very low velocity)

Newtonian fluid

Flow through a relatively long, uniform and isotropic porous medium

A low level of hydraulic conductivity in the medium
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Darcy’s equation can be restated in terms of the pressure p and the density p of the
liquid. The pressure at the two ends (see Fig. 7.26) can be written as [7.22]:

hi = pi/(p-9) + z1; ha = po/(p-g) + 22 (7.6)
where p/(pg) = pressure head (m); and z = height above an arbitrary reference level.
Darcy’s equation is then reformulated to

— A
(u+z2—zl) (—p+Az)

g, =—k,-4—L8 i =—kW-A-pgT (7.7)

Trying to write the equation for infinite filter lengths Al and at the same time simplify
by introducing a hydraulic potential (sometimes called a piezometric head), Pw
=p/pg+z, and assuming no variation of kw or p, Darcy’s equation becomes:

Vw = _kw VPM (78)
where vy, = seepage velocity (m/s). Note that the velocity vy, is to be understood as

the bulk velocity and not as the velocity u in an individual flow channel. For an
isotropic porous medium, permeability becomes a tensor:

v, =-k, -VP, (7 . 9)

A balance of the water volume can be written as

Da;; L i Vo) (7.10)
where D = damping; and Co = source or sink (e.g. hydration) of water (m3/s). Under

steady-state conditions, the partial time derivatives and source term €» vanish.
Equation (7.10) suits well to be calculated using the Finite Element Method.

74.3 Microscopic (-pore space) models for more detailed studies

Microscopic, or pore space, models can be used directly for calculations of water flow
in distinct flow channels as for example in cracks or they can be transformed to a
homogenous percolation of water in a continuous body of concrete.

According to Scheidegger [7.22], flow through porous media appears to take place
along flow channels at the local (pore) velocity, u. The macro scale filter velocity v of
the fluid is smaller than the local velocity, as often described by the Dupuit-
Forchheimer equation:

v=>a-u (7.13)

where v = filter (bulk) velocity of the fluid (m/s); ® = porosity (m*m?®); and u = local
velocity of the fluid in the flow channels (m/s). The local velocity is assumed to
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fluctuate both between channels and along channels. In the Fochheimer equation, v
is an average velocity.

A pore space model of the flow of a fluid through a porous medium is often based in
some way on the Navier-Stokes equations for incompressible fluids.

Vou=0 (7.14)

ou

at+pwu~Vu+Vp—ﬂV-(Vu+VuT)+pr=0 (7.15)

pw

where p,, = density of water (kg/m°); u = local velocity of water (m/s); p = hydrostatic
pressure (Pa); 4 = dynamic viscosity (Pa-s); and g = acceleration due to gravity
(m/s?). Note that the velocity u is the velocity within each small flow channel and not
the bulk velocity of the material.

Assuming steady-state flow, a straight, smooth and horizontal circular tube, laminar
flow and the velocity of the fluid being zero on the walls of the tube allows Navier-
Stoke flow to be integrated with the Hagen-Poiseuille equation:

2
y -9 4 (7.16)
32u L

where Umean = mean velocity in the tube (m/s); Ap = pressure gradient (Pa); L = length
of the tube (m); d ¢ = diameter of the tube (m). Observer that in small tubes/pores the
water at the walls is hard bounded to the wall and not involved in the transport, so the
diameter should be reduced to the diameter in which the flow take place. The total
flow of water through a tortuous, rough tube in concrete may be estimated by

o g A L N pd | md &
w,ube — 'w “mean ube

= =r,
L " 3u L 4 " 128-u L

(7.17)

where Qu.uwe = flow through the tube (m®3/s); and r, = reduction factor (-) taking
account reductions for real flow tubes in cement materials due to deviation from a
large, strait and smooth cylinder (that the Hagen-Poiseuille equation assumes).
Fluxes caused by gradients in hydraulic head P, (m) are written in terms of the same
equations as above but are multiplied by the fluid density p, and the gravity
coefficient g.

Under these same conditions the integration of Navier-Stoke for the flow of fluids
through parallel slits, for example for a real crack in a dam, gives

3
g =r (7.18)
U

where L = flow channel length of the slit (m); w = slit width (m); and b = slit length
perpendicular to the flow direction (m); r, = “surface roughness factor”, generally
about 0.01-0.2 .

