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Abstract This paper proposes a methodology for the
prediction of the compressive creep strains of dam
concrete based on wet-screened experimental results
at constant elevated temperature conditions measured
in situ. Due to its large aggregate dimensions, the
experimental characterization of dam concrete has
particular constraints. The wet-screened concrete,
obtained by sieving the aggregates larger than a given
dimension, after mixing, is used to cast standard
specimens and to embed monitoring devices. An
experimental in situ installation using creep cells was
used to obtain the compressive creep strain develop-
ment over time for the maturing conditions of the dam
core. The study of the effect of wet-screening proce-
dure on creep in compression considers three types of
concrete, dam concrete and two wet-screened con-
cretes tested at three loading ages, 28, 90 and 365 days.
The comparison between different types of concrete at
different maturing conditions requires the definition of
a reference state given by the maturity method, using
the equivalent age, and relies on the fit of compressive
creep strains to the RILEM recommended model B3.
To take into account the effect of the aggregate content
on the deformability properties of dam concrete, an
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equivalent two-phase composite model was applied.
The equivalent composite model considered the
equivalent matrix as the wet-screened concrete and
the inclusions as the larger aggregates that are
removed during the wet-screening procedure. Predic-
tions obtained with the composite model are close to
the dam concrete experimental results, for the tested
loading ages.

Keywords Dam concrete - Wet-screened concrete
Creep in compression - In situ tests - Model B3 -
Composite models

1 Introduction

Dam concrete is considered to be a mass concrete with
a poor binder content, 100-300 kg/m?, and with large
admixtures dosage, up to 50 % of the cement
replacement [1]. It has a large aggregate content and
the maximum size of aggregate (MSA) can reach up to
150 mm [2, 3]. The combination of the temperature
gradients due to heat dissipation, the slow mechanical
property development and, therefore, the cracking risk
at early ages are the main concerns of mass concrete
[2, 3]. For an accurate cracking risk assessment it is
necessary to determine the mechanical properties
development, as well as the stress development during
the first year [4, 6]. Moreover, to interpret the dam
structural behaviour for several decades, long-term
instantaneous and time-dependent properties are key
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to assess the overall safety of the structure and make
lifetime predictions [7-10].

Dam concrete experimental characterization has
particular challenges. The use of large aggregates in
the production of dam concrete implies the use of large
specimens. It is common practice to remove the larger
aggregates and, with the remaining concrete, cast
smaller specimens and embed monitoring devices [1,
3]. The concrete with a smaller maximum aggregate
size, wet-screened concrete, is widely used for quality
control. The need of reliable relationships between
dam concrete and wet-screened concrete is required
for design, concrete quality control during construc-
tion, monitoring and data analysis and for safety
control throughout service life [1-3].

As mentioned, dam concrete is usually made with
large size coarse aggregates, for which common
specimen dimension and laboratory equipment are
not suitable. As a result, concrete quality control and
concrete characterization are commonly based on
results from wet-screened concrete obtained from the
full-mixed structural mass concrete [1, 2] as the
structural concrete. In addition, several embedded
monitoring devices are cast with the wet-screened
concrete. Wet-screened concrete is obtained by
removing the larger aggregates, usually greater than
38 mm (#38 wet-screened concrete), from the original
concrete mix, while is still fresh. Due to its particular
application, its prescribed composition [11] and
despite the extensive experimental work and research
developed worldwide concerning concrete, correla-
tions between the behaviour of wet-screened and on
site concrete are limited to instantaneous behaviour
[12-17]. ACI Committee 207, for example, refers
briefly that the compressive strength of large speci-
mens of full mass concrete is 80 to 90 % of its wet-
screened concrete, evaluated in smaller specimens [3].

Experimental testing of the produced concrete
carried out for quality control and for property
characterization is essential for this type of structures.
Analytical and empirical models are used for the
prediction of the instantaneous mechanical properties
[12, 18-20] but only statistical correlations are still
available for the comparison of delayed behaviour of
the two types of concrete.

Prediction of concrete delayed behaviour goes back
to the beginning of the twentieth century, when
Woolson and Hatt registered what it seemed to be a
“flow” of concrete [21]. Since then much has been

found about the physical nature and mechanisms of the
phenomena [21-24] and several mathematical laws to
determine the relationship between strain and stress
over time are available [19, 25-29]. However, the
composition of dam concrete, with large fly ash
content and large aggregates, requires more research
regarding the hydration and aging processes and the
calibration of the existing model with specific exper-
imental results [30-33].

This paper presents the prediction of the compres-
sive creep strain development of dam concrete based
on the in situ experimental results of wet-screened
concrete using the fit to the RILEM recommended
model B3 [34] considering maturity method concepts
and a composite model. The experimental programme
implied the installation of creep cells inside the dam’s
body and cast with dam concrete (MSA = 150 mm)
and two types of wet-screened concrete (MSA =
76 mm and MSA = 38 mm). The compressive creep
strain development was obtained for three loading
ages considering the measured temperature of the
dam’s core. In order to obtain a reference state and
comparable results between different creep cells, the
maturity method was used.

An increase of temperature accelerates the cement
hydration and the development of the instantaneous
properties of concrete, such as strength [35, 36],
modulus of elasticity and the creep strains develop-
ment over time [29, 37], particularly for the early ages.
The curing procedures and the moisture gradients
inside the specimen can also influence the ultimate
strengths [38] and delayed deformability properties
[37, 39].

Composite models allow for the prediction of the
deformability properties taking into account the con-
crete composition and considering concrete as coarse
aggregate inclusions embedded in a matrix of mortar.
Several authors proposed simple composite models for
the determination of the instantaneous deformability
properties [40-43] with specific applications [14, 44].
Adaptations of these models have been proposed also
for the delayed deformability properties, namely the
creep strain development over time [43, 45-48].

The wet-screening procedure implies a significant
change in the composition of dam concrete. The
methodology proposes the use of composite models
for the prediction of the creep in compression of dam
concrete considering a two-phase material model
using the wet-screened concrete as an aging
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viscoelastic equivalent matrix and the removed larger
aggregates as the elastic inclusions.

The prediction of the dam concrete creep strains in
compression, using the equivalent composite model
and based on the wet-screened test results, show a
good agreement with the experimental measurements
for several loading ages.

