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Chapter I

Introduction

1. Introduction

In the past, tunnel constructions have been applied to most of the developed countries
in the world. It was used for underground transportation such as pathways for mining,
developing shorter roads in the mountainous area and diverting or supplying water into the
city. In recent years, advancements have been made in constructing tunnels especially, in the
materials they use.

The materials used for tunnel construction have been developed continuously such as
steel, concrete and Steel Fiber Reinforce Concrete (SFRC). These materials are developed in
such a way that it can be used for a long time and it is cost effective. SFRC is new technology
in reinforced concrete. It contains steel fiber together with concrete in order to increase the
strength of concrete. The technology of SFRC is widely used in the developed countries such
as USA, European countries, Japan and Australia, to name a few. They use SFRC for tunnel
lining and flooring. In South East Asian countries, there rarely apply this technology for the
construction of structures, except Singapore. They use SFRC for the construction of tunnel
lining segment. In Thailand, this technology is totally new for the civil engineers. This
research provides the characteristics of steel fiber reinforced concrete with the use of the local
material. Moreover, this research can provide information on the effectiveness of SFRC in
tunneling construction. More so, this research provides the behavior of tunnel lining when
SFRC is applied. Furthermore, a comparison between SFRC and plain concrete was made.
This is to determine the advantages of SFRC when applied in tunnel lining.

In order to determine the characteristics of SFRC, specimens such as cube, beam and
briquette was prepared. These were prepared in 4 batches, 2 of which having different
strength and the other 2 contains SFRC with and without plasticizer. Laboratory tests such as
tension, compression, and bending moment was performed to obtain the compressive
strength, bending strength and tensile strength respectively.

The project related on this research is located on Champasak province, Lao People’s
Democratic Republic (Lao PDR). Houay Lamphan Ngai Hydropower project is located on
Bolaven plateau, southern part of Laos. It covers 2 provinces, the dam located on Xekong
province, while the reservoir is on Champasak province. The installed capacity of the Project
is 86.7 MW, and the average annual generation capacity is 480GWh. The tunnel is open-face
excavation, Horse-shoe Shape under low pressure with the length of 2700 m and 5200 m. The
thickness of tunnel lining was 0.5m.

2. Purpose of the research

- To know the characteristic of Steel Fiber Reinforced Concrete (SFRC) in terms of axial
force (tension and compression) and bending moment, with and without plasticizer.

- To know how to apply the SFRC in to the tunnel construction design.

- To know the behavior of SFRC when the load from the soil is continuously being
applied on the tunnel lining segment.



3. Limitation of the research

- This research only focuses on the determination of the behavior of SFRC when it was
applied to the tunnel lining design of the Huay Lam Phan Ngai hydropower project at
Champasak province, Lao PDR. The soil profile and tunnel’s properties were based from this
hydropower project.

- Studying the characteristic of SFRC by the laboratory test according to ASTM
standard.

- Studying the tunnel lining design by numerical method and using structural software
(ANSYS) to determine its behavior.

- Studying only on the behavior of lining segments under the load of soil.

4. Output
The outputs from this research are enumerated as follows:
- Techniques and methodology of designing and testing SFRC in the laboratory test.
- The characteristic of SFRC with and without super plasticizer and compare it with the
plain concrete.
- The methodology of tunnel lining design by using numerical method (ANSYYS).
The behavior of soil and tunnel while using the SFRC.
Advantages and disadvantages of SFRC when they were applied to tunnel lining.
The behavior of tunnel lining segment under load of soil.



Chapter 11

Literature review

1. Introduction to tunnel
1.1 Type of tunnel lining

There are 3 sections within the tunnel lining that are constantly affected with the
load namely: crown, invert, and spring line. A tunnel lining has two parts, primary and
secondary lining. Primary lining serves as the main structure and is designed to hold the
load of the tunnel. In constructing the primary lining, the segment is installed
immediately at the tale of the boring machine. If all the segments of the primary lining is
properly installed and forms as a ring, underground water can be prevented to flow inside
the tunnel. More so, all forces the tunnel carries will be properly carried by the primary
lining. While the secondary lining is responsible on protecting the primary lining from
corrosion, and adjusting of the alignment-deviation. It will be installed after the primary
lining is finished.

Crown

Spring line _Spring ling

|
Invert

Figure 2.1 Tunnel’s element

Secondary lining
|

\

Frimary limng

BB,

S.30 16:02

Figure 2.2 Primary lining and secondary lining



1.2 Behavior of lining
Normally, the lining construction is designed as an elastic ring which can be
deformed. The deformation of the tunnel can vary depending on the properties of lining
and the loads effected to the tunnel.
- Unconfined ring
For the case of the uniform compression stress, the thickness of the tunnel can
resist the deformation enough via the radius as shown in Figure 2.3. For the case of
concentrated load occurring at crown and invert, the lining will deform as bloom out at
spring line, which the deformation is more than the case of uniform compression stress, as
shown in Figure 2.4.

Deformed Ring

Figure 2.3 The deformation of lining in case of unconfined ring under the uniform load

De'urmed Rirg

Figure 2.4 The deformation of lining in case of unconfined ring under the concentrated
load

- Partially Confined Ring
The deformation as shown in Figure 2.5 is the case when the loads occur at the
crown and invert are active pressure and passive pressure, respectively. For the
deformation of the tunnel, the expansion normally occurs at the spring line. Partially
Confined Ring is similar as unconfined ring, but the deformation is smaller.

AClive pressure

Passive
Presssires

Passive
Presssires

AClIve pIRLSLTE

Figure 2.5 The deformation of lining in case of partially confined ring under the
concentrated load



- Fully confined ring
As shown in Figure 2.6, the active pressure occurs at crown and invert while
the passive pressure spread along the lining. In this case, active pressure is a uniform
load. If it’s not, passive pressure will occur as shown in Figure 2.7 which the deformation
of fully confined ring is less than the other case.

Active pressure

Passive
Pressure

Passive
Pressure

Active pressure

Figure 2.6 The deformation of lining in case of fully confined ring under the
concentrated load

Fassive

Fressure

Figure 2.7 The deformation of lining in case of fully confined ring which
active pressure is not uniformed under the random load

For the tunnel lining arrangement, in order for the ring to be considered as
flexible it is assumed to be a monolithic ring and the moment of inertia is 60-80% of
calculated pipe segment in each the same thickness. Normally, the ratio of reinforced
concrete tunnel between thickness and radius is 6 to 12% as shown in Figure 2.8.
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Figure2.8 Relationship between the thickness of flexibility ring and q,
minimum.

When there is an internal force present within the tunnel lining it will be
considered as an elastic ring. The moment occurring in the lining will be related to the
distortion ratio (AR/R). The axial force will then be related with the overburden pressure
of soil which increases as the depth, the ratio between thickness and radius of tunnel
increases as shown in Figure 2.9.



For Monolithic Poured Concrete:

Say E=3,000,000 psi
Allowing for creep and plastic deformation
Use Ec = 2,000,000 psi

For Precast Concrete Segments:

Say E=4,000,000 psi
Allowing for joint fMlexibility
Use Ec = 2,000,000 psi
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Figure2.9 Relationship between moment in tunnel and deformation ratio.
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2. Introduction to ANSYS

Finite element method is a numerical method which uses computer programming to
help engineers analyze the deformation and design of the tunnel lining. The users need to
know the basic concept of soil mechanic and calculation criteria. In geotechnical
engineering, calculating and designing by finite element method is done by modeling the
real behavior of structure by dividing soil and structure into small elements with node
point as the area of analysis. In each element, there are stress and strain values that are
limited by the boundary condition and the loads present. The user can determine the
yield point and deformation value of each element. The appropriate amount and size of
each element can be assigned to the structure.

ANSYS is the software that analyzes the behavior of the structure which uses finite
element method. Its structural software is from ANSYS, Inc., Canonsburg, Pennsylvania,
USA. ANSYS can verify geometric shape, material properties and boundary conditions
through graph display before calculation. It can also display the simulation results by
multiple ways such as color nephogram, contour and animation display. It can perfectly
analyze the mechanical behavior of many complex configurations in engineering
structures. More so, it can be able to describe crack formation and expansion of the



structure. This program can simulate material and geometry nonlinear properties of
large-scale complex structure. ANSYS 13.0 was used in this research to analyze the
behavior of tunnel lining under large deformation.

3. History of Concrete
3.1 Plain concrete

In the past, when describing the characteristics of a plain concrete, it is both high
compressive strength and low tensile strength. So, in 1849 the French engineer used steel
bars (reinforced bars) or pre-stressed steel to help the plain concrete to carry the tensile
strength. They called this type of concrete is reinforced concrete. It was used as the main
material for construction works especially in constructing buildings. In addition, the
failure strain of the plain concrete in tension is so low that the reinforcement has to hold
the cracked sections together. A disadvantage of using steel bars is when the maximum
bending moment and shear strength are reached then large cracks within the structures
can be seen.

3.2 Concrete with special material

Since 1960, the innovation of fiber reinforced concrete (FRC) had been carried
out by the engineers. Nowadays, FRC is mainly use in shotcrete, flooring and pavement,
but it can be adapted to use in the other types of concrete construction such as beam and
foundation. Concrete reinforced with fibers (which are usually steel, glass, or plastic
fibers) is less expensive than hand-tied rebar and at the same time carries larger tensile
strength. Moreover, it can resist corrosion effect without the cover length. The fibers used
in FRC material are often divided into 2 categories: low modulus, high elongation; and
high strength, high modulus fibers. The following are the different types of fibers
generally used in the construction industries.