A very simple capillary model of flow in one direction in concrete is that of a bundle of
straight parallel capillaries of uniform diameter together with the Hagen-Poiseuille
equation.

As submitted to ICOLD for publication, January 2009 Section 7-33



ICOLD Bulletin: The Physical Properties of Hardened Conventional Concrete in Dams
Section 7 (Water permeability)

8 ke, Op
o B by (7.19)
2
K, =r, Mt (7.20)
32
g
4= (7.21)

where g, = water flow in all capillaries with a particular size a (m*/s); k. = specific
permeability of all capillaries with a particular size a (m?); dp/dx = the pressure
gradient (Pa/m); n, = the number of capillaries of diameter ¢, per square meter cross
section (nos./m?); and u = the dynamic viscosity (Ns/m?); r, = reduction factor, see
equation (7.17); and A, = the cross-sectional area of one capillary of size a (m?).

7.4.4 Combined water flow in a “real dam”

In a real structure exposed to one side water pressure, the water flow is a
combination of true Darcian flow (in saturated media) and moisture flow in not
saturated media [7.48]. Fig. 7.25 shows a thick concrete dam where there is a
hydrostatic pressure against the upstream face of the dam and the downstream face
is exposed to air. The concrete is saturated and the internal water pressure is
hydrostatic down into a point near the downstream face, where the humidity reaches
100 % RH. Further downstream, the internal relative humidity decreases down to the
current climatic condition at the downstream face. A sunny summer day, the relative
humidity at the downstream face can reach as low as about 30-40 % RH. The water
transport is caused by a combination of over-pressure, suction and diffusion. Finally,
at the downstream face, evaporation to the surrounding air occurs.

Upstream Concrete dam
water level
2 P,
___________ RH=100%
i
B — i J — B
! RH
Ny
Saturated zone. —_ _/ i
Flow due to over- i .
. a L-a Evaporation zone. Flow
pressure gradient. >le
L ‘ due to vapour pressure
gradient.

Fig. 7.25 - A schematic of a thick concrete dam with a combined water flow in a
section B-B. In this section the upstream face is in water and the downstream face is
in air. The section has one saturated zone and one evaporation zone
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In a combined transport of water, the flow of water in the over-pressure part is the
same as the moisture flow in the not saturated part. Assuming Darcy’s law to be valid
the flow of water in the saturated part is:

v =B (7.22)
a

where v, = water flow (kg/(m?s)); B = permeability coefficient (s); dp = pressure
difference (Pa); and a = distance to the saturation level (m) (Fig.7.25). This distance
a to where the concrete is not longer water saturated can be written as [7.49]:
a= k. dp L (7.23)
Vyy ciooserr " Haroomrn Tk, dp

where Vicio0%rH = measured flux of water below 100 % RH in laboratory (kg/(m?s));
H.100%rH = the thickness of the specimen tested in laboratory (m); and L = the total
thickness of the dam (m). Downstream this saturation level where RH goes below
100 % the flow of water is driven by a vapour pressure gradient. Data of some types
of concrete considering equation (7.23) can be found in Hedenblad [7.48].

Another case of combined water flow in a concrete dam with an inspection tunnel is
from the upstream surface to the tunnel. The saturation point RH=100% lays a little
bit into the upstream wall of the tunnel. Upstream this point there is saturated Darcian
water flow and downstream this point, and out in the air inside the tunnel, there is a
diffusion flow.

If there is water at the downstream face, water flow will of course be depended only
on hydrostatic pressure all the way from the upstream to the downstream face.
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8.1 GENERAL

The deterioration of the concrete in a dam can be ascribed to a series of chemical and
physical causes (both internal and external). Almost all of them are related to the
permeability of concrete which represents the most important engineering parameter for
evaluating the concrete durability. From this point of view an important influence is also
played by the presence of cracks and defects on the surface of construction joints and
on vertical block joints.