2 Prediction of dam concrete creep in compression
2.1 Proposed methodology

The proposed methodology for the prediction of in situ
dam concrete creep strains in compression is based on
a composite model in which the equivalent matrix is
the wet-screened concrete and the inclusions are the
removed aggregate in the wet-screening procedure.
The study is divided into three main parts: (i) an
experimental study for the evaluation of the compres-
sive creep strains obtained in situ of the dam concrete
and the two wet-screened concretes (#76 and #38
concrete); (ii) the fit of the experimental results to
model B3 considering the measured temperature for
each type of concrete to obtain a reference temperature
state; and, (iii) the prediction of the dam concrete
compressive creep strains based on the compressive
creep strains of the wet-screened concrete using an
equivalent two-phase composite model (Composite
#76-Dam and Composite #38-Dam). Figure 1 presents
the schematic view of the proposed procedure for the
validation of the equivalent composite model for the
prediction of dam concrete compressive creep strains.

The experimental programme was defined in order
to measure the development of the in situ compressive
creep strains of dam concrete and of two wet-screened
concretes, the concrete with MSA=76 mm (#76 con-
crete) and the concrete with MSA = 38 mm (#38
concrete). The #76 and #38 concretes were obtained
by removing the aggregates larger than 76 and 38 mm,
respectively. The compressive creep strains were
measured in creep cells, concrete specimens embed-
ded in the dam’s core (Sect. 2.2).

The comparison between the different test condi-
tions (such as the temperature variations) was
achieved by fitting the test results to the model B3 at
constant elevated temperatures considering the equiv-
alent age method (Sect. 2.3.2). An optimization pro-
cedure considering the equivalent age method allowed

Experimental results
In situ

# 76 concrete # 38 concrete

Fit to B3 model
at constant
elevated temperatures

# 76 concrete # 38 concrete

Reference temperature Reference temperature

B3 model B3 model

Composite #76-Dam Composite #38-Dam

Composite model
validation

B3 model
Reference temperature
Dam concrete
Fit to B3 model

at constant
elevated temperatures

Dam concrete

In situ
Experimental results

Fig. 1 Procedure for the validation of the equivalent composite
model for dam concrete compressive creep strains

for evaluation of the model parameters at reference
temperature state, since the temperature variations are
taken into account.

The prediction of dam concrete delayed behaviour
was obtained using an equivalent two-phase compos-
ite model (Sect. 2.3.3). The proposed innovation of
this paper is to consider the wet-screened concrete,
obtained from the dam concrete as an equivalent aging
viscoelastic matrix and the removed aggregates as the
elastic inclusions.

A simple parallel and series composite model and
its adaptation to aging materials considering the age-
adjusted effective modulus method (Sect. 2.3.1) was
used [47]. The input parameters are the volume
fractions of equivalent matrix (wet-screened concrete)
and the inclusions (removed aggregates) and the creep
compliance of each wet-screened concrete. Since two
type of wet-screened concretes were tested, two
composite models were developed: Composite #76-
Dam, using the test results of the concrete obtained
from sieving the aggregates larger than 76 mm and
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Composite #38-Dam, using the #38 mm wet-screened
concrete test results. Each composite prediction was
compared with the model B3 fit of the experimental
results of dam concrete.

In the following sections the experimental setup,
the general concepts of delayed behaviour of concrete,
the methods of analysis and the used models are
described. The methods of analysis include the age-
adjusted effective modulus method [49], the model
B3, its extension to basic creep at constant elevated
temperature [29] and the two-phase composite model
proposed by Granger and Bazant [47]) using the age-
adjusted effective modulus method for the evaluation
of the delayed strains of the composite.

2.2 Experimental setup for in situ testing using
creep cells

The in situ characterization of dam concrete relies on a
specific experimental setup based on creep cells.
Creep cells (CC) are cylindrical specimens placed
inside the dam, cast into expanded polystyrene (EPS)
hollow cylinders (Fig. 2). The creep cells are sub-
jected to the same thermohygrometric conditions as
the structural concrete since its top face is connected to

Non-stress Active

EPS hollow
cylinder

Embedded

| strainmeter

Horizontal
_construction joint Lo

(storage device
for oil anr nitrogen)

LoaJing system {
equipment N |

Security valve

DAM VISITING
GALLERY ‘

‘ L]

Fig. 2 General view of the active and non-stress creep cells and
of the loading system

PIEM

the dam concrete and are cast and completely covered
with the surrounding lift.

Figure 2 shows a general view of a creep cell setup.
To separate the effect of applied stress and evaluate
the creep strains development, two identical creep
cells are installed, an active cell and a free or non-
stress cell, placed next to each other. The loading
system is connected to the active creep cell, therefore,
both the shrinkage strains, the thermal strains and the
stress derived strains can be measured (total strains).
The non-stress creep cell, installed without a loading
system, measures only the shrinkage and thermal
strains (non-stress strains).

The creep cells are placed one or two lifts above a
visiting gallery of the dam, where the external
loading system is placed. A flat-jack, placed in the
basis of the active cells, filled with oil and controlled
by the loading system, applies a distributed load to
the specimen. The oil pressure is controlled by a
closed hydraulic system which allows fast pressure
variations (for modulus of elasticity tests) and can
maintain a constant oil pressure (for compression
creep tests). Each active creep cell has its individual
loading system. The pressure is kept constant over
time with the aid of a pressure storage device where
nitrogen gas compensates the small pressure decay
due to creep deformation of the specimen [21]
(Fig. 2). The strain variations are measured with
Carlson strainmeters placed inside each creep cell
connected to a reading unit located at the gallery of
the dam.

The experimental creep compliance, Jex(2,1), at
time ¢ for a loading age of 7, considered to be a
measurement of creep if the stress is kept constant, are
obtained by subtracting the free strains, measured in
the non-stress cell, from the total strains, measured in
the active cell, and dividing by the applied stress

(Eq. D).

-,exp(ta l‘,) _ Saclive(ta t/) — Enon—stress (t7 tl) (1)
a(t)

If stress is maintained constant since the first load and

the temperature is kept constant, one can compare

experimental creep compliance, Jeyp (2, 7'), with theo-

retical creep compliance, J(t,7').