- Glass-fiber Reinforced Concrete (GFRC): Glass fiber is inexpensive and
corrosion-proof, but not as ductile as steel. It can incorporate with continuous lengths or
in discontinuous (chopped) lengths. In addition, it’s very suitable for the thin concrete
segment. Glass fiber reinforced concrete architectural panels have a general appearance of
pre-cast concrete panels, but are different in several significant ways. For example, GFRC
panels will, on the average, weigh substantially less than pre-cast concrete panels due to
their reduced thickness. The low weight of GFRC panels decrease superimposed loads on
the building’s structural components. The building frame becomes more economical.

- Steel Fiber Reinforced Concrete (SFRC): Steel is the strongest commonly-
available fiber, and comes in different lengths (30 to 80 mm in Europe) and shapes (end-
hooks). Steel fibers can only be used on surfaces that can tolerate or avoid corrosion and
rust stains. In some cases, a steel-fiber surface is faced with other materials.

- Polypropylene Fiber Reinforced (PFR): cement mortar and concrete
Polypropylene is one of the cheapest and abundantly available polymers. They are highly
resistant to chemical effect. Its melting point is low, so it can tolerate heat from the fire.
Polypropylene short fibers in small volume fractions between 0.5 and 15 commercially
used in concrete.

- Asbestos Fibers: It is naturally available and it is an inexpensive mineral
fiber. This material has been successfully combined with Portland cement paste to form a
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widely used product called asbestos cement. Asbestos fibers are thermal mechanical and
chemical resistant making them suitable for sheet product pipes, tiles and corrugated
roofing elements. Asbestos cement board is approximately two or four times that of
unreinforced matrix. However, due to relatively short length (10mm) the fiber have low
impact strength.

- Carbon Fibers: Carbon fiber is probably the most impressive addition to the
range of fiber available for commercial use. Carbon fiber has very high modulus of
elasticity and flexural strength. Even though it is expensive, the strength and stiffness
characteristics have been found to be superior even to those of steel. Thus, they are more
vulnerable to damage than even glass fiber, and hence are generally treated with resign
coating.

- Organic Fibers (Natural Fibers): Organic fiber such as polypropylene or
natural fiber may be chemically more inert than either steel or glass fibers. They are also
cheaper, especially if naturally obtained. A large volume of vegetable fiber may be used
to obtain a multiple cracking composite. The problem of mixing and uniform dispersion
may be solved by adding a super plasticizer.

3.3 Steel Fiber Reinforce Concrete (SFRC)

During recent years, SFRC has gradually advanced and has now attained
acknowledgment in numerous engineering applications. Lately, it has become a more
frequent substitute to steel reinforcement.

Concrete is a brittle material with a low tensile strength. Steel Fiber is added in
concrete for increasing the tensile strength and its ductility. In addition, it reduces the
intensity of the cracks. It provides the large contraction area between concrete and steel
compared with the reinforced bar and it also increases shear resistance. Moreover, it helps
to minimize the thickness of concrete segment as well as reduce the cost of construction.

The steel fiber has a high elasticity modulus (210.000 MPa), providing a very
high tensile strength with a minimum deformation. A very high tensile strength helps the
fiber to creep within the concrete without breaking and increasing the capacity of energy
absorption. The steel fiber also has a hook which improves the bond between concrete
and steel fiber. During construction, it can save time and money on placing the
reinforcing fibers.

There are various researches about SFRC which proves that it’s better than
reinforced concrete such as the research of Yining Ding et al (2000). The researchers did
the laboratory test to find the characteristic of SFRC in the early age. In their article, they
studied about the effect of steel fibers in influencing the compressive strength, the
duration for the peak load and the energy absorption under uniaxial compressive loading
at the early age. The result of their research is at the early age, SFRC can increase the
duration of the peak load compared to the plain concrete.

The uses of SFRC over the past thirty years have been so varied and so
widespread, that it is difficult to categorize them. The most common applications are
pavements, tunnel linings, pavements and slabs, shotcrete (now shotcrete also containing
silica fume), airport pavements, bridge deck slab repairs, and so on. There also has been
some recent experimental work on roller-compacted concrete (RCC) reinforced with steel
fibers.



Table 2.1 Types of Steel Fiber. (Maccaferri, 2008)
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Flooring and precast fibers Shotcrete fibers
Wirand Steel Fiber FF1 FF2HS FF3 FS9 | FS3N | FS4N FS7
Length (mm) 50 50 50 37 33 33 33
Diameter (mm) 1.00 0.90 0.75 | 0.75 0.75 0.60 0.55
Min. tensile strength (MPa) 1100 1450 1100 | 1100 1100 1200 1200
Aspect ratio L/D 50 56 67 49 44 55 60
Units/kg (approx) 3200 4000 5700 | 7700 | 8700 | 13600 | 16200

As shown in Table 2.1, Maccaferri has 3 types of steel fiber for flooring and
precast structure, and 4 types for shotcrete structure. Among these types, the main
difference is the length and diameter of steel fiber.

4. How Steel Fiber Reinforced Concrete is applied to the tunnel.
SFRC is known to be highly resistant to tensile, shear and toughness strength. As well
as the decreasing of labor and construction cost. SFRC was incorporated in the tunneling

structures around the world such as district heating tunnel in Copenhagen (Thomas
Kasper, 2007) and Gold Coast Desalination Tunnels (W Angerer, 2008). Moreover, there
were several experiments conducted on using SFRC as a material for tunnel segment

lining. For example, the experiments on ductile behavior, the wide cracks, the bridging
effect of fiber and so on (see in Table 2.2). Some tunnel projects used SFRC with

reinforced bars in order to increase deformation after cracking and the resistance of fire.

Moreover, SFRC is used in shotcrete technology to stabilize the resistance of tunnel face

and lining.

Table 2.2 The summary of previous papers about SFRC.

Thesis topic Authors Detail Conclusion Remarks
On the design | L.Sorelli, F. Focus on application of | Adapting ‘strut SFRC + plain
of steel fiber | Toutlemon de SFRC in tunnel lining and tie’ analysis Numerical
reinforced France, 2005 segment, full scale to SFRC tunnel strut-tie
concrete specimen comparing to | design by Compression
tunnel lining RC, tensile test on properly Tension
segments cylinder drilled out from | considering the Experiment+

the specimen. Using tensile resistance. | numerical
numerical method SFRC can resist
comparing to experiment | the peak load
better than RC,
as well as fracture
energy
Designing B. Chiaia, A.P. Finding suitable steel Fiber reduces the | SFRC +
case-in-situ Fantilli, P. fiber and steel bar for maximum crack reinforced bar
FRC tunnel Vallini, ductile behavior. width and crack VS plain RC
linings Italy, Use Euro code, distance, Check: Euro
2008 Soil properties by FEM | increasing the code, ACI
Define ULS & SLS resistance on
corrosion of steel
rebar
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Thesis topic Authors Detail Conclusion Remarks
Lining design | Thimas Kasper, | 3.9m long, inner Combination SFRC cannot
for the district | Carola diameter 4.2 m, 2 steam | between steel compete with
heating tunnel | Edvardson, pipe, 30 cm thick, lining | fiber and conventional
in Gerd Wittneben, | ring 1.5 m wide polypropylene RC in terms
Copenhagen | Dieter Neumann, | Use EPB fiber can provide | of bending
with steel Germany, SFRC only fire resistance and tensile
fiber 2007 100 years service life without any extra | capacity,
reinforced 50°c temperature during | method and save | bursting
concrete operation of pipeline cost. capacity under
segments Point bending test for concentrated

tensile strength. large load
Loading with and full
without heating of tunnel experiment
Design of W Angerer, SFRC for intake and SFRC have more
steel fiber M Chappell, discharge tunnel capacity of tensile
reinforced Australia, 2 km long, 2.8 inner than plain
segmental 2008 diameter, reinforced
lining for the Trail testing of the concrete in the
Gold Coast segment first peak crack.
Desalination Brief introduction of
Tunnel SFRC
Support rock load and
hydrostatic pressure
A fracture Pruettha Estimated load carrying | The critical crack
mechanic- Nanakorn, capacity of tunnel lining | length depend on
based design | Hideyuki Horii, | with various thickness amount of steel
method for Shigeru and different kind and fiber
SFRC tunnel | Matsuoka, volume fraction of fiber
linings Japan, 1996 Using FEM and
experiment
Effect of fiber | Pornpen JSCE-SF4 standard More steel fiber, | No optimum
content on Limpaninlachat, | Effective of SRFC more energy amount of
mechanical Pitichoke Effect of the absorption, reduce | steel fiber
properties of | Thongtrakarn, arrangement of steel crack, more
steel fiber Withit Pansuk, fiber resistance of

reinforced
concrete

Thailand, 2553

bending moment,
reduce thickness

According to the previous research, most of them research on the peak strength, crack
opening and so on. They were figured out that no one study on the flow of SFRC, even
the strength of SFRC with special plasticizer (SP). Thus, this research will do the
laboratory test on SFRC and SFRC with SP compare with conventional concrete.
Moreover, it will be provided to find the behavior of tunnel lining segments especially
when it is under large deformation.







Chapter II1

Laboratory test

. Preparing material

In the design of concrete, the main materials are cement, sand and gravel (Figure 3.1).
Type I cement was used for the main structure while sand and gravel are local materials.
The sand is course sand and the size of gravel is not more than 1 inch (25mm). All of the
sand and gravel have been washed for 2 times before mixing. Moreover, they have to be
dried up in the oven under a temperature of 100 degree Celsius. In addition, steel fiber and
plasticizer were also used in this test.

