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Abstract

Gradual decay of natural frequency of reinforced concrete (RC) buildings is computationally investigated in view of the
long-term moisture loss and associated shrinkage of concrete. The thermo-hygral analysis for RC lifetime over several
decades is applied with monitoring data of existing multi-story buildings and nuclear power plants in service. The reduced
natural frequency is numerically reproduced with delayed cracking near junction planes between structural members of
different dimensions in multi-story buildings and dispersed cracks close to the surfaces of RC thick walls of nuclear power
plants. In order to quantitatively clarify the impact of drying shrinkage, both sealed and open boundary conditions for
moisture migration are assumed at simulation. It is also confirmed logically that the rate of decay for the natural frequency
of the middle story RC building is faster because of the small thickness of walls, slabs and columns compared to structural

members of nuclear power plants.

1. Introduction

Volumetric change of concrete caused by moisture loss
(drying) and heat liberation (hydration) has been taken
into account in design of structural concrete as well as
on-site construction for reducing the risk of cracking and
unexpected deformation. Afterwards, structural concrete
is generally exposed to ambient states and external loads.
Especially, moisture loss and associated shrinkage of
concrete with large dimensions is known to be in pro-
gress for a long time (Gilbert 2013) as well as the
short-term performances (Gribniak ef al. 2013).

Yoshida et al. (1987) investigated the effect of drying
shrinkage on the initial overall stiffness of bridge piers
and their inelastic seismic resistances. The nonlinear
elasto-plastic finite element analysis with zero tensile
strength was also recommended to simply consider the
effect of cracking caused by drying shrinkage. The au-
thors presented the predictive method for the long-term
excessive deflection of large-scale PC viaducts for more
than 30 years (Maekawa et al. 2015; Ohno et al. 2012;
Bazant et al. 2010). Here, the moisture loss and associ-
ated mechanics are the key factor and considered in
JSCE design code 2012 as a differential shrinkage of
box-sectional viaducts.

Recently, so called health monitoring of existing
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structures is focused on as an effective asset management
and quick judgement of safety just after earthquake’s
impacts (Seki et al. 1996). Since the overall structural
stiffness which we may easily sensor by accelerometer is
linked with damaging of constituent members and ma-
terials such as cracking and yielding of steel (Masi ef al.
2010; Trifunac et al. 2001), monitoring data has been
published for several concrete structures in the past years
(Oliveira et al. 2010; Calvi et al. 2006).

The periodical structural monitoring of a nuclear
power-plant building has been conducted as well and its
overall natural frequency has been reported to gradually
decay for 30 years (Ogata et al. 2011). Similar gradual
decrease was also reported for a middle story concrete
building (Kashima and Kitagawa 2006; Abe and Mori
2005; Toyobe et al. 2013). The reduced natural fre-
quency means the reduction of global structural rigidity
under the small variation of stresses and strains. On the
varying natural frequency, Maruyama (2016) reported an
advanced investigation of interest from a multi-scale
views of material as moisture loss and stiffness change,
and structural member aspect as drying shrinkage in-
duced cracking. Both factors are pointed out as a key
issue of structural management. In this paper, the authors
express their full support with this view and try to quan-
titatively deepen the understanding in more macroscopic
structural aspect.

Here, the authors’ attention is directed to the different
rates of reduced natural frequency throughout the life-
time. The power plants whose walls have large thickness
of 1~2m exhibit their slower reduction of natural fre-
quency than the middle story buildings do with much
smaller dimensions of columns and slabs (Fig. 1; Ma-
ruyama 2016). In fact, the rate of moisture loss to cause
drying is associated with the absolute dimensions of
structural members (Samouh et al. 2016; Yoneda et al.
2015, 2013). The authors reported the drying effect on
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the dynamic responses of a multi-story RC building even cracks and associated stiffness decay.

under small seismic actions (Fig. 2; Chijiwa and The seismic response of the 28-story tower building
Mackawa 2015). The larger floor drifts were computed was also observed in Chiba at March 11, 2011 of Tohoku
as the real ones behaved by the presence of shrinkage Earthquake, Japan, and its dynamic response analysis
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Fig. 2 Seismic response analysis of RC building with and without drying (Chijiwa and Maekawa 2016).
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was conducted by lkawa ef al. (2012). The successful
seismic responses of computation attribute to the reduced
initial stiffness (about 15%) as shown in Fig. 3. As the
ground motion in Tokyo was comparatively less enough
not to jump into high inelasticity, the reduced stiffness
used for the dynamic analysis is thought to be closer to
the realty of the building just before the earthquake and at
18 years after construction. These facts are on structural
responses against short-term mechanistic actions of
small magnitude. Thus, we have possibly almost no
irrecoverable event like yield of steel and cracking of
concrete.