The aggressive waters in the reservoirs are the most common cause of external
chemical deterioration while the alkali-aggregate attack can be considered a chemical
attack from within the concrete. They have been specifically dealt with in “ad hoc”
ICOLD Bulletins such as Bulletin n° 71 (“Exposure of dam concrete to special
aggressive waters “) and Bulletin n°79 (“Alkali-Aggregate Reaction in concrete dams®).

Freezing and thawing is the most common external physical attack in moderate
climates and it is specifically treated in this Section. A frequent internal physical cause
for concrete deterioration, such as the rise in concrete temperature due to the cement
hydration, has already been examined and discussed in the previous Section 6 —
Thermal Properties.
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8.2 FROST RESISTANCE, MECHANISMS AND EFFECTS

The deterioration by frost action (freezing and thawing cycles) on a saturated concrete
is related to the transition phase from water to ice, inside the concrete, and to the
correspondent increase of volume (around 9%). If the degree of saturation (% of water
filled pores) is less than 80 to 90% this increase of volume could be sustained by the
concrete without any damage. On the contrary if the degree of saturation reaches these
threshold percentages, the ice formation is able to induce an internal tensile stress
state that can lead to concrete deterioration, with cracking and spalling (Fig. 8.1 and
Fig. 8.2).

According some authors a value less than 90% should be considered as threshold
value for the degree of saturation [8.1].
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Fig. 8.1 - Influence of the degree of saturation on the frost resistance of concrete [8.2]
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Fig. 8.2 - Concrete spalling on a spillway pier [8.3]

Freezing starts in the largest capillary pores and, as soon as the temperature
decreases, gradually extends to the smaller ones. Due to the wide range of pore radii in
the cement paste, it is only about 1/3 of pore water, which will be frozen at a
temperature of — 30° C, and only 2/3 will be frozen at — 60 °C [8.3]. Water in gel pores
does not freeze above — 78°C. This explains why at lower temperatures more ice is
formed and a greater damage is induced. Repeated cycles of freezing and thawing
naturally involve a more severe deterioration through a cumulative effect.

During freezing a diffusion process is also developed: not yet frozen water in the
smallest pores tends to move towards the larger ones, where freezing is already
possible (Fig. 8.3). This favours the filling of larger pores with ice. Any subsequent
water flow causes an internal hydraulic pressure whose magnitude depends on several
factors as the possibility of water to find “an escape way” (for example nearby air
bubbles, suitably provided by air entraining agent), the water permeability of the cement
paste and the rate at which ice is formed [8.4] [8.5].
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Fig. 8.3 — Scheme of the cement paste and air void in a concrete with capillary pores
where the water is freezing and the cold front running to the escape boundary
represented by the surface of the air void system [8.4].

If the expansion of the system exposed to freezing and to the consequent internal
hydraulic pressure, is such as to generate tensile stresses higher than the concrete
tensile strength, then deterioration takes place. It can appear in several forms.

The most common is cracking that can be so widely extended as to cause part of the
concrete be detached (“spalling” - Fig. 8.2 - and “pop-outs”).

In concrete slabs or blocks cracks can sometimes appear with a course parallel to the
joints or to the boundaries, assuming a D-like shape called “D-cracking”. If the
aggregate is non-frost resistant pop-outs can appear, starting from the pebble itself.

In the presence of de-icing salts, as in the case of roads running on the top of a dam,
where salts are used to lower the water freezing point and therefore to reduce the risk
of ice formation, the deterioration mechanism and freezing pattern is further
complicated [8.6] [8.7]. (see Fig. 8.8 and Fig. 8.9 in paragraph 8.3.2)
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8.3 FACTORS AFFECTING THE FROST RESISTANCE

Freezing and thawing deterioration of concrete is affected by several factors, some of
which can be related to the external exposure conditions and some other to the quality
of concrete (cement paste and aggregates).

8.3.1 Conditions of external exposure

The main factors related to the external environment are:

e the humidity content inside the concrete during freezing

e the number of freezing-thawing cycles, the lowest temperature and the freezing rate
e the eventual de-icing salt presence.

This last is a typical condition for roads and relative concrete structures but not for
dams. Therefore it will not be treated in this Section.