Steel fiber is under type FF3 which are of 50 cm. diameter, 0.75 cm. long and 5700
pieces per kilogram. The plasticizer (Figure 3.3), whose purpose was to reduce water in
concrete to retain or increase the strength of concrete, was used with a proportion of 350
ml per 100 kg of cement. A mixing machine (Figure 3.4) with a 100-liter volume capacity
has been utilized.

Figure 3.2 Steel fibers (Wirand)



Table 3.1 Types of steel fiber

Wirand steel fiber FF1 FF2HS FF3
Length (mm) 50 50 50
Diameter (mm) 1.00 0.90 0.75
Min. tensile strength (MPa) 1100 1450 1100
Aspect ratio L/D 50 56 67
Units/kg (approx.) 3200 4000 5700

There are 2 types of steel fiber used; the first one is for flooring and precast, and the
other one is for shotcrete concrete. In this research, the steel fiber for flooring and precast

type (batch FF3) was mixed in the concrete whose size is given in Table 3.1

Figure 3.3 Super Plasticizer (Polyheed 779 R, BASFa)

Figure 3.4 Mixing machine

In this experiment, 6 cubes, 6 beams and 3 briquettes had been used for compressive
and bending and tension test respectively. For the slump test, the falling depth of SFRC in
slump test should not more than 15 cm and for plain concrete should not more than 10

cm.
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Figure 3.5 Slump test device

Figure 3.6 RMU Compression Testing machine (serial 85, 3000 kN capacity)

For bending test, the main machine that was used is Instron (Figure 3.7). The ability
of this machine is pulling or pushing the load according to the frequency that was set by
the user. The initial frequency of this bending test is 0.12 mm/min and was later set to
0.24 mm/min after cracking (in accordance to ASTM C1609/1609M-06).

Due to the old and low version of computer that controls the Instron, the data cannot
be transferred. In order to solve this problem, a load cell and LVDT was used to define
the load-displacement while a data logger recorded all the data from the bending test.
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The Kyowa Hollowed Load Cell (Figure 3.9) has the maximum capacity of 10 tons.
Two Kyowa LVDTs (Figure 3.10) with a 2 centimeter maximum length was used to
measure the displacement of bending test. In addition, the data recording machine is a
data logger (Figure 3.8) that accounts and keeps the data from the load cell and LVDT
with a frequency 10 Hz.

Figure 3.7 Instron (Model no. DYNS, Serial no. H 2029, 1000-kN capacity)

Figure 3.8 Data logger (Kyowa Electronic Instruments)

Figure 3.9 Kyowa Hollowed Load Cell (Model BL-10TB, Serial no. AU1170, 10-ton
capacity)



18

Figure 3.10 Kyowa LVDTs (Model DTH-A-20, Serial no. 1930002 and 1930003, 20-
mm rated capacity)

2. Design criteria
The ASTM C31/C31M was used in mixing and curing the concrete. 320 ksc and 240
ksc strengths of concrete have been designed for this research. A summary of cube and
beam specimens is shown in Table 3.2.

Table 3.2 Total amount of specimen

Strength Type of Plain Steel fiber dosage, FF3 (kg/m’concrete)
ksc specimen 15 20 25 30 35 40
Batch No. 240-0-NSP 240-15-NSP 240-20-NSP | 240-25-NSP | 240-30-NSP 240-35-NSP | 240-40-NSP
Cube 8 8 8 8 8 8 8
240
Beam 6 6 6 6 6 6 6
Briquette 3 3 3 3 3 3 3
Batch No. 240-0-SP 240-15-SP 240-20-SP 240-25-SP 240-30-SP 240-35-SP 240-40-SP
Cube 8 8 8 8 8 8 8
240+SP
Beam 6 6 6 6 6 6 6
Briquette 3 3 3 3 3 3 3
Batch No. | 320-0-NSP 320-15-NSP 320-20-NSP | 320-25-NSP | 320-30-NSP 320-35-NSP | 320-40-NSP
Cube 8 8 8 8 8 8 8
320
Beam 6 6 6 6 6 6 6
Briquette 3 3 3 3 3 3 3
Batch No. 320-0-SP 320-15-SP 320-20-SP 320-25-SP 320-30-SP 320-35-SP 320-40-SP
Cube 8 8 8 8 8 8 8
320+SP
Beam 6 6 6 6 6 6 6
Briquette 3 3 3 3 3 3 3

*Remark: Batch No. explanation:
For XXX-YY-Z7Z.:
- XXX : target strength, 240 and 320 ksc.




- YY : amount of steel fiber, eg: O is no steel fiber.
- 277 : with or without super plasticizer , eg: NSP: no super plasticizer.

Table 3.3 Volume fraction of steel fiber
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Steel fiber dosage, FF3(kg/m’concrete)

0 15

20

25

30

35

40

Volume fraction (%)

0 | 0.188

0.253

0.316

0.380

0.437

0.507

In 1 m® of concrete, there is 401.96 kg. cement, 663.92 kg. sand, 1072 kg. gravel,
205 liters water and 1.403 liters of plasticizer. For SFRC, the weight of steel fiber had
used to replace the weight of grain materials (sand and gravel) in a haft-haft (table

3.4).

This research contains three types of specimen, cube, beam and briquette. The

sizes of all specimens are as figure 3.11, 3.12, and 3.13 respectively.

Figure 3.11 Cube specimens

7 cm

7 cm

15 cm

15¢cm

7¢c

7N

22 cm

p4

33cm

Figure 3.12 Briquette specimen
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60 cm
15 cm

15em

Figure 3.13 Beam specimen

Table 3.4 Concrete mix design Plant
Type of cement: Type 1 TP
Quantity of cement: | 402 kg/m’
Water/cement ratio: | 0.509
Aggregates
Gravel: 1072 kg/m3 Ir{;:?gr;lilzll
Sand: 664 kg/m3
Admixture
Super plasticizer: 1.407 litres/m’ BASF
Steel fiber: Dosages as listed in table 1 | Maccaferri

a. Curing method

According to ASTM C192/C 192M-07, all specimens were cured in the tank
filled with water.

Figure 3.14 Curing room
3. Testing process
a. Slump test
According to ASTM C143/C 143M-08, the slump depth should not be more than
15 cm for the concrete that contains steel fiber, while the slump depth for plain
concrete should not be more than 10 cm.



Figure 3.15 Slump test procedure

b. Sieve analysis

Figure 3.16 Sieve devices
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Figure 3.17 Sieve analysis for gravel
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Figure 3.18 Sieve analyses for sand

In conclusion, the size of gravel and sand are 25.4 mm to 0.425 mm, and 4.75
mm to 0.75 mm respectively.

Compression test

The dimensions and weight of the concrete block was noted before the test.
During the procedure, the load and displacement values were recorded. This was
performed by reading the dial gauge, recording the data in the table and plotting
the values in a graph.

Flexural test

The standard ASTM C 1690/C 1690M-06 is used for the “Flexural
Performance of Fiber Reinforced Concrete”. According to ASTM C 1690, the
size and weight of specimen had to be recorded before and after the test. The
beam specimen was installed into the Instron (Figure 3.18) where the LVDTs
were installed on both sides of the specimen. The load cell was placed on the top
of the specimen that measured the load from Instron. After testing, the sizes of
the cracks and the length between the cracks and the supports in every side have
to be recorded. Thus, photos in each side of the specimen: top, bottom, left, right,
and cracking plan have to be taken (Figure 3.19 to 3.22). The specimens that
contain voids and cracks outside L/3 were discarded. The documentation of this
test is shown in Figure 3.28-3.31.

Testing procedure:
- Measure size and weight of beam specimen before testing.
- Measure the point of load, support, and LVDT.
- Set the glue (epoxy) to install the LVDT.



23

Figure 3.19 Beam specimens before testing

- Install the specimen into machine

Figure 3.20 Installing the LVDT and load cell

- Measure size and length of crack, and take photos all side after testing.

Figure 3.21 Right side of the specimen

Figure 3.22 Left side of the specimen



Figure 3.23 Bottom side of specimen

e. Tension test
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Figure 3.24 Fracture plan of specimen

For tensile test, LVDTs had to be installed to measure the tensile deformation of

briquette and the load was read from the machine until it cracks.

4. Result

Figure 3.25 Installing briquettes and the briquette after tensile testing

The test results are as the graphs below:
4.1 Fresh concrete

a. Slump test
Table 3.5 Slump test result of each batch

240-NSP slump 240-SP slump 320-NSP slump 320-SP slump
240-0-NSP 13.0 240-0-SP 13.0 320-0-NSP 10.5 315-0-SP 14.0
240-15-NSP 13.5 240-15-SP 15.0 | 320-15-NSP 10.5 320-15-SP 16.0
240-20-NSP 11.5 240-20-SP 15.5 320-20-NSP 10.5 320-20-SP 15.0
240-25-NSP 11.0 | 240-25-SP 15.0 | 320-25-NSP 11.0 | 320-25-SP 14.2
240-30-NSP 13.0 | 240-30-SP 14.5 320-30-NSP 11.0 | 320-30-SP 13.9
240-35-NSP 11.7 | 240-35-SP 16.5 320-35-NSP 12.0 | 320-35-SP 14.0
240-40-NSP 11.0 | 240-40-SP 15.0 | 320-40-NSP 10.5 320-40-SP 13.4
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Figure 3.26 Comparison between slumps of each batch

In Figure 3.26, it can be seen that the slump varied from 10 to 17 cm, where
the maximum slump is the batch 240-35-SP. It can be deduced that the batches
that contains SP have higher slump values than the batches without SP. In other
words, the presence of SP makes the concrete flow more easily than the ones
without SP.

