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Abstract

Enhanced Multi-scale Constitutive Model of Solidifying Cementitious Composites and
Application to Cracking Assessment of Concrete Structures

ASAMOTO, Shingo

Concrete is one of superior building materials, which has high workability, durability, utility and
economy together. Recently, the application of concrete has become wider; for example, it is used in LNG
tank, underground structures and the containments of nuclear power plants. In order to obtain the great
performance successfully, it is indispensable to design and construct the concrete structures appropriately.

The time-dependent deformation of cementitious composites is significant and can seriously affect
structural performances and service-life. It seems that the accurate prediction of the long-term shrinkage
and creep deformation is of great important from the view of rational design as well as the construction of
high quality infrastructures.

A number of previous researches have revealed that shrinkage and creep of concrete are associated with
the state of moisture in pores. Although numerous predictive models for shrinkage and creep behaviors
have been proposed based on age, water-to-cement ratio, ambient relative humidity, temperature, moisture
content and others, most of them are empirical determining from laboratory experimental data. It remained
rather difficult to comprehensively associate time-dependency with moisture potentials in concrete pores,
because of complexity of mutually coupled chemo-physical phenomena such as cement hydration, pore
structure formation and pore pressure.

In the past decade, a multi-scale, multi-chemo physical approach has been developed for moisture in
concrete. The author's research group in the University of Tokyo has proposed a multi-scale constitutive
model of solidifying concrete, which has been integrated into the thermo-dynamic simulator named
DuCOM. This computational system aims to evaluate structural performances over the whole service life.
By coupling the micro-chemo physical information by DuCOM with a structural analysis program named
COMB3, consistent simulation of shrinkage, creep and cracking is made possible under any ambient and
mechanical boundary conditions. Since the driving forces of time-dependency are explicitly given, the
overall deformation is not necessarily separated into components of creep and shrinkage. This means that
the structural responses can be obtained directly with information on mix proportion, structural details and
boundary conditions. A reasonable simulation is currently obtained under constant temperature and simple



stress histories.

The objective of this research is threefold: the enhancement, verification, and application of the multi-
scale constitutive model of concrete. Firstly, it was aimed to enhance the original multi-scale and micro-
chemo physical constitutive model of concrete in view of more generic temperature and moisture histories.
Next, the basic concept of the model was experimentally verified under both normal and high temperature
conditions. Finally, the proposed model was applied to the actual damaged structure and to analyze the
influence factors. The strategy is to investigate the time-dependent deformation of cementitious materials
analytically and experimentally based on microscopic mechanisms.

The continuous deformation of concrete, especially creep, needs extremely long time for convergence. It
was reported that creep deformation progressed even 20 years after loading. The original model is re-
examined from a viewpoint of the long-term behaviors. Through a comparison with the experimental data
of long-term creep and shrinkage and a re-examination of the original model, it was found that the
analytical time-dependent deformation by the original model tends to be convergent faster than the
observed one and can not reproduce the reasonable long-term creep deformation. Thus, the enhanced
multi-chemo-physical model for time-dependent deformation of concrete was proposed in association with
thermodynamic states of moisture in micro-pores.

In thermo-dynamic oriented system, DUCOM, gel pores are defined as the internal pores of CSH grains
and small fraction of inter-particle spaces among CSH gels, where new CSH gel grains may conditionally
precipitate just at elevated temperature. Although the fictitious model idealizes the moisture migration in
those pores averagely in the original model, it is supposed that the physical states of moisture in extremely
fine space inside CSH gel grains are thought to be much different from that of water inside inter-particle
spaces. Thus, moisture migration mechanism was divided into moisture transport through the internal
pores of CSH gel grains and water in motion within the inter-particle spaces of hydrate micro-products. By
installing the new component for slow moisture migration through the gel grains into the model,
predictions of long-term creep deformation were improved remarkably. Coupling of the proposed model
and the lasted moisture model can reasonably simulate the time-dependent deformation under extremely
long-term drying at room temperature. Further, the enhanced mechanical law of stress path dependency is
also introduced to cope with a wide variety of stress history. Under decreasing stress conditions, the
proposed model simulates creep deformation more accurately than previous one.

Next, it was experimentally investigated whether internal stress can cause the time-dependent
deformation of hardened paste, in order to verify the model concept that shrinkage can be regarded as a
part of the creep phenomenon. By sealing after a short-term period of drying, a study was carried out of
time-dependent deformation under sustained internal stress.

Specimens sealed after 7 and 14 days of drying recovered the shrinkage and then remained stable.
Predictions using the model suggest that the recovery of shrinkage may result from the hysteresis curve of
moisture transfer from the interior to the surface. When the drying period before sealing is shorter, just one
day, slight time-dependent deformation was observed after sealing. These experimental results demonstrate
that internal capillary force causes creep deformation and that the drying history before sealing affects the
progress of the shrinkage under sealed conditions.



The same experiment was conducted at 60 °C and the same relative humidity. At this elevated
temperature, shrinkage recovered significantly after sealing. It was inferred that the dispersion and re-
distribution of moisture trapped in inkbottle-shaped pores increases pore humidity under sealed conditions
at elevated temperature and results in the large recovery of the shrinkage. Predictions obtained when the
proposed model is coupled with new moisture model give reasonable agreement with experimental results.
From the viewpoint of the shrinkage under sealed conditions at high temperature, it was verified that water
trapped in inkbottle-shape pores disperses.

Finally, an assessment of the cracking damage to an actual RC structure was carried out with the focus
on casting season. The proposed model was able to quantitatively simulate the large shrinkage of the
cement paste rich concrete, as well as the numerous cracks noted in the visual inspection resulting from
strong confinement by a large amount of reinforcing steel. Thus, the proposed model can be applied to
actual concrete structures reasonably.

In the research presented in this thesis, the multi-scale constitutive model was enhanced analytically and
verified experimentally, and then applied to the actual structures. As future plan, it is necessary to examine
autogeneous shrinkage behavior at a very early age considering hydration, pore structure formation and
self-desiccation. Since it was found in the study that properties of aggregate other than stiffness lead to
large time-dependent deformation, it is also important that other effects such as aggregate shrinkage,
particle shape and chemical bonding with cement paste are taken into consideration.



