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ABSTRACT

Creep deflections that greatly exceed the predicted values by the linear creep law are being found in
measurements on actual PC bridge viaducts. In this study, structural creep deformations were reproduced by
using the multi-scale coupled thermo-hygro and mechanical modeling which enables to deal with an
interaction of chemo-physical events of differing dimensions ranging from the kinematics of moisture in
micro-pores to the macroscopic structural mechanics, and the effect of various factors was analytically
investigated. The numerical analysis approximately reproduced the excessive deflection measured on an
actual bridge viaduct. It was confirmed that the creep bending of the viaduct having the hollow cross-section
varies significantly due to the ambient temperature, humidity and the structural specific surface area. The
macroscopic structural responses in association with the thermodynamic state of moisture in the micro-pores
are also discussed.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In all parts of the world, excessive deflection that greatly exceeds
the design values has been reported for PC bridge viaducts that have
been constructed for more than 20 years [1-4]. Most of these bridges
were constructed around 1975 and were designed in use of the linear
creep law that assumes the evolution of creep strains 2-3 times the
elastic strains. However, back calculating from the actual deflection on
the bridge viaducts, the linear creep coefficient of around 4-5 is
inversely obtained [5,6], which is more than double the value
measured in laboratories and used in design guides of each country
[7-9]. Although creep and drying shrinkage of concrete specimens can
be estimated with high accuracy, there is much scope for improve-
ment in the prediction of long term deformation of actual structures.
For the maintenance management of existing PC bridges, it is essential
to be able to determine whether the long term flexure will converge
or not, as well as when and to what value, based on scientific grounds.

The apparent creep of concrete specimens depends on the micro-
pore structure of the hardened cement paste and the thermodynamic
state of moisture trapped in the pores. Hardened cement paste is
formed as a collection of pores of various sizes, ranging from relatively
coarse capillary pores to interlayer pores on the scale of water
molecules. The kinematics of moisture in micro-pores and the
deformational behavior of cement hydrates that form gel and capillary
pores vary greatly depending on the scale of the pores. To construct a
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time-dependent deformational model of cementitious composites,
it is necessary to take into account the different deformational
characteristics of each of the microstructural units.

The authors have developed a 3-dimensional material-structure
coupled analysis (abbreviated as DuCOM-COM3) [10] that tracks the
time history of the variation in long term properties of concrete
structures from production stages to the end of its service life. By
running in parallel a thermodynamic coupled analysis that numeri-
cally models hydration reactions, pore structure formation, moisture
migration in a coupled manner (nm to pm), and a material-structure
response analysis (mm to meter scale) based on a nonlinear material
constitutive law while sharing digital information successively, it is
possible to follow the phenomena (Fig. 1). By integrating the
phenomena of moisture movement and solid-liquid equilibrium
within micro-pores of different dimensions, a constitutive model that
can be applied to volumes ranging from “cm” to “meter” scales can be
constructed [11,12]. It is possible to evaluate macroscopic structural
deformation or cracking damage, etc., caused by the phenomena at
the scale of water molecule, such as internal stresses due to capillary
tension or surface energy. The moisture transport through micro-
pores of cement hydrates is simulated in terms of the vapor diffusion
and the convection of condensed water [10,31] as shown in Fig. 1.

Here, the vapor pressure as the primary variable for the molecular
diffusion is computed so as to satisfy the thermodynamic equilibrium
with the condensed water stored in micro-pores with non-uniform
pore-size distribution. After the cracking in structural concrete, the
moisture transport is accelerated since the additional paths sur-
rounded by crack planes are created. This coupling effect of the
structural damage on the micro-thermodynamics is automatically
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Fig. 1. Outline of multi-scale integrated analytical system [10,31].

taken into account as the crack spaces are mathematically treated as
newly created large-scale pores, whose size is equal to the crack
spacing computed by the linked structural analysis of COM3 [32]. In
other words, the formed pore structure in concrete is governed by
both cement hydration and mechanical cracking [33].