4.2 Hardening of concrete

Table 3.6 Bulk density of cube and beam

Bateh No. Bulk density (kg/m’) Batch No. Bulk density (kg/m’)
Cube Beam Cube Beam
240-0-NSP 2489 2432 320-0-NSP 2534 2451
240-15-NSP | 2442 2473 320-15-NSP | 2499 2447
240-20-NSP | 2404 2437 320-20-NSP | 2498 2454
240-25-NSP | 2463 2437 320-25-NSP | 2522 2431
240-30-NSP | 2443 2497 320-30-NSP | 2487 2453
240-35-NSP | 2475 2410 320-35-NSP | 2494 2410
240-40-NSP | 2479 2470 320-40-NSP | 2485 2417
240-0-SP 2468 2457 320-0-SP 2436 2384
240-15-SP 2489 2418 320-15-SP 2534 2463
240-20-SP 2478 2425 320-20-SP 2502 2491
240-25-SP 2499 2452 320-25-SP 2461 2460
240-30-SP 2508 2431 320-30-SP 2497 2422
240-35-SP 2519 2448 320-35-SP 2526 2423
240-40-SP 2446 2436 320-40-SP 2494 2435

25
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Figure 3.27 Comparison between bulk densities of each batch
According to Figure 3.27, the density of the cube and beam concrete varies
from 2400 to 2500 kg/m’.

4.3 Compression test

Table 3.7 Compressive strength of each batch

Batch No. compressive strength, fc' Batch No. compressive strength, fc'
ksc ksc
240-0-NSP 213 320-0-NSP 306
240-15-NSP 254 320-15-NSP 319
240-20-NSP 224 320-20-NSP 322
240-25-NSP 246 320-25-NSP 319
240-30-NSP 232 320-30-NSP 317
240-35-NSP 237 320-35-NSP 310
240-40-NSP 248 320-40-NSP 315
240-0-SP 240 320-0-SP 315
240-15-SP 241 320-15-SP 306
240-20-SP 235 320-20-SP 323
240-25-SP 240 320-25-SPp 307
240-30-SP 241 320-30-SP 319
240-35-SP 251 320-35-SP 312
240-40-SP 223 320-40-SP 318
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Figure 3.28 Comparison between compressive strength of each batch
In this research, there are two types of concrete design strength, 240 ksc and 320
ksc. Figure 3.28 shows that the concrete compressive strength of each quantity is not far
from their design strength.

4.4 Tensile test
Table 3.8 Average tensile strength of each batch

Batch No. Streng;h &S©) | f/fc' | Batch No. Streng;h (kse) | py g
t t
240-0-NSP N/A N/A | 320-0-NSP 31.02 0.10
240-15-NSP N/A N/A | 320-15-NSP 31.51 0.10
240-20-NSP N/A N/A | 320-20-NSP 36.22 0.11
240-25-NSP N/A N/A | 320-25-NSP 32.35 0.10
240-30-NSP N/A N/A | 320-30-NSP 37.41 0.12
240-35-NSP N/A N/A | 320-35-NSP 31.89 0.10
240-40-NSP 34.15 0.14 | 320-40-NSP 28.57 0.09
240-0-SP 25.15 0.10 | 320-0-SP N/A N/A
240-15-SP 257 0.09 | 320-15-SP 34.80 0.11
240-20-SP 26.38 0.11 | 320-20-SP 39.65 0.12
240-25-SP 20.18 0.08 | 320-25-SP 3274 0.11
240-30-SP 25.95 0.11 | 320-30-SP 33.17 0.10
240-35-SP 2278 0.09 | 320-35-SP 32.15 0.10
240-40-SP 25.41 0.11 | 320-40-SP 23.6 0.07
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In Table 3.8, N/A is the batch where the specimen dimension does not match
with the briquette catcher, making the values unreadable.

50 T

45 1
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35 4

30 4

Steel fiber dosage, kg/m3

Figure 3.29 Comparison between average tensile strength of each batch

During the tensile strength test, the strengths of certain dosages were not
obtained due to difference in dimension of the specimen and the catcher, making
the value impossible to acquire. In Figure 3.29, the average tensile strength of the
remaining dosages is plotted. It is apparent that the tensile strength is about 8% to
10% of the compressive strength of each batch (Please refer to Table 3.8).
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4.5 Flexural test

50
240-15-NSP
45 e e e e 240-20-NSP
240-25-NSP
40 e 240-30-NSP
_— —— 240-35-NSP
35 1 - —— 240-40-NSP
> 30 -
4
§ 25
— 20 4
15
10
5
0
0.0 5 1.0 1.5 2.0 25 3.0 3.5

Net Deflection, mm
Figure 3.30 Comparison of flexural test between each dosage of batch 240-NSP
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Figure 3.31 Comparison of flexural test between each dosage of batch 240-SP
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Figure 3.32 Comparison of flexural test between each dosage of batch 320-NSP
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Figure 3.33 Comparison of flexural test between each dosage of batch320-SP

In each dosage, there are 6 specimens. Figures 3.28 to 3.32 show the representatives
of each dosage of batch 240-NSP, 240-SP, 320-NSP and 320-SP respectively. From
these figures considering the first peak load, it can be observed that the steel fiber has
negligible effect. In contrast, it affects the residual load in flexure. When the amount of
the steel fiber increased, the residual load increased in every batch. Moreover, comparing
figures 3.28 and 3.29, 3.30 and 3.31, it can be seen that the batch that contained SP
generated larger peak load and residual load. It can be concluded that SP does not only
improve the ability of flow in concrete but also increased the strength of concrete.
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In Figure 3.34, it can be observed that the toughness increases as the amount of steel

fiber increases with SP.
130.0 1
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900§
80.0 + —
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60.0
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400 -

Toughness, Joule

300 1 —
200 +
10.0 4~

Steel fiber dosage, kg/m®

Figure 3.34 Comparison of toughness between each batch

4.6 Normalizing the strength

In this research, it is important to determine whether the design strength of concrete
affects its residual strength in flexure. The load (P) at each displacement was divided by
the peak load (Py..) of each batch and plotted into the graph as shown in Figures 3.33 to
3.36 respectively. Among those graph, for batch without SP, it can be seen that the batch
320-SP has larger residual load than the batch, and the same with the batch with SP. This
means that the strength of concrete also improves the resistance of concrete after
cracking. For the batch 240-NSP, the range of residual P/P, is between 20% - 50%,
while the batch 320-SP, the range of residual P/P,., is between 50% - 80%. Similarly
with the batches with SP, the results above show that the SP helps to increase the
strength of concrete. Figures 3.34 and 3.36 also show that the design strength improve
the batches with SP to increase the residual load of concrete: 40% - 70% residual
strength was obtained for batch 240-SP and 40% - 90% for batch 320-SP.
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Figure 3.35 Comparison normalizing the load (P) by peak load (Ppeak) in flexural

test between each dosage of batch 240-NSP
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Figure 3.36 Comparison normalizing the load (P) by peak load (Ppeak) in
flexural test between each dosage of batch 240-SP
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Figure 3.37 Comparison normalizing the load (P) by peak load (Ppeak) in flexural

test between each dosage of batch 320-NSP
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Figure 3.38 Comparison normalizing the load (P) by peak load (Ppeak) in flexural

test between each dosage of batch 320-SP
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Based on the aim of this research and the result of the toughness in figure 3.32, the batch
320-35-SP is similar to the batch 320-40-SP. Therefore, is has been decided to choose the
batch 320-35-SP for the structural analysis in Chapter IV.

All specimens in this batch were divided into 2 groups, 7 days (depending on strength),
and 28 days. Details of this batch are listed in Table 3.9.

Table 3.9 All specimen of batch 320-35-SP

Specimen | All | For 7 days | For 28 days
Cube 8 4 4
Beam 6 3 3

Briquette 3 3 0

a). Compression test

Table 3.10 Compression strength of batch 320-35-SP at 7 days and 28 days

Specimen 1o Compressive strength Specimen 1o Compressive strength
P ) (ksc) at 7 days P ) (ksc) at 28 days
1 262 5 433
2 335 6 425
3 291 7 337
4 320 8 378
350
300 -
250 -
2 200 -
Z
S 150 o
100 -
50
—&— Specimen 3
—A&A— Specimen 4
0 T T T T
0.000 002 004 006 008 010
Strain

Figure 3.39 The relationship between stress and strain of cube at 7 days
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Figure 3.40 The relationship between stress and strain of cube at 28 days

Figure 3.37 and 3.38 show the evolution of the strength of concrete from 7 days to 28
days. Although the design strength is 320 ksc, it can be seen that the compressive of strength
of concrete in 28 days is around 380 ksc to 400 ksc with the strain 0.0035 to 0.005.

b). Flexural test

Load, kKN

| | —— Specimen 3
‘ ‘ ] Il
T T T T

|
l
0.0 5 1.0 15 2.0 25 3.0

3.5
Net Deflection, mm

Figure 3.41 Comparing the flexural performance test results of fiber reinforced concrete of
batch 320-35-SP at 7 days
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Load, kN

Displacement, mm

Figure 3.42 Comparing the flexural performance test results of fiber reinforced concrete
of batch 320-35-SP at 28 days

According to ASTM 1609C/1609M, the peak load of flexural test has two types: the first
load and first peak load. In figure 3.41, for concrete in 7 days, shows that specimen number 1
and 3 has one peak load. While the specimen number 2 has both first peak load and peak load.