On the contrary for higher permanent loads like un-
derground ducts, the authors reported the inelastic irre-
coverable events which is accelerated by moisture loss
and finally may lead to delayed out-of-plane shear failure
for several decades after construction (Mackawa et al.
2016).

The objective of this study is to numerically investi-
gate the scale effect on the variation of structural initial
rigidity and the natural frequency over decades, and the
source of its transient variation is focused in view of
cracking and deformational mode of structures (Rots
2001; Giardina et al. 2010). Then, simplified in discus-
sion are other effects such as construction quality, tem-
perature, static interaction with soil foundation (Bindi e?
al. 2015; Trifunac et al. 2001), properties of cement,
admixture agents and construction processes. Then, the
authors expect that the monitored natural frequency of
buildings and infrastructures may play an important role
as a reference on which the damage assessment of
structural concrete under heavy loading can be based
(Meshke et al. 1999; Belleri et al. 2014; Hyun et al.
2003; Kumari and Kwatra 2013).

2. Multi-Scale Thermo-Hygral Analysis

For discussing the scale effect on the structural stiffness
with different dimensions, the simulation of moisture
transport and related shrinkage, self-equilibrated stresses,
crack nonlinearity and mode of deformation shall be

taken into account (Grasberger and Meschke 2004;
Mackawa ef al. 2003; Meschke et al. 1999). The effect of
sustained stresses as long-term actions must be consid-
ered as well (Asamoto et al. 2008; Castel et al. 2013).
Then, the authors apply the multi-scale thermo-hygral
analysis (Maekawa et al. 2008, 2003; Yoneda et al. 2013,
2015) for both multi-story RC buildings and large-scale
power plants as shown in Fig. 4. Here, the solidification
constitutive modeling of concrete is used for hy-
gro-mechanical coupling (Ishida et al. 1998; Mabrouk et
al. 1998).

In the past, this system was applied by Chijiwa and
Mackawa (2015) to simulate the nonlinear dynamics of
the real scale mockup of 6-story RC building (Matsumori
et al. 2008) on the shaking table as shown in Fig. 2. The
hygral effects of moisture were concluded to be crucial
for inelastic dynamic responses of small and middle
magnitudes as well as linear elasticity in motion. Then,
the authors select the same building for the first discus-
sion and comparison, because inelastic dynamic re-
sponses as well as the initial stiffness were precisely
recorded and the real-scale mockup’s detail was clearly
known including the construction processes. Then, the
detailed explanation of the real-scale building experi-
ment is given to the reference (Matsumori ef al. 2008).

In the analyses, joint interface elements between
members were not placed for simplicity, but cracking
which develops in elements close to neighboring mem-
bers with different shapes and dimensions numerically
represents the kinetics of junction. As this crack is the
indirect and week expression of localized junction planes
with small sized finite elements, the multiplication of
shear strain and the element size is mechanically
equivalent to the shear slip of the junction plane. Then,
the shear transfer model of RC elements results in the
model of junction planes. We have the same story for the
mode of tension normal to the joint planes.

2.1 Multi-story RC building
In order to focus on the drying effect alone, firstly,
one-time casting of fresh concrete is numerically as-
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Table 1 Mix proportion of concrete used for Multi-story RC building analysis.

W: water (kg/m®) C: cement (kg/m’) W/C (%)

G: gravel (kg/m®) S:sand  (kg/m’) Air (%)

160 290 55

1000 850 4.0

Note) Specific gravity: normal Portland cement=3.15, gravel=2.58, sand=2.65.

sumed to make a simultaneous start of cement hydration
and micro-pore formation at all finite elements under
zero gravity (Chijiwa and Maekawa 2015). During this
period of initial hydration, perfect sealed conditions were
set up. After 7-days curing, the whole structure was ex-
posed to 60% relative humidity (RH) and the vertical
gravity of 980 gal. The mix proportion of concrete
simulated is listed in Table 1. As the mockup was con-
structed on the shaking table inside the laboratory, no
effect of rain fall is considered. At each elapsed time, the
horizontal gravity of 10 gal, i.e., constant equivalent
static force proportional to the mass of concrete, was
fictitiously applied for a few minutes and the horizontal
drift of each floor was computed. Thus, the averaged
shear stiffness of each story was calculated.