8.3.1.1 The humidity content inside the concrete during freezing

The humidity content inside the concrete (degree of saturation) depends on the intrinsic
water content and on the exposure conditions of the concrete elements. The most
critical zones are those that favour the preservation of the saturation conditions during
freezing as parts of the hydraulic structures in contact with water and the horizontal
surfaces exposed to the external environment.

Among the more susceptible elements in the hydraulic structures the upstream faces
can be quoted (in the zone of reservoir fluctuations), the spillways, the inlets and the
exits of galleries. Typical horizontal surfaces of concrete elements exposed to the
external environment are the dam crest and parts of appurtenant structures (spillway
piers, valve chamber roofs), all not a part of the dam’s proper mass concrete. The
vertical surfaces of concrete simply exposed to the rain are hardly affected by freezing,
unless subject to a water load.

Concrete at low temperatures can easily reach the saturation conditions if exposed to
flows of damp and warm air.

8.3.1.2 The number of cycles of freezing-thawing cycles, the lowest temperature and
the freezing rate

The number of freezing and thawing cycles is usually higher at the beginning and at the
end of the winter and the total number depends on the geographical location of the
structure, its altitude above the sea level and the exposure conditions to the sun.
Besides, as already mentioned, the lower the temperature reached during the frost
cycles, the larger the freezing effects - reaching even water in smallest pores.
Furthermore the freezing rate has a significant influence on the frost resistance. Some
authors [8.8] have reported that the rate of freezing inside concrete exposed to natural
cycles rarely exceeds 4 to 6 °C/h but on the concrete surface it can be much higher.
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8.3.2 Quality of concrete

Among the concrete characteristics, the pore structure in the cement matrix and the
permeability are of particular importance in relation to the frost resistance. They are
strictly related to the concrete mix design and to the casting technique.

8.3.2.1 Pore structure in the concrete

The pore structure is characterised by the type of pore and its dimensional distribution
inside the cement paste. As for the type of pore, isolated or interconnected pores can
be found: the interconnected porosity is naturally of main interest as it allows the water
transport inside the concrete.

The dimensional range of the pores | in the hydrated cement paste embraces different
orders of greatness: from 10" *to 10 microns as radius. A possible classification is as
follows:

- macro-pores (and cavities)
- capillary pores
- micro-pores (the gel's pores).

The macro-pores have a size larger than 10 to 10*? microns. In this range falls the air
bubbles artificially produced for withstanding the freezmg and thawing cycles The
capillary pore embrace the range that goes from 10/10% mlcrons down to a 107'/10
microns. Finally the micro-pores are those smaller than 107/10% microns. Only the
macro-pores and the interconnected capillary pores are of interest in relation to the
concrete frost resistance. The lower is the presence of macro and capillary pores in the
cement pastes and the higher is the concrete frost resistance.

Tests by the US Portland cement Association indicate that vibration frequency generally
has a detrimental effect on the stability of the air-entrained void system, particularly at
higher water/cement ratios [8.9].

8.3.2.2 Concrete permeability

The permeability represents the main engineering parameter affecting the concrete
frost resistance. It depends not only on the macro- and capillary interconnected porosity
(intrinsic permeability of cement paste) but also on the porosity of the interface between
cement and aggregate [8.10].

Furthermore, the presence of cracks and discontinuities (like lift joints) can produce
important changes in the water flow conditions inside the mass concrete, affecting
considerably its permeability. The reduction of the permeability is to be considered as
the first provision to adopt for the protection of the concrete from frost damages. The
test methods for its evaluation have been presented and discussed in the previous
Section 7.
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8.3.2.3 Concrete mix design

Provision of escape boundaries in the cement paste and refinement of its pore structure
are the two parameters that should be assured through a proper concrete mix design
[8.4] [8.5].

It is generally accepted that for withstanding the frost action a minimum volume of air
bubbles (A), suitably sized and homogeneously distributed in the cement paste, is to be
present in the concrete. This air volume is related to the maximum size aggregates
(MSA) and, for mass concrete, the values suggested by the American Concrete
Institute [8.11] are those reported in Tab. 8.1. Because this amount of air is usually not
formed inside the concrete, a suitable air bubble system is to be induced and entrapped
through the use of special air-entraining admixtures, during mixing.