This study uses the numerical simulation that couples material
science and structural mechanics to examine the causes of excessive
long term creep deflection observed in an actual bridge to validate the
model. By carrying out sensitivity analyses in which the behavioral
model in micro-pores is intentionally changed, a quantitative dis-
cussion on the thermodynamic state of moisture at the microscopic

Table 1

Composition of the hardened concrete.
Ock Cement Max. gravel size Air
MPa Class mm %
40 Early-strength cement 25 4
Mix proportion of concrete (kg/m?) Remarks
Cement Water Sand Gravel Admixture
423 165 639 1108 1.0575 Summer
440 167 629 1099 1.1 Other seasons

level and macroscopic structural responses is performed, with the
objective of deepening our understanding on structural creep.

2. Tsukiyono Bridge viaducts
2.1. Target structure in detail

The subject of the analysis is Tsukiyono Bridge in Japan, which was
completed in 1982 and for which the measured deflection at the span
center has been reported [1,5,6,13]. For this bridge, the design
drawings, details of materials used, the records of the construction
procedures, and the monitoring results after construction have been
preserved in detail and published. This is widely regarded as valuable
data that can withstand scientific analysis. The bridge is a 4-span PC
hinged moment-resisting frame constructed by the Polensky &
Zollner method (P&Z method). Concrete was cast in divided blocks,
and after prestressing, the next block was consequently constructed.
The specification of concrete used is shown in Table 1.

This study covers the span from pier P4 to pier P5, the area from
the support point at pier P4 side to the center of the span (Fig. 2). In
this area strain gages were embedded in concrete at the time of
concreting works. Then, it is possible to refer to the actually measured
data of drying shrinkage of volume. The bridge girder cross-section
has a hollow shape, with a top flange that includes the bridge parapets
10.65 m wide, and a bottom flange of 5.8 m wide. The top flange
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Fig. 2. Tsukiyono Bridge at the location to be analyzed.

thickness is uniform at 300 mm (excluding the thickness 80 mm of
road paving), but the web thickness varies between 600 mm and
360 mm, and the bottom flange thickness varies between 754 mm
and 200 mm, varying continuously from the support point to the
hinge at the center span. As shown in Fig. 2, the six blocks were
constructed in-situ while extending outwards. The construction
period was from July (beginning of summer) to September, then
after 1250 days had passed, the road pavement was laid. After casting
concrete to the main structure, curing was carried out for 3 days in a
sealed condition, on the following day, PC cables were tensioned, then
on the sixth day, the P&Z device was moved, completing one block in a
cycle of 10 days.

The local temperatures were obtained from the meteorological
data near the construction site [12] and the relative humidity was
estimated by the data from Karuizawa meteorological station, which
is considered to have topographical conditions close to those of
Tsukiyono area as shown in Table 2. The annual average temperature
was 10.2 °C and relative humidity 78%.

2.2. Creep deflection measured in the past decades

Fig. 3 shows the variation with time of the vertical deflection at the
span center, measured by an optical measurement device since
completion of construction in 1982. Departure from the prediction by
the linear creep law started a few hundred days after completion of

Table 2

Local temperature and humidity patterns.
Month Jan. Feb. Mar. Apr. May. Jun.
T (°C) -1 -1 2 8 14 18
RH (%) 73 72 71 70 74 81
Month Jul. Aug. Sep. Oct. Nov. Dec.
T (°C) 21 23 19 12 6 1
RH (%) 85 85 88 83 77 73

the bridge. The deflection by the linear creep law was calculated by
the superposition method of specific creep and the normal creep
coefficient of 1.58, which was specified in the design code for practice.
The concrete compressive strength of 40 MPa, Young's modulus of
35 GPa, relative humidity of 70%, volume to surface area ratio of 40 cm
and drying shrinkage of 185 p were used in the calculation at design.