When the cracking is newly introduced in plain con-
crete without reinforcement, the sudden change of stiff-
ness occurs and is easily observed in reality. But, in the
case of normal reinforced concrete with steel embedded,
the averaged stiffness reduction gets mild owing to the
steel's stiffness and the presence of bond. Thus, the ex-

perimentally obtained tension stiffness curves exhibit
almost smooth reduction of averaged tensile stiffness
even though the crack evolution still proceeds (Mackawa
et al. 2003, Vecchio and Collins 1986). This is unlike the
case of tension softening of plain concrete as well. Then,
smooth trend of the overall structural stiffness reduction
is thought to be reasonable and it is hard to identify the
crack occurrence only with the global response of entire
structures.

Figure 5 shows the computed variation of the aver-
aged horizontal rigidity of the entire structural concrete.
If the perfect sealing would be continued for the whole
lifetime, the stiffness gradually increases according to
the progressive hydration of cement, following
pore-structure formation and development of material
stiffness (Mackawa et al. 2003). Thus, the overall stiff-
ness comes up to the maximum at about 200 days.

On the contrary, the overall structural stiffness is
gradually declining if drying and moisture loss are nu-
merically allowed. In order to clarify the sensitivity of
key factors, aggregate shrinkage is not numerically con-
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Table 2 Mix proportion of concrete used for thermo-hygral analysis of nuclear power plant.

W: water (kg/m®) C: cement (kg/m°) W/C (%)

G: gravel (kg/m®) S:sand (kg/m®) Air (%)

175 325 54

946 802 5.0

Note) Specific gravity: normal Portland cement=3.16, gravel=2.58, sand=2.62.

sidered but surface tension of water in capillary pores
and disjoining pressure in gel pores in cement paste alone
(Imamoto and Arai 2008; Asamoto et al. 2008; Goto and
Fujiwara 1979) are taken into account. The global stiff-
ness is taken in the X-direction as shown in Fig. 5. The
stiffness at 50 years is simulated to drop to about 50% of
the initial one at 7 days. This is equivalent to about
70-60% of the natural frequency as discussed later. This
is close to the case of the 28-story RC building shown in
Fig. 3. As the reference age on which the building stiff-
ness reduction is based was not reported, we cannot have
strict comparison with the analysis where the referential
age is 7 days. But, if the referential age of the analysis
would be set forth at 28 days, the apparent computed
shear stiffness reduction becomes about 20%. Thus, it
may be possible to say that there is a similar trend. In this
case, the development of material stiffness is also hin-
dered numerically because of the premature cement
hydration owing to the loss of water at the early ages.
The mode of deformation of the drying case is shown
in Fig. 5. The in-plane shrinkage of each floor introduces
the flexure of columns with flexural cracking at the
column-slab connections of the first floor. As walls and
columns with different specific surface area are sparsely
arranged on each floor, out-of-plane distortion of each
floor can be seen owing to differential shrinkage among
members. Consequently, cracking of concrete is con-
centrated mainly at the junction between different
members. The macroscopic effect by cracking is not
negligible as well as the retarded micro-pore structure
development due to water loss. This coupled micro and
macro mechanism will be further investigated in later

chapters.

2.2 Nuclear power plant model

As stated in Chapter 1, nuclear power plants exhibit the
gradual reduction of the natural frequency (Ogata et al.
2011). Basically, buildings containing reactors in Japan
consist of strong walls so that they possess high stiffness
which results in short period of vibration and greater
capacity against large seismic actions. Then, the dimen-
sion of walls is about 1.0~2.0m by thickness and the
specific loss of moisture per volume must be thermo-
dynamically less compared to normal RC building.

Figure 6 shows the finite element discretization for
the thermo-hygro analysis (Mackawa et al. 2003). The
target structure’s dimension and shape are plainly de-
cided in reference to power plants (Ogata et al. 2011). As
RC walls are designed to function against in-plane shear
with distributed cracking, reinforcement of all walls is
arranged to be smeared out and its ratio by volume is set
forth as 1.2% in both horizontal and vertical directions,
respectively. For the base slab, orthogonal reinforcement
of 1.0% is assumed as well.

