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Abstract

This paper presents the current state of the control technology for cracks caused by heat generation due to the hydration of cement during construction
in Japan. For the prediction analysis for thermal cracking of mass concrete, this paper presents the CP method that was developed for the first time in the
world, the thermal cracking probability, the simple evaluation method that can predict and estimate the thermal cracking without performing complicated
analysis and the evaluation method for expansive materials using the mechanical energy conservation hypothesis. In addition, issues are introduced for

the next revision of the guidelines.
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1 Introduction

Since 1960, numerous mass concrete structures such as long
bridges, nuclear power plants, and underground tanks have
been constructed in Japan. In their construction, cracking
caused by heat generation due to hydration of cement is one
of the major problems [1-4]. Regarding this problem,
researchers in Japan carried out academic studies,
experimental and analytical, and provided a practical
estimation formula for cracking based on measurement
results on-site [5, 6]. The estimation formulas explained the
importance of not only the internal restraint of the central
part due to heat generation but also the external restraint
from the restraint body. In the United States, where the
construction of huge structures such as dams was more
advanced than in Japan, in 1973, ACI Committee 207
published a report, “Effect of restraint, volume change, and
reinforcement on cracking of massive concrete” [7]. In this
report, a practical design concept and calculation methods for
the control of thermal cracks considering the influence of
internal and external restraints are proposed. Until the early
1980s, the formula proposed by ACl 207 Committee has been
also widely used in Japan. Considering this background, in the
Standard Specifications for Concrete Structures 1974 Fiscal
Year Version (Execution), although a chapter on mass
concrete has been provided for the first time, measures for
thermal cracking have not been described [8]. In this
specification, it has only been stated to refer to the measures

against thermal cracking in existing concrete dam structures.
In the case of other mass concrete structures such as large
bridge foundations, as there are many differences from dam
concrete, such as mix proportions and construction methods,
the countermeasures for thermal cracking in concrete dam
structures cannot be transferred directly to those for the
target mass concrete structures.

Under such circumstances, JCI Technical Committee on
Cracks of Concrete Structures has been established at Japan
Concrete Institute in 1981 [9, 10] and ‘Guidelines for Control
of Cracking of Mass Concrete’ has been published in 1986
[11]. This guideline provided a compilation of basic ideas such
as control plans of thermal cracking for mass concrete
structures, analytical methods for estimation of temperature,
thermal stress, and crack width, and management methods.
It has been explained that various analytical methods have
been proposed through the pioneering research in Japan to
predict the temperature increase due to heat of hydration
and accompanying thermal stress for the thermal properties,
mechanical properties, and internal and external restraint
conditions. The analysis method in this guideline is different
from that of ACI. In particular, a new concept of the
compensation plane (CP) method, developed as a convenient
method for estimation of thermal stress, was introduced
when a concrete member was directly placed on rock,
ground, or existing concrete foundation [12]. The CP method
is explained later in detail. In October 1986, the chapter on
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mass concrete in the Standard Specification for Concrete
Structures (Japan Society of Civil Engineers) has been
significantly revised, including the thermal stress analysis
method by the CP method, and the relationship between the
thermal cracking index (= tensile strength/thermal stress) and
thermal cracking probability based on the experimental and
existing structure data [13]. The concept of thermal cracking
probability is practically useful because cracking can contain
many uncertainties such as construction quality,
environmental conditions, and material characteristics
(Section 2.2 provides detailed information). In addition, an
advantage of the assessment for thermal cracking in Japan is
the absence of a general temperature limitation; the local
cracking possibility can be analysed according to the thermal
cracking index in each case individually without the need of
the temperature limitation. Other designs generally specify
the temperature difference between the inside and surface
and maximum temperature [14, 15].