3. Coupled multi-scale chemo-physical and structural analysis

In order to analyze the creep deflection of Tsukiyono Bridge as
described in Section 2, the 3-dimensional coupled material-structural
analysis system was applied as described in Section 1. This takes into
account the mutual interaction of thermodynamic phenomena at
various scales, from the kinematics of water molecules in hardened
cement paste to the deformation at the structural level. By just
inputting the concrete mix proportion, construction conditions,
structural parameters (dimensions, shape, and reinforcement ar-
rangement), the loads and ambient conditions, thermodynamic
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Fig. 3. Difference in predicted and measured values of deflection (the component
caused by the overlaid pavement is taken out from the entire deflection).
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Fig. 4. Multi-scale moisture-based creep model.

quantities represented by hydrates and water content are successive-
ly calculated, and the macroscopic deformational behavior of the
structure is calculated with the following time-dependent constitu-
tive law. It is known from the site-investigation that there is no visible
cracking in the viaduct. Then, the nonlinear coupling effect of cracking
and moisture transport has no impact in this study.

3.1. Multi-scale time-dependent constitutive law

The multi-scale time-dependent constitutive law [10-12] incor-
porated into the analysis consists of a mechanical model in accordance
with the dimensions and form of the micro-pore structures together
with the state of the moisture in the pores, that overall can express the
macroscopic time-dependency of hardened concrete. The elastic
response of the hardened cement hydrates is represented by the
elastic model as indicated by component (1) in Fig. 4. The constituent
element associated with the state of the capillary water in the
comparatively large pores in the scale 10~®m to 10~®m is shown by
component (2), a visco-elastic model that represents the relatively
quick response. This term plays a dominant role on the creep at the
initial loading \period. The moisture in gel pores corresponding to the
space 1078m-10"°m in components (3) and (4) is considered to be
in steady motion due to the molecular interaction from the solid
wall surfaces. This is thought to contribute to the component of
unrecoverable plastic deformation, and for which a visco-plastic
model is applied. This term contributes to the progress of creep over a
comparatively long time as indicated by (2). In the interlayer pores at
the 107 m scale, the pores are sufficiently small. Then, water
molecules passes through the pores, and the pores are blocked by the
increase in surface energy. So, this is represented by a plastic model
only as in (5). This model is associated with deformation under
conditions where the evaporation of water is significant, such as
under high temperatures or low humidity.

The progressing hydration and associated increase in stiffness are
computationally expressed by adding the spring-dash pot compo-
nents as shown in Fig. 4. In this composite system of cement paste
phase, moisture related stress components are overlaid, that is, the
capillary water pressure and disjoining pressure as shown in Fig. 4.
Then, the effect of drying associated with the moisture migration
and self-desiccation by the loss of free water can be automatically
considered [9,10] in the scheme of multi-scale, multi-component and
multi-phase modeling. This formulated cement paste modeling is
combined with the elastic solids of aggregates to form the system of
concrete. To date, this constitutive model has been validated by using
concrete specimens in laboratory tests. Detailed verification was

carried out for autogenous and drying shrinkage, basic and drying
creep under various humidity and load conditions [7].

3.2. Element discretization

Near the surface of a structure exposed to the ambient conditions,
the local gradient of the enthalpy and the pore water pressure become
large. In order to ensure the analytical accuracy of this part,
discretized finite elements with dimensions in the order of [mm)]
were set near the structural surface. As the gradient of temperature
and humidity around the core of members is comparatively small,
element dimensions in the order of several [cm] were set in the
center. The finite element dimension in the direction of the bridge axis
could be allowed to be up to several meters, considering that the
bending moment acting in the longitudinal direction has a linear
distribution, and the variation in the thermodynamic state quantities
is actually small.

3.3. Computational conditions

The numerical analysis was carried out in accordance with the
construction sequence of casting fresh concrete in stages. After form
stripping, the gravity load was applied on the whole structure. The
road pavement and the weight of parapets were input as distributed
loads acting on the top flange, which acted starting 1250 days after
completion of the main structure. The time of completion of the main
structure was taken to be the origin, and thereafter the elapsed time
and amount of increase in deflection were recorded. The relationship
between deflection and elapsed time in the analysis in accordance
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Fig. 6. Variation in the deflection with time for temperature assumed to be constant.

with this definition is shown in a later chapter. The external air
conditions were assumed to vary monthly using the values as shown
in Table 2 [14], and the concrete initial temperature at the time of
casting was taken to be 20 °C. The environmental conditions were
assumed to be the same inside and outside the box girder as well as on
the bottom surface, and it was assumed that the top flange of the box
girder was exposed to drying due to the external air, both before and
after the pavement was laid. Since the pavement may play a role to
wrap the concrete top flange as well, the exposure to the wet
atmosphere as RH=99% after the pavement was set forth as an
extreme case for discussion.