In addition, the load-displacement curve in figure 3.40 shows that all specimens contain two
peak loads.

¢). Tensile test

For this test, 3 specimens were used but only the result of two specimens can be analyzed
properly. This is due to the unequal size of the catcher and the specimen where the catcher is
smaller compared to the specimen. As seen in Figure 3.41, the tensile stress of SFRC is
around 20 ksc to 25 ksc. On the other hand the tensile strength is around 10% of the
compressive strength. The tensile strain is between 0.032-0.034.
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Figure 3.43 The relationship between stress and strain of briquette at 7 days
4.8 Back analysis

Due to lack of equipment in the lab, the process of finding the tensile softening curve
from the laboratory was not success. A method from JCI called “Method of Estimating
Tension softening Curve of Concrete” (JCI-S-001-2003) mentioned that the tensile
softening curve can be back analyzed from the flexural test.

The process of this analysis is to divide the beam specimen into 2 sides (symmetrical
in both sides), then refine the specimen into nodes and elements (see Figure 3.42. All nodes
must have the coordinate of each node, and the elements should define the nodes that build
the element. Then the loading node (NLOD), supporting node (NSUP), and LVDT’s node
(NDEF) should be defined. In addition, the thickness of element, the Young’s modulus,
Poisson’s ratio, and the density of the specimen had been added into the program. Moreover,
the load-displacement curve of that specimen from flexural test was also incorporated into the
program to find the tensile softening curve of concrete.

According to Figure 3.40, the flexural test of SFRC in 28 days, specimen number 1
has higher residual load than the others. So, this specimen was chosen to be used in back
analysis method and the tensile softening curve in Figure 3.43 exhibits the result. For this
figure, the tensile strength of concrete is 15.1 N/mm” and displacement at peak is 0.00259
mm. This value will be used in chapter I'V.
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Figure 3.44 Mesh refinements for back analysis method
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Figure 3.45 Tensile softening curve from back analysis method
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4.9 Conclusion

According to the laboratory test result, it can be concluded that for:

a)

b)

c)

Fresh concrete

The slump of concrete without SP is in the range between 10 to 13 cm, and the
concrete with SP is 14 to 17 cm. The batch that contains SP has more slump than
the batch without SP. It means that with SP, the concrete easily flows to the mould
better than the one without SP.

Hardening concrete

The bulk density of any dosage is in the similar value which is in the range
between 2400 and 2550 kg/m’.

In the compression test, the steel fiber does not have any remarkable effect to the
strength of concrete in any dosage, and not far from design strength.

For the peak load in the flexural test, the strength of concrete is relatively close to
one another. It can be said that the steel fiber does not have any significant effect
to the peak load of concrete.

For residual load at 0.75 mm and 3 mm net deflection, the strength of concrete is
increasing with the increase in amount of steel fiber. For the concrete with SP, the
strength of concrete is higher than the one without SP.

The batch that contains SP has larger peak load and residual load. It means that SP
does not only improve the ability of flow in concrete, it increases the strength of
concrete as well.

For tensile strength, the specimen capacity reaches around 8% to 10% of
compressive strength of each batch.

When the amount of steel fiber increased with the addition of SP, the toughness of
each dosage increased respectively.

Normalizing the strength

Based on P/P,.., the higher strength of concrete will result to better post-cracking
resistance.



Chapter IV

Tunnel lining analysis (case study)

1. Introduction to the project.

The project related to this research is located on Champasak province, Lao PDR.
Houay Lamphan Ngai Hydropower Project is situated on Bolaven plateau which is in the
southern part of Laos. The project covers 2 provinces. The dam located on Xekong
province, while the reservoir is on Champasak province. The installed capacity of the
project is 88 MW and the average annual generation capacity is 480GWh. There are 4
different sizes of tunnel diameter as shown in Table 4.6. The considered tunnel installed in
the project is positioned in between thick-bedded fine sandstone and locally interbedded
very thin stratified mudstone. The soil layer that was applied to this research is shown in
Tables 4.2 and 4.3, and was summarized in Table 4.4.

2. Tunnel parameters
2.1Basic parameter
Basic parameters of soil and tunnel lining that were used in Ansys are stated below.
The tunnel lining was analyzed in static mode, linear isotropic property, and 2
dimensional analyses.

2.1.1 Tunnel lining parameter

According to the laboratory test in chapter III, the parameters that were used in the
analysis are stated in Table 4.1. Young’s modulus and Poisson’s ratio calculation are
shown in the appendix. The compression Young’s modulus was calculated from the
slope of compression stress-strain curve, and the Poisson’s ratio was calculated from
the elongation of the cube in x-axis and y-axis. The Bending Young’s modulus was
back calculated from equation (4.2).

. 23p13 216d2(1+ ) @1
0 = 1296E] 1151.2 ................................................ .
23p,13 216d2(1 + 1) 42
= 120651 T DS .

Where: 31 = the first peak deflection, mm
P1 = the first-peak load, N
L = the span length, mm
E = the estimated modulus of elasticity of the concrete,
I = the cross-sectional moment of inertia, mm4
d = the average depth of specimen at the fracture, as oriented for testing, mm
p = Poisson’s ratio
For a Poisson’s ratio of 0.20 and a d to L ratio of 1/3, the value of the
portion of the equation in brackets is 1.25.



41

Table 4.1 Young’s modulus and Poisson’s ratio of each type of specimen

. E, Mpa Poisson's ratio
Specimen
7 days 28 days 7 days 28 days
cube 9646 10592 0.28 0.23
beam 233672 35490
briquette 1361

*See more in appendix

2.1.2 Soil parameter

The soil layer of this project contains 4 layers, when looking at the density and
water content; they can be concluded in 2 main layers: Q.q and N,.

Table 4.2 Basic parameters of soil

soil layer depth | p c Wn | W, Wp |Ip
m g/lem3 | kKN/m3 | % % %
7 | ZKO01 3.2 1.62 51| 355 749 | 377 | 372
ZKO01 8.4 1.68 137 | 36.2 72.6 | 399 327
8 | ZK02 10.6 1.59 171 | 49.1 90.8 | 50.2| 40.6
ZK02 14.8 1.59 236 | 48.7 92.6 | 502 | 424
9 | ZK03 21 1.61 334 | 374 79.1 37| 42.1
ZKO03 29.2 1.6 463 | 41.1 | 100.7 | 45.7 55
10 | K1 32.2 1.99 522 | 14.6 359 20.1] 158
K2 38.2 2.04 642 | 16.8 36.7| 204 | 163
K3 46.2 2.06 803 | 17.1 41.3 22| 193
K4 53.2 2.12 949 | 20.9 317 18.6| 13.1
K5 130 2.12 2546 | 23.5 30.1 18] 12.1
Table 4.3.Basic parameters of soil (continue)
Friction | Undrained | Poisson's
_ Depth Density | Unit weight | Cohesion | angle modulus ratio
Soil layer
p Y Cu [0) E \
M g/cm3 kN/m3 kN/m2 degree kPa assume
7 | ZKO01 3.2 1.62 15.9 58.52 12 11798 0.25
ZKO01 8.4 1.68 16.5 59.85 12 13727 0.25
8 | ZK02 10.6 1.59 15.6 63.36 15.2 11704 0.2
ZK02 14.8 1.59 15.6 63.36 15.2 11208 0.15
9 | ZK03 21 1.61 15.8 52.36 27.9 9328 0.25
ZKO03 29.2 1.6 15.7 52.36 27.9 7140 0.25
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Friction | Undrained | Poisson's
_ Depth Density | Unit weight | Cohesion | angle modulus ratio
Soil layer
p Y Cu 0] E \
M g/cm3 kN/m3 kN/m2 degree kPa assume
10 | K1 32.2 1.99 19.5 88.5 31.5 42009 0.26
K2 38.2 2.04 20.0 80.5 34.6 37040 0.26
K3 46.2 2.06 20.2 82.1 33.8 31904 0.26
K4 53.2 2.12 20.8 28.1 32.7 16088 0.26
K5 110 2.12 20.8 100.4 36.6 62231 0.26
Table 4.4 Summary soil’s parameters used in Ansys
Density Upit cohesion Friction | Young's rpodulus Poiss.on’s
) Weight angle (undrained) ratio
soil P r C o E v
kg/m3 kN/m3 N/m2 degree N/m2
Qeal 1615 15.84 58302 18.37 21635074 0.23
N, 2066 20.27 64580 33.84 65745678 0.26

3. Applying into ANSYS

Ansys is a flexible program which is suitable for solving engineering problems by
using finite element method to obtain results. It includes a lot of failure criteria that the
user can choose as much as possible whichever is suitable to the problem.

- Use Mechanical APDL (ANSYS)
- Design as plane strain, linear isotropic structure.

- Tunnel shape: circular.
3.1.1 Geometry

According to the Training Course on Computational Geotechnics, 2012, the width
and the depth of the soil surrounding the tunnel structure is shown in Figure 4.1. The
distance from ground surface to the center of tunnel is 110 m. The coordinates of each
boundary point is given in Table 4.5, while the tunnel geometry is shown in Figure

4.2.

