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PREFACE
1. Introduction
The roller compacted concrete (RCC) used in the construction of concrete
gravity dams possesses outstanding merits of rapid construction pace,
decreasing cost price, widespread application across Vietnam. Nonetheless,
design and construction of RCC dams in Vietnam still have to rely on
experiences and instructional documents from America and China.
Additionally, as our country is devoid of its own set of standards as well as
a lot of similar constructions, physico-mechanical and thermal features of
RCC such as compressive strength, tensile strength, deformation, thermal
expansion coefficient, thermal conductivity, etc. are all in foreign
standards. Other than that, the occurrence of cracks has taken place among
numerous constructions utilizing RCC including even the large-scale
construction of Son La hydropower dam. There are various causes behind
this happening; however, the heat generated by heat of hydration of binder
of RCC is to blame for the vast majority of cracks. Comprehensibly,
thermal stress restraining is frequently seen as a major focus of studies of
many of international scientists, of instructional documents and of design
standards. The management of thermal stress depends on several elements
like temperature of surrounding environment, material supply, and
construction technology and bears local characteristics, all of which makes
it tough to come up with a general solution to all RCC dams. Thus, despite
the application of outcomes of global studies on RCC, the occurrence of
cracks still inevitably exists. Therefore, the topic of “A solution study of
thermal stress reduction of roller compacted concrete in hydropower and
irrigation constructions of Vietnam” is definitely up to date and highly
practical. The outcomes of this study will certainly establish a foundation
based on which safe and economical RCC dam constructions and designs
that are relevant to Vietnamese context are carried out.
2. Research objectives
The objective of the study aims at the determination of the procedure of
temperature development and thermal stress field in RCC dams based on
initial and boundary conditions.
It also recommends for the selection of content and constituents of binders
and suggests solutions to heat reduction in order to minimize the
occurrence of cracks occasioned by thermal stress in RCC dam
construction with a consideration of appropriateness for each locality and
region of Vietnam.



3. Research subjects

RCC dams that have been and are being built in Vietnam.

4. Research scope

The study is limited to an investigation of the impacts of several factors
associated with materials, construction and natural conditions on thermal
stress of RCC in hydropower and irrigation constructions in Vietnam.

5. Research methodology

- Method of integrating, analyzing and inheriting previous studies

- Method of theoretical research

- Method of indoor experiment

- Method of mathematic model

And other related methods

6. Scientific and practical significance

The study clarifies factors that exert direct effects on temperature
development and occasion thermal stress during the RCC dam
construction.

Additionally, it confirms the benefits of mineral admixture use as one of
the solutions to the reduction of heat which is generated during RCC
construction and acceleration of RCC dam construction pace.

7. Evaluation of the study’s initiatives

The research has attained several initiatives as below:

(1) It proposed a correction for the formula calculating heat of hydration
of RCC making it suitable with the features of Vietnamese cement.

(2) It established a specialized modulus which is integrated into the
ANASYS software that analyzes temperature and thermal stress fields of
RCC dams.

(3) It utilized the aforementioned modulus to survey a number of
affecting factors including ambient temperature, air humidity, C;A + C5S
content in cement, concrete pouring temperature, content of mineral
admixture, thermal stress field, all of which correspond to the conditions of
three typical regions of Vietnam, namely, Northern mountain area, North
Central Coast, South Central Coast and Central Highlands.

8. Dissertation structure

The dissertation is comprised of preface, 4 chapters, conclusion and
proposals, and involves 66 references in which 4 were published by
authors. The major content of this thesis is represented within 118 pages
and appendix with 72 figures and 27 tables.



CHAPTER 1 AN OVERVIEW OF ROLLER COMPACTED
CONCRETE AND ISSUES THAT REQUIRE RESEARCH

1.1. Roller compacted concrete

RCC is a concrete of no-slump consistency made of a mixture of small
aggregates (natural sand or grit), large aggregate (macadam), binders
(cement, ground active mineral admixture), water and chemical
admixtures. After being well mixed, transported and scattered, the mixture
will be compacted by a roller compactor according to design requirements
[43].

1.2. Mechanical features

RCC also possesses mechanical properties of compression, tensile strength,
elastic modulus, deformation, shrinkage, creep that are virtually similar to
usual concrete. These features depend on a variety of factors such as
characteristics of binder, water-binder ratio, content of mineral admixture
in binder, intensity and purity of aggregates, concrete maintenance
conditions, chronological and ambient temperature and humidity. As a
result, it is crucial to conduct an experimental research to establish the
function representing the chronological development process of RCC’s
physico-mechanical targets corresponding with the aggregates that were
made optimal for each specific project.

1.3 The international and domestic RCC dams construction

1.3.1. International RCC dams construction

According to the statistics of International Commission on Large Dams
(ICOLD), Asia has had the majority of RCC dams (52.8%) followed by
America (25.6%) up to 2009 [50]. According to HydroWord, there are over
650 RCC dams that were built globally. China is the leading nation with
the largest number of RCC dams of 165 in which 40 dams are over 100m,
followed by Japan, America, Brazil and Spain.