3.4. Reproduction of the long term creep deflections

The analysis results were similar to the deflections measured on
the bridge for both short and long terms after construction (Fig. 5). In
the actual measurements, the rate of creep deflection is accelerated
after about 1000 days. The analysis also reproduces the same
behavior, and the reality is caught in between the two analyses
results of both extreme exposure conditions. In the period from
several tens to several hundreds of days, a certain amount of
difference can be seen in the rate of progressing deflection between
the analytical and the measured values. During this period, the top
road surface was not paved. So, it was exposed to the radiation of sun
shine. Then, it is considered that the top flange of the bridge was
locally placed under higher temperatures and drying conditions than
assumed in the analysis. It is predicted that the deflection of
Tsukiyono Bridge will gradually increase and settle down to about
140-180 mm deflection at 100 years after construction. Then, in order
to verify the whole system of prediction, the authors propose not to
terminate the long-term monitoring but continue another 50 years of
site-investigation.

4. Influencing factors on the creep deformation

It has been confirmed that it is possible to approximately
reproduce the excessive deflection occurring in the real bridge. In
this chapter, a sensitivity analysis is carried out on the effect of
temperature, humidity and volume to surface area ratio of the girder.
The mechanism of the excessive deflection is investigated. Here, in
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Fig. 7. Variation in the deflection with time for temperature assumed to fluctuate.

order to clarify the effect of the influencing factors, the complexity of
the construction process was eliminated, that is to say, the bridge
including the pavement and the parapets is constructed at once, and
prestressed through PC strands at the same time. The prestressing
force and other loads all act at the origin of the time and deflection.
The environmental conditions inside and outside the box girder and at
the bottom surface are all the same.

4.1. Sensitivity of ambient temperature

Two conditions were investigated: the ambient temperature
constant throughout the year, and fluctuating according to the
seasons. For the constant temperature analysis, the external temper-
ature was set to 0 °C, 10.2 °C, 20 °C, and 40 °C, and the humidity of the
external air was set to an annual average of 78%. As shown in Fig. 6,
the analysis results show that the higher the temperature is, the
greater the final value of deflection. As the temperature increases, the
concrete shrinkage increases. And movement of moisture in the pores
is accelerated. This results in increased creep deformation.

The analysis results corresponding to the varying temperature
(Table 3) and the annual average humidity (kept constant at 78%) are
shown in Fig. 7. The analysis results are also shown for constant
annual average temperatures of 10.2 °C and 21.9 °C, which are the
highest temperatures in the fluctuating range as shown in Table 3. The
deflection varies at a rate close to those of the analyses carried out
with constant annual average temperature, and it converges to a final
value close to the analytical one under the highest temperature. This
can be explained by irreversible creep occurring during high
temperature periods. The difference of the analysis result in Fig. 5
from that of Fig. 7 is less than 2 cm. It means that the block
construction procedure cannot be a primary factor of the excessive
deflection.

4.2. Sensitivity of ambient relative humidity

Two cases were investigated with the annual average temperature
held constant at 10.2 °C: different relative humidities held constant
throughout the analysis, and the relative humidity fluctuating
throughout the year as shown in Table 4. In the analyses with
constant relative humidity, values of 99%, 78%, 60% and 30% were
assumed. The lower the relative humidity is, the greater the deflection

Table 3

Temperature seasonal fluctuation pattern.
No. of days elapsed 45 91.25 136.25 182.5
External air temperature (°C) —-1.17 0.97 10 16.4
No. of days elapsed (contd.) 227.5 273.25 318.25 365
External air temperature (°C) 219 20 104 3.2

Table 4

Seasonal fluctuation pattern of relative humidity.
Time in 1 cycle 45 91.25 136.25 182.5
RH (%) 73 73 76 76
Time in 1 cycle 227.5 273.25 318.25 365

RH (%) 86.7 87.3 81 75
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at the center of the span (Fig. 8). As the deflection progresses, a
distinct difference in the relative humidity between the top and
bottom flanges is seen. This is because the box girder top surface was
not set as a boundary through which moisture may migrate. The drier
the part becomes, the higher the shrinkage, and the faster the
progress of the creep. Then, more creep deformation is seen in the
bottom flange than in the top one. As a result, the deflection at the
center of the span results in excessive deflection. The absolute value of
deflection under severe conditions of drying that produce a large
gradient in the humidity would be even greater.

