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Preface |

Dams are vital infrastructures in a country. As for dam construction in China and
throughout the world, concrete is the most widely used material in their construction. The main
advantages of concrete dam are its strong carrying capacity, long life, small cross-section, and
good resistance to water overtopping, etc. However, dam concrete cracking, leakage, failure and
other major accidents which occurred during their construction in Europe and the United States
were commongplace in early development. This often resulted in the complete ruin of these dams
and the loss of peoples lives and property. Thus, dam concrete cracking is a worldwide problem
resulting in a significant reduction in durability, seismic performance and service life and has a
serious impact on their normal operation and benefits. Consequently, concrete cracking control
during the construction period and crack control during the operation period is one of the key
technical problems in concrete dam engineering.

In March 2002, when the second phase of dam construction of the Yangtze River Three Gorges
Project entered construction peak, some cracks were found in the concrete of the flood discharge dam.
To explore the cause of this cracking, crack prevention and treatment countermeasures during the
construction period of the Three Gorges flood discharge dam, Tsinghua University, China Gezhouba
(Group) Corporation (CGGC) and Yantai University, all located in China, jointly launched the project
Fracture Simulation Analysis of Mass Concrete. Using the raw materials and pouring process of the
main dam under construction, many laboratory tests, field tests and simulation studies were carried out.
Based on this, domestic and international collaborative research and related research work has been
pursued for 15 years to try to solve the key technical problems.

The research work was carried out synchronously at the Department of Hydraulic
Engineering of Tsinghua University and Test Center of CGGC. The research group made
investigation and research, novelty search, prepared the fully graded concrete specimens on
a large scale, systematically conducted fracture experiments of Three Gorges Dam concrete.
Concrete specimens were prepared at the construction site of the Three Gorges Dam. A total
of 377 specimens, with concrete volumes of up to 23.1 cubic meters were produced. The tests
were performed in the National Professional Laboratory of High-dam Large-scale Structure
of Tsinghua University and Test Center of CGGC, respectively. Advanced testing technology
was employed, key test equipment was developed independently and important innovation
achievements were made about fracture behaviors of dam concrete.

On the basis of fracture experiments data of the Three Gorges Dam concrete, they also worked
with Professor S. P. Shah and Professor Volker Slowik, etc. Professor Shah, the director of the
Advanced Cement-based Materials Research Center at Northwestern University, Evanston, Illinois
in the United States, is a member of National Academy of Engineering of the United States and a



foreign member of the Chinese Academy of Engineering. Professor Volker Slowik is an expert of concrete
structures and materials worked at Hochschule fiir Technik, Wirtschaft und Kultur in Leipzig, Germany.
They helped to carry out further international cooperation and systematic research on the computer
simulation of the concrete fracture behavior of the Three Gorges Dam concrete. The research results revealed
fracture mechanisms of the Three Gorges Dam concrete and obtained systematic fracture parameters, which
gave the research results more meaningful and wider application values.

As the chief engineer of the China Three Gorges Corporation, I have been paying close
attention to the research progress of the project. I have observed and studied the test specimen
area, test equipment and test situation of Test Center of CGGC in Yichang, listened to
presentations by the research group, discussed the problems and solutions that might occur in
the research and testing process with them, and put forward relevant opinions and suggestions to
comprehensively carry out this experimental study. I met the directors of the research team, also
the main authors of this book, Dr. Zhifang Zhao and chief engineer Hougui Zhou, during the
construction of the Three Gorges Dam project. I was very impressed by their hard work, study of
key technical problems, diligence and professionalism.

This book is a comprehensive and systematic summary of the above-mentioned research
achievements. The main innovations which resulted are as follows: The simple and applicable method
for determining the softening curve of dam concrete was proposed and the corresponding specialized
software was developed. Based on the phenomenon of stress concentration and stress release on
the crack propagation path, the rule of crack initiation, stable propagation and unstable failure was
observed by employing the innovative electrical measuring technology. The methods for testing crack
initiation and crack propagation length were also proposed. The size effect of fracture energy was
explained by revealing the dam concrete fracture mechanism from the viewpoint of the softening
curve. It was discovered that the double-K fracture parameters of dam concrete were size independent,
thereby improving the fracture criterion of dam concrete. The dam concrete mix proportions were
optimized and formed a set of construction technology to effectively control dam cracks.