1.3.2. Domestic RCC dams construction

Since the 1990s, the research on RCC application has got underway in
Vietnam. Nevertheless, it was not until 2003 that the very first RCC dam
construction of Vietnam which is the Pleikrong hydropower dam with a
height of 7Im located in Kon Tum province was inaugurated. The
introduction of this dam was followed by a series of similar hydropower
dams that were built out of RCC, namely, Ban Ve hydropower plant, Dinh
Binh reservoir, Se San 4 hydropower project, A Vuong hydropower
project, Son La and Lai Chau hydropower plants, etc. To date there are
over 20 RCC dams that have been and are being built across Vietnam[34].



1.4. Studies of RCC dams’ heat and thermal stress

1.4.1. International studies of heat and thermal stress in RCC

The recognition of the importance of heat and thermal stress to RCC dams
has made this subject matter the major focus of various global authors
since the 1980s of the 20™ century. Notably, the study of Barret and Tatro
(1992) [45][58] proposed a method analyzing heat and thermal stress in
RCC dams. The authors offered a description of the analysis techniques
which based on finite elements to evaluate the impacts of temperature,
creep and shrinkage on RCC dam construction. Later on, the focus of
studies shifted to heat and thermal stress management in constructing RCC
dam or the application of a number of specific constructions
[S1][52][54][56][61][63][65][66].

1.4.2. Domestic studies of heat and thermal stress in RCC

Recently research on RCC in Vietnam has made considerable progress
especially in areas like research on designing and manufacturing RCC
aggregates, research on using electro-thermal fly ash mineral admixture
and natural pozzolan, study of water-proof feature for RCC, study of
construction technology, etc. The subject matter of heat and thermal stress
in RCC construction is also studied by numerous local authors. For
instance, Nguyen Nhu Quy and his partners [27] studied the thermal
insulation temperature; Nguyen Tien Dich [13] mentioned concrete work in
hot and humid climate of Vietnam and offered recommendations related to
heat for mass concrete ; Do Hong Hai [15] studied the use of pozzolan in
Long Phuoc, Ba Ria — Vung Tau in manufacturing mass concrete for the
Long Song dam. The studies conducted by Le Quang Hung and Nguyen
Quang Hiep [17][19] put an emphasis on the use of fly ash as mineral
admixture in manufacturing RCC for dams and roads building. During the
designing process of the Son La RCC dam, design consultancy merely
focused on heat and thermal management under construction. The study of
Nguyen Quang Hung [20] which provided the causes behind the
occurrence of crack in Son La dam only considered load caused by
charging. Le Anh Van and Nguyen Van Mao [24][39] carried out a research
on temperature development and suggested several solutions to thermal
management for RCC dams and its practical application in Pleikrong dam.
It should be noted that those solutions are mainly about the classification of
slits during construction. The research of Dinh Huu Dung and Nguyen Van
Mao [12] analyzed the impacts of temperature and different loads of dam
building on thermal stress in RCC dam construction but with the scope



restricted to the specific problems of the Son La RCC dam. Do Van Luong
[23] studied the development of heat and thermal stress to apply it to the
technology of concrete gravity dam construction in Vietnam. The
outcomes of the study has contributed considerably to thermal stress
management in mass concrete dam using conventional vibrated concrete .
Among the studies of RCC manufacturing, there are plenty of studies
aiming at heat and thermal stress management in RCC towards the
optimization of aggregates and the use and implemention of measures to
diminish heat during RCC construction. Specifically, Nguyen Tri Trinh
[37] studied how to control heat in Dinh Binh RCC dam; Vo Van Lung,
Dang Quoc Dai [22] studied thermal restraining in Nuoc Trong RCC dam;
Power Engineering Consulting JSC 1[8][9][10] studied thermal restraining
in Son La, Ban Chat, and Lai Chau RCC dams; Power Engineering
Consulting JSC 2 [11] studied thermal managment in Dong Nai 3 RCC
dam. A recent research carried out by Le Quoc Toan [35] focused on the
influences of certain RCC physico-mechanical properties on the progress
of concrete gravity dam construction in Vietnam. He has establish an input
modulus in the ANSYS software measuring heat in roller-compacted mass
concrete so as to affirm that the physico-mechanical properties can
influence the dam construction pace over time. However, the research
outcomes merely rested on a general suggestion for all types of RCC dams
without a consideration of natural and material conditions of each
particular region of Vietnam.

1.5. Thermally-induced cracking in RCC dams

Despite numerous studies on RCC, there remain various shortcomings
affecting the lifespan of RCC dams in Vietnam involving the cracking of
RCC during construction process. According to published documents, the
cracks which appear in RCC dams of Vietnam consist of surface cracking,
cracking parallel dam face, cracking from this side to the other side,
cracking at dam corridor [1][25].