In the calculation with the relative humidity fluctuating seasonally
(Fig. 9), there is no particular difference compared to the constant
humidity over the whole life, and the final values converged to
virtually the same displacements. As a time difference can be seen in
the variation of the ambient humidity from that of micro-pores in
concrete, it is inferred to be the reason why almost no effect of
seasonal fluctuation of humidity is brought about.

4.3. Effect of specific surface area of structure

To investigate the effect of specific surface area on the creep
deflection, elements with the same shape are magnified or reduced.
The effect of self-weight and overlay loads varies in proportion to the
3rd power of the size, the cross-sectional area to resist flexural
moment varies in proportion to the 2nd power, and material strength
does not depend on dimensions. Therefore, the stress acting on the
material varies depending on the structural dimensions. If the stress
distribution is different, the creep rate also varies. For investigating
the size effect from the thermodynamic point of view, the gravity is
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Fig. 9. Variation of deflection with time for relative humidity assumed to fluctuate.

0.0000 : :
-0.0002 \\ e
-0.0004 N H
§ -0.0006 | D U ot
\"é 10.2°C178%-s0ale0.1
& .0.0008 <y, SRIT)
A 10.2°C178%-scale0.5 ||| ==
-0.0010 10.2°CL78% ~—-->\
e |
-0.0012 N
R 1 10 100 1000 10000 100000

Elapsed days since completion
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applied so as to reproduce the same stress distribution over the
different dimensions.

The computed deflection normalized by the span length is shown
in Fig. 10. The larger the dimensions are, the more the period at which
the deflection accelerates (at several hundred days after start of
creep) is delayed. Even though the geometric shape is the same, the
drying of the interior of the structure depends on the distance from
the surface. The analysis shows that the larger the specific surface area
is, the more drying progresses into the interior of the members. It
causes the rapid creep deflection.

4.4. Thermodynamic aspects of micro-scale on large-scale actions

The characteristic of the time-dependent constitutive model used
in this study is that the hygro-states of moisture trapped in pores in
the [nm] to [um] scales and the macroscopic material behavior are
linked. Here, the effect of moisture kept in pores of the microscopic
scale on the time-dependent deformation of the large-scale bridge is
investigated. Three conditions are set: a) standard, b) capillary
tension, which is one of the mechanisms of occurrence of shrinkage,
set to be zero at all times, and c) the dashpot, which gives viscosity
(component of deformation of gel pores), is numerically frozen in
motion. The ambient temperature and the relative humidity are
specified to 10.2 °C and 78% respectively, constant throughout the
year.

Comparing standard a) with capillary tension zero b) (Fig. 11), it
can be seen that a distinct deviation occurs between the two after
several tens of days have passed. This indicates that with the
progression of drying, the capillary tension contributes a significant
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Fig. 11. Effect of movement of water in capillary pores on the structural behavior at the
actual structure scale.
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role in the overall behavior of the member. On the other hand, in the
case with the gel water stopped c) (Fig. 12) the progress of creep is
slower after 1000 days compared with a). This indicates that the
sudden increase in deflection after 1000 days is due to the kinematics
of moisture in the gel pores. From the above, it can be seen that to
predict the structural behavior at the scale of the actual bridge, it is
essential to predict the thermodynamic states of moisture at the [nm]
scale.
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5. Creep deformation of concrete specimens in laboratory

In order to clarify the nonlinearity related to moisture on the
structural creep deflection, the authors further conducted the
sensitivity analysis for specimen-scale behaviors with which practic-
ing engineers are familiar.