Tab. 8.1 — Volume of air required versus the maximum size of aggregate (MSA)

Maximum Size Aggregates Volume of required air
(mm) (%)
150 3.0
70 3.5
50 4.0
40 4.5

If the value of air formed in the concrete is less than prescribed in Tab. 8.1, the
concrete is not to be considered frost resistant. If, on the contrary, the air value is
satisfactory, then the other parameters of the air bubble system are to be evaluated:
micro-bubbles average diameters (D) and their mutual distance (L). The average
diameter of the air micro-bubbles has to be in the range of approximately 20 and 100 p
while their mutual distance should not be larger than 100 — 200 p. This last value
defines in practice the sphere of action of every micro-bubble, acting as escaping way
for the internal hydraulic pressure. The influence of the “spacing factor L on the
concrete frost resistance, quantified through the durability factor (D.F.), as defined by
the ASTM C666 (paragraph 8.4) is shown in Fig. 8.4. The influence of air-entraining
agents on the frost resistance is clearly documented in Fig. 8.5, where the freezing and
thawing performance of different concretes, with and without air-entraining agents, is
reported and compared [8.12].

As for the pore structure of a hardened concrete is concerned, the water/cement ratio
and the degree of cement hydration are the main factors involved [8.4] [8.5]. For a
given degree of cement hydration, the higher the water/cement ratio the higher will be
the volume of the pore system and then the amount of freezable water that resides in
the large pores (Fig. 8.3 and Fig. 8.6).
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Fig. 8.6 — Example of the water/cement effect on the concrete frost resistance [8.13]

The importance of the water/cement ratio on the freezing and thawing resistance is
recognised by the standard. For example, for concrete subjected high saturation
without deicers as in exposure classes XF3 (High saturation without deicers) of EN 206
[8.14] (that is the most common case for dam concrete) the Standards requires a
maximum water/cement ratio of 0.5, together with a minimum cement content and
entrapped air.

High water/cement ratio means large capillary pores and voids that could act as
“escape way” for the water under pressure due to the cold front. However this high non-
uniformly distributed porosity is the cause of high permeability and high degree of
saturation that are predominant factors in concrete decay.

Fig. 8.7 is showing the influence of maximum size of aggregate (MSA) to frost
resistance [8.12]: at equal cement content, the Young modulus of concrete specimens
with lower MSA is subjected to a more fast freezing and thawing deterioration. The
behaviour of concrete with 250 kg/m3 cement content is better than the other (175
kg/m®) because of the better quality mix and lower permeability. Contradictory results
are however reported by other authors [8.15]. However, numerous test results confirm
that larger MSA-concrete needs less air content than concrete with smaller MSA to
achieve frost resistance, the difference being approximately 1% of air content between
MSA=150 mm as compared to MSA=30 mm [8.12].
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Fig. 8.7 — Concrete frost resistance related to the maximum size of aggregate (MSA)
[8.12]

Porous and permeable aggregate are not suitable for concrete to be used in frost
sensitive structures. The mechanism of the aggregate deterioration by freezing and
thawing is similar to that of cement paste, already described in this Section (paragraph
8.2). The stress on aggregates depend, among other factors, on the degree of water
saturation, as well as the rate of cooling. Suitable test methods for assessing the
aggregate resistance to this form of weathering are reported in national standards for
concrete aggregates.

For example in the European Standard (EN1367-1) the aggregates, having been
soaked in water at atmospheric pressure, are subjected to 10 freezing-thawing cycles.
This involves cooling to —17.5 °C under water and then thawing in a water bath at about
+ 20°C. After completion of cycles, the aggregates are examined for any changes
(crack formation, loss in mass and changes in strength).

Well documented is also the influence on frost resistance when blending Portland
cements with mineral admixtures (pozzolans, slag, fly ash). This can be concluded from
a changed decline of the modulus of elasticity during frost-thaw cycles when replacing
part of ordinary Portland cement by the above admixtures [8.12], [8.13],[8.16].
However, whatever composite is used, the beneficial influence very much depends on
the adequacy of the air-void system within the concrete (use of an air-entraining agent)
and the curing conditions. Some investigations also showed that pozzolans seem to
enhance frost resistance more than fly ash and slag [8.17], [8.18], [8.19], [8.20].
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8.3.2.4 Casting technique

The concrete pore system is related not only to the concrete mix design but also to the
casting technique and in particular to the type of vibration. Low vibration can induce
large pores and cavities that are detrimental, as above explained, for the concrete frost
resistance. But also excessive vibration of concrete during placing, with the
consequence of reducing air bubbles generated through the use of air-entrainment
admixtures, has a detrimental influence on the frost resistance.