The advantage of creep cells is the possibility to
characterize the deformability properties over time in
the environmental conditions of the dam’s core. Also
allows the testing of large specimens, suited for the
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dam concrete and its large aggregates, since the
surrounding mass concrete is used as the reaction
frame. This type of experimental installation was
developed in the past by the National Laboratory for
Civil Engineering (LNEC) [77, 78] and, for this
particular study, several technical improvements were
implemented. The main new features are: (i) the use of
a standard flat-jack (with rigid interface platens),
larger in diameter (¢) and increasing the ¢-MSA ratio
of dam concrete specimen (Fig. 5); (ii) the use of three
measurement devices in the dam concrete specimen
for a more reliable reading; and, (iii) the use of
expanded polystyrene (EPS) hollow cylinder as the
mould to separate the concrete specimen from the
dam’s body (instead of metallic moulds use in the past,
with higher rigidity). The procedure for the experi-
mental installation was: (i) placement of the loading
system (the storage device in the visiting gallery and
the flat-jack of each creep cells) and purge the
hydraulic circuit; (ii) placement of the measuring
devices inside the active and non-active cells and the
electric cables; (iii) wet-screening of the dam con-
crete; (iv) cast of each creep cell with dam concrete
and wet-screened concrete; (v) setting the initial
reading values in each creep cell; (vi) cast the
surrounding lift.

2.3 Methods of analysis and analytical models
2.3.1 Creep strains

Generally, the delayed behaviour of concrete is
described as a total strain, &(z,¢'), resultant of a stress,
a(t'), applied at the age of # and kept constant until ¢,
and an hygrothermal strain, ¢°(), such as drying
shrinkage, thermal or chemical strains.

e(t, ) = &(¢) + & (1,7) + (1) (2)

Considering that no cracking occurs, the stress-
dependent strain can be expressed as the sum of an
instantaneous strain, si(t’ ) and of a creep strain,
¢°(t,1'). The instantaneous and creep strains can be
expressed as a function of stress, obtaining the creep
compliance, J(,7').

e(t, ) = J(t,/)a(f) = () + &(¢,7) (3)

L et
E({)  a(t)

I, = @)

The stress, (2, 1), obtained from a given strain, &(¢') is
related to the relaxation function.

a(t,t') = R(t,1)e(t) (5)

which can be approximated, as proposed by Bazant
and Kim [50], by,

R(1,7) = 0992 015 [ -Anl) q
I, t) It — 1) (6t + Ar) ’
t—1t
A =
=2 (©)

The age-adjusted effective modulus method, AAEM
method [49], based on the linear principle of super-
position, is used for obtaining an approximate solution

of the creep strains development by assuming that,
ot,0) — () = o+ e1(, 1), 1> 7
a(f)=0, r<f

(7)

where ¢y and & are given constants. The advantage of
this method is that the creep analysis converts into an
elastic analysis considering an incremental form,

Aa(t) = E"(t,1)(Ae(t, 1) — A" (2,1)) (8)
in which,

Aelt, ) = o(1) — (¢, Ao(t,1) = o(t) — a(t)  (9)

A (1,1) = ggi o(t,1) + (1) — (1) (10)
1 n o E(t/)

S T <“>
G, ) =J(t,)E({) -1 (12)
N R(t,/)\ " 1

)= (1555) g 1

where ¢(t,¢) and y(z,7') are, respectively, the creep
coefficient and the age coefficient and E”(z, ') is the
age-adjusted effective modulus.

This method was used by [47] to introduce the
aging viscoelasticity of concrete into a composite two-
phase model (Sect. 2.3.3).
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2.3.2 Prediction model for the concrete creep strains

Model B3, proposed by Bazant and Baweja [28, 29],
describes creep compliance as the sum of the asymp-
totic elastic strains due to unit stress, gi, the basic
creep compliance, Co(¢,7), and the drying creep
compliance, Cy(t,1p,7) (Eq. 14). Its strong points
are related to the fact that the creep compliance rate,
Co(t,?), is derived according to the guidelines of
RILEM TC-107 [51], has been fitted from multi-
decade laboratory tests [52], is based on the microme-
chanics of aging considered in the solidification theory
[53, 54] and has been shown to have lower coefficients
of variation of errors for dam concrete [29].

J(t,1) = q1 + Co(t, 1) + Ca(t, 7', 10) (14)

For the dam body, due to the large thickness of the dam
and the slow water diffusion in concrete, only a small
layer of the upstream and downstream (during
construction) is subjected to cyclic drying and wetting
[59] and the moisture exchange with the environment
is small. For this reason, in this study, drying creep
strains can be considered negligible [7, 60]. The basic
creep compliance, Cy(t,7'), can be expressed as a
linear combination of material parameters and time-
dependent variables.

Co(t,!) =g Q(t,) + g In[1 + (1 —1')"] +qu ln(z%
(15)

where Q(#,7') is a binomial integral with no analytical
expression but can be approximated by Eqgs. 16-19,
with an error less than 1 % for n=0.1 and m=0.5 for
a large range of loading age and time under loading
[28, 29].

NN, =1/r(?)
0(1.1) = Q;(r) |1+ (fg;(’t,))) ] (16)
r(f) =1.7()""%+8 (17)
Z(t, )= (/) "In[l+ (t —1)"] (18)
0 (f) = [0.086 () +1.21 (/)4/9]_l (19)

Considering a load duration, At, usually taken to be
0.01 days, the static modulus of elasticity yields from
the creep compliance (Eq. 14),

1
E{l)=——
D=5 (20)
where Ag =g +qin(l+Ar") and A, =qin
(14 Ar™).

Each term of the sum has a physical meaning: g is
the asymptotic elastic part, g, refers to aging vis-
coelasticity, g3 refers to non-aging viscoelasticity and
q4 refers to aging flow. Since it is a linear combination
of time-dependent variables, the fit to experimental
data is easier than other creep models.

The temperature and moisture conditions have an
important role in the development of the mechan-
ical properties, especially on creep strains. The
influence of temperature on the properties develop-
ment is mainly ruled by the composition of the
binder due to changes of cement hydration rate.
The replacementof cement by fly ash is known to
decrease the rate of property development [61-63]
due to the late chemical reactions with the calcium
silicates.

To model the effect of temperature variations in the
hardening of concrete, several authors use the equiv-
alent age method (or Arhenius maturity) [35] with
equivalent activation energies, calibrated for tests at
different temperatures, for different mechanical prop-
erties and different types of concrete [36, 64-66].
Particularly for the investigation of temperature effect
on the creep of concrete, some experimental studies
have been done [37, 67-69].

According to this method the original compliance
(Eq. 15) yields a new expression (Eq. 21) to take into
account constant elevated temperatures, 7(f), in
degrees Celsius [29].

Co(t,?,T) = Ry [q2 Q(tr,1.)

g1+ (17— )" + s In C—Tﬂ @D
where 7, and t; — ¢, are the equivalent age and the
equivalent loading time both with the respective
activation energy, Uy, for the cement hydration
reactions and U,, for describing the acceleration of
creep rate. U, refers to magnification of creep due to
temperature increase, defined by the Egs. (27-29).