5.1. Analysis outline and conditions

In a concrete test specimen placed in a drying environment, there
will be a difference in the moisture states of the surface and the core. It
is not a uniform stress or thermodynamic state. The deformation of a
concrete test specimen measured in a laboratory is not a material
characteristic value, but is just a structural response obtained as the
result of thermodynamic events occurring in the microscopic pores. In
this analysis system, the material test specimens and full scale
structures are similarly dealt with as structures consisting of many
finite elements. Therefore, in order to take into account the different
thermodynamic states of the surface part and the core, the test
specimen is also discretized into finite elements to calculate the
deformation. In this chapter, the effect of test specimen size, water-
to-cement ratio, and environmental conditions on the “apparent”
creep coefficient obtained from standard creep test specimens is
investigated.

Taking the standard size of test specimen as a cylinder of diameter
152 mm x height 305 mm, the dimensions of a 4x test specimen were
set to diameter 608 mm x height 1220 mm, and for a 1/2 dimension
test specimen to diameter 76 mm x height 152.5 mm. Two water-to-
cement ratios were investigated: w/c=39%, which was water-to-
cement ratio corresponding to the same materials and composition as
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Fig. 13. Variation in creep for different dimensions and w/c = 55%.
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Tsukiyono Bridge, and w/c=55% assuming a normal concrete. At
14 days of age a constant stress was applied, and three environmental
conditions were set (from curing to loading sealed conditions were
maintained, from curing to loading the external air was a constant 99%
relative humidity, and curing was in sealed conditions and from start
of loading the specimens were exposed to 23 °C 60% RH air). By
reference to many design guides for bridges, the apparent creep
coefficient was calculated from the deformation of the test specimens
at 3years. And the vertical axes of the following graphs are nor-
malized by the instantaneous strain produced by the loading.

5.2. Computed creep coefficient

In the case of w/c=55%, the creep coefficient under the sealed
(Fig. 13a)) and humid conditions (Fig. 13b)) are almost the same, and
the creep coefficient is calculated to be about 1.1 after 3 years and
about 1.6 after 30 years. These computed values agree with the
measured ones that have been reported as basic creep in former
researches. Under these conditions, size effect is hardly seen, since
almost all the pores inside specimens are saturated with condensed
water.

On the other hand, creep under the drying condition as shown in
Fig. 13c) is computed larger than those under other two cases, which
corresponds to well-known phenomena as drying creep. Analytical
results prove that the system can automatically simulate both the
basic creep and the drying one by only changing thermodynamic
boundary conditions. Under drying conditions, the creep coefficient in
the 4x case is smaller than the others, because the center of this
specimen is harder to be dried by surrounding air when the specimen
becomes large. After long term exposure, the shrinkage approaches a
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maximum, and subsequently a tendency towards recovery is seen. In
the analysis, this is attributed to the release of trapped moisture due to
the ink bottle effect [17,18].

The results for w/c =39% are shown in Fig. 14. No difference with
dimensions can be seen for the cases where the test specimens are
always sealed. This means no size effect on the creep where
thermodynamic states are almost uniform in 3D extent. The creep
coefficient is calculated to be about 2.1 after 3 years, and about 3.1
after 30 years. On the other hand, in the case with external air
humidity 99%, a difference in the creep coefficient from the sealed
state is seen, and after 3 years the creep coefficient is about 1.0, and
after 30 years about 1.5. In addition, there is a difference depending on
the dimensions, in the 4x test specimen the creep coefficient after
3 years is 1.42, and after 30 years is 1.94, a larger value relatively than
the others. In the 4x case, as the absolute distance to the center is
long, supply of moisture to the center is delayed, which results in a
low relative humidity inside the specimen and accelerated creep
evolution by Picket effect [15,16]. In other cases, due to the supply of
moisture from outside, saturated condition of porous media are
always maintained, thereby almost similar creep behaviors are
computed.