Measurements on concretes from some Swiss dams [8.21] showed that the air content,
as measured in the laboratory, decreased considerable when measured much later
(after 20 years) from cores. For example, at their Moiry and Sambuco dams the initial
laboratory air content value of 3.6% decreased down to 1.1% and 1.5% respectively in
the concrete cores. An evaluation of frost resistance by the method of "critical degree of
saturation" (paragraph 8.4) of the 20 year old dams concrete showed then also
insufficient frost resistance because of a low percentage of "not fillable" pores (1.2 to
2.3%).

8.4 METHODS FOR EXPERIMENTAL DETERMINATION OF THE CONCRETE
FROST RESISTANCE

Different test methods have been proposed by National or International Standards for
the experimental determination of the frost resistance of concrete, both with and without
de-icing salts. Some of them are here presented, with reference to the case without de-
icing salts, more frequent for the concrete dams.

Most of the tests include placing the concrete specimen, after an initial curing period, in
a freezing chamber where nominal freezing-thawing cycles are applied. They consist in
alternatively lowering the temperature of the specimens from about +5°C to about —
20/25 °C, in a period of time sufficient to freeze to centre of the specimens, and then
rising it from — 20/25 °C to + 5 °C. The rate of temperature changes varies between 5
and 15 °C/h. The specimens are repeatedly subjected to these cycles until visual
observed or objective damages are assessed. For example the length change and the
weight loss of the specimen is measured and the static or dynamic modulus of elasticity
of the concrete is calculated. The frost resistance is quantified by the number of cycles
at which the concrete properties show an appreciable variation. A concrete expansion
of 0.1% or a reduction of the modulus of elasticity to about 50-60% of the value of the
start of the freezing-thawing test are usually considered to represent concrete failure as
this degree of disintegration is associated to loss of structural usefulness and concrete
integrity [8.22]. Examples of results of this test are reported in Fig. 8.5 and in Fig. 8.7

Usually this test is not intended to provide a quantitative measure of the length of
service that may be expected from a specific type of concrete; satisfactory freeze-thaw
resistance is considered as a indicator for durable concrete. Therefore freeze-thaw
testing is also meaningful for climates without sub-zero temperatures.
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In fact the freezing process in the real structures is different and affected by a large
number of factors and local conditions not represented in the test. For example in the
real structures the cold front normally proceeds in an unique direction form outside to
inside, while in the text the cold front proceeds from all the surfaces of concrete at the
same time [8.23].

In the ASTM C666 Standard test method (“Resistance of concrete to rapid freezing and
thawing”) two different procedures are proposed: Procedure A, rapid freezing and
thawing in water and Procedure B, rapid freezing in air and thawing in water”.
Procedure B is considered less severe and less like nature as it acts on hydraulic
structures than Procedure A [8.24].

According the ASTM C666, a Durability Factor (DF) can be calculated as follows:

DF =P*N/M
Where:
P = relative dynamic modulus of elasticity at N cycles, %
N = number of cycles at which P reaches the specified minimum value for

discontinuing the test or the specified number of cycles at which the
exposure is to be terminated
M = Specified number of cycles at which the exposure is to be terminated (300)

Among the other types of test methods proposed for assessing the frost resistance of
concrete, the critical degree of saturation method [8.25] is worth while to be quoted.
The test is based upon the existence of critical degrees of saturation at freezing, where
degree of saturation is defined as:

Where V,, is the total water volume evaporable at 105 °C and V, is the total open
volume before freezing. In V, are also included the air entraining air bubbles, the
compaction pores and the aggregate pores. Hence S = 1 corresponds to a complete
waterfilling of all pore space in the concrete.