Figure 4.1 Model boundary of tunnel



Table 4.5 Coordinate of each point in the structure

30 mi

3.1.2 Element type

Point X (m) y (m)
A 0 0
B 35 0
C 35 -130
D 0 -130
E 0 -30
F 35 -30
G 0 -110

Table 4.6 Tunnel’s dimension

Point D (m)
Gl 2
G2 2.5
G3 3
G4 3.2
A B i
Qe
E F
N2
AONE
D C \/

Figure 4.2 Geometry of structure

110 m

20 m
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Element PLANE 183 represented the real behavior of soil and concrete. PLANE 183 is a
2-D 8-node solid structure; 2 degrees of freedom in each node (see Figure 4.3). It can support
the gravity load applied to each node of the element. The failure criterion that supports this

element is the Extended Drucker-Prager that will be discussed in subchapter 3.1.3.
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Figure 4.3 PLANE183

3.1.3 Material properties

Parameters for material properties were divided into 2 parts; linear elasticity and non linear
elasticity. For linear elasticity, the parameters needed are density, Young’s modulus and
Poisson’s ratio (shown in Table 4.4). For non linear elasticity, Ansys has various failure
criteria that the user needed to understand. The user used the suitable failure criteria based on
the material composition incorporated in the structure. In this research, the failure criterion of
Extended Drucker-Prager (EDP) was chosen to represent the behavior of tunnel lining. Before
getting the parameters of EDP, the parameter of Drucker-Prayger (DP) was calculated and
then the parameters of EDP: Linear yield function and Linear Potential Flow function was
found (Table 4.7).

- Failure criteria

The Drucker-Prager failure criterion is suitable for soil, rock, and concrete. It was
developed from the Mohr-Coulomb law. As shown in Figure 4.4, the failure surface can be
drawn on the principal stress in 3 axes because of the failure criteria of DP associated with the
behavior of concrete when the load was applied.
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Figure 4.4 Failure plane surface of Druker-Prager failure criteria
Lo :
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Where F = yield function

_ [axs 0 ]
[M] = [ 0 Zlgy;

{s] = Deviatoric stress vector={z} —7,{11100 0}T

£ = material constant

iy Ty Fum
Oy = Mean stress = ————

.

y = yield parameter

The variable Is,; that appear in [M] is an identity matrix with size 3x3 and average

stress (F) occurred in equation 4.3 is calculated from 3 main principal stress axes.
Furthermore, the material constant can also be applied in a form of DP failure criteria into two
variables which are Cohesion (C) and internal friction angle (¢) that can be calculated from

the equations below:
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_ Isind

B g e (4.4)
__ ECrosD

g, = TR CIoain@) T 4.5)

Cohesion and internal friction angle are not the only criteria that are associated with the DP
failure. The Dilatancy angle is also a concern, which is the variable that controls the direction
of the plastic strain and the associated flow rule as stated in the equation below.

Yield surface of DP is a circular cone when S and &, reach the outer cone of the Mohr-

Coulomb surface. If o, reaches a,, concrete becomes plastic and flow rule will affect the DP.

{de™'} = A{%} ................................................................................ 4.6)

Where {d=F'} = transition of plastic strain vector

a .. . . .
{B—Q} = transition rate of yield function compare with stress state
o

A = plastic multiplier

The material related to the flow rule is the material with the transition of plastic strain
vector perpendicular with failure plane. The DP is dependent on the association of the flow
rule. If the DP is associated with the flow rule, the friction angle is equal to the Dilatancy
angle and causes volume expansion. On the other hand, the non-associated flow rule causes
less volumetric expansion if the Dilatancy angle is less than friction angle and no volumetric
expansion if Dilatancy angle is zero. The transition rate of yield function and stress vector can
be calculated as:

{T} —p{111000) + s} NS 4.7)

da

& pae]?

Where F = yield function

I3ya 0 ]
M =[
[M] 0 2l3.a

{s] = Deviatoric stress vector={g} —g,,{11100 0}7
f = material constant

When the material constant that comes from the internal friction angle is not equal with
the material constant that come from the Dilatancy angle (Bly=y # Bly=or ), the material is not
associated with the flow rule. The volumetric expansion decreases as the Dilatancy angle
decreases until the material doesn’t have volumetric expansion where the Dilatancy is zero.
Figure 4.5 show the associated and non-associated flow rule of the material.
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Yield surface

Yield surface
=Flow surface

a. Associated flow rule b. Non- Associated flow rule
Figure 4.5 Associate and Non-Associate flow rule diagram

According to Prasertsri.T (2012), the flow rule of concrete is not associated with the
failure criteria and the dilatancy angle is zero which means that there is no volumetric
expansion. Mirmiran et al (2000) used the equations that define cohesion value and internal
friction angle by unconfined strength of concrete. Rochette and Labossiere (1997) defined
that:

— 3 — 5ing
= = B B e (4.8)
¢ (fm 54”3} Gcosd
1 3
@ = sin (:L-I-_zl'_'f—,_:":') ........................................................................ (4.9)

Where f;, = unconfined strength of concrete (MPa)

In this research, two materials are considered: soil and concrete. A 2-D finite element
using PLANE183 to simulate the soil and concrete structure that can be applied with EDP
was used. For the element PLANE183, another failure criterion called Extended Drucker-
Prager, EDP (Mirmiran et al, 2000) is needed. The difference between DP and EDP are the
parameters that will be added into the program. The parameters have two main parts; the yield
function part and the plastic flow potential function. Each part has three types of function:
linear, power law, and hyperbolic (Ansys element reference, 2009), wherein linear function
has been used for this study.

Linear yield function:

2sin@

C, = V@ﬁ e, (4.10)

3 — sing@

6C(cosd)
T 4.11)

? V(_ ¥ 3 — sin@

Linear Plastic Flow Potential Function (Sheldon Imaoka, 2008):

T (4.12)

i— Siﬂ@f



Where Dilatancy angle: @, =

Table 4.7 DP and EDP parameters of concrete for Ansys

8

O

O

@ — Associated Flow Rule

@ — Non-Associated Flow Rule
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compressive DP EDP
o strength,
Lining feu C 0 of B oy | €1 | Q
Mpa MPa degree degree MPa MPa
Plain 320-0-SP 31 1049 | 21.64 1082 | 0.16 | 1284 | 028 | 2224 | 040
SFRC 320-35-SP 40 1499 | 16.88 844 | 012 | 1833 | 021 | 3176 | 031
IN SITU C25 25 7.77 26.29 1314 | 020 | 943 | 035 | 1634 | 049
Table 4.8 Basic parameters of concrete for Ansys
AT 28 DENSITY, kg/m3 E, Mpa POISSON'S RATIO
DAYS | coM | BEND | TEN | COM | BEND | TEN | COM | BEND | TEN SOURCE
PLAIN | 2456 2434 - - 32784 - 0.23 LAB TEST
SFRC 2510 2365 10592 | 35490 | 1494 | 0.23 LAB TEST

3.1.4 Boundary condition

There are 2 types of boundary condition that will be chosen to be applied to
this research. The B1 is fixed only x-axis at the side and fixed all axes at the
bottom of the geometry, while B2 concerns only the bottom of geometry by fix all
the axis at the middle and fix at y-axis at the corner of geometry.

@

B1

B2

Figure 4.6 Boundary condition
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Both boundary conditions will be checked for convergence with the empirical
method in 3.1.5. The stress will be plotted into the graph in Figure 4.8.

3.1.5 Empirical method

According to Obert and Duvall (1967), the stress of soil at any position of the
tunnel can be calculated in the process as shown below. The data from the
equations was used to calculate and obtain the results to be compared in Figure
4.8. The stress results are shown in Table 4.9 and 4.10.

- Vertical stress: 5‘, = }"h ........................................... (4.13)
- Horizontal stress: Sh_ — fnsﬂ .............................. (4.14)
L ) (4.15)

1—w

Which y = unit weight of soil, N/m’
h = depth of tunnel at point concerned, m

v = Poisson’s ratio of soil

- Radial stress:

Sp+ 5, a’ Sy — 5, 4a®* 3a* . (4.16)
o= (T)(l )t (T) 1= 7z + 77 Jcos26
- Tangential stress:

S+ S 2\ (5,—S 3a*
ag = (%)(1 +%)— (%) (1 +%):ﬂ£25‘ e (417)

- Shear stress:

5,— 5, 2a? 3a*
og = (T) 14+— — " |5in28 e 4.18)

Where a = radius of tunnel, m.
r = the distance from center of tunnel to the point concerned, m.

0 = the angle between x-axis and the point concerned, degree.



Table 4.9 Vertical and horizontal stress by empirical method
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Diameter | radius | Thickness Sv, N/m2 Sh, N/m2
D, m a, m m oc i cS oc ol oS
2 1 0.5 2066290 | 2127092 | 2096691 | 725994 | 747357 | 736675
2.5 1.25 0.5 2061223 | 2132159 | 2096691 | 724214 | 749137 | 736675
3 1.5 0.5 2056156 | 2137226 | 2096691 | 722433 | 750917 | 736675
3.2 1.6 0.5 2054130 | 2139253 | 2096691 | 721721 | 751629 | 736675

Table 4.10 Axial stress and tangential stress by empirical method

. radial stress tangental stress
Diameter | a r
r o
D, m m | m Tc ci s oc oi oS
2 1 1.5 | 651533 | 670705 | 912974 | 949377 | 977313 | 3129296
2.5 1.25 | 1.75 | 508409 | 525906 | 870614 | 912732 | 944144 | 3350524
3 1.5 2 1407237 | 423294 | 824333 | 870914 | 905252 | 3539052
3.2 1.6 | 6.6 | 375008 | 390548 | 805823 | 853920 | 889307 | 3606519

*Remark: ¢ = at crown of tunnel.
1 = at invert of tunnel.
s = at spring line of tunnel.