The guidelines for the control of thermal cracking have been
revised in 2008 for the first time in 22 years because the
prediction and countermeasures by the conventional
methods became insufficient owing to the remarkable
development of design, materials, and construction
technology [16]. In the revision, plans, designs, verification,
and inspections that have not been always linked together are
systematised and the guidelines are based on performance
verification. In this guideline, the research results of
autogenous shrinkage of concrete by Tazawa et al. [17, 18]
were incorporated for the first time. It was possible to
comprehensively incorporate volume changes due to heat
generation with the initial hydration of cement by formulating
the strain of autogenous shrinkage considering the type of
cement, including blended cement, water-to-cement ratio,
and temperature history. Owing to the large improvements in
the computing capacities and speeds of personal computers,
large-capacity calculations have become relatively simple and
thus the control technology of thermal cracking using the
finite-element method (FEM) has been widely used in
practice in Japan. In addition, the Standard Specification for
Concrete Structures 2012 Fiscal Year Version also presented
the control method for cracking based on a three-dimensional
finite-element method (3D FEM) [19]. Furthermore, in the
guidelines for control of cracking of mass concrete revised in
2016, in addition to the update of the control technology, to
prevent expansion and cracking by delayed ettringite
formation (DEF) that may occur due to the action of high-
temperature history, the assessment for DEF cracking risk was
incorporated based on the maximum temperature and
chemical composition of cement and cement type [20].
Therefore, the addition of verification for the DEF cracking risk
has provided more systematic guidelines. The DEF analysis
has been recently focused on Asian countries under hot
climate [21, 22], while the recommendations for preventing
DEF have been proposed in France earlier [23]. Difficulties in
identifying DEF cracking are the similarity of the apparent
cracking pattern to that of (Alkali Silica Reaction (ASR) and the
observed ettringite by microscope in core concrete related to
both ASR and DEF [24]. As no cases of DEF cracking have been
clearly confirmed in Japan, it would be necessary to further

discuss the possible DEF risk in future revisions based on the
experience and updating research in Asia and Europe.
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Figure 1. Compensation line.
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Figure 2. Concept of CP.

Studies are underway on reviewing and clarifying newly
added items and contents toward the revision of the
guidelines scheduled to be published in 2023. In the next
revision, the probability of cracking, design values such as
cracking strength, creep at an early age, and concrete
temperature at placement will be reviewed. In addition, the
application of the crack width analysis method and evaluation
method for expansive materials using a type of energy
conservation law will also be considered.

This paper presents the control technology for the cracking of
mass concrete in Japan and outlines the current issues and
future prospects. The detailed information to determine
thermal/aging mechanical properties and to involve the
effect of shrinkage, creep and others on thermal stress
analysis can be referred in the guidelines [16, 20].
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2 Control technology for cracking originated in
Japan

2.1 CP method

The CP method developed in Japan can be used to easily
predict the thermal stress generated in mass concrete, by
assuming that the law of plane retention (linear distribution
of strain) is valid within the cross section of a mass concrete
structure subject to internal and external restraint in concrete
of early age that has not yet sufficiently hardened [12].

2.1.1 Formulation of the CP method [12]

As shown in Fig. 1, when the temperature change T(y) is
generated inside a concrete member that is not subjected to
any external restraint, assuming that the coefficient of
thermal expansion of concrete is @, the thermal strain g(y) is
aT(y). However, the deformation of the cross section of the
concrete member due to the temperature change does not
lead to the strain distribution £(y), as the temperature
distribution and ‘plane section remains plane’ are valid except
near the end of the cross section of the concrete member.
Therefore, the vertical cross section AA' before the
temperature change becomes BB' after the deformation due
to the temperature change. BB’ is the compensation line. In
the thermal stress analysis, the compensation line is used in
the two-dimensional field and the CP is used in the three-
dimensional field. Deformations due to the temperature
change can be classified into axial and flexural deformations.
The mean value & of the distance between AA' and
compensation line indicates the axial deformation, while the
inclination ¢ of the compensation line indicates the flexural
deformation. The compensation line determined by € and ¢
can be obtained from the thermal strain aT(y). After the
deformation of the target concrete member, the axial force N
and flexural moment M with respect to the centre of gravity
G of the residual stress (internal restraint stress) can be
expressed as

N = [eEdy — €EH = [ aT(y)Edy — £EH, (1)

M = [aT(y) Eydy — [ E¢y*dy, ()
where y is the distance from the centre of gravity and E is the
Young’s modulus of the concrete.

As shown in Fig. 2, because no external restraint is applied to
the member, the following equations can be obtained from
the equilibrium between the axial force and flexural moment
with respect to the centroid axis of the cross section,

N=[ aT(x,y)EsA—&-EA=0, (3)
M= [, aT(x,y)EydA — [bE¢y*dy =0, (4)

—_ J, aT(xy)EdA
E =
EA

_ J, aT(xy)EydA
~ [bEpy2dy

¢ ] (5)

where the depth of the concrete member is b, while the cross-
section is A.

When the deformation of the concrete member is completely
restrained, it is considered that a cross-sectional force of
N = EEA, M = [ bEpy? dy is generated in the member.

