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Abstract

This paper is a condensed version of the material
presented at the International Workshop on Finite Element
Analysis of Reinforced Concrete, Session 4 - Time Dependent
Behavior, held at Columbia University, New York on June 3-
6, 1991. Dr. P. A. Pfeiffer presented recent developments
in time-dependent behavior of concrete and Professor T.
Tanabe presented a review of research in Japan on time-
dependent behavior of concrete. The paper discusses the
recent research of time-dependent behavior of concrete in
the past few years.

Introduction

Creep and shrinkage of concrete is a complicated
phenomenon and is difficult to formulate a constitutive
equation which is both generally applicable and realistic.
Before the era of large finite element analysis, this task
was not an issue because no structural analysis problems
could be solved with a sophisticated constitutive model.
Now that finite element analysis can provide the means of
solving these problems, there is a need for the development
of realistic constitutive relations for concrete creep and
shrinkage. Tremendous progress has taken place in this
subject area during the last twenty years. The purpose of
this paper is to emphasize some recent developments.
Several comprehensive reviews of a similar nature have
previously appeared ("Mathematical" 1986; "ASCE" 1982,
Bazant 1982). Recent developments, such as solidification
theory for concrete creep, Japanese research, etc. will be
discussed here.
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Definition of Creep and Shrinkage Properties

The total strain of a uniaxially loaded concrete
specimen at age t may be subdivided as

eft) = eE(t) + ec(t) + es(t) + eT(t) = eE(t) + e"(t)

(1)
= eE(t) + sc(t) + e°(t) - eo(t) + e

a

in which eE(t) is the instantaneous strain, which is
elastic (reversible) if the stress is small, ec(t) is the
creep strain, es(t) is the shrinkage (or swelling), eT(t)
is the thermal expansion (or dilatation), e°(t) is the
stress-independent inelastic strain, e"(t) is the inelastic
(stress-dependent) strain, and co(t) is the stress-produced
strain, also called the mechanical strain. Strain eE(t) is
irreversible due to aging caused by hydration, as well as
by other time-dependent changes in the microstructure.

Uniaxial elastic creep (stresses less than about 0.4
of the strength) is defined as

E(t) = aJ(t,t } + e°(t) (2)

in which a represents the uniaxial stress, e is the axial
strain, t is the time, normally chosen to represent the age
of concrete, and J(t,t') is the compliance function (often
also called the creep function); this function represents
the strain (clastic plus creep) and time t caused by a unit
constant uniaxial stress that has been acting since time
t'. Within the linear range, the creep at uniaxial stress
is completely characterized by function J(t,t').

Solidification Theory of Creep

The creep of concrete is profoundly influenced by the
process of cement hydration. This influence is called
aging and causes the creep at constant stress to decrease
significantly as the age at loading increases. Modeling of
the aging aspect of creep has proven to be a major
complicating factor. Although integral as well as
differential formulations that take the aging into account
are available and used in practice, they have several
serious shortcomings.

The objective of this new theory is to eliminate
these shortcomings with a basic model proposed by Bazant
and Parasannan (1989). The theory has a physical basis in
micromechanics of the aging process. The formulation has



several important advantages: It involves a Kelvin chain
whose elastic moduli and viscosities are age-independent,
which greatly simplifies numerical analysis. All the free
material parameters can be identified from the given test
data by linear regression. All the viscoelastic behavior
of concrete, including the aging, can be closely described
with only four free material parameters. The model always
satisfies the condition of non-divergence of the creep
curves for different ages at loading. Thermodynamic
restrictions for the elastic moduli and viscosities
associated with the rate-type form are always satisfied.
The non-linearity of creep consisting in deviations from
the principle of superposition is capable of describing the
phenomenon of adaptation and agrees with test data for the
service stress range as well as higher stresses.

Thermal Stresses Due to Heat of Hvdration

Thermal stresses have been a long standing problem
with concrete construction and can result in severe
cracking. Due to a rapid increase of massive concrete
construction in Japan/ the problem has again become a
concern. In Japan the code regulations define the method
to calculate heat generation for various types of cement
based on the environmental conditions. However, it has
been suspected that the code may give somewhat smaller heat
generation than the actual concrete. The Committee on
Massive Concrete Construction has performed research into
this problem and proposed a heat generation rate (JSCE,
1991) for use in temperature calculations. While the
temperature distribution of massive concrete may well be
predicted by the use of the proposed adiabatic heat
generation rate, it could be invalid for use in thin
concrete structures. A maximum of 20% error has been
observed, due to the environmental temperature being quite
different from adiabatic conditions. For this discrepancy,
Suzuki, et al. (1990), has recently proposed a method to
calculate the heat generation of concrete which is
applicable to any varying temperature history.

Conclusions

A tremendous amount of progress has been made in
constitutive modeling, analysis techniques and experimental
results in both the U.S.-European and Japanese research
communities. Advancements in time dependent behavior of
concrete analysis for: non-linear creep behavior;
viscoplasticity and cyclic creep; strain-softening
(cracking) effect; shrinkage and thermal expansion with
stress dependencies; Pickett (drying creep) effect; creep
under multi-axial stresses and varying temperatures and
behavior at high temperatures (>100°C) have been made.



The principal difficulty and challenge for further
improvements consists of the effect of variable humidity
and temperature, heat of hydration, as well as the non-
linear and triaxial aspects and the aging of concrete. The
predictions with the current models compare well with
carefully controlled laboratory data. However, good
comparisons with structural observations do not exist and
are probably impossible. One reason is the inevitable
large random scatter whose statistical properties were not
determined, and another reason is that some of the
essential data on the structure, its concrete and its
environmental history went usually unreported. It is now
becoming increasingly clear that the material models must
be supplemented by a probabilistic and statistical
treatment of creep and shrinkage, both of the material
properties and the structural effects. Structures should
be designed not for the mean behavior but for extreme
behavior characterized by the upper and lower confidence
limits of a certain specified probability cut-off-
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