1.6 Research issues posed to the thesis

Virtually all types of cracks are concluded to associate with heat inside and
outside of the concrete block. The climate in our country is characterized
by a high fluctuation in temperature between winter and summer, a large
temperature difference between daytime and nighttime, dry weather, and
little rainfall. The phenomena of shrinkage and temperature shrinkage
caused by construction and material quality can contribute to cracked
concrete which then affects quality of RCC, durability and lifespan of the



work. It 1s thus indispensible that the solution study of thermal stress in
RCC in irrigation and hydropower construction in Vietnam is carried out.
1.7 Conclusion of Chapter 1

During the construction of RCC dam in Vietnam, the occurrence of
cracking which i1s fundamentally prompted by heat generation within
process of hydration of binders is evident. The environment and supply of
cement and mineral admixture can exert a dramatic influence on RCC’s
heat development. As a consequence, it 1s vital to conduct a study to come
up with the most suitable approach for each region rather than attempt to
figure out a general answer to all RCC dams of Vietnam.

CHAPTER 2 HEAT AND THERMAL STRESS MANAGEMENT
FOR RCC

2.1 Introduction

The way thermal state results in thermal stress 1s regarded as a paramount
feature of mass concrete. Due to concrete’s poor thermal conductivity, its
temperature can rocket if not rapidly dispersed. The rise and fall of heat of
concrete affect the changes in capacity and thermal stress generation. It is
when thermal stress surpasses the allowable tensile strength of concrete
that the structure starts to crack. As a result, while designing and
constructing mass block work in general and concrete gravity dam in
specific, thermal stress generation should be paid great attention in order to
apply relevant thermal crack prevention technology. This chapter
represents the scientific foundation of thermal issues, thermal cracks and
thermal management in RCC dams and thus creates a premise for study of
thermal stress reduction that can best suit the conditions of Vietnam.

2.2. Heat source in RCC

The happening of heat generation in RCC is due to heat of hydration of
cement and relies on mineral composition and its content in cement:

Q =aC;S(%) + bC,S(%) + cC3A(%) + dC,AF (%) J/g) (2.1)

The heat of hydration of cement is attributed to major mineral
compositions of cement, namely, C;A, C;S followed by C4AF and C,S.
Cement which contains a great amount of C;A and C;S has high heat of
hydration and fast heat generation. According to American Society for
Testing and Materials (ASTM)’s standard of thermal Portland cement, if
the total mineral composition is less than 58%, no experiment on heat of
hydration 1s required [44]. Therefore, it can be concluded that heat of
hydration of cement can be diminished by adjusting mineral composition



in cement which in turn decreases thermal stress generated during the heat
of hydration of RCC’s material.

2.3 Heat transfer in RCC

2.3.1 Heat transfer by conduction

Heat transfer through conduction is the process of transferring heat
between components of an object or between objects of different
temperature when coming into contact. The form of heat transfer inside the
concrete block is from this area to the other and takes place at the contact
point between concrete and the foundation, between concrete and
formwork, and between concrete and air or water.

2.3.2 Heat transfer by conviction

In an irrigation work, convective heat transfer is the transfer of heat from
the surface of the building to the air or from the surface of the building to
the water environment. In case the concrete surface has a formwork, the
heat transfer will take place on the surface of the formwork to the
environment. Convective heat transfer is a complex process depending on
many factors such as shape, size of heat transfer surface, temperature of
object’s surface, water temperature, air temperature, velocity of water and
air, A, C, p of solids, etc.

2.3.3 Radiation heat transfer

Radiation heat transfer is a heat transfer process involving electromagnetic
waves. Radiation heat transfer is associated with two energy
transformations, i.e. thermal energy converts into radiant energy and
radiant energy converts into thermal energy. Unlike heat transfer through
conduction and convection, the intensity of radiation heat transfer relies
not only on the temperature difference but also on the absolute temperature
of the object.

2.4 Cracking mechanism in mass concrete

2.4.1 Surface cracking

In the hardening process of concrete, because the hydration of cement
results in a rise in temperature of the concrete block, the surface of the
concrete rapidly gives off heat while the interior emits heat rather slow.
The temperature difference between the regions leads to the dissimilarity
of volume and mutual restraint. As a result, compressive stress is produced
in the core of the concrete block and tensile stress is generated from the
surface. When the tensile strength on the outside exceeds the allowable
values, cracking will occur.
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Figure 2.1. Heat and thermal stress at the concrete block surface
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2.4.2 Cracking from this side to the other side

Cracking from this side to the other side occurs at the contact area between
the newly poured concrete with the rock bed or with the old concrete
block, owing to the restraint stress of the rock bed or the old concrete block
with the newly poured concrete. The restraint stress generates cracks as the
newly poured concrete and the rock bed or the old concrete suffer
differences in temperature or in deformation on account of temperature

changes.
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Figure 2.2. Deformation caused by temperature & stress due to the restraint
bed of concrete block

2.5 Requirements of thermal control of the RCC dam

Most of the cracks generated in the RCC dam are partly caused by
temperature, or in other words, that the stress generated by the difference
in temperature exceeds the RCC's tensile strength induces cracking. To
control thermal cracking is to mainly control the temperature generated in
the dam body so as to ensure that the temperature difference at the bottom
of the dam, the difference in temperature between the upper and lower
layers, the difference in temperature between the inside and outside limit in
a permitted range. According to previous studies and in the technical



documentation of RCC dam, there are general requirements for controlling
these conditions [30][60].