When the external restraint does notact, N=0and M =0, and
the existing structures subjected to the external restraint can
be between those states. Therefore, it is possible to obtain
the thermal stress by appropriately evaluating the effect of

the external restraint.
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Figure 3. State of the external restraint.

2.1.2 Concept of coefficient of external

restraint in the CP method [25]

In most cases, existing concrete structures are constrained by
restraint bodies such as bedrock at the construction site. The
dotted line in Fig. 3 shows the deformation of the concrete
member when only the internal restraint is applied. However,
when the targeted member is subjected to the action of
external restraint, it does not exhibit as large deformation as
that of the dotted line, but only the deformation shown by
the solid line. In Fig. 3, the axial force and flexural moment
required to return the compensation line BB’ to the fully
restrained state AA’ are defined as the fully restrained axial
force and fully restrained flexural moment, respectively.
When the concrete member is constrained in a state where it
is not completely restrained, because the deformed state is
an intermediate state, as shown by the solid line in Fig. 3, the
position of the compensation line moves from BB’ to CC'. It
can be considered that the compensation line BB' moved
horizontally by the axial force N, and then moved to CC' by
rotating because of the flexural moment M.

This amount of movement depends on the difference in
stiffness between the restraining body and target concrete
member. The coefficients of external restraint Ry and Ry are
introduced to express the degree of restraint. The ratios of
the actual acting axial restraint force and restraint flexural
moment to the perfect restraint axial force and perfect
restraint flexural moment are defined as the coefficient of
axial restraint and coefficient of flexural restraint,
respectively, expressed as

= Ry =, (6)

Ry =
N No Mo

where Ry = 0 and Ry = 0 indicate the state in which only the
internal restraint is applied, while Ry = 1 and Ry = 1 indicate
full restraint. In general, Ry and Ry, are values between 0 and
1 when the target concrete member is restrained. However,
as the axial force and flexural moment are also generated in
the restraint, such as rock foundations, by a temperature
change, the axial force and flexural moment in the concrete
member may be larger than those of the full restraint. In this
case, each restraintis Ry>1 and Ry > 1.

The restraint coefficients can be determined depending on
the nomograms of L/H (Ratio of the bottom length to the
height of the structure) and E./E. (Ratio of the concrete
stiffness to the restraining body stiffness). The detailed
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explanation in English to determine the coefficients can be
referred in the English version of Standard Specification for
Concrete Structures 2007 (Japan Society of Civil Engineers)
[26].

By introducing the external restraint coefficient, the external
restraint axial force and external restraint flexural moment
can be defined. Therefore, the external restraint stress og can
be calculated using the external restraint axial force, external
restraint flexural moment, and external restraint coefficient,

RNN RmM,
Or = TO + I : ’ (7)

where o is positive on the compression side and / is the
moment of inertia of the area.

2.1.3 Crack width analysis using the CP method
As the CP method is used to verify whether initial cracks
occur, it is not used to determine the crack width progression
after cracking. Hence, the CP crack width method, which is
one of the methods for estimating the crack width upon
cracking, is described [27, 28]. The CP crack width method
extends the concept of the CP method after cracking and
applies the assumption of plane section hypothesis to the
strain of the reinforcing bar in the cross section of cracking
and concrete strain around the crack. It is an analysis method
for calculating the thermal crack width and concrete stress
after cracking using the force balance and strain of conformity
conditions. In the CP crack width method, assuming that the
concrete stress is released with the occurrence of cracks and
a part of it is taken over by the reinforcing bar, itis determined
by the area where the concrete stress is released, length
representing the bond characteristics of the reinforcing bar,
and assumption of plane section hypothesis. It is assumed
that the cracks reach from the bottom surface to the top
surface of the target member because the CP crack width
method is applied to the structure whose wall length is longer
than the height of wall and combines beam bending and axial
force. Therefore, it is not suitable for applications with small
L/H. As shown in Fig. 4, as the release area of concrete stress
due to cracks, two regions, the area where there is no
adhesion between the reinforcing bar and concrete (bond
loss equivalent area; /) and area where the boundary surface
between the reinforcing bar and concrete is peeled off (stress
release area; I.), are assumed in the CP crack width method.
The crack width can be calculated by the following steps.

Step 1: Immediately after the cracking, the balance of force
between the reinforcing bar inside the concrete member and
cracked concrete is obtained without deforming the restraint.
The stress release region boundary in Fig. 4 is fixed by carrying
out step 1.