4. Analysis result
- Understanding of data

Thickness

D 2.0 T 40 SFRC

T T

Dimension Type of concree

Figure 4.7 Data explanation

4.1 Convergence check
The convergence was checked from the boundary condition which was
appropriate to the analysis by plotting the tunnel analysis result from 2 types of
boundary condition. The axial stress of tunnel analysis from Ansys was compared
with the tangential stress from the empirical method. In addition, this convergence
checked the appropriate amount of elements that was used in Ansys.
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Figure 4.8 Convergence check by boundary condition and amount of elements

According to Figure 4.8, it can be seen that B1 has the result closer to the
empirical method than B2. B1 is far from empirical method about 9%, while B2 is
about 14%. With this figure, it showed that the suitable amount of element is 2000
elements, and this number of elements was used into the analysis in Ansys.

4.2 Analysis result

After solving the problem in Ansys, the stain at each node was plotted as a list and
the strain was chosen according to the segment position (see Figure 4.9) of each
tunnel diameter. The strain chosen from the list is the axial strain at x-axis and y-axis.
The strain that contains a negative sign (-) is tensile strain, while the other (+) is
compressive strain. The maximum strain is obtained from the discussion in chapter
III. The tensile deformation at peak tensile softening curve (see Figure 3.43),
0.000259 mm, is divided by the crack opening (3 mm). The maximum strain is -
8.63E-04. The axial strain from Ansys was compared with the maximum strain as
shown in Table 4.11 to 4.14. Moreover, the strains of the tunnel segment at each
position were plotted in Figure 4.11 to 4.14.



Shield jack /
spreader

.\'-
AN

52

@)

Figure 4.9 Tunnel’s position

Table 4.11 Strain at crown, invert, and spring line of tunnel lining D_2.0_T_50 and Max

strain

D_2.0_T_50 | NODE . STRAIN » MAX STRAIN
8 -5.03E-04 | 7.02E-05
2065 3.66E-04 | 6.55E-05
1 2067 2.14E-04 | 5.34E-05
Cr(ozvn 2069 | -3.73B-05 | 2.68E-05 8.63E-04
2071 1.84E-04 | -2.79E-05
2052 4.74E-04 | -1.34E-04
2301 474E-04 | -1.34E-04
2314 1.83E-04 | -2.78E-05
2) 2316 | -3.91E-05 | 2.68E-05
Invert 2318 2.16E-04 | 5.32E-05
2320 | -3.70E-04 | 6.51E-05 S63E-04
10 -5.07E-04 | 6.97E-05
2051 | 2.69E-04 |ECNISRONN
2074 1.14E-04 | -5.75E-04
3) 2076 2.12E-05 | -3.15E-04
Spring line 2078 -3.47E-05 | -1.09E-04
2080 | -7.02E-05 | 6.77E-05
7 9.31E-05 | 2.23E-04
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Figure 4.11 Strain at crown, invert, and spring line of tunnel lining D_2.0_T_50



strain

Table 4.12 Strain at crown, invert, and spring line of tunnel lining D_2.5_T_50 and Max

STRAIN MAX

D_2.5_T_50 | NODE " » STRAIN
8 2.91E-05 | 5.42E-06
2025 -2.07E-05 | 4.74E-06
1) 2027 -1.13E-05 | 3.49E-06
Crown 2029 -5.19E-07 | 1.37E-06
2031 1.24E-05 | -2.22E-06
2012 2.77E-05 | -7.92E-06
2261 2.78E-05 | -7.93E-06
2274 1.23E-05 | -2.21E-06

2) 2276 | -6.10E-07 | 1.38E-06 | o .o,
Invert 2278 -1.14E-05 | 3.50E-06
2280 -2.09E-05 | 4.74E-06
10 -2.93E-05 | 5.41E-06
2011 1.21E-05 | -4.32E-05
2034 7.14E-06 | -3.15E-05
(3) 2036 1.34E-06 | -1.54E-05
Spring line | 2038 -1.94E-06 | -3.47E-06
2040 | -4.15E-06 | 6.95E-06
7 -5.59E-06 | 1.61E-05
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Figure 4.12 Strain at crown, invert, and spring line of tunnel lining D_2.5_T_50
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Table 4.13 Strain at crown, invert, and spring line of tunnel lining D_3.0_T_50 and

Max strain

STRAIN MAX

D_3_T_50 | NODE " » STRAIN
8 -4.03E-05 | 8.51E-06
1969 | -2.82E-05 | 7.20E-06
(1) 1971 | -1.45E-05 | 4.96E-06
Crown 1973 | 7.78E-07 | 1.56E-06
1975 1.86E-05 | -3.69E-06

1956 | 3.85B-05 | -1.IE-05 | ¢ 0 o
2025 | 2.01E-06 | -9.83E-06
2218 | 1.86E-05 | -3.69E-06
) 2220 | 6.68E-07 | 1.58E-06
Invert 2222 | -1.47B-05 | 4.98E-06
2224 | -2.85B-05 | 7.22E-06
10 -4.07E-05 | 8.53E-06
1955 1.40E-05 | -4.39E-05
1978 | 1.05E-05 | -4.29E-05

[©F 1980 | 245E-06 | -2.12E-05 | ¢ o o)
Springline | 1982 | -2.59E-06 | -3.35E-06
1984 | -6.04E-06 | 1.23E-05
7 -8.32E-06 | 2.61E-05
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Figure 4.13 Strain at crown, invert, and spring line of tunnel lining D_3.0_T_50
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Table 4.14 Strain at crown, invert, and spring line of tunnel lining D_3.2_T_50 and Max

STRAIN MAX
D_3.2_T_50 | NODE " » STRAIN
8| -461E-05| 1.01E-05
1957 | -3.19E-05 | 8.44E-06
(1) 1959 | -1.58E-05 | 5.66E-06
Crown 1961 | 2.16E-06 | 1.50E-06
1963 | 2.55E-05 | -5.93E-06
1944 | 3.51E-05 | -1.01E-05
2193 | 3.51E-05| -1.01E-05
2206 | 2.55E-05 | -5.94E-06
2 2208 | 2.06E-06 | 1.52E-06 | -8.63E-04
Invert
2210 | -1.60E-05 | 5.70E-06
2212 | -3.22E-05| 8.48E-06
10 | -4.65E-05| 1.01E-05
1943 | 1.46E-05 | -4.39E-05
1966 | 1.20E-05 | -4.58E-05
(3) 1968 | 3.40E-06 | -2.53E-05
Spring line 1970 | -2.81E-06 | -3.85E-06
1972 | -7.02E-06 | 1.50E-05
7| -9.81E-06 | 3.15E-05
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Figure 4.14 Strain at crown, invert, and spring line of tunnel lining D_3.2_T_50
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5. Conclusion

When looking at the strain of crown, invert, and spring line of the tunnel lining,
almost all strains occurred is smaller than the maximum strain from the laboratory
experiment. This means that from the load applied to the tunnel lining, only the concrete
resist all the load. The steel fiber does not yet support the concrete to counteract with the
load. In contrast, only the load at node 2051, internal spring line of D_2.0_T_50 has the
tensile strain more than the maximum strain. This means that it exceeded the serviceability
criteria of the concrete, but it didn’t exceed the ultimate tensile strain of the SFRC yet. The
diameter of tunnel lining also affects the strain values, wherein the smaller diameter results
into larger strain compared to the tunnel lining with bigger diameter which resulted into
smaller strain.



Chapter V
Conclusion

The purpose of this research is to study the characteristic of steel fiber reinforce
concrete and it will be applied to the case study of tunnel structure in order to study the
behavior of tunnel lining. The laboratory test, 3 types of specimen that contain cube, beam
and briquette had been test to figure out the characteristic of SFRC under compression,
tension, and bending. The design strength of concrete was divided by 2 strengths, 240 ksc and
320 ksc. The amount of steel fiber had been varied into 6 dosages: O (no steel fiber), 15, 20,
25, 30, 35, and 40 kg/m3 concrete respectively. Then they were mixed in 2 batches, with SP
and without SP.

For the case study of tunnel lining analysis, the diameter of the tunnel divided in 4
sizes, 2 m, 2.5 m, 3.0 m, and 3.2 m with 0.5 m thickness. The depth of tunnel is 110 m from
the ground surface. Only the load from the soil applied to tunnel lining segment. Ansys is the
finite element analysis program was used to analyze the behavior of tunnel lining under the
load of soil. The entire plane in the project was divided by 2000 elements which is
appropriate for the analysis.

1. Laboratory test

Nowadays, the steel fiber is a new material to add into the concrete in order to increase
the strength of concrete after crack either decreases the covering of concrete segment. This
research tell that when the amount of steel fiber in concrete increase, the residual strength
of concrete also increase. In addition, the super plasticizer (SP) that usually added into
SFRC not only helps the better flow ability, but also helps to increase the strength of
concrete. Moreover, the design strength of concrete also effect to the residual strength of
SFRC.