2.6 Method of solving the thermal problem

To solve the thermal problem, there are 3 main methods as shown in
Figure 2.4.

Nowadays, thermal studies in the mass concrete and the theoretical basis of
the thermal problem are relatively complete. The basic equations for
calculating the temperature and stress fields in the mass concrete are
almost at the same starting point. Yet solving the thermal problem in big
concrete blocks is quite complicated, the volume of calculation is huge and
the result of the problem relies on many factors. With such characteristics,
choosing the finite element method to solve the thermal problem will meet
the requirements set out. When using the finite element method to solve
the thermal problem in big concrete blocks, it is easy to solve two
problems: Define the thermal distribution (thermal field) in the concrete
blocks according to time and space; Define the thermal stress distribution
(thermal stress field) in the concrete blocks. This is the basis for studies on
measures for reducing thermal stress in RCC in irrigation works in
Vietnam.
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Figure 2.4. Main measures for thermal problem



2.7 Conclusion of Chapter 2

In this chapter, the scientific basis for thermal problem and thermal
cracking was discussed. Moreover, there are many measures to cope with
thermal problem and thermal stress problem with different strengths and
weaknesses. RCC gravity dam structure is complicated and suffers from
changing initial condition and boundary condition. The FEM is the best
options for solving unstable thermal problems in RCC gravity dams. This
method can be easily implemented on electronic computer with
professional software such as SAP2000, ANSYS and ABAQUS.

CHAPTER 3 CACULATING TEMPERATURE AND THERMAL
STRESS IN RCCD BY FEM WITH THE APPLICATION OF
ANASYS

3.1 Abstract

Nowadays, FEM has been applied in many technical fields due to its
strengths compared to other methods. Moreover, this method is also
integrated in many soft wares on electronic computer to solve problems
with complicated initial and boundary conditions by solving millions of
quotations which cannot be solved manually. Theorical basis of FEM for
solving thermal problem can be referred in may Vietnamese as well as
international documents [6][29]. This chapter will present on the general
issues of applying FEM for calculating temperature and thermal stress in
RCCD by ANASYS with the adjustment of binder in hydration heat as a
tool to study the measures to reduce thermal stress in RCCD in Vietnam.
3.2 Basis for calculating temperature and thermal stress in FEM

3.2.1. Hypothesis

To solve the thermal problem in the actual construction by FEM, besides
giving the initial and boundary condition, we also need to give out some
hypothesizes as follows:

- Properties of concrete such as thermal conductivity (A) and self-
capacitance remain unchanged regardless the duration of the concrete use.

- RCCD i1s classified as mass concrete dam, heat radiate from the concrete
slab in three dimensions. However, due to the length of the dam, the heat
radiated in the lengthwise direction is limited compared to that in the cross
direction, the study only focuses on the 2D problems.
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3.2.2 Define the thermal field

For the 2-D problem with quadrilateral element comprising of 4 nodes 1, j,
k, 1 or triangle with 3 nodes created when two nodes in the degenerated
quadrangle are merged into one node 1, J, k (1 = k), see figure 3.1.

E &

Y Y

Figure 3.1. 2-D element in thermal problem

Equation to define temperature in node T;in time point t:
oT

(KT} S 7)o 69)
Includes: [K], [K;] are element matrices;{P} is load vector.

3.2.4 Define thermal stress field

Use quadrilateral element comprising of 4 nodes I, j, k, 1 or element
degenerated from quadrilateral element with 3 nodes 1, j, k (1 = k).

Basic equation defining displacement field in the node:

[k}a}={F} (3.22)

Includes: [K] 1selement hardness matrix; {F} is the node’s load vector.
From the displacement of each node, we can define the thermal stress of
each element. At the present, there are various commercial soft wares
applying FEM in calculating thermal and thermal stress problems such as
ANSYS, SAP2000 and ABAQUS. In the thesis studying measures for
reducing thermal stress in RCCD, ANSYS was studied along with
computer programming with parameters.