- /O aay (22)
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=t = [ B (23)

U, I 1]
TSP (T,ef +273 T+ 273)_ 24)

/ U, 1 1]
= exp| =< - 25
Pr=expi% <T,ef 1273 T+273)) (25)

v 1 1]
Rr = exp | < - 26
T= PR (T,gf Y273 T+ 273)_ (26)

where T, is the reference temperature in degrees
Celsius, T is the measured temperature in degrees
Celsius and R is the gas constant (8.31 J K~! mol~')
and, according to experimental fit to laboratory tests
[29], the activation energies, Uy, Ué and U,, can be
predicted by the following expressions:

Uh

— = ° K 27

R 5000 (27)

U, ~0.27 0.54

& = 3418[(w/c) (0)] 228) (28)
!

U _ 0_18ﬂ (29)

R R

where the w, ¢ and f.,3 are the water content, the
cement content and the compressive strength at the age
of 28 days. In order to take into account the temper-
ature effect of a specific concrete composition on the
creep development, the activation energies can be
adjusted to the obtained experimental results [35, 36].

2.3.3 Composite model for the characterization
of the deformability properties

The second part of the study concerns the use of
composite models to predict the delayed behaviour of
concrete with different coarse aggregate contents.
The heterogeneity of concrete can be studied using
models where the meso-structure is taken into account.
The first composite models applied to concrete
concerned the elastic behaviour using approaches
based on uniaxial rheological models [41-43] and on
homogenization models, such as the variational
approach considering spherical inclusions (Hashin—
Shtrickman bounds) [70], the self-consistent model
considering ellipsoidal inclusions [71] and the Mori—
Tanaka method [72]. The prediction of the aging

viscoelastic behaviour of the materials using compos-
ite model was developed with the work of Counto and
Popovics [43, 48] and later with Granger, Bazant and
Baweja [47, 73], based on the uniaxial rheological
models, and, more recently, Sanahuja and Lavergne,
using homogenization concepts [74, 75].

The chosen model is the two-phase coupled series
and parallel composite model, described by Granger
and Bazant [47], which considers the mortar as the
aging viscoelastic material and the coarse aggregates
as the elastic inclusions. The model is based in a
simple uniaxial rheological model which is strongly
related to the physical behaviour of the material. The
extension to triaxial behaviour was developed later
by Baweja et al. [73]. It is considered that a part of
the mortar is placed in series with the aggregates
(related with parameter o) and another part is placed
in parallel (related with parameter §) (Fig. 3b). The
series portion can be perceived as the amount of
mortar that separates the coarse aggregates avoiding
their direct contact and the parallel portion corre-
sponds to the remaining volume between the
aggregates.

The composite model estimates the modulus of
elasticity of the composite material based on the
modulus of elasticity of the mortar, E,,, the modulus of
elasticity of the aggregate, E,, its respective unit
volume, V, and the proportion of mortar placed in
series and in parallel defined by f§ (Eq. 30).

I 1-p b

E~ B, abt(1-a)E (30)

where aff = V,.

The physical meaning of the free parameter f is
related to the amount of paste coupled in series and the
product of} is the volume of aggregate per unit volume
of concrete, V,. When f is equal to 1.0 (Fig. 3a), the
model derives into Voigt model (purely parallel model
[43]) which can be related the maximum compactness,
Vamax- The maximum compactness of aggregate is
related to the aggregate size distribution and corre-
sponds to the volume of aggregate in the mix
necessary to obtain the most compact packing [76].
If the aggregates are in contact with each other, it is
expected that the series portion is null and that the
composite model turn into a parallel model (f =1,
Fig. 3b). An example of this type of concrete is the
prepacked or preplaced aggregate concrete in which
the aggregates are first placed in the forms and then the
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(a) Va<Va,max

Series Em 1-B
coupling
L 1 p=1
Parallel
coupling Ea B
| .
o 1-a

Fig. 3 Schematic representation of the composite model: a
volume of aggregate, V,, lower than the maximum compactness
of aggregate, V, .. considered as a model with a series and

empty spaces are filled with a fluid mortar. In this case
the aggregates are in direct contact with each other
and, since there is no compaction procedure, no mortar
is coupled in series with the aggregates.

The aging viscoelastic behaviour and the continu-
ous stress transfer from the mortar to the stiffer
aggregates are modelled using the AAEM method [49]
(Egs. 7- 13), described earlier in Sect. 2.3.1, in which
the stress-strain behaviour is related the coupled series
and parallel two-phase composite model conditions.

The total strain, &(¢,7), due to a stress, a(¢), is
obtained by the sum of the strain of mortar placed in
series, &,(t,1'), and the strain of the parallel coupling
of mortar and aggregates, &,,(t,1"). Considering firstly
the strain of the parallel coupling of the composite
model, ¢&,,(t,1'), the stresses variations in both the
mortar, Aag,,, and the aggregates, Aag,, which yield the
stress transfer from the mortar to the aggregates over
time, can be obtained by

AO’a(f, t/) = EaASPW(tv tl) (31)

om(t')

Aoy (t,1) = E"(t,1) | Aey (2, 1) — £, (1)

o(t,1)
(32)

and the total stress in the mortar is ruled by the parallel
model stress-strain relations,

aAa,(t,1) + (1 — a)Ac,, =0 (33)
yielding,

Em (t/)

an(r) = a(t') oE, + (1 — 2)E,(¢)

(34)

Considering an unit stress to obtain the concrete’s
creep compliance J(z,7'), it is possible to derive the

(b) Va=Va,max (=1)

Aggregate

Ea Em Parallel
coupling

Mortar

a=Va=Vamax 1- a=Vm

parallel portions; b volume of aggregate, V,, equal to the
maximum compactness of aggregate, V, . yielding a model
with parallel coupling

expression for the proposed composite model, taking
into account the creep compliance of the mortar placed
in series, J,,(¢,7).

N B
J(t,1") = 0E, + (1 — 0)En(7) (33)
U (1= 2) 2 ()| 4+ (1 Byt
in which,
Gt 1) = En(t)Jn(t,1') — 1 (36)
E'(1,f) = E—’”(t;)) _( IR;,")(I’ f) (37)
Epy(1,1) = 0Eq + (1 — 0)E, (1, 1) (38)

where ¢,,(#,1) is the creep coefficient of the mortar,
E!(t,1') is the age-adjusted modulus of elasticity of
the mortar and E!; (¢,7) is the age-adjusted modulus
of elasticity of the parallel portion of aggregate and
mortar.