As shown in Fig. 14c), the creep coefficient under drying condition
is similar to that under sealed condition unlike the case of w/c that is
55%. It has also to be noted that the creep coefficient for the 4x
specimen in the 99% RH environment is greater than the others, since
the moisture profile between the surface and the core is not uniform
even under high humid condition. These results clearly indicate that
when the wj/c is low, self-desiccation inside specimens and corre-
sponding autogenous shrinkage increase [19-23] even if the moisture
is not released from the surface of the specimen to the exterior. In

b) Creep deformation in 99% humidity external air
5 -
4.51

Creep coefficiento

1000days | 10000days

4 1.02 1.61
*1.0 1.03 1.61

|

I

I

331 *4.0) 1.42 1.89) !
3_ N 3 " I

|

|

|

I

|

*0.5

I
1
I
I
|

2.51
24
1.51
-
0.51

1 1

10 1000 10000

Days after loading(day)

d) Shrinkage strain of the test specimen due
to drying (23 °C, 60%RH) and self-desiccation
800

700 1
600
500+
400+
300+
200+
100+ 7

=

04 ;
0.1 1

Strain(micro)

10 100 1000
Time(day)
(Specimens are exposed 14 days after casting)

10000

Fig. 14. Variation in creep for different dimensions and w/c =39% (same composition as Tsukiyono Bridge).
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Fig. 15. Multi-scale formation of thermodynamic-mechanistic modeling.

other words, the self-desiccation brings accelerated creep behaviors
of low w/c concrete (Picket effect) even under the sealed condition.

The measured basic creep of concrete used in Tsukiyono bridge
was reported to be about 1.7 (three-years), which is similar to the
simulation results of 1.6 for 99% ambient condition and 2.15 for the
sealed one. Then, the multi-scale chemo-physical simulation nearly
captures the time dependent behaviors of concrete specimens as well
as the real-scale PC girder. However, the linear creep law with the
creep coefficient 1.7 could not come up to the large-scale girder as
shown in Fig. 15. It is because the loss of condensed moisture by
drying (moisture discharged) and/or self-desiccation accelerates the
time-dependent deformation of hardened micro cementitious skele-
ton [24-30] as stated above, and the non-uniform distribution of
moisture [29] in space brings about the additional curvature. This
effect has been regarded as Picket's effect and indirectly considered by
drying creep coefficient or function. This adjustment is thought to
hold for the structural members having the similar size of standard
test specimens. In other words, this adjustment is definitely size
dependent since the drying is much affected by the absolute size. But,
the past linear creep law did not treat this size-effect and self-
desiccation associated with apparent autogenous shrinkage.

In considering the unavoidable inconsistency of the conventional
method, the authors raise the multi-scale modeling as one of
promising tools to challenge the problem of excessive deflection of
the box-girder PC viaducts, although some unknown factors to be
solved in future still exist.

6. Conclusions

The conclusions of this study are as follows.

—_
~—

It was possible to closely reproduce the progression of creep
deformation measured on an actual bridge using a time-dependent
constitutive model taking into consideration the micro-pore
structure of the concrete and the state of the moisture in the
micro-pores.

2) Creep deformation increases the higher external air temperature.
Creep deformation is sensitive to fluctuations in the external air
temperature and progresses as an accumulation of the history of
relatively high air temperature within the amplitude of the
fluctuations.

3) The relative humidity and its distribution within the cross-section
affect the creep deformation until it reaches an equilibrium
state with the external air. Fluctuations of relative humidity of
up to several months have little effect on the amount of creep
deformation.

4) The rate of creep varies even if the geometric shape is the same,
if the rate of drying varies within the structure due to the
dimensions.

5) As a result of calculation that precisely evaluates the effect on the
structural behavior of the difference in age due to the construction
in stages and the micro-pores, it was predicted that the deflection
will converge to about 140-180 mm.

6) It was found from analysis that fixed the various time-dependent
models corresponding to the behavior of water in each type of
pore that the movement of water in capillaries affects creep
deflection from the time of pouring until the relatively short
period of time when the water has escaped, and that the cause of
the increase in the rate of progression of creep after a certain
amount of time has passed after pouring was movement of gel
water. Therefore to predict the actual behavior of structures it is
essential to take into consideration the coupling between the
moisture state at various scales and the mechanical response.

The creep deformation mechanisms change depending on the test

specimen size, the water cement ratio, and the environmental

conditions (sealing, high humidity, in air). In particular, when the
water cement ratio is low, the effect of self-drying cannot be
ignored.

~
~
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