3.3 Calculating heat of hydration of binder in RCC

Besides cement, binder in RCC also comprises of a definite amount of fly
ash or natural Puzzolan, therefore, heat of hydration of RCC is different
from other concrete. According to the study of Luu Thu Hoa [18], one
proposal for equation for heat of hydration for binder:

Q = cke.Q, (J/g) (3.28)

11



Includes: ¢ — adjustment coefficient, kg — coefficient of influence of binder
content on the heat of hydration of the binder; Q; — basic equation of heat
of hydration of binder:

Q.=36,75In(t) + 101,15 (J/g) R>=0,9899; t (day) (3.29)

Equation (3.29) is defined by the method of induction from popular cement
in China which may be not suitable for Vietnam-based cement. The
contrastive comparison of some popular cement in Vietnam show that the
result from the equation (3.29) is not the right value (see figure 3.3).

Therefore, the thesis adjusted the basic equation foe RCC heat of hydration
over time (equation 3.28) with the k. which was linearized from different
values of cement types to take into account the influences of main elements
causing heat of hydration C;A + C;S on thermal stress in RCC dams:

Q = c.kr.(Quke) (3.30)

Includes: k. — coefficient of influence of total minerals contents C;A + C;S
in cement on the heat of hydration in binder:

ke =0,0073.CX +0,4842  R*=0,9893
CX — total mineral contents C;A+C;S in the cement (%).

Equation (3.30) wil be tested after comparing the results by the software
ANSYS and actual observational results of the construction.

1.2

1.15 + y=0.0073x + 0.4842
h R*= 1098483

1.1 +
1.05 +

095 +
0.9 +
085 +

i { y
45 30 35 60 63 70 75 80 85 90

0.8

CoefTicient of influence of C3A
+C38S content on hydration heat in
RCC

C3A +C38S content in RCC (%) |

Figure 3.3. Coefficient of influence of CX content on heat of hydration of
RCC
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3.4 Calculating temperature and thermal stress in RCC dam during
construction by the APDL in ANSYS

3.4.1 Basis of conducting problem for calculating temperature and
thermal stress in RCC dam

RCC dam is constructed in different layers with break time after each layer
1s conducted. Therefore, the process of heat generation of the upper part of
each layer with changeable boundary condition depends on temperature,
air humidity, environment radiation before the implementation of the next
layer and depends on the process of heat generation of the layers above and
beneath it after the implementation of the next layer. This process is

repeated until the last layer is conducted, see figure 3.5.

Concrete-environment Hydration heat 4
v P c-C I=SumLayer C-C
T i I=SumLaver —Ir] o Thakss I=Sumlaver!—1
(. F

s
S ‘3;‘%:& S

Figure 3.5. Thermal boundary condition

The study of Le Quoc Toan [36] proposed one method for calculating
temperature and thermal stress in RCC dam regarding the influences of the
changes in the thickness of the layers, time of conducting on internal heat
generation of the dam. However, the boundary condition of the
temperature is still considered a constant which make it hard to reflect the
condition of different regions on temperature and thermal stress in the
body of the RCC dam. Therefore, to regard the influence of the
environment and source of cement, the problem must first considers
boundary condition changing over time and the influence of the minerals
on the hydration heat of the RCC, then later considers the particular

characteristics of each region.
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3.4.2 Diagram of calculating temperature and thermal stress in RCC
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Figure 3.6. Diagram of calculating temperature and thermal stress in RCC
dam

3.4.3 Conducting the problem to calculate temperature and thermal
stress in RCC dam

Developing from the method for calculating temperature and thermal stress
introduced by Le Quoc Toan, APDL (ANSYS Parametric Design
Language) with changing boundary conditions and hydration heat of
binder according to figure 3.6, isused to solve problem of dams with

arbitrary size and suitable environmental conditions (temperature, air

14



humidity change over time), material conditions (cement, supplementary
cementitious materials (SCMs)) and construction condition (the thickness

of layers, break between layers) in line with the conditions of Vietnam.
3.5 Test the method for Son La RCC dam

The thesis conducted a test of the program for calculating thermal problem
for Son La RCC dam and compared the the results from the calculation
with the observational ones. The calculated results of highest internal
temperature has differences with the observational results but diminutive
(the calculated one is 2.9% higher than the observational one), time of
highest temperature 1s 10 days faster than the actual one due the the
simplifying of calculating cross section and the differences in calculating
and actual construction day, see figure 3.19.
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Figure 3.19 Comparison of calculating and actual temperature at the level
of +114.0m

3.6 Conclusion of Chapter 3

Mathematic methods and the ANSYS software can be used to solve the
thermal problems during RCC dam construction. The results calculated by
ANSYS in accordance with the actual observational results show that

ANSYS is reliable to propose measures to reduce thermal stress in RCC
dam.
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CHAPTER 4 MEASURES TO REDUCE TEMPERATURE AND
THERMAL STRESS IN RCC DAMS IN LINE WITH THE
CONDITIONS OF VIETNAM

4.1 Abstract

During RCC dam construction, besides requirements of aggregate,
aggregating RCC also need a great amount of activated SCMs such as fly
ash and Puzzolan. There are plenty of sources for SCMs which can be
exploited for RCC construction, namely natural fly ash sources from Pha
Lai thermal power plant, NinhBinh TPP and Uong Bi TPP and natural
Puzzolan sources from Son Tay Puzzolan, Hai Phong silica stone, Phong
My- ThuaThien Hue Puzzolan, Gia Lai Puzzolan, Ba Ria- Vung Tau
Puzzolan and Phu Yen Diatomite, etc. However, the conditions of material
sources and climate conditions varies across the country makes it hard for
the temperature control, which accompanies with lack of experiences leads
to cracking during construction. Therefore, it is necessary to conduct a
study on suitable measures for reducing temperature in line with the
conditions of Vietnam.