The mix proportion of concrete simulated is listed in
Table 2 so that the computed compressive strength of
concrete may get close to that of the material test of
34MPa at 28 days. In fact, the varying strength and
stiffness of concrete are calculated step by step based
upon the developed micro-pore structures in simulation.
We arrange two cases. One is no aggregate shrinkage
(Goto and Fujiwara 1979), and computationally shows
about 350 micro shrinkage of the standard specimen
(Yoneda et al. 2015). The other one specifies 0.04% of
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Fig. 5 Averaged drift stiffness of the whole structures.
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the maximum capacity of intrinsic aggregate shrinkage
which brings about 900 micro shrinkage (Asamoto ef al.
2008; Imamoto et al. 2006, 2005; Fujiwara 1984). The
intrinsic shrinkage capacity of aggregates used has be-
come the primary factor for shrinkage of concrete com-
posites in recent years in Japan, although it was practi-
cally governed by the unit water content.

For discussing the scale effect, the small model with
1/20 dimension is also prepared with the same material
and the reinforcement ratio as shown in Fig. 6. Thus, the
dimension of members is about 10cm by thickness,
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which is similar to the case of RC building as shown in
Fig. 5. The coupling of scale effect (macro-view) and the
specific shrinkage of concrete (meso-view) are under-
lined.

The computational curing and the exposure to the
ambient conditions are the same as those of the case of
RC building (Fig. 5). In order to avoid the impact of
thermal stresses, the nodal temperature was fixed to be
20 degree Celsius. Then, pure coupling of moisture loss
and the structural stiffness can be discussed in this sec-
tion. The computed structural stiffness normalized by the
value at 7 days after casting is shown in Fig. 7. Here, the
overall structural rigidity is the totally applied static
horizontal force divided by the horizontal displacement
at the center of the top floor slab.

As the thickness of walls is more than 1.0m, the rate of
moisture loss normalized by volume is much less at the
beginning of drying. Even after the exposure to the
natural environments, water loss from concrete accom-
panying the retardation of cement hydration is concen-
trated only nearby the surfaces. Then, the strength gain
continue to evolve for large volume of core concrete, and
the overall structural stiffness is increasing up to almost
200 days. After this period, the gradual decline of the
global stiffness in X-direction can be seen in Fig. 7
similar to the case of RC building. This reduction does
not converge but continues for more than 30 years as the
real case is (Ogata ef al. 2011), and we have the stability
around 50 years when the thermo-hygral equilibrium
with the natural environment holds computationally.

The shrinkage develops more uniformly over the walls
and the strain near the junction planes looks less local-
ized unlike the case of multi-story RC building. Then, let
us focus on the single wall component. The same curing
is applied to a single RC wall with 2m thickness and the
in-plane stiffness of the wall is computed as shown in Fig.
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Fig. 6 Real scale mockup model of nuclear power plant and its scale down.
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8. Moisture migrates normal to the 2D extent of the wall
and drying shrinkage proceeds from the surface layer to
the core center. Four corners are firmly restrained for 1
and 50 years. Afterwards, the short-term shear deforma-
tion is introduced and the shear reaction is obtained. The
reduction rate of the rigidity of the single wall are similar
to that of the entire structures. In fact, nuclear power
plant buildings are designed as an assembly of in-plane
walls. Then, the source of the entire structural stiffness
decay under the small stress and strain states is chiefly
rooted in the transient decay of wall’s stiffness.

Although the initial stiffness of the wall is greatly in-
fluenced by shrinkage, the nonlinear restoring force
characteristics is less affected as shown in Fig. 8. The
shear capacity is mainly governed by the yield of
bi-directional reinforcement. Even though the shrinkage
of concrete is introduced for long time of 50 years,
overall ductility is not substantially changed. As a matter
of fact, design values of ductility and the skeleton curve
of shear walls were specified several decades ago in
reference to laboratory tests whose mechanism was af-
fected by drying shrinkage owing to thin thickness of
about 10-20cm.