Step 2: The fixed boundary of the energy release region
shown in Fig. 4 is loosened and the CP method is applied to
the cracked cross section and cross section including the
restraint.

Step 3: When a temperature change occurs after a certain
period of time has passed since the crack occurred, as in step
1, the CP method is applied to the balance of the force
between the reinforcing bar inside the member and cracked

concrete without deforming the restraint and the stress
redistribution within the stress release region is obtained.

Step 4: When a temperature change occurs after a certain
period of time has passed since the crack occurred, as in step
2, the CP method is applied to the cracked cross section and
cross section including the restraint to release the fixation of
the stress release region.

In steps 1 and 2, the CP method is applied twice to each cross
section of the cracked member and cross section including
the target member and restraint. In the cracked cross section,
it is a prerequisite that the boundary surface between the
restraint body and target member is peeled off and that the
assumption of plane section hypothesis is established in each
cross section. Therefore, the strain distribution over the
entire cross section is discontinuous on the upper surface of
the restraint. In addition, as steps 3 and 4 are used to obtain
changes in the crack width due to temperature changes after
cracking, the calculation method is the same as in steps 1 and
2.

'(Is—){ls—)‘

Concrete block

Penetration crack

I, Iy Equivalent region of adhesion loss Foundation

Iy lp: Region of stress release

Figure 4. Outline of the analysis model in the CP crack width
method.

2.2 Relationship between the thermal cracking
index and thermal cracking probability

The thermal cracking probability is a judgement index that
indicates the cracking tendency stochastically when the
tensile stress in concrete is induced by both autogenous
shrinkage and volumetric change of concrete due to heat of
hydration and is generally expressed in relation to the thermal
cracking index. The thermal cracking index is defined as the
ratio of the tensile strength to the stress in some elements in
the concrete member. The stresses in concrete are calculated
by the numerical analysis method and the tensile strength of
concrete is obtained by the applied testing method.
Therefore, the thermal cracking probability depends on the
analysis method and strength test method.

In Guidelines for Controlling the Cracking of Mass Concrete
2008, the relationship between the thermal cracking index
and thermal cracking probability is recommended to be based
on the most popular numerical method considering the
numerical conditions that meet the current technical needs
[14, 20]. A 3D FEM is used for temperature and stress
analyses, in which input models are applied for the physical
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properties of early-age concrete and foundations that can
simulate the thermal and mechanical behaviours and in which
the element and boundary conditions of the numerical model
that engineers can usually use are shown. These models are
specified in the guidelines. In the analysis for estimation of
temperature and thermal stress, the design values of the
material properties of concrete, steel, ground/bedrock and
other materials, such as compressive and tensile strengths,
Young’s modulus, thermal properties and others are used.

In the revisions of Guidelines for Control of Cracking of Mass
Concrete 2008, a review of the relationship between thermal
cracking probability and thermal crack index has been carried
out, where 65 structures have been chosen. They have an
adequate information on the shape and size of the structure,
construction conditions such as the date of concrete casting,
materials used for concrete, and mix proportions. The
obviously inadequate data have been excluded and 728 data
points were available for the analysis. The number of data
points on the structures with cracking was 204. The number
of data points on the structures without cracking was 524. The
detailed data classification according to the type of member
is as follows: the amounts of data on wall, slab, multi-layered
members, and column structures are 282, 63, 349, and 34,
respectively.

The suitable probability distribution of thermal cracking was
examined according to the results of the questionnaire and
3D thermal stress analysis. In Guidelines 2008, the
adaptability of the Weibull distribution function as a
regression curve of the thermal cracking probability has been
analysed. The Weibull distribution function suggested in 1939
by the Swedish physicist Weibull is the probability density
distribution function, derived based on the idea that the
strength of the material depends on that at the weakest part
and used to express the failure rate of the products.

The Weibull distribution function is an exponential function.
The probability density function and cumulative distribution
function are

f() = Zexp(=2x),
F(x) = J§ f(a)dx = 1 exp(—2x), (©)

When the time dependency of Eq. (8) is considered, the
probability density function and cumulative distribution
function are expressed as

f 0 =2xmtexp (- %),

F(x) =1—exp (— %), (9)

Application of natural logarithm to both sides of Eq. (9) twice
yields

In [ln (1—;(;())] = mlnx — Ina, (10)

The correlation between the thermal cracking probability and
thermal cracking index, both expressed by the natural
logarithm in Eq. (10), is very high. Thus, the regression analysis
using the Weibull distribution function is applied to the data
based on the frequency of cracking or no cracking in each field

structure and then the constants, that is m and «, are decided
to be

-4.29 and 0.92, respectively. The analysed results are shown
in Fig. 5.
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Figure 5. Relationship between thermal cracking index and
thermal cracking probability.
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The equation for the relationship between the thermal
cracking probability and thermal crack index is obtained
below in this guidelines applying m = -4.29 and o = 0.92 to
equation (9).