4.2 Basis of field zoning

Due to the land forms, most big dams in Vietnam are constructed in 3
regions namely Northern mountainous area, Northern Central area and
Southern Central and Central Highlands area with three different climate
condition. RCC dams in the Northern often use fly ash as SCM because
there is limited standardized natural Puzzolan. While the Southern ones
often use natural Puzzolan because content of fly ash loses while burning is
greater than 6%. These factors impact significantly on the heat generation
of RCC, therefore, separate proposals must be conducted for reducing
thermal stress in each regions.

4.3 Impacts of atmospheric temperature on thermal stress of RCC
dams

Due to the large variation of air temperature in the Northern mountainous
area and Northern Central area, maximum stress o; at the surface of the
dam 1n the upper and lower basin changes greatly compared to the average
annual temperature. Recommendations for constructing dams in these areas
while the tempareature goes below 21°C (from the previous November to
the following March), surface maintenance must be performed.

16



Due to slight variation of air temperature in the Southern Central and
Central Highlands area, maximum stress o, at the surface of the dam in the
upper and lower basin changes insignificantly compared to the average
annual temperature, no surface maintenance must be performed.

4.4 Impacts of humidity on thermal stress of RCC dams
As humidity increases, maximum temperature in the dam body also
increases, but it increases insignificantly. As humidity increases, maximum
principal stress at upstream side and downstream side of the dam
insignificantly decreases. The changes occur when atmospheric humidity
rises, making convective heat transfer at the contact surface between the
dam and atmosphere reduces. However, it can be said that there exist
impacts of humidity on the maximum temperature and thermal stress in the
dam body, but they are trivial. Therefore, this element can be skipped in
calculation.
4.5 Impacts of mineral composition of cement on thermal stress of
RCC dams
Once the total cement content C;A + CsS increases, maximum temperature
and stress at the upstream side, the downstream side, and bottom of the
dam increases. Changes in temperature are almost linear, while the stress
changes very fast. Corresponding to each area, there exist diagrams of
maximum principal stress at upstream and downstream edge of the dam.
Based on the limiting value of the standard tensile strength of concrete
recommended for each region, the maximum content C3A + C3S of the
cement is determined to avoid cracking:
- For northern mountainous area, so that the upstream side can avoid
cracking, mineral content C;A + C;S of the cement should not exceeded
73%. Likewise, for downstream side, the mineral content CzA + C;S
should not exceeded 53%. In other word, it is suggested to use cement the
content C3A + C;S less than or equal to 53%.
- For North Central region, so that the upstream side can avoid cracking,
mineral content C;A + C3;S of the cement should not exceeded 72%.
Likewise for downstream side, the mineral content C;A + C;S should not
exceeded 58%. In other word, it is suggested to use cement with the
content C;A + C3S less than or equal to 58%.
- For Southern Central region and the Central Highlandsso that the
upstream side can avoid cracking, mineral content C;A + C;S of the
cement should not exceeded 77%. Likewise, for the downstream side, the
mineral content C;A + should not exceeded 65%. In other word, it is
suggested to use cement with the content C;A + C;S less than or equal to
65%.

17



However, due to typical features of cement in each region with different
content C;A + CsS, for instance the content C;A + CsS of cement PC40 in
Nghi Son accounts for 65% out of total cement volume, if a RCC dam is
constructed in Northern Central region, from cement PC40 Nghi Son, it is
posible to have cracking at the downstream side of the dam. Therefore, if
the cement is still used, it is essential to continue researching proper
solutions to reduce thermal stress.

4.6 Impacts of concrete pouring temperature on thermal stress of

RCC dams
As concrete pouring temperature increases, maximum temperature in the
dam body also increases according to logarithmic function (but it is almost
linear). As concrete pouring temperature increases, the maximum principle
stress at the upstream and downstream edges also increases according to
logarithmic function (it is almost linear).
As concrete pouring temperature increases, maximum principal stress at
upstream edge is less than compressive strength of RCC with different
grades. In other word, the upstream side does not crack, and maximum
principal stress at downstream marginal boundary if bigger than
compressive strength of RCC controlled for specific regions which cause
cracking.
If we use an average content of mineral admixtures for regions mentioned
in table 4.2, the concrete pouring temperature must be extremely low to
help avoid cracking at the downstream side of the, which leads to
increasing cost in concrete cooling process. Therefore, in order to
completely control cracking, only using concrete freezing methods 1s often
ineffective and should be combined with other measures such as increasing
the mineral admixtures content to reduce the stress.
4.7 Impacts of mineral admixtures on thermal stress of RCC dams
4.7.1 Impacts of mineral admixtures content on heat and thermal stress
As mineral admixture content increases, the maximum temperature in the
dam bodt decreases according to logarithmic (and almost linear) function.
As mineral admixture content increases, the maximum principal stress at
upstream and downstream edges decreases according to logarithmic (and
almost linear) function.
If anti-cracking capacity of RCC[Sigmak] is percieved at the point of time
that the maximum principal stress occur, then required mineral admixtures
content can be determine to ensure non-cracking. However, for differents