In conclusion, given the mortar’s creep compliance,
Jn(t,1"), the modulus of elasticity of the inclusions, the
fraction volumes of each component and the appro-
priate parameter f§ is possible to predict the creep
compliance of the concrete, J(¢,¢'), using simple
analytical expressions.

3 Case study
3.1 Dam characteristics and experimental setup

Baixo Sabor dam, on Sabor river, located in the north
eastern Portugal, is a double curvature thick arch dam
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with a height of 123.0 m and a crest development and
thickness of 505.0 and 6.0 m, respectively. Baixo
Sabor dam has a total concrete volume of, approxi-
mately, 700,000 m>. Due to the large volume place-
ment of concrete, arch dams are usually built using the
block construction method [79]. Each of the 32 blocks
is, approximately, a 15-m width section of the dam
crest development, separated by vertical contraction
joints, and cast in 2.0-m height lifts. During construc-
tion, the contraction joints were grouted to obtain a
monolithic structure, after forced cooling of the
concrete blocks. The dam construction began in
2012 and ended in 2014 and the first filling of the
reservoir is currently taking place. Figure 4 shows the
upstream view of Baixo Sabor dam during the
construction.

In order to characterize the deformability properties
of dam concrete on site, the National Laboratory for
Civil Engineering (LNEC) developed an experimental
programme using creep cells (according with the
experimental setup described in Sect. 2.2) and labo-
ratory specimens. The in situ experimental setup
includes three creep cell sets, placed in three different
blocks, CC1, CC2 and CC3. Each set has three creep
cells with three types of concrete: CC 150, cast with
dam concrete (or full-mixed concrete); CC #76, cast
with an intermediate wet-screened concrete, #76
concrete (the aggregates with MSA greater than
76 mm were removed); and, CC #38, cast with the
usual wet-screened concrete, #38 concrete (the aggre-
gates with MSA greater than 38 mm were removed).
Due to geometrical and testing equipment limitations,
only #38 wet-screened concrete prismatic specimens

Fig. 4 Baixo Sabor dam during construction

were used for laboratory testing (P #38). These
prismatic specimens were sealed with a lead sheet
covering lateral and top faces of the prisms (in order to
have no water exchanges with the environment) and
maintained with controlled temperature of 20 + 1°C.
The laboratory specimens were sealed with wrapped
sheet, previously lining the mould, and soldered
immediately after casting. Figure 5 shows the three
types of specimens used for the in situ experimental
installation, considering the MSA of the cast concrete
and their respective dimensions, and the prismatic
specimen used for laboratory testing. The diameter of
the creep cells (¢) was constrained by the maximum
size aggregate of the concrete to be cast and by the flat-
jack diameter used in the loading system. The ratios ¢/
MSA are 3.2 for the dam concrete, 3.9 for the #76
concrete and 5.9 for the #38 concrete. Although the
recommended minimum ratio for the concrete cell is 4,
the obtained values can be considered admissible for
deformability studies [21, 80].

3.2 Concrete composition

For the design of the dam concrete composition, the
temperature control is the main concern whereas the
strength is considered to be a secondary requirement
[3]. Dam concrete has, therefore, low cement and high
fly ash contents, and, since, for the dam core, there is
no constraint to the maximum size of the aggregates
(MSA), this value can be up to 150 mm, limited by the
costs of the processing and batching large aggregates
and of the mixing, transporting, placing and consol-
idation of the concrete [3]. The Baixo Sabor dam
concrete were produced with a CEM I 42.5R cement
and class F fly ash, according to ASTM C618 and
provided by the Compostilla thermoelectric central, in
Spain. The coarse aggregates are good quality granite
obtained from quarries within the reservoir area.
Table 1 presents the composition of the main dam
concrete, with MSA=150 mm, and an estimate of the
compositions of the wet-screened concretes, #76 and
#38. The water content provided by the aggregate’s
moisture was obtained considering the moisture
percentage of the aggregates (9.1 % for fine aggre-
gates and 1.4 % for coarse aggregates, average values)
and the average water absorption for fine and coarse
aggregates (0.44 % for fine aggregates and 0.6 % for
coarse aggregates). Figure 6 shows the particle size
distribution of the coarse and fine aggregates of the
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Table 1 Average composition of full-mixed concrete and estimated compositions for #76 and #38 mm wet-screened concretes

Type of concrete Content (kg/m?)

b

c f Wadd Wagg w g K a
Dam 110.3 110.2 220.4 62.2 57.9 120.1 1441.9 556.4 1998.3
#76 (estimated) 125.6 125.3 250.8 71.3 66.3 137.6 1225.5 644.0 1869.5
#38 (estimated) 143.0 142.6 285.6 83.9 78.1 162.0 988.7 710.7 1699.4

¢ cement content, f fly ash content, bbinder content, w,4; added water content, w,,e content of water in aggregate (moisture), w total
water content, g coarse aggregate content, s fine aggregate content, a total aggregate content

concretes used to cast CC1. The cumulative weight
percentages retained in each sieve of the wet-screened
concretes are measured values of a sieve analysis after
mixing.

The estimate of the #76 and #38 concrete compo-
sitions was calculated by removing the volume of the
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Fig. 6 Sieve analysis of dam concrete, #76 wet-screened
concrete and #38 wet-screened concrete placed in CC1

PIEM

sieved coarse aggregate and the volume of the thin
layer of mortar that is also removed with those larger
aggregates (considering hypothetical spherical aggre-
gates). As the larger aggregates are removed, their
volume is replaced with the remaining components
and, therefore, wet-screening implies a decrease of
coarse aggregate content and an increase of the other
components.

3.3 Compressive creep test results

Three compression creep tests started at the ages of 28,
90 and 365 days, for the creep cells sets CC1, CC2 and
CC3, respectively. The loading ages were chosen,
primarily, to determine the creep behaviour of the dam
concrete during the first filling of the reservoir and to
evaluate the structural response due to the main
loading actions during the lifetime of the dam.

The pressure was maintained constant with the aid
of a closed hydraulic system of oil and nitrogen
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(Sect. 2.2). The applied oil pressure was limited to
60 bar to ensure linear and primary creep strains,
similar to the dam service conditions, and constraint
by the loading capacity of the flat-jacks. The applied
stress to the specimen is related to the flat-jack contact
area with the creep cell and corresponds to 5.3 MPa
for the CC#150, 5.2 MPa for the CC#76 and 5.7 MPa
for the CC#38 (Table 2).