I believe that the publication of this book will provide most of the dam builders with a
typical case of engineering theory and engineering practice for dam concrete crack mitigation and
the control and even construction of non-crack dams. It will definitely play an important role in
promoting the progress of dam construction technology in the future.

AR,

Chaoran Zhang
Member of the Chinese Academy of Engineering

February 17, 2017



Preface Il

Cracking of concrete dams is one of the common problems during the construction period
and operation period of the hydropower station. Cracks will greatly reduce a dam’s durability and
seismic performance. Severe cracking can shorten its service life. In this book, the process of
cracking in dams is explained and explored by employing theoretical fracture mechanics. With the
aid of fracture mechanics, the author has provided a tool to predict and control cracking of dams
and other massive concrete structures.

Based on the actual needs of dam construction in China, in March 2002 a project was
initiated to explore the causes, prevention and control of cracks of the flood discharge dam of
the Three Gorges Project at Yangtze River. It was set up during the dam construction period,
under the guidance of chief engineer Mr. Hougui Zhou and Professor Qingbin Li. The co-author
Dr. and Professor Zhifang Zhao presided over the implementation of testing and research task
Fracture Simulation Analysis of Mass Concrete. This project was jointly carried out by Tsinghua
University, China Gezhouba (Group) Corporation and Yantai University. It was comprised of
conducting large-scale fracture tests of dam concrete. Testing of large concrete specimens for
evaluating fracture parameters was never done before and posed many technical challenges.

Three types of fracture test specimens, namely, the uniaxial tension test specimen, three-point
bending notched beam, and wedge-splitting test specimens were employed. Specimens made with
normal size aggregates as used in building and road construction, as well as specimens with large
aggregates used in dam construction were tested. To compare these two sets of tests, specimens
were made with wet-screening concrete. The maximum specimen size of wedge-splitting test
specimens were: 1.2m long, 1.2m high and 0.25m thick. The fracture parameters of various types
of dam concrete were measured and analyzed systematically. It was found that the double-K
fracture parameters of dam concrete proposed by Professor Xu and studied by Professor Zhao can
be used as a valid fracture parameters. The tested double-K fracture parameters of dam concrete
were used to accurately simulate concrete cracks in the Three Gorges Dam. This study provided
a method for the safety assessment and crack control of the Three Gorges Dam. In addition, the
study helped optimization of concrete mix proportions.

I met Dr. Zhao at the 11th International Fracture Conference held in Turin, Italy, in March
2005. Her presentation: The Experiments for Determining the Double-K Fracture Parameters of
Concrete of the Three Gorges Dam attracted my attention and received the praise of the conference
Chair Professor A. Carpinteri. She introduced her comprehensive and systematic fracture
experimental study of the Three Gorges Dam concrete. Since fracture mechanics of concrete was
one of the important research directions of NSF’s Advanced Cement-Based Materials Research
Center (ACBM Center), I invited her to come to the United States in 2007 to pursue research



under my supervision. During her visit, we jointly completed the project“Computer Simulation
of Fracture Behaviors of Dam Concrete” Utilizing the comprehensive and systematic fracture
tests of dam concrete of the Three Gorges Dam, we conducted the inverse analysis and finite
element simulation of the test data. We proposed a simple and suitable method for determining
the softening curve of dam concrete. The softening curve can explain the measured size effect
of fracture energy. Dr. Zhao has used modern digital technology to explore this world-class
engineering problem. Research results were published in international journals and have been
widely cited by scholars.