The simulation of the scale-down mockup of 1/20
brings about the contrast of interest as shown in Fig. 7.
The gain of structural rigidity after 7 days cannot be seen,
because the impact of moisture loss is greater than the
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case of large size and the solidification cannot come up to
the full capacity due to shortage of water during the
cement hydration in concrete. The different deformation
modes can be seen at the same age of structures. The
shrinkage of the upper part of the small structure arises
widely and uniformly, and the lower part is well confined
by the base slab. Thus, the seismic performance of the
plants is thought not to be degraded.

But, for the large structure, the shrinkage is rather lo-
calized around the surfaces of slabs and walls, because
the drying does not completely reach the core of thick
members. As the thickness of walls of upper floors is
smaller than those of lower floors, we have a small
amount of effect of moisture loss from the lower story.
Similar to the case of RC building’s mockup in Section
2.1, the strain is rather localized at the extreme ends
along the peripheral lines. It implies that the cracking
introduced nearby junction planes of members may
chiefly weaken the overall rigidity of the whole structural
system.

2.3 Scale dependent reduction of natural fre-
quency of structural concrete

The overall stiffness of the whole structural concrete
under the small variation of stresses and strains can be
converted to the natural frequency from the structural
rigidity by simply assuming the piecewise linear
one-degree of freedom lumped mass system, that is to say,
the natural frequency of the first mode free vibration is
proportional to the square root of the stiffness (Abe and
Mori 2005). In order to check the conversion, after the
equivalent static input of the small gravity in the hori-
zontal direction, this force was suddenly released and
obtained the natural vibration, and both values were
verified to coincide with each other.

As shown in Fig. 9, slow decay of the natural fre-
quency is simulated for the large RC power plant facili-
ties and multi-story buildings. The prediction is not so far
from the reality of monitoring at site. In order to capture
the whole range of lifetime, the logarithmic scale of time
is also chosen, and the computed frequency is normal-
ized by the value at the age of 28 days for RC buildings
and one year for nuclear plants after construction. The
decay of natural frequency continues over 30 years. In
case of the record of ONAGAWA-#1 (records from 1985
to 2010), we can see the reduction of stiffness just after
the earthquake of smaller magnitude, but a quick recov-
ery was also accompanied. In fact, the decay of stiffness
by the earthquake is comparatively less than that of the
computed reduction by shrinkage. Then, the reduction of
building stiffness is thought to mainly attribute to the
thermo-hygral effect.

On the other hand, the record of ONAGAWA-#2, #3
(records from 1995 to 2011), which includes the damage
by the Tohoku Great Earthquake on March 11th, 2011,
shows substantial reduction of stiffness just after the
quake and the stiffness decay seems to be accelerated
similar to the case of high aggregate shrinkage. Then, it
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can be said that there are some multiple causes of stiff-
ness reduction for a long time of service, and the drying
shrinkage impact cannot be avoided for the investigation
of long-term global building stiffness. Here, the authors
want to point out the cross-effect of mechanistic and
thermo-hygral actions as well. When the cracking is
introduced by the mechanical actions, the rate of drying
is known to be accelerated afterwards (Bazant et al
1987), because the cracking can be a short-cut path of
vapor migration. This cross-effect is also taken into ac-
count in the thermo-hygral analysis used in this study
(Yoneda et al. 2015). The authors hope to leave this
multiple impact in this study as the future topic of deeper
investigation.

The decreasing rate of the natural frequency looks
similar for both RC buildings of normal size and power
plants of large scale. But, it must be noted again that the
referential ages are different for both structures as stated
above. For large-scale nuclear reactors, their overall
stiffness rises for about three years as shown in Fig. 7.
But at this time, the RC multi-story building’s stiffness
has been already down as shown in Fig. 5. Thus, the
absolute stiffness decay and associated natural frequency
are much size-dependent.

It should be also noted that these analyses do not
completely imitate the reality of existing RC. We use
simple assumption for structural shapes and dimensions,
and the typical material properties of concrete and rein-
forcement were assumed. The arrangement of reinforc-
ing bars does not match real individual nuclear plant
building, but the normal use was referred. For clear
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discussion on scale effect alone, the authors intentionally
avoid the effect of thermal stresses.

It is known in these days that concrete shrinkage is
much affected by the aggregate shrinkage (section 2.2).
Its influence on the power plants of large section and the
multi-story building of the middle section is described in
Fig. 9. The wider variation of the natural frequency can
be seen in both cases. It may be attributed to the quality
of aggregates used in view of the intrinsic shrinkage
(Appendix). Thus, quality of aggregate is thought to be
influential for middle to large-scale structural concrete as
well as smaller ones.