Figure 7 shows an example of the compression
creep test results obtained for the creep cell cast with
full-mixed concrete at the age of 28 days. The
measured temperature shows a quick rise until the
3 days of age, followed by a decrease to about 30 °C
at the age of 25 days (Fig. 7a). Due to the subsequent
concrete lifts of the block, the temperature in the creep
cell was almost constant during a period of 4 months
and then it dropped from about 30 °C to approxi-
mately 10 °C in February 2013 and was kept cool
during a long period of time (3 months) for the grout
filling of the vertical contraction joint. The applied
stress (Fig. 7b) was kept approximately constant for
the creep test at the age of 28 days, except for the
execution of the modulus of elasticity tests, with
loading and unloading cycles at predefined ages.
Figure 7c presents the development of the total strains,
measured both in the active creep cell and the non-
stress creep cell. The main variations are due to
temperature and, after 28 days, due to the applied
stress in the active cell. Figure 7d) shows the exper-
imental creep compliance calculated for the loading
time, since 28 days of age (Eq. 1). The creep compli-
ance increased rapidly in the first days, followed by a
decrease in the rate of development until the beginning

of the forced cooling, where was measured a small
decrease. Figure 8 presents a comparison between the
results of each the creep cells at several loading ages.

Table 2 presents a summary of the main results
obtained in the creep cells installed in Baixo Sabor
dam, for the dam, the #76 and the #38 concretes. For
each loading age, ', and for each type of concrete, the
measured temperature at that age, T(¢'), the applied
stress, a(¢'), the modulus os elasticity, E(#'), and the
measured creep compliance, Jo,(2,7'), for the time
under loading,  — ¢, are shown. Since the temperature
on site varies over time, at each loading age the
measured temperature was different (approximately
30 °C for the loading ages of 28 and 90 days and
9.4 °C for the loading age of 365 days). For the #38
concrete only the test results for the loading age of
28 days are available, due to a leak on the embedded
loading system of both CC2 and CC3, detected after
installation during testing.

A standard laboratory setup was used to obtain
experimental results of delayed deformations under
constant environmental conditions for the same con-
crete batch used for the creep cells. Table 3 presents
the experimental results obtained in laboratory for
both loading age of 28 and 90 days and for approx-
imately one year under loading (P #38).

Results show that, concretes wet-screened with
lower aperture of the screening sieve give higher creep
strains, for every loading ages. This conclusion
follows the known behaviour since the wet-screened
concrete has a lower content of coarse aggregate and a
higher content of cement paste compared with the full-
mixed concrete from which it was obtained.

Table 2 Compressive creep test results obtained from creep cells in situ

Type of Creep 4 t—1 T(7) a(t—17) Eexp (') Jexp (8, 1)
concrete cell (days) (days) °C) (MPa) (GPa) (10-%/MPa)
Dam CCl1 27.5 362 32.3 5.3 325 37.2
CC2 89.0 320 32.0 5.3 35.2 39.3
CC3 364.4 33 9.4 5.3 37.8 32.3
#76 CC1 27.8 362 31.6 5.2 28.4 48.2
cC2 89.1 320 30.5 5.2 31.0 39.8
CC3 364.6 33 9.2 5.2 32.7 38.5
#38 CCl1 27.8 362 31.2 5.0 25.6 62.1
CC2 90 320 - - - -
CC3 365 33 - - - -

PIEM
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Fig. 7 Compressive creep test results for the creep cell cast with full-mixed concrete at the age of 28 days (CC 150)

The compressive creep test results reveal also the
small values of basic creep strains obtained in situ,
especially for the full-mixed concrete. The creep
strains after one year under loading are only about
20 % of the instantaneous strains at the beginning of
the creep test. The experimental work of Sennour,
Carrasquilho and Bamforth [81, 82] showed that, the
higher the fly ash replacement, lower the creep for
moist cured concrete.

The behaviour of wet-screened #38 mm concrete
in situ is similar to the the behaviour of wet-screened
#38 mm concrete tested in laboratory, which despite a
lower modulus of elasticity at the loading ages, gives
approximately the same creep strains development
over time.

3.4 Prediction of dam concrete creep
under compression based on experimental
tests of wet-screened concrete

3.4.1 Fit to model B3 considering in situ
and laboratory conditions

An optimization procedure based on genetic algorithm
(GA) was applied to obtain the parameters ¢, q2, ¢3
and ¢4, following the methodology proposed in [56].
The optimization procedure defined constraints for the

fitting parameters (only positive values were allowed).
The fit considered the data obtained for the three
available loading ages, 28, 90 and 365 days, simulta-
neously. Only the results equally spaced in logarithmic
scale were considered in order to ensure a proper
weight in the analysed loading time scale. Also, only
the periods of time where the temperature was
approximately constant were taken into account in
the optimization procedure. The choice of the equally
spaced values was based on expert judgement, starting
with the first available measurement.

The obtained parameters minimize the sum of the
square difference between the experimental results,
Jeoxp(tr _j,t’e’i), and the theoretical creep compliance,
I3 (tr sty 1 Tjs 41,92, 93, 94) (Eq. 39), considering the
measured temperature in each creep cell according to
the extension of the model B3 to constant elevated
temperature (Sect. 2.3.2).

min Z Z (Jexp(tT,jv t;,i)

=1 j=1 (39)
2
—JBS(tjat,/w7}#]1#]27513’(]4)) ]

where the n and m are the number of loading ages and
the number of measured values over the loading time
and T7j is the measured temperature.
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Fig. 8 Experimental compressive creep compliances for the
creep cells at several loading ages

The equivalent loading age, 7, and the equivalent
loading time, f7 — ¢, are calculated using the equiv-
alent age method and the correspondent activation
energies, U,/R, U./R and U./R (Sect. 2.3.2). An
accurate estimate for these activation energies for this
concrete is not possible to obtain using the limited
experimental results. Some work have been done

Table 3 Creep test results obtained from prisms in laboratory

regarding the development of the strength of concrete
with large fly ash content [62, 64, 8§1-83] but an
extensive evaluation of the effect on the activation
energies related to creep, U,/R, U./R and U./R, is
still to be done.

The empirical values for U,/R and U./R were
calculated with the average composition data
(Table 1) and the strength test results provided
from quality control, during construction, for the
#38 concrete: W = Wydq + Wagg = 172.2 kg/m3 and
feoo =252 MPa (Table 4). At a loading age of
28 days, the compressive creep strains obtained
in situ are, in average, 5 % lower than compressive
creep strains obtained in laboratory at 20 °C (Fig. 9,7
= 28 days).

Table 5 presents the parameters and the obtained
coefficient of determination, R2. The obtained deter-
mination coefficients show a good agreement between
the updated model and the experimental results. The
lower determination coefficients correspond to the
optimization of the creep compliance for three loading
ages (Dam and #76 concretes).