F(ly) =1—exp(- ’"_m), (11)

0.92

where /. is the thermal cracking index and F(/,,) is the thermal
cracking probability.

Figure 6 compares the probability curve based on the Weibull
distribution function to the probability curves of normal
distributions based on past standard specifications for
concrete structures by Japan Society of Civil Engineers (JSCE).
As shown in Fig. 6, the inclination of the probability curve
based on the Weibull distribution function of the thermal
cracking probability in the JCI guidelines (2008 and 2016) is
sharpest.

The probability curve based on the Weibull distribution
function, suggested in the JCl Guidelines 2008 and 2016, shifts
from the probability curve based on the standard
specifications for concrete structures (2002) to the left. When
the thermal cracking probability is 50%, the thermal cracking
index in the guidelines is smaller than that based on the
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standard specifications for concrete structures (2002) by
approximately 0.3. In the guidelines, the tensile strength
should be obtained by the splitting test. The tensile strength
in the structure is smaller than that in the splitting test by 20%
to 30%. The thermal cracking index in the guidelines is 1.0
when the thermal cracking probability is 50%. The thermal
cracking index in the guidelines can express the actual
phenomena considerably better than that based on the
standard specifications for concrete structures in 2002. As the
temperature in the structures is higher than that in standard
water curing, the tensile strength in structures may be the
same as that obtained by the splitting test. With these
considerations, the thermal cracking index should be over-
estimated by 10% to 20%. It is natural that the thermal
cracking index should be 1.0 when the thermal cracking
probability is 50%.

2.3 Simple evaluation formula for the thermal
cracking index [14, 20]

The thermal stress analysis is often carried out in the design
and stage before construction. In the analysis, the risk of
occurrence of cracks due to thermal stress was evaluated by
modelling the target structure. Currently, when the risk of
cracking is high, it is necessary to employ measures for the
control of thermal cracking. When countermeasures are
employed for the control of thermal cracking, changes in used
materials, mix proportions, etc., are only changes in design
values and can be facilitated. When the number of elements
of the analysis model is large or when changing the thickness
of the member or lift thickness, considerably more time is
needed for the analysis. Therefore, a simplified evaluation
formula has been proposed in which approximate values are
conventionally calculated using analysis conditions without
carrying out a thermal stress analysis. In addition, in the
Guidelines for Control of Cracking of Mass Concrete 2008,
simplified evaluation formulas have been proposed,
classifying into three types of structural forms: wall-like
structures, layered structures, and columnar structures.
However, the simplified evaluation formula had some
deviations in the data such as the type of structure, structure
type, used materials, mix proportions, and concrete
temperature of placement, and had some restrictions on the
scope of application.

In the Guidelines for Controlling the Cracking of Mass
Concrete 2016, to expand the applicable range of the
simplified evaluation formula for estimating the thermal
cracking index, the structure shape, used material, mix
proportion, construction method, environmental condition,
and curing condition are set as parameters so that there is no
deviation of data. A simple evaluation formula was obtained
from the results of the thermal stress analysis by the 3D FEM.

In the Guidelines for Control of Cracking of Mass Concrete
2016, a simple evaluation formula is applied to two types of
structural forms of wall-type structures and structures other
than wall-type structures. As a procedure for derivation, a
simplified evaluation formula of the thermal cracking index is
obtained using the 3D FEM for the analytical models of
approximately 4900 structures (wall-type structures: 600

cases, other structures: 4300 cases) with the structure shape,
materials, mix proportions, construction method,
environmental conditions, and curing conditions as variables.

The factors that are assumed to be strongly related to the
causes of thermal cracking are classified into several
categories and the coefficient of influence of each category is
calculated. The influence factors are classified into three
categories: shape and stiffness, used material and mix
proportions, and curing method. Each influence coefficient
was calculated using a multiple regression analysis by setting
the ratio of the objective function and explanatory variable to
the case as the basis (referred to as basic case) in each
structural form. The estimated value of the thermal cracking
index was obtained by multiplying the thermal cracking index
of the basic case by the above influence coefficient. A simple
evaluation formula for the thermal cracking index was
obtained by correcting such that the estimated value of the
thermal cracking index matched with the lower limit of the
thermal cracking index calculated by the 3D FEM. In this
paper, a simple evaluation formula for wall-type structures is
given as an example.