The frost resistance is defined as
F = Scr— Sact

Where Scris the critical and Sacris the actual degree of saturation. Scris supposed to
be independent of outer climatic conditions. It can, therefore, be regarded as a material
characteristic analogous to the “compressive strength”. At moisture contents higher
than Scr, the concrete will be seriously damaged by freezing and thawing. Below Scg
no damage occurs even after a large number of freezing and thawing cycles.

Sact is the moisture content prevailing in the concrete at the actual instant. Sacr, for a
certain concrete, will be a function of the way the concrete is used, of the environment
and of time. Hence Sacr is dependent on environmental and construction factors only
and is therefore analogous to the “actual stress”.

The test is divided into two parts:
e part 1: a freezing and thawing test for determining Scr
e part 2: a moisture absorption test for determining Sacr.
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Even if this last test method appear as a promising test, it still remains in the research
field [8.26].

Some guidance criteria for the test methods to be highly accurate and reliable are
reported in reference [8.27].

8.5 LABORATORY DIAGNOSTIC INVESTIGATIONS

The best method to avoid frost damage to concrete is to prevent it from absorbing water
and this is most effectively achieved with low water permeability. To this aim the good
practice for concrete designing, mixing, transporting and placing is to be followed [8.28].
Fore example, overvibration reduces the content of air voids and is therefore
detrimental to frost resistance.

Among the suggested actions to be taken, the use of air-entraining admixtures able to
produce air micro-bubbles is strongly suggested [8.29]. Some investigations show that
best frost resistance is obtained when the pore diameter is within a range of 20 to 100
microns. Is the pore structure coarser, frost resistance declines, is it finer initial frost
resistant concrete might loose it with time [8.12].

However, the only presence in the cement paste of these air bubbles cannot guarantee
the concrete frost resistance. In fact if the volume of the entrapped air is insufficient or if
the mutual distance among the air bubbles (“spacing factor”) is leaving non protective
zones, because too much distant, then the concrete can be at risk of damage.

Other investigations on cores from air-entrained facing concrete of three Swiss dams
showed that a criterion for frost resistance is the % of all pores, which cannot be filled
with water. It was found that a critical degree of saturation lies between 70 and 80%
[8.30]. Among the dam concrete, found to have insufficient frost resistance, the most
likeable reason given is over-vibration.

Fig. 8.8 and Fig. 8.9 show thin sections of frost resistance and frost damaged concrete.

Fig. 8.8 — Specimen after 10 frost/thawing cycles (test without salt) without any micro-
structural damage, hence frost resistant.
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Fig. 8.9 — Specimen from the same mix as above after 10 frost/thawing cycles (test with

salt) showing damaged contact between paste and aggregates indicating insufficient
frost resistance.

8.5.1 Diagnostic investigations

Diagnostic investigations are therefore advisable to ascertain the microstructure of the
air bubbles system inside the cement paste and in particular the total air volume and
the spacing factor (average distance between bubbles) [8.31]. These diagnostic
investigations are suitable for both laboratory poured specimen or cores drilled from the
structure.

The method generally adopted for the characterisation of the air system is that
proposed by the ASTM Standard C457 (“Microscopical Determination of Air-Void
Content and Parameters of the Air-Void System in Hardened Concrete). It is based
upon measurements of the air void system by prescribed microscopical procedures on
sawed and ground sections intersecting portions of the interior of samples or
specimens of concrete. Voids of 10 pu diameters should be well distinguished at 50
times magnification. However a good laboratory experience is necessary for
distinguishing the air bubbles of air entrapped through the air-entraining admixtures by
the voids of air accidentally entrapped during the mixing and still by the voids of water.

From the data collected during observations the following parameters of the air-system
can be calculated:

A = air content

D = average diameter of the air micro-bubbles
L = spacing factor

A/p  =ratio between air and cement paste

Automatic Image Analysis [8.32] can also be usefully adopted for air void determination
on samples of hardened concrete.
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8.6 FREEZING AND THAWING ON CONCRETE DAMS

Dams in moderate climates are structures extremely exposed to frost cycles and also in
contact with water on one side over long periods of time. Therefore freezing and
thawing is a frequent case of deterioration of concrete dams, depending both on the
quality of the materials and on the exposure conditions. Some dams that were
constructed at the beginning of the XX century, with the technology in use at that time
(fluid chuted concrete), were characterised by low quality concrete and then showed
significant frost damage already after a short period. With the progress in concrete
technology, the use of air-entraining admixtures in the concrete mixes of dams built
after World War |l has reduced the freezing and thawing effects, by introducing artificial
pores into concrete. Nonetheless, the phenomenon also concerns the more recent
dams.