Figure 9 shows the in situ (total results and the
values used for the optimization process) and the
laboratory results, the fit considering the in situ
temperatures, Jy33(fr,t,), and model B3 creep com-
pliance for the reference temperature (20 °C ), using
the fitted parameters g, ¢2, g3 and qu, Ju3s(t,t').

Figures 10 and 11 show the results and fit obtained
for the dam and #76 concretes, respectively, including
the measured in situ creep strains (#76 (in situ)), the
experimental values used for obtaining the model B3
parameters (equally spaced in log-scale), the fitted
creep compliance considering the measured temper-
atures, J76 (7, t,) and Jpam (tr, £,), and the fitted creep
compliance for the reference temperature (20 °C ),
Ju76(2, 1) and Jpgn (1, 1'). The differences between the
in situ and laboratory conditions for these types of
concretes are less significant, especially for the early
loading times, t — 7.

Type of Creep cell I t—1 T(¢) a(t) E.p (1) Jexp(1,1)
concrete batch (days) (days) ({©) (MPa) (GPa) (10-%/MPa)
#38 CC1 27.5 362 20.3 5.7 22.1 64.2

cC2 73.5 320 20.5 5.7 254 56.3

PIEM
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Table 4 Coefficients for the extension of model B3 to basic dimensions of the instrumentation. Due to high costs
creep at constant elevated temperature and several testing difficulties, dam concrete is poorly
Type of w ¢ f) UJR UJR U.JR characterized, especially concerning its delayed beha-
concrete  (kg/m’) (days) (MPa) (°K)  (°K) viour. The wet-screened concrete is widely used for

concrete quality control, concrete mechanical charac-

D 120.1 0 24.7 5000 5300.9 9542 Lo . . .
am o ? terization and to embed specific instrumentation

#76 137.6 90 24.7* 5109.8 919.8 .

20 90 252 4942.6  889.7 devices.
#38 162. : : : The proposed prediction of dam concrete creep
* The compressive strength of #76 concrete was considered to under compression is based on the experimental

be the same as dam concrete results of wet-screened concrete measured in situ.

The methodology relies, firstly, on the equivalence
between in situ and laboratory results, described in
Sect. 3.4.1 to take into account the elevated constant
temperature measured in situ. Secondly, it is proposed
the use of the composite model theory (Sect. 2.3.3) to
predict the effects of the changes on composition, in
particular, the variations of coarse aggregate content.

The composite model described in Sect. 2.3.3 was
adapted to consider dam concrete a composite material
where the wet-screened concrete works as an equiv-
alent matrix and the remaining aggregate as the
inclusions. Two composite models, Composite #76-

The obtained creep strains for each concrete show a
decrease of rate of development for later loading ages,
due to aging, and for larger coarse aggregate contents.
The aggregates restraint the development of the creep
strains over time, due to a transfer of stress from the
mortar to the aggregate skeleton.

3.4.2 Prediction of the full-mixed concrete creep
under compression using composite models

Dam concrete has large size aggregates which con-
straints the use of standard testing procedures and the
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Fig. 9 Compressive creep test results of #38 concrete at several ages and fit to model B3 for elevated constant temperature (in situ
conditions) and constant reference temperature conditions

Table 5 Equivalent age and equivalent loading time used in the analysis and the parameters obtained by the optimization procedure

Type of Creep ¢ t—1t 1 tr —t, Creep q 2 q q4 R?
concrete Cell  (days) (days) (days) (days) compliance (10~°/MPa) (10~°/MPa) (10~%/MPa) (10~%/MPa) (-

Dam CCl1 27.5 159.1 65.6 1828  Jpam(t,t) 26.47 13.87 8.21 5.87 0.837
cC2 89.0 83.0 2158 93.8
CC3 3644 33.0 505.2 29.1

#76 CC1 278 1520 66.6 1858  Ju(t,1) 30.40 60.16 4.61 4.89 0.796
CcC2 89.1 56.9 205.5 67.4
CC3  364.6 33.0 502.2 272

#38 CCl1 27.8 1520 641 1698  Jus(t,7) 24.17 82.75 17.40 5.54 0.986
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Fig. 10 Compressive creep test results of #76 concrete at several ages and fit to model B3 for elevated constant temperature (in situ
conditions) and constant reference temperature conditions
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Fig. 11 Compressive creep test results of dam concrete at several ages and fit to model B3 for elevated constant temperature (in situ

conditions) and constant reference temperature conditions

Dam and Composite #38-Dam, were considered. The
compressive creep test results of both types of wet-
screened concrete, Juz6(2,¢') and Juas(t,¢'), its frac-
tion volumes with respect to the volume of the dam
concrete, Vus and Vsg, the modulus of elasticity of
the removed aggregate, E,, and the fraction volumes
of the removed aggregate, V,~ 76mm and V> 3smm,
were considered. An additional composite model,
Composite #38—#76, was used to validate the appli-
cation of the proposed methodology (Table 6).
Table 6 summarizes the properties used in the equiv-
alent composite model analysis.

The wet-screening procedure implies a change in
the matrix composition since some mortar is removed
with the larger aggregates (Table 1). This mortar is
considered to be a very small portion of volume when
compared with the equivalent matrix (considered, in
this case, to be the wet-screened concrete).

Figure 12 shows a representation of the considered
composite models (Composite #76-Dam, Compos-
ite #38-Dam and Composite #38-#76), and the
involved different parameters (o.476—pam, /3#76,,3”,”,
%438 Dam> By38—pam» %#38—#76 and B3 476). For the
Composite #76-Dam the volume fraction of the wet-
screened aggregates is lower than for the Composite
#38-Dam (Table 6) and, therefore, the involved
parameters can be different for each case.