For the minimum thermal cracking index of wall-type
structures, explanatory variables were set with reference to
the results obtained at the time of deriving the simplified
evaluation formula of the 2008 guidelines and a simplified
evaluation formula was obtained.

Figure 6 shows the relationship between the thermal cracking
index obtained by the 3D FEM and thermal cracking index
obtained by the estimation formula of Eq. 12 for wall-type
structures. The multiple correlation coefficient of each
cement type was in the range of 0.812 to 0.986, which
showed a relatively high correlation. In the Guidelines for
Control of cracking 2008, a simple evaluation formula was
proposed for wall-type structures with wall thicknesses larger
than 1 m. However, according to the Guidelines for Control of
cracking 2016, even if the application range is expanded to
the range of 0.5 to 2.0 m (wall thickness), a relatively high
correlation is obtained and it is possible to estimate the
minimum thermal cracking index using a simple evaluation
formula,

B
Imers—wr = (a1n ' azg : a’sf) *Iercos (12)

Icrs—WT = ImCrs—WT - Ib/ (13)
1 1 H
@ = oot e (550) + 0 () + eain () +
1
A4\ E/B )
Eco/Ero
_Ta
a; = bo + ble( TaO) + b2 (QQ;.O) + b3 (;/AT) +
0 ATO
0.45
fc’ Sar
bi(f) +bs(3)
4+ feo + 5 (SATO)
Tat+AT>

a3 = ¢y + ¢1ln (71—“0) +c, (h—i;) +c3 (é) + C4e< Tat

where Ineswr is the thermal cracking index of wall-type
structures calculated by the multi-regression equation, I, is
reduction constant introduced to keep the thermal cracking
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indexes estimated by the simple equation on the safe side as
compared with those computed by the 3D-FEM. I, is 0.2, in

principle,al’ is the influence coefficient on the shape and

¢

stiffness, a, is the influence coefficient on the used

materials and mix proportions, ag is the influence

coefficient on curing methods, n, ¢ & and 8 are constants
representing the influence of the ‘influence coefficient’ of
each cement on the thermal cracking index, I« is the basic
thermal cracking index for each type of cement (the basic
value is 1.00), Igs.wr is the thermal cracking index of wall-type
structures obtained by a simple estimation formula, and ao to
as, bo to bs, and co to ¢4 are constants of the regression
equation for each type of cement.

Eg. 12 and Eq. 13 are the multi-regression equation and
recommended simple estimation equation, respectively. As
Eq. 13 is obtained under certain conditions, it should not be
applied if the investigated conditions are beyond the
applicable limits.

Figure 7 shows that the thermal cracking indexes calculated
by the multi-regression equation agree well with the
minimum thermal cracking indexes calculated by the 3D FEM.
However, the predicted thermal cracking indexes larger than
those calculated by the 3D FEM would not provide verification
results on the safe side. Therefore, Eq. 13 derived by
subtracting the value I, from the multi-regression equation is
recommended as the simple estimation equation. The value
of I, should be determined on the safer side so that the
thermal cracking index estimated by the multi-regression
equation may not exceed that calculated by the 3D FEM.
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When /, is 0.2, as the majority of the thermal cracking indexes
estimated by the simple estimation equation do not exceed
the minimum thermal cracking indexes calculated by the 3D
FEM (Fig. 8), a level of safety equal to or higher than that of
the 3D FEM can be ensured. Thus, the value of 0.2 is used for
Ip in principle. The thermal cracking index calculated by the
simple estimation equation may be unnecessarily large under

some structural conditions. In such cases, if the results of the
application of the simple estimation equation to similar
structures have been accumulated and the specific
characteristics (evaluation accuracy of the thermal cracking
index in relation to the 3D FEM) can be confirmed, /, can be
set to a value smaller than 0.2.
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Figure 8. Thermal cracking indexes obtained by the simple
estimation formula plotted against results of 3-D-FEM.