regions, there are different anual average temperatures, resulting in
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differences in controlling maximum principal stress at different periods of
time. Therefore, it is highly required to have specific research of typical
climate features for each region.
4.7.2 Suggesting mineral admixtures content out of total binder amount
for each region

Table 4. 14. Recommendations on mineral admixtures for each region

Mi I Maximum Maximum principal
TT Region v nerd o temperature stress (MPa)
admixtures (%) 0
O Upstream | Downstream
Northern Reality | 71,5 47,789 0,84 1,82
1 | mountainous -
area Suggestion Combining other solutions needed
5 Northern Reality | 57,5 55,336 1,07 2,02
Central area | Suggestion Combining other solutions advised
Southern Reality |61,4 53,356 0,76 1,73
3 Central area Suggestion
and Central >70 | <48,687 | <0,527 <1,53
Highlands

4.8 Solutions to properly reduce RCC thermal stress for each region
4.8.1 Basis to propose proper solutions

According to the above studies, there are many factors that influence the
stress of roller compacted concrete, but it 1s only a case-by-case study that
does not take into account of all factors affecting thermal stress of the
roller compacted concrete dams. In fact, these factors have influenced each
other, so there must be a harmonious solution between the factors that
reduce the thermal stress but still ensure the economic and technical
conditions of each region. However, the two most important factors are the
total mineral content of C3A + C3S on the total cement content and the
mineral admixtures content on the total amount of binder. The higher C3A
+ C3S content is, the higher the temperature in the dam body is, and the
higher the thermal stress is and the higher the mineral additives is, the
more the temperature and the stress reduce. Harmonization of these two
elements is very important because it directly affects the thermal stress and
material supply conditions of each region. To determine the reasonable
content, follow figure 4.33.
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Figure 4. 33 Determination of total cement content C;A + C;S cua XM and
mineral admixtures content out of total binder amount
4.8.2 Suggesting solutions to properlyreduce thermal stress for each
region
Table 4. 15. Proposing general solutions to reduce thermal stress for each
region, to help RCC dams avoid cracking

TT Region Atmospheric | Concrete Minaral Mineral
temperature pouring content C;A | admixtures
(°C) temperature | + C;S of the content
(°C) cement (%) | CKD (%)
1 Northern 21,1 18 53,5 72,5
mountainous
2 | North Central 243 18 65 75
3 | South Central 28 18 70,5 74
and Central
Highlands 28 20 70,5 79
28 20 65 65

4.9 Testing computation of thermal stress of Trung Son RCC dams
4.9.1 Heat observation results

In the body and the base of Trung Son RCC dam, three main monitoring
lines 1, 2 and 3 are arranged. Of which, the main monitoring line No.3 is
perpendicular to the dam axis located at the non-overflow dam section
adjacent to the right flood overflowing shoulder (the largest dam section).
On the line is heat monitoring points set during the time of construction
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(points TT53 to TT81) and operation (point PT56 to PT87) and three-
dimensioned stress (points SX19,SY19,S719 to SX28,SY28,SZ28). For
permanent thermal imaging equipment, the Geokon 4700 device model
from USA is used. In all temperature points, the maximum temperature
appears at point PT64. The measurement of the temperature during the
monitoring at point PT64 between the width of the dam at 102.2m is given
in Figure 4.41.

Heat observation results show that in initial stage, concrete temperature at
measured point increases and after 90 days it gradually stabilizes at 40°C.
The maximum temperature measured at point PT64 is 41,69°C. It is also
possible to say that the temperature of the concrete point PT64, which is
deep in the poured block, is less affected by changes of temperature.