Usually the most affected zone is on the upstream face, along the water line, for a
thickness which may reach up to about 40 cm but also spillways and appurtenant works
are often involved. Fig. 8.10 shows the temperature variations registered during some
winter days at Upper Glendevon concrete dam in Scotland (U.K.), at an altitude of 335
m above sea level, in three different positions: 1) air; 2) concrete surface; 3) 45 cm
below surface [8.33].

The fastest rates of surface temperature changes measured were 10 °C/h in the
cooling phase and 8 °C/h in the heating phase. It was observed that the most rapid
rates of temperature change at the concrete surface occur with clear skies on faces
exposed to the sun when warming in direct sunlight is followed by rapid radiation loss at
night (and vice versa).

10°¢C
5°C
0°¢
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- 27/sa 28/r 2%/t 30/ 31/ 12 2/2  3/2

Fig. 8.10 - Temperatures at Glendevon dam, Scotland, upstream face facing west
[8.33].

(1) Air temperature -
(2) Concrete surface temperature
(3) Concrete temperature 45 cm below surface
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An extensive research have been carried out in Japan with the aim to find a correlation
between frost resistance on the real dam concrete in field environment and frost
resistance on small concrete specimens in laboratory testing conditions [8.34].

1.0 x 1.0 x 1.0 m concrete blocks were placed at six different dam locations scattered
throughout Japan and exposed to severe natural weather conditions for some decades,
starting from 1964. In Fig. 8.11 the Okuniikappu dam is shown, with the concrete blocks
on upstream right bank. They were alternately submerged in water and exposed in air
for a long term [8.34].

Fig. 8.11 — Location of concrete blocks on upstream right bank of Okuniikappu [8.34]

Small size specimens (for example 15 x 30 cm cylinders) were also prepared, with the
same concrete proportions as those used for larger blocks, by wet-screened at 25 mm,
and tested through laboratory freezing and thawing (300 cycles at +5° to —18°C).
parameters as water/cementitious ratio, fly ash and air entrainment content were
considered.

Variations in dynamic modulus of elasticity were monitored and compared with field
measurements. These last included modulus of elasticity increase due to hydration
process, as the observations started at one year age.

It was generally noticed that any deterioration of concrete occurs provided that
water/cementitious ratio is kept below 0.60 and carefully placed and consolidated. The
effectiveness of air entrainment was verified also in large concrete blocks and fly ash
cement substitutions up to 25% by weight were found highly effective. Note that this is
not consistent with a lot of literature results quoted in the paragraph on mix design
(8.3.2.3).
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The Durability Factor Indexes from laboratory accelerating testing on small specimens,
after 300 cycles as defined in paragraph 8.4, were compared with almost 40 years of
natural testing on large blocks. Even if a further confirmations of results are needed,
because of data scattering, dynamic modulus changes of these blocks can be related
to DFI if the total number of natural freezing and thawing cycles (temperature falling
below freezing point) are 2500 or more [8.34]. In Fig. 8.12 the comparison for the
concrete blocks at some dam locations is illustrated. At the stage of about 250 cycles or
less (left part of the figure) the dynamic modulus of elasticity are higher than 100% in all
considered concrete blocks and concrete is not deteriorated. A similar trend has been
found at 2000 cycles. However at 2500 cycles (right part of figure) for the concrete
blocks at on dam location, the elasticity modulus begin to decrease, if the DFI are lower
than a certain value.

Finally, based on these data of natural exposure conditions for decades, a prediction
method of dam concrete deterioration from cycling freezing and thawing has also been
proposed. Details can be found in the reference [8.35]

(a) @ (b) @
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Fig. 8.12 — Relations between durability factor of small specimens subjected to
laboratory testing and relative dynamic modulus of elasticity in dam concrete in natural
environment [8.34]
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