2.4 Formulation of chemical expansion
mechanics based on the mechanical energy
conservation hypothesis

In Japan, the initial strain method has been generally used for
the problem of cracks caused by the chemical expansion of
concrete. The initial strain method was also used in the
Guidelines for Control of Cracking of Mass Concrete 2016, as,
despite the problems with the application of this method, no
alternative method has been proposed. As the chemical-
reaction-induced expansion of cement concrete originates
from the volume change of the substance formed by the
reaction, a method of calculating this expansion mechanism
based on energetics has been proposed. To clarify this
subject, Prof. Tsuji proposed the concept of work constant
theory for expansive cement concrete in 1975 [29]. According
to his theory, although, when the reinforcing ratio changes,
the initial stress varies depending on the difference in
restraint due to the reinforcement ratio, the steel strain
energy is almost the same regardless of the steel amount, as
shown in Fig. 9.

However, the work constant theory of Y. Tsuji has a deficiency
that neglects the work carried out within itself. Prof. Tanabe
expanded the theory for general cases and proposed a
mechanical energy conservation hypothesis [30—32]. Based
on the results of the restraint experiment described above,
the mechanical energy conservation hypothesis is explained.

The formulation for the introduction of the concept of the
mechanical energy conservation hypothesis into the 3D FEM
stress analysis is shown in Fig. 10.
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As portion A undergoes chemical expansion, the expansion
force F and displacement Au are generated from portion A
to portion B. Therefore, the entire work performed by
portions A to B is obtained as the total surface integral. F
working at the periphery of portion B from portion A leads to
the reaction force (-F), which works for A from B portion.
Therefore, the work carried out by B to A portion is d€, which
is equal to the strain energy increment within portion A,
which is the expanding portion.

dg= [ F-Au-ds

= fVB o:de-dV + Y P; - du,, (14)
fVA o:de-dV
= fVA o:(de, + deg + degp, + degpe) AV
= fVA o: dsedV+fVA o:de dV
+va o:degp, dV +fVA o:degpedV, (15)
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where portion A is the expansion material, portion B is the
nonexpansion material, d¢ is the work carried out by B to A
portion, Ae is the total strain, Ae. is the elastic strain, A, is
the creep strain, Aeq, is the drying shrinkage, autogenous
shrinkage, and thermal strain, and Aece is the chemical
expansion strain.

—dé = fVA o:de-dV = fVA o:de,dV
+va g deC,dV+fVA o:deg,dV + fVA o:degp.dV

= d&, + d¥. + d&p, + dMpe, (16)
ndhe = dEe + dzcr + dEshr + df/ (17)

Therefore, the chemical expansion energy is the work carried
out to the outside system when a chemical reaction occurred.
The mechanical energy conservation hypothesis is a theory
that extends the constant work theory to concrete other than
expanded concrete. In other words, dM. is equivalent to M,
and M,, as mentioned above.

As the easiest approach to calculate the chemical expansion
energy, for example, as shown in Fig. 11, if the strain history
of steel in uniaxial expansion tests under conditions
constrained by steel is obtained, it may be possible to analyse
the crack control effect of expansion materials using the
mechanical energy conservation hypothesis. The mechanical
energy (Me) can be used to obtain this equation,

1 2 5 Es?
Me=;p-ES-eS +Xp 'E—C'SS'ASS, (18)
The first term on the right side is the work carried out by the
expansion concrete to the constrained steel, while the second
term on the right side is the work carried out to expand the
concrete. This equation assumes that the concrete and steel
are elastic bodies; the effect of creep is included in this
equation. p is the restraining steel ratio (%), E; is the Young’s
modulus of steel (N/mm?), & is the strain of steel (strain
measured during the restraint expansion test), and E. is the
Young’s modulus of concrete.

For example, the chemical expansion energy is calculated
using the results of the restraint expansion test with
expansive cement concrete, as shown in Fig. 11. As test
parameters, the restraining steel ratio is approximately 1%,
underwater curing is carried out at 20 °C for 7 days, the type
of cement is ordinary Portland cement, the amount of
expansive additive is 20 kg/m3, and the water—binder ratio is
50%. Figure 11 shows the results for the regression equation
based on the measurement results of the restraint expansion
strain, while Figure 12 shows the regression equation
obtained from the relationship between the Young’s modulus
of concrete and age. The chemical expansion energy
calculated based on the above conditions is shown in Fig. 13.