During her stay at the ACBM Center at Northwestern University in America, Dr. Zhao
carried out fruitful research in concrete fracture mechanics combining theory, test techniques, and
computer simulations of dam concrete fracture. As an outstanding and promising scholar, in 2013
I invited Dr. Zhao to come to ACBM center to participate in a Sino-US cooperation project
on “High Volume Mineral Admixture Mass Concrete” 1 recommended that Dr. Zhao visit
University of Illinois at Urbana-Champaign to cooperate with Professor David A. Lange, who
has carried out temperature-stress tests of concrete in the early stage. I also suggested that she
visit Jowa State University to cooperate with Professor Kejin Wang, who is an expert on fly ash
mass concrete, Dr. Zhao is keen on continuing her study of crack prevention and crack control of
dams at her own Tsinghua University and Zhejiang University of Technology as well with active
international collaboration.

This book, EXPERIMENTS AND RESEARCH ON FRACTURE BEHAVIORS OF
DAM CONCRETE, co-authored by eminent scholars: Dr. Zhao and Zhou with its systematic
study of the fracture behaviors of dam concrete will effectively guide dam safety assessment,
crack control, and dam safety. It will provide a useful reference for college teachers and students
as well as the engineering and technical personnel who are engaged in scientific research, design,
construction, and management of dam concrete.

e O Bt

Surendra P. Shah »

Walter P. Murphy Professor of Civil Engineering (emeritus),
Northwestern University, Evanston, IL USA

Member of National Academy of Engineering, USA

Foreign Member of Chinese Academy of Engineering,
Foreign Member of Indian National Academy of Engineering



Summary

Fracture of dam concrete is one of the main hidden dangers affecting and endangering dam
safety during their construction and operation. To master and reveal the fracture characteristics
and mechanism of mass concrete, while seeking to prevent and control cracks in dam, it is
necessary to carry out concrete fracture experiments of large size and fully graded aggregate
concrete specimens, together with corresponding tests on the physical and mechanical properties
of concrete based on large-scale project. In 2002 the second phase of the Three Gorges project
was at its peak, which resulted in a rare engineering opportunity for this important research. Thus
Tsinghua University, China Gezhouba (Group) Corporation (CGGC) and Yantai University
entered into a cooperative research agreement for “Fracture Simulation Analysis of Mass
Concrete”, they further agreed to study the key technical problems involved in the cracking
and fracture of mass concrete structures to provide the basis for engineering construction and
operations.

After the research program was begun, it took two and a half years to complete the
preliminary experiments and research necessary to obtain the initial achievements. The
experiments were simultaneously conducted at the National Professional Laboratory of High-
dam Large-scale Structure of Tsinghua University and Test Center of China Gezhouba (Group)
Corporation. At a later stage, research work also was conducted in the United States and
Germany, with collaboration of academicians, professors or leading experts from Northwestern
University, Evanston, IL, University of Illinois, Urbana-Champaign, IL, and Iowa State
University, Ames, IA in America and the Hochschule fiir Technik, Wirtschaft und Kultur Leipzig
in Germany, resulting in the research achievements set forth in this book.

This research initially determined the double-K fracture parameters of dam concrete of the
Three Gorges Project. Its related achievements won the Hubei Science and Technology Progress
Award in 2005. In the same year, the Norm for Fracture Test of Hydraulic Concrete (DL/T 5332-
2005) was jointly edited by CGGC based on these fracture experimental test data becoming the
basis for support of the national standard in China.

The research achievements have been well-received by Professor Alberto Carpinteri,
Professor of science in construction at the Polytechnic University of Turin who was director of
the Istituto Nazionale di Ricerca Metrologica (INRiM) in Turin, Chair of the 11th International
Fracture Conference held in Turin of Italy in 2005, as well as have been fully affirmed by
distinguished Professor Surendra. P. Shah, the Walter P. Murphy Emeritus Professor of Civil and
Environmental Engineering at Northwestern University. He invited a research group member to
cooperate with Northwesterns’ Advanced Cement-based Materials (ACBM) Center to further
study the computer simulation of the Three Gorges Dam concrete fracture behavior. These



achievements have been published in well-known international journals, such as Cement and
Concrete Research.