45

|
,
(

L

w
(%]

W
o

5 B YAVa)
-\

12/12/2015 1/31/2016 3/21/2016 5/10/2016 6/29/2016 8/18/2016 10/7/2016
Time (day)

Temperature (°C)

[\
w

—+— Ambient Temperature —=—Temperature sensors data at PP64

Figure 4. 41. Values of temperature in supervision process at measuring
point PT64

4.9.2 Results of heat and thermal stress

Modeling the dam structure and the substrate under the flat deformation
equation by FEM. First, the PLANE77 elemental network was used to
analyze the thermal field and then used the PLANEI182 element to analyze
the stress field. The results of thermal stress calculations on the upstream
and downstream sides of the dam shown in Figure 4.46. Summary of the
results is given in Table 4.21.
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Figure 4. 46. Maximum principal stress at upstream and downstream side
of the dam

Table 4.21. Summary of calculation results of heat and thermal stress

Maximum Maximum principal stress ; (MPa)
teperature (°C) Uptream Downstream Bottom
42,357 0,924 1,27 1,37

Based on the results shown in Fig. 4.46 and Table 4.21, it can be seen that
maximum temperature in the dam body appears near the point PT64, but it
is slightly deviated towards the upstream and equal to 42,357°C. At the
upstream and downstream sides of the dam, stress occurs. At the time of
maximum temperature, the permissible tensile stress of the concrete is 1.09
MPa. At the downstream side of the dam from 22 m to 42 m, cracking may
occur due to the excessive tensile capacity of the concrete. As the concrete
of the dam bottom is restrained, there is also a tensile strength that exceeds
the capacity of the concrete. Therefore, to ensure safety and prevent
cracking caused by heat, it is necessary to to reduce thermal stress to
enhance the safety of the structure.

4.9.3 Solution to reduce thermal stress of Trung Son RCC dam

In order to reduce the thermal stress of Trung Son dam, people have
reduced the pouring temperature from21°C to 20°C and increase the
content of fly ash mineral admixtures from 70% to 72,5%. Results of
maximum principal stress at upstream and downstream sides of the dam
are given in figure 4.48. The summary is given in table 4.22.
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Figure 4. 48. Maximum principal stress and suggested solutions

Table 4. 22. Summary of results of heat and thermal stress and suggested

solutions
Maximum temperature Maximum principal stress o (MPI:at)t g
0 . . m
"O) Upstream side | Downstream side orom o
the dam
41,282 0,719 1,07 1,33

From the results shown in Table 4.22, maximum principal stresses at the
upstream and downstream sides of the dam both reduced and are smaller
than the tensile stress of the concrete. At the bottom of the dam abutting
the the tensile strength of the concrete occurs which is over concrete tensile
capacity, so it only needs to be treated with bottom-primed concrete with a
tensile strength greater than 1,33 MPa.

4.10 Conclusion of Chapter 4

In Chapter 4, research on impacts of atmospheric temperature and
humidity, mineral composition of cement, initial temperature of cement,
and additive composition of cement has been conducted, in order to give
recommendations and solutions that help properly decrease thermal stress
for specific areas.

Conducting the test of heat and thermal stresses of the Trung Son
Hydropower Project in Thanh Hoa with the proposed design and research
proposals to reduce the block temperature down from 21°C to 20°C, and
increase the content of mineral fly ash from70% to 72,5%.
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CONCLUSIONS AND RECOMMENDATIONS

1. Conclusions

Via the research process, the conclusions are as follow:

(1) The thesis has formed a specialized problem which helps caculate the
heat and thermal stress of RCC dams named DAPBTDL, based on APDL
programming language in ANSYS software in ANSYS software, which
integrates the author’s work to solve the problem of arbitrary size dams
with environmental conditions (changes of temperature, humidity over
time), material conditions (cement, mineral admixtures) and construction
conditions (thickness of fill layer, time between spills) corresponding to
the conditions of Vietnam.

(2) Via outcomes of impacts of certain elements such atmospheric
temperature, humidity, mineral content of cement, concrete temperature
before poured, and mineral admixtures content on thermal stress of RCC
dams, there have been solutionsd for typical region in Vietnam, to help the
dams avoid cracking during construction process.

(3) To help RCC dams avoid cracking due to thermal stress, suggestions
are as follow:

- For Northern mountainous region, controlling concrete pouring
temperature below 18°C, mineral content C;A + C3;S of cement below
53,5%, mineral admixtures content at least equal to 72,5% out of total
binder amount.

- For Northern Central region, controlling concrete pouring temperature
below 18°C, mineral content C3A + C;S of cement below 58%, mineral
admixtures content at least equal to 75% out of total binder amount.

- For Southern Central region and Central Highlands, controlling concrete
pouring temperature below 20°C, mineral content C;A + C;S of cement
below 65%, mineral admixtures content at least equal to 65% out of total
binder amount.

(4) Conducting the process of testing and computing the thermal stress for
Trung Son RCC dams in Thanh Hoa province. In the situation when heat
boundary conditions are changed, to help RCC dams avoid cracking due to
thermal stress, it is suggested to reduce pouring temperature from 21°C to
20°C and increase the content of fly ash mineral admixtures from 70% to 72,5%.
2. Recommendations

(1) Research outcomes can be applied to design newly-built RCC dams.

(2) Research outcomes can be applied to inspect and supervise heat safety
in RCC dams which have been constructed in Vietnam.

(3) Research outcomes can be a reference for design agencies and
implementation units to solve specific problems when it comes to
application of designing and constructing RCC dams.
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