Using this method, it is possible to simulate the behaviour of
concrete using an expansive material. It is considered to
introduce this method in the next revision of Guidelines for
Control of Cracking of Mass Concrete.
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3 Introduction of a method that combines the
initial stress analysis and load-carrying capacity
analysis

In Japan, the control technology of cracking has been
developed for initial stress problems including the thermal
stress caused by heat generation with hydration of cement,
crack problems caused by autogenous shrinkage, and crack
problems caused by drying shrinkage. These problems are
time-dependent. To estimate them, it is necessary to solve
the differential equations related to time, calculate the initial
strain, and solve the initial stress based on the material
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properties at that time. The analysis of load-carrying capacity
is a problem in which the material properties do not change
with time. If the initial stress problem is an analysis that
calculates J; and \/]_2 (/4: first invariant of stress tensor, J,:
second invariant of stress deviator tensor) in the initial stress
on the time axis, the analysis of load-carrying capacity is an
instantaneous analysis under the J; and ./J, at a certain
point on the time axis. For example, even with the same
concrete structure, the load-carrying capacity at the age of 30
days is different from the load-carrying capacity at the age of
1year. In addition, even if the structure and age are the same,
the load-carrying capacity differs depending on the method
of concrete placement at the time of construction. If damage
occurs due to, for example, an earthquake at a certain time,
and then deteriorates due to environmental effects, the
degree of deterioration is different from that without
damage. In particular, in the instantaneous analysis of load-
carrying capacity, it is necessary to be uniformly reflected in
the constitutive laws (stress—strain relationship) for concrete.
Constituent laws for concrete have been studied for
hardened concrete and concrete at an early age. Otherwise,
it is impossible to carry out a coupled analysis. It is relatively
simple to describe the time-dependent changes in the
mechanical properties of concrete when the initial stress is
zero. In case of an increase in strength in the presence of
initial stress, no extensive studies have been carried out on
the stress increment corresponding to the subsequent strain
increment and its mathematical description. In the
instantaneous analysis, it is necessary to consider the increase
in strength according to the change in age and accurately
establish the correspondence between the strain increment
and stress increment from that point.

The present guidelines for controlling the cracking of mass
concrete and standard specifications for concrete strictures
do not even mention the coupled analysis of the initial stress
and load-carrying capacity. Hence, it should be discussed in
the revised committee to improve the guidelines.

4 Conclusions

This paper presents some of the control technologies of
cracking for mass concrete in Japan, which have provided a
remarkable progress. Many of the conventional control
methods of cracking in Japan have been able to predict
cracking relatively simply even at the site. Thus, civil engineers
became more aware of the risk of cracking during
construction and it was possible to better understand the
measures to control cracking in advance. The remarkable
progress in personal computers has made the large-capacity
calculations relatively simple over the past 40 years.
Furthermore, with the large improvements in the calculation
speed and storage capacity, it is possible to analyse even 3D
models with shapes close to an existing structure with tens of
thousands of nodes. With this progress, it was possible to
easily carry out a predictive analysis of cracking. In addition,
Japan Concrete Institute provides software that incorporates
the latest analysis methods for thermal stress analysis.
Currently, only the Japanese version has been released [33];
the English version will be released soon.

This indicates that the actual stress behaviour with the
volume change can be almost predicted if the used design
values are appropriate. However, the design values used for
the analysis vary depending on the used materials and mix
proportions, curing conditions, environmental conditions,
construction conditions, etc. In addition, an accurate
quantification of the design values at an early age has not yet
been established.

In the future, it will be necessary to obtain more precise and
general-purpose mechanical and thermal properties. It will be
also important to establish evaluation methods, particularly
at an early age. Furthermore, it is necessary to study the
various factors that affect the stress behaviours with volume
changes. In the predictive analysis of stress behaviours and
control of cracking with volume changes in concrete, as the
development of analysis models and appropriate selection of
design values for analysis conditions largely depend on the
experience of the engineers carrying out the analysis, an
easier analysis implies that it is necessary to provide more
guidelines for engineers with a small analysis experience to
not make major mistakes.

In RILEM, the thermal cracking issue has been actively
discussed by the Technical Committee 254-CMS (Thermal
Cracking of Massive Concrete Structures) to publish the state-
of-the-art report [34]. The subsequent Technical Committee
287-CCS (Early age and Long-term Crack Width Analysis in RC
Structures) have also discussed early-age cracking as well as
long-term cracking. As the Japanese members, which would
be involved in the revision of Guidelines for Control of
Cracking of Mass Concrete, join the TC, collaborative work for
cracking of mass concrete structures between RILEM and JCI
is expected.
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