This book reveals that by employing uniaxial test, three-point bending notched beam test
and wedge-splitting test, the fracture parameters and fracture mechanism of dam concrete and
wet-screening concrete were investigated on which the effects of mix proportions, specimen
sizes and coarse aggregate sizes are considered. Accordingly, the fracture behaviors of the Three
Gorges Dam concrete were achieved, as well as helpful suggestions and solutions to mitigate and
prevent cracking of dam concrete in the future. Its sixteen chapters include various topics on dam
concrete: state-of-the-art review of concrete softening curve; determination of softening curve of
dam concrete by inverse analysis based on cracking strength criterion, and comparison between
this method with the Direct Tension (DT) method; research on fracture behaviors of dam and
wet-screening concrete by DT method; prediction for tensile softening curve of dam concrete
over neural network method; size effect of fracture energy and softening curve determined by
the inverse analysis method; effect of aggregate size on softening curve; determination of dam
concrete’s fracture energy and comparison of fracture energy between the fracture work method
and softening curve method; effect of tested curve tail section processing on fracture energy
of dam concrete; experimental research on double-K facture parameters of the Three Gorges
dam concrete; double-K facture parameters of dam concrete with various graded aggregates;
analysis and research on crack prevention in hole roof for the Three Gorges project; construction
technology and practice of no cracks concrete dam.

During this research and while writing this book, various people including our collaborative
research advisor, academician Guofan Zhao of Dalian University of Technology supported and
provided the funds for working in Shandong Province to purchase advanced equipment DH5937
to conduct fracture experiments. The academicians Chaoran Zhang of China Three Gorges
Corporation, Chuhan Zhang of Tsinghua University and other experts have personally visited the
site several times to inspect and direct these experiments. Their kind assistance greatly improvd
the experiments and quality of the research. Additionally, Yangtze River Scholars, Professor
Qingbin Li of Tsinghua University, Professor Shiliang Xu of Dalian University of Technology,
Professor Kejin Wang of Iowa State University, Professor Volker Slowik of Hochschule fiir
Technik, Wirtschaft und Kultur Leipzig, Dr. Seung Hee Kown of Northwestern University and
Professor Jun Zhang of Tsinghua University provided tremendous help and direction for this
research. The experimental research received assistance from Duanming Wang, Jingang Ma,
Kaiyan Tan, Yongjun Song, Ke Zhang, Shouyang Zhao and Yanlin Zhang of CGGC, as well as
Fude Zhang and Wencui Zhang of Tsinghua University. Dr. Zhigang Zhao, a teacher of Zhejiang
University of Media and Communications has devoted himself to develop the necessary computer
program since 2002, thus making great contributions to this research and was awarded not only
the Chinese national software copyright, but the Science and Technology Achievement Award
from Zhejiang Province. Our American friend, Henry Landan helped us to refine the book in
English. The postgraduates Bin Zhang, Dongming Zhu, Ruixin Jin, Jiamin Dai, Jianping Chen,
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and Jintao Cai of Zhejiang University of Technology helped to draw some figures for the book,
and we sincerely appreciate their valuable contributions.

Finally, We especially extend our profound respect and thanks to professors Chaoran Zhang
and S. P. Shah for taking time from their busy schedules to write the Prologues for this book.

Zhejiang University of Technology devoted large amount of manpower, materials and
funds to the research and publication of this book. This book was funded by the Monograph
and Postgraduate Textbook Publication Fund of Zhejiang University of Technology. It is highly
appreciated.

The research was funded by the Natural Science Foundation of China (51479178, 50409005),
Natural Science Foundation of Zhejiang Province (LY14E090006, Y1100757, Y106486),
Natural Science Foundation of Shandong Province (Q2001F02), Project (GDDCE15-01,
GDDCE14-01) supported by Guangdong Provincial Key Laboratory of Durability for Civil
Engineering (Shenzhen University), and Postgraduate Education Reform Project (2016-ZX-
236).

The authors also wish to state that readers’ suggestions and comments are encouraged and

we warmly welcomed.

Authors
June, 2017
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