It is hard to have a universal conclusion only with
these sensitivity analyses discussion. But, within the
limited information, the authors may conclude at least
that the moisture loss and associated structural cracking
may play some substantial role on the decay of natural
frequency of structural concrete owing to both cracking
(macro) and hydration degree (micro aspect), and that the
coupled consideration of the hygral and mechanistic
issues is critical for the scale effect of natural frequency
decay. In order to deepen our understanding of the decay
of structural rigidity and the harmonic vibration fre-
quency, the authors conduct some sensitivity analyses
from a viewpoint of meso-scale in between micro and
macro.

3. Sensitivity Analysis on Meso-Scale

Decay of the natural frequency of the entire structure is
caused by micro and macro factors. Thus, the sensitivity
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Fig. 9 Computed transient natural frequency over the life time of RC structures with largely different dimensions:

left=nuclear plant, right=multi-story building.
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analysis with different local ambient conditions around
each member may be beneficial for more deep insight
into the mechanism. Here, three types of boundary con-
ditions are intentionally defined as shown in Fig. 10. The
standard case is that all structural members are exposed
to dry air of 60% RH. Another is the case where only
slabs are exposed to drying and other columns and walls
are under sealed conditions, and vice versa.

Beforehand, the effect of curing period on the overall
stiffness was examined. Figure 10 shows the case of 28
days sealed curing. Just before the exposure, the cement
hydration proceeds and the strength development and the
associated stiffness evolved. The following decay of
rigidity is similar to the case of 7 days curing as the ref-
erence. Then, the following discussion is made based on
the 7 days sealed curing case.

After the building is exposed to air, cracks are formed
mainly around the junction planes and their surroundings
as shown in Fig. 2 at the middle of drying. In the ex-
periment, shrinkage cracks were also observed at the
walls confined by slabs or columns before dynamic
loading (Matsumori et al. 2008), and the computed result
coincides with the fact. Cracking in junction planes is
hardly observed in general, and there is no close-up re-

17.0m
]

12.0m

16.2m —

port at junction planes between members. Thus, it is the
point of observation and monitoring of real-scale struc-
tural concrete in future to clarify the discussion.

The shrinkage of slabs brings about local deformation
of corner columns on the first floor like necking. But, the
columns and walls of the upper floors are not so much
deformed. In fact, the decay of the horizontal rigidity is
mild compared to other cases. The mere shrinkage of
columns and walls, which are the main resistant mecha-
nism against the floor drift, contrarily introduces much
self-equilibrated stresses and cracking, and rapid reduc-
tion of the whole structural rigidity as shown in Fig. 10.
This deformational mode attributes to the non-uniform
arrangement of axial stiffness of interior columns and
sparsely arranged shear walls. The members arranged at
core center are tightly confined by the floors rather than
the exterior columns and walls. Here, in all cases, the
base part is firmly fixed to the foundation and no sub-
stantial deformation is produced.

Figure 11 shows the variation of shear stiffness nor-
malized by the value at 7 days when the drying begins
numerically. The shear stiffness of each story can be
calculated by the relative horizontal displacement of a
pair of adjacent floors divided by the static shear force
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Fig. 10 Effect of partial drying shrinkage on the overall stiffness.

applied to each floor. In the case of dried slabs, the av-
eraged stiffness of each story is kept less changed over
the lifetime. This is consistent with the results in Fig. 10
although the localized necking is produced to the col-
umns on the first floor.

The case of dried columns & walls causes larger re-
duction of the shear stiffness of all stories. RC columns
have some shrinkage cracking at the surface zone due to
moisture loss and flexural stiffness is declined. Fur-
thermore, the volumetric change of shear walls is greater
due to large specific surface area. Drying of all members
are similar to the case of column & wall shrinkage
without no moisture loss of other members. Then, it can
be concluded that the shear stiffness reduction and tran-
sient decay of the natural frequency derive chiefly from
macroscopic structural mode of deformation and struc-
turally induced cracking.