Firstly, the procedure described in Sect. 3.4.1 leads
to the creep compliance under compression at a
reference constant temperature, Jpam(f, 1), Ju76(t, 1)
and J33(t, ). Therefore, the comparison of the results
for each type of concrete, dam, #76 and #38 concretes,
independently from the maturing conditions, was
possible. Considering the composition data and the
creep compliance under compression of both wet-
screened concretes for reference temperatures,
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Table 6 Properties used

; Composite Creep compliance of E, Vegmarrix= Vi msa
for the equivalent ] model equiv. matrix (10~%/MPa) (GPa) Vver—ser. concrete
composite model analysis
#76-Dam J476 (Table 5) 46.3 0.86 0.14
#38-Dam J43g (Table 5) 0.72 0.28
#38-#76 J43g (Table 5) 0.84 0.16
Fig. 12 Adapted composite Composite #76-Dam Composite #38-Dam Composite #38-#76
model for wet-screening -3 -3
PrOCf?dure Veq.matrix = 1- ﬁ#&S»Dam Veq.matrix=
Veq. matrix = 1- B#‘/s_[}am V #38 concrete V #38 concrete 1- ﬁ#38'#76
V #76 concrete
\Va>76mm BWG-Dam N B#S&Dam 6 mm > Va> 36 mm [3#38'#76
U P e | 1
a#76-Dam 1= OL#76-Dam O#38-Dam  1- Ol#38-Dam owse#7e  1- Qless#e

Jur6(t,1') and Jyusg(z,t'), the equivalent composite
model was used to predict the compressive creep
compliance of dam concrete, Jfomposne(t, t') and com-
pared with Jp,n (¢,1).

The optimum f§ was obtained by calculating the
B

composite? between the com-

percentage difference, %A

posite prediction and the experimental result for the

range of possible f, varying from 0.1 to 1.0. The
B

composite?

percentage different, %A represents the aver-

age relative error of a prediction and was calculated
using the range of available loading times for each
composite model, n.

n ‘Jg)mposilc(lj‘rl/)_JISU(tj’t/)‘
2 Jiso(t,1') (40)
n

%AP

j=1
composite (t,) =

The influence of the composite model free parameters,
B476-pam> Bi3s—pam and Puzg 476 on the obtained
predictions of dam concrete is presented in Fig. 13.
(Eq. 40).

The percentage difference for the three loading

ages, varies significantly with . The f§ value with the
B

lowest value of %0A.,,osire

corresponds to the predic-
tion model to be used. For the Composite #76-Dam
and the Composite #38-#76, the value of f that gives
the best fit for the three loading ages are, § = 0.4 and
B = 0.3, respectively (Fig. 14). The Composite #38-
Dam has its lowest percentage difference for a
f =0.6. The existence of a minimum for almost
every loading age and for the validation example
(Composite #38—#76), shows the consistency of the

proposed methodology and that the model is able to
accurately predict the composite creep strains, for a
given f5.

Considering the average differences of the avail-
able loading ages, the results show a better agreement
for a low value of f for the composite model using the
#76 composite model and for a higher value of f for
the #38 composite model (Fig. 13). The higher the f,
the least is the volume of matrix that is coupled in
series with the aggregates. The Composite #76-Dam
has, therefore, more equivalent matrix placed in series
with the inclusions than the Composite #38-Dam due
to the small amount of inclusions, V, < 76mm, and due
to the fact that the larger aggregates (MSA >76 mm)
are sparser in the wet-screened concrete matrix.

Figures 14, 15 and 16 show the development of the
creep strains of the wet-screened concrete (grey solid
lines) and the dam concrete (black dashed lines) and
the dam concrete prediction using the respective
composite model (black solid lines).Please check
and confirm the inserted citation of Fig. 16 is correct.
If not, please suggest an alternative citation. Please
note that Figure should be cited in ascending numer-
ical order in the text. and should be inside the main
body of the text.The inserted citation of Fig. 16 is
correct. Thank you.

It can be concluded that the predictions of dam
concrete creep strains are good, given the complexity of
the phenomena and the limited test results. The higher
deviations occur for the Composite #38-Dam at the
loading age of 28 days and for the early ages after loading.
These deviations can be due to limited compressive creep
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strain results and its implications on the optimization

procedures to fit the model B3 parameters.

The f values are related to the amount of equivalent

composite model is obtained for f = 1.0. According

to the theoretical Caquot law, the maximum amount of

matrix placed parallel in the composite model and can

be related to the maximum amount of aggregate,
Vamax- The maximum amount of aggregate in the

Vamay = 1 — o.47<

dmin

max

aggregate can be given by,

);

(41)
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where d,;i, and dp.x are the minimum and maximum
size of the aggregates. This estimate can be used to
compare the obtained fc,qu coefficients for each
composite, given the hypothesis of the equivalent
composite model (Table 7).

Although the f estimates are lower than the ones
obtained by the optimization of the percentage differ-
ence to the experimental results, the relationship
between them are consistent.

4 Conclusions

The rheological properties of dam concrete are
different from the derived wet-screened concrete,
both for instantaneous behaviour and delayed beha-
viour. As a result of its specific use, studies involving
dam concrete are sparse and locally significant.
Comprehensive experimental programmes are needed
for understanding the influence of high content of
large coarse aggregate on the mechanical properties of
this type of material. In this particular case, analytical
models, such as composite models, are an important
tool for a first approach to the structural design and
safety control assessment.

The first part of this work describes the experimen-
tal study concerning the behaviour of dam and wet-

Table 7 Comparison between estimate of  given by Caquot
law and the by the fit to the experimental results

Composite dinin dimax Vi max ﬁCaquOt:Va/V(l‘maX ﬁfit
model (mm) (mm)

#76-Dam 76 150 059  0.27 0.5
#38-Dam 38 150  0.64 0.44 0.6
#38-#76 38 76 059  0.27 0.3

screened concrete for the dam core conditions. An
in situ experimental apparatus was used in order to
measure the compressive creep strains development
over time, for three loading ages and for the three types
of concrete.

It is proposed a methodology for the prediction of
the dam concrete delayed deformability properties
based on the experimental in situ results of the wet-
screened concrete. The compressive creep compliance
was fitted for a reference temperature state, using the
measured creep strains of each concrete. Then, an
equivalent two-phase composite model was applied
considering the dam concrete as a composite material
of wet-screened concrete (viscoelastic matrix) and the
removed larger aggregates after sieving (elastic
inclusions).

The comparison between the dam concrete com-
pressive creep strains prediction and the obtained
experimental results, at reference temperature condi-
tions, show an overall good agreement. The main
deviations between the predictions and the measure-
ment seem to be related to the fit to experimental
results to the model B3 at a large range of loading ages
and loading durations and to the different compaction
conditions related to the two types of wet-screened
concrete. A sensitivity analysis was made, using the
composite model parameter f3, related to the aggregate
compaction conditions of the concrete, to obtain a
good agreement with the experimental results of dam
concrete and the optimum composite model
parameters.

The further understanding of the relationship
between dam and wet-screened concrete creep in
compression and the development of prediction mod-
els will contribute towards the improvement of design
guidelines and of monitoring and safety control



Materials and Structures (2016) 49:4831-4851

4849

practices, regarding the assessment of long-term
lifetime deterioration scenarios.
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