In order to confirm the impact of shrinking floor slabs,
the horizontal nodal restraint of the bottom layer of the
base part is released as shown in Fig. 12 (denoted by no

confinement). Since the base part is horizontally liber-
ated, the necking to the RC column at the first floor al-
most disappears compared to the upper floors. Then, the
self-equilibrated stresses by floor’s volumetric change
are confirmed to be a major factor of the structural
stiffness reduction and its transient decay. Figure 12
shows the closed up of the strain profiles of columns and
walls around the first floor. The concentrated deforma-
tion arises nearby the junction planes between the base
part and the attached structural members.

The gravity action (dead weight) introduces the axial
forces to columns. Then, the flexural stiffness gets a bit
larger since the opening of the flexural cracks is im-
prisoned and the permanent compression may hold back
the shrinkage cracking. But as shown in Fig. 13, even if
the gravity action gets lost fictitiously, the horizontal
stiffness decay is almost the same as that of the normal
case. Needless to say, the axial compressive force is not
the key factor.
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4. Conclusion

The drying shrinkage of concrete is a key factor to pre-

dict the overall stiffness and associated natural frequency

of the whole buildings of different dimensions, and the
size of structural members is confirmed to be a critical
factor of moisture loss and associated volume changes.

Then, the multi-scale hygral analysis was employed to

simulate the lifetime variation of the natural frequency

and the following conclusions were earned as,

1) The varying shear stiffness of each floor of the
multi-story building is mainly governed by the states
of drying of columns and shear walls. The shrinkage
of floors induces the self-equilibrated deformation to
the columns of the first floor but its impact is not
primary.

2) A mockup model of RC power plant buildings is also
affected by the moisture loss and associated shrinkage
although its dimension is almost 10 times greater than
the one of normal RC building, but the rate of decay of
natural frequency is slower, and it can be quantita-
tively explained by the coupling analysis of moisture
migration and the nonlinear mechanics with cracking.

3) The shrinkage effect may chiefly come to the junction
planes between members of different dimensions es-
pecially for the case of normal RC buildings. Struc-
tural cracking is the main source of stiffness decay.
Here, it is numerically confirmed that constituent
members have no deterioration of their functions as a
structural unit against the external actions.

4) As a matter of course, the seismic responses of the
buildings are affected by the shrinkage under the
ground motions, and it was numerically confirmed.

5) The natural frequency and the vibration mode of real
individual building depend on several factors although
the drying is thought to be one of common factors of
importance. Thus, it will be necessary to consider the
stiffness decay of moisture effect as a base line when
the impact of earthquake is to be estimated just after
the great event.

The stiffness reduction and the decay of vibration
frequency of buildings and power plants are caused by at
least multiple factors. It must be said that the overall
rating of probable cause of them cannot be quantitatively
identified by this study. Though systematic parametric
sensitivity analyses and large-scale mock-up, however,
the authors raise the point that moisture migration and
associated volume change of concrete can be one of
unavoidable factors to be discussed quantitatively. For
further investigation, we may need monitoring data and
systematic inspections of real buildings and infrastruc-
tures in line with the stock management.
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Appendix

1) Drying shrinkage strain of representative mem-
bers for each structure.

In the hygral analysis used, volumetric shrinkage of
concrete is associated with the moisture migration
analysis and driving force of capillary tension and dis-
joining pressure (Yoneda et al. 2015). Then, the rate of
shrinkage is different according to the geometry of
structural concrete. For example, Fig. A1 shows the FE
discretization and corresponding averaged shrinkage
strain (60% RH after 7 days of form strip) of the stan-
dard specimen. Concrete mix proportion used in the
analysis is listed in Table Al. The shrinkage strain is
not the input value of the analysis but the computed
value under the specified exposure conditions.

2) Governing Equation for moisture migration.
The mass conservation of moisture transport used in this
study is expressed as (Maekawa et al. 2008),

%§+wMK&V9»+Q=O (AD)

where, 6 [kg/m’] is the mass of water in a unit volume of
concrete, ¢ [s] is the time, J [kg/m?-s] is the moisture flux
and Q [kg/m’s] is the sink term related to cement hy-

Engineering, ASCE, 127(5), 527-537.

Vecchio, F. J. and Collins, M. P., (1986). “The modified
compression-field theory for reinforced concrete
elements subjected to shear.” ACI Journal, 83(2),
219-231.

Yoneda, T., Ishida, T., Mackawa, K., Gebreyouhannes, E.
and Mishima, T., (2015). “A micro-cracking model
coupled with micro fracture and water status in micro
pore structures.” Journal of Japan Society of Civil
Engineers, Ser. E2 (Materials and Concrete Structures),
71(3), 263-282.

Yoneda, T., Ishida, T., Maekawa, K., Gebreyouhannes, E.
and Mishima, T. (2013). “Simulation of early-age
cracking due to drying shrinkage based on a
multi-scale constitutive model.” Poromechanics V-
ASCE, 579-588.

Yoshida, I., Kanemitsu, H., Yamashita, M. and Higuchi,
K., (1987). “Seismic analysis of RC pier with
earthquake resistant wall.” Journal of JSCE, 1-8(386),
349-358.

dration. Thus, we have the flux term of Eq. (A1) as,
J=—(D,VE +D,VT) (A2)

where, D, [kg/Pa-m-s] is the combined moisture con-
ductivity with respect to the pore pressure denoted by P;
[Pa] and Dy [kg/K-m-s] is the moisture conductivity with
respect to the temperature 7 [K]. During the water ab-
sorption process, the variation of temperature was con-
trolled to be minimal in this study. Then, the right term
of Eq. (A2) is negligible. Here, D, is composed of two
parts as,

D, =K, +K, (A3)

where, K, [kg/Pa-m-s] is the unsaturated liquid perme-
ability and K, [kg/Pa-m-s] is the vapor one.

These values are not constant but variables with re-
spect to capillary and gel micro-pore structures and the
degree of saturation (Maekawa et al. 2008). For example,
K;and K, are computed at the surface and core center of
the specimen without intrinsic aggregate shrinkage as
listed in Table Al. These values are different according
to the location with different saturation degree of capil-
lary and gel pores denoted by S, and S, The moisture
conductivity was computed to be almost unchanged up to
4 years.

Table A1 Varying moisture conductivity at 28 days.

Location K;[kg/Pa-m-s] K, [kg/Pa-m:s] Scqp (porosity) Seer (porosity) RH (%)
Surface 2.2%107" 3.1*¥107" 0.25 (0.26) 1.0 (0.10) 85.8
Core center 2.7%107"° 3.2%107"8 0.93 (0.22) 1.0 (0.10) 98.8

Note) Porosity of each pores is defined as volume fraction of concrete composite.

Note) RH: relative humidity inside the micro-pores.
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3) Creep coefficients.

The time-dependent strain of concrete is computed based
upon the solidification modeling linked with the mi-
cro-pore formation and moisture in pores of various sizes
as shown in Fig. 4 (Asamoto et al. 2007, Yoneda et al.
2015). Then, similar to the drying shrinkage, creep is not
the input characteristics but computed value under the

1/8 model of
200mm X 200mm X 800mm rectangular block
*Consisted of 20mm square elements

sustained stress states. Figure A2 shows the computed
averaged strain of the specimen under the sustained
compression which was applied at 28 days under the
sealed conditions. The apparent drying creep can be also
simulated by changing the boundary conditions of
moistures (Asamoto et al. 2006).

200mm
| Heat & moisture are transferred only from
' original surface of rectangular block
200mm
—20-20-80 40-40-160 —80-80-320 —20-20-80G —40-40-160G —80-80-320G
200 200
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0 S 0 p——f—=
- 0.0p01 0.901 D.J?Lk“ﬁ‘lﬂa_,_ | 10 100 0.0p01 0.9o1 0.3@1 | 1 100
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(%) 2 (=)
£ U “X1600mmis S X1600m
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g - £ -600 s
& & 200mmX200mmX800mm |
-800 — -800
-1000 -1000
Material age (Year) Material age (Year)
a) No aggregate shrinkage b) Considering aggregate shrinkage
*¥*Maximum shrinkage of aggregate is 500
Fig. A1 Simulated drying shrinkage of the concrete specimen by thermo-hygral analysis.
2 2 — —
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* Graph a) is a part of Graph b), and it focuses the data until 1000 days after loading
Fig. A2 Computed basic creep coefficients by thermo-hygral analysis.
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Fig. A3 Computed strength development by thermo-hygral analysis.

4) Strength development. higher stresses (El-Kashif and Maekawa 2004). Fig. A3
Similar to creep and shrinkage characteristics of concrete, shows the computed compressive and tensile strength of
strength of concrete is computed based upon the mi- the specimen as shown in Fig. A1 under the sealed con-
cro-pore structure formation, moisture states and dition.

time-dependent fracturing which may evolve under