2. Tunnel lining analysis (case study)

When applying the load to the tunnel lining, only the concrete resist the entire load.
The steel fiber not yet helps concrete to tolerant with the load. In contrast, only the load at
node 2051, internal spring line of D_2.0_T_50 has the tensile strain more than the
maximum strain about 6%. The strain exceeded the serviceability criteria of the concrete,
but it didn’t exceed the ultimate tensile strain of the SFRC yet. The diameter of tunnel
lining also have effect with the strain, the smaller diameter has larger strain than the bigger
diameter.

3. Future work
Even this research study only the characteristic of SFRC and behavior of tunnel lining
under serviceability criteria, there are lot of advantage of SFRC (especially the behavior of
tunnel lining under ultimate criteria). First of all, steel fiber is easier for transferring from
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the warehouse to the construction filed compared to the reinforced bar. Next, when it’s
applied to the tunnel lining segment, it reduces the crack happening during the
transportation. In addition, it helps to reduce the covering depth compare to conventional
reinforced concrete. Moreover, steel fiber can save the cost of labor to tied the reinforced
bar. And so on. If you want to do further work from this research, the characteristic of
SFRC under the ultimate strength should be figure out.
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1 . Compressive test:

Slump Cube specimens Beam specimens Age Average Cube

Batch No. (cm) Bulk density Number of Ccov Bulk density Number of Ccov (day) Compressive strength
(kg/m3) specimen (%) (kg/m3) specimen (%) (ksc)
240-0-NSP 13.0 2489 8 1.06 2432 6 1.40 7 213
240-15-NSP 13.5 2442 8 1.69 2473 6 1.07 7 254
240-20-NSP 11.5 2404 6 0.64 2437 6 1.44 7 224
240-25-NSP 11.0 2463 6 0.98 2437 6 1.83 7 246
240-30-NSP 13.0 2443 8 1.64 2497 6 1.93 7 232
240-35-NSP 11.7 2475 8 1.37 2410 6 1.24 7 237
240-40-NSP 11.0 2479 4 3.73 2470 6 1.42 8 248
240-0-SP 13.0 2468 4 2.38 2457 6 1.10 6 240
240-15-SP 15.0 2489 4 0.76 2418 6 0.78 5 241
240-20-SP 15.5 2478 4 1.79 2425 6 0.59 5 235
240-25-SP 15.0 2499 4 0.88 2452 6 0.52 6 240
240-30-SP 14.5 2508 4 1.20 2431 6 1.04 6 241
240-35-SP 16.5 2519 4 1.66 2448 6 2.05 5 251
240-40-SP 15.0 2446 4 2.66 2436 6 1.51 5 223
320-0-NSP 10.5 2534 4 2.19 2451 6 0.72 10 306
320-15-NSP 10.5 2499 4 2.26 2447 6 0.66 10 319
320-20-NSP 10.5 2498 4 1.40 2454 6 0.42 10 322
320-25-NSP 11.0 2522 4 1.05 2431 6 0.53 11 319
320-30-NSP 11.0 2487 4 1.92 2453 6 1.09 10 317
320-35-NSP 12.0 2494 4 1.87 2410 6 0.89 10 310
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Slump Cube specimens Beam specimens Age Average Cube

Batch No. (cm) Bulk density Numper of Cov Bulk density Numl?er of COov (day) Compressive strength
(kg/m3) specimen (%) (kg/m3) specimen (%) (ksc)
320-40-NSP 10.5 2485 4 2.30 2417 6 0.82 10 315
320-0-SP 14.0 2436 7 1.46 2384 6 2.20 7 315
320-15-SP 16.0 2534 4 2.19 2463 6 1.30 8 306
320-20-SP 15.0 2502 4 1.10 2491 6 1.46 7 323
320-25-SP 14.2 2461 4 2.32 2460 6 1.57 7 307
320-30-SP 13.9 2497 4 1.62 2422 6 2.07 7 319
320-35-SP 14.0 2526 4 1.57 2423 6 2.35 7 312
320-40-SP 13.4 2494 4 1.64 2435 6 1.75 7 318
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2 . Flexural test:

Net Net Modulus Equivalent
First- - e First- Residual | Residual | Residual | Residual | Residual | Residual of quivaien
. Peak | deflection | deflection Peak .. Flexural Fracture
Specimen Peak load at first at peak Peak strenath load at strength load at strength load at strength elasticity | Toughness Streneth offset remark
load P strength g L/600 | atL/600 | L/450 | atL/450 | L/150 | atL/150 |  under £
peak load load . Ratio
bending
no P] Pp 81 8P f1 fp PDG()() fD()O() PD45() fD450 PD 150 fD 150 E TD 150 RDT. 150
kN kN mm mm Mpa Mpa kN Mpa kN Mpa kN Mpa Mpa Joule % mm
1-240-0-NSP 39 39 0.06 0.06 5.00 5.00 0 0.00 0 0.00 0 0.00 89820 1 1.0 not available
2-240-0-NSP 32 32 0.05 0.05 4.10 4.10 0 0.00 0 0.00 0 0.00 89171 1 1.0 not available
3-240-0-NSP 37 37 0.05 0.05 4.80 4.80 0 0.00 0 0.00 0 0.00 109021 1 1.0 not available
4-240-0-NSP 32 32 0.06 0.06 4.15 4.15 0 0.00 0 0.00 0 0.00 83358 1 L5 not available
5-240-0-NSP 34 34 0.05 0.05 445 445 0 0.00 0 0.00 0 0.00 96646 1 1.5 not available
6-240-0-NSP 31 31 0.04 0.04 3.90 3.90 0 0.00 0 0.00 0 0.00 112118 1 1.0 not available
1-240-15-NSP 30 30 0.03 0.03 3.60 3.60 7 0.85 7 0.85 4 045 120016 21 24.0 not available
2-240-15-NSP 35 35 0.04 0.04 4.50 4.50 17 225 14 1.85 13 1.70 134572 47 455 not available
3-240-15-NSP 35 35 0.07 0.07 445 4.45 9 1.15 8 1.05 5 0.65 77159 29 28.0 not available
4-240-15-NSP 34 34 0.03 0.03 4.15 4.15 13 1.55 13 1.55 11 1.30 147320 40 39.0 not available
5-240-15-NSP 27 27 0.03 0.03 3.30 3.30 6 0.70 6 0.70 6 0.75 130564 27 325 not available
6-240-15-NSP 35 35 0.03 0.03 425 4.25 12 1.40 11 1.35 10 1.25 142834 38 36.5 not available
1-240-20-NSP 34 34 0.05 0.05 4.50 4.50 7 1.00 7 1.00 7 0.90 109132 30 28.5 not available
2-240-20-NSP 42 42 0.10 0.10 5.50 5.50 9 1.15 9 1.20 6 0.75 56000 37 28.0 not available
3-240-20-NSP 33 33 0.08 0.08 425 4.25 17 225 18 2.40 18 2.35 65483 56 55.5 not available

59




Modulus

First- Net. Net. First- Residual | Residual | Residual | Residual Residual Residual of Equivalent
. Peak | deflection | deflection Peak .. Flexural Fracture
Specimen Peak load ¢ first { peak Peak renoth load at strength load at strength load at strength elasticity Toughness Streneth fset remark
load | %2 at urs ape strength | S8 L/600 | atL/600 | 1/450 | atL/450 L/150 at L/150 under reng otise
peak load load . Ratio
bending
no P; Pp 31 dp fi fP PDGO() fDﬁO() PD450 fD450 PDIS() fDlso E TDISO RDT,lso
kN kN mm mm Mpa Mpa kN Mpa kN Mpa kN Mpa Mpa Joule % mm
Test discarded
not not not not not not due to the
1-240-35-SP 34 34 0.01 0.01 445 4.45 18 230 available | available | available | available 42114 20 available | available error of
machine
2-240-35-SP 39 39 0.02 0.02 4.85 4.85 25 3.10 25 3.10 21 2.65 248989 73 63.5 I?Ot
available
3-240-35-SP 37 37 0.06 0.06 475 475 24 3.10 24 3.05 22 2.75 89909 72 61.0 I?Ot
available
4-240-35-SP 33 33 0.07 0.07 4.15 4.15 20 2.60 21 2.60 17 2.20 70466 60 58.0 I?Ot
available
5-240-35-SP 33 33 0.04 0.04 4.25 4.25 22 2.80 21 2.65 20 2.60 135972 64 64.0 I?Ot
available
6-240-35-SP 23 23 0.11 0.11 3.00 3.00 19 245 20 2.55 22 2.85 32371 62 83.5 I?Ot
available
Test discarded
1-240-40-SP | 37 | 37 0.09 0.09 4.60 4.60 34 425 35 435 32 4.00 61212 100 91.0 205.0 due to poor
distribution of
fiber
2-240-40-SP 26 26 0.03 0.03 3.40 3.40 12 1.60 14 1.85 17 2.25 149506 46 59.0 151.0
3-240-40-SP 31 31 0.06 0.06 3.95 3.95 17 2.20 19 2.40 20 2.60 71758 61 66.0 180.0
4-240-40-SP 35 35 0.06 0.06 4.45 445 21 2.70 22 2.80 23 3.00 91180 69 66.0 220.0
5-240-40-SP 25 25 0.04 0.04 3.10 3.10 13 1.65 11 1.30 16 1.90 76959 42 54.5 159.0
6-240-40-SP 34 34 0.07 0.07 4.25 4.25 21 2.60 22 2.75 23 2.90 70834 70 67.5 191.0
1-320-0-NSP 35 35 0.05 0.05 4.55 4.55 0 0.00 0 0.00 0 0.00 113567 1 1.0 160.5
2-320-0-NSP 37 37 0.03 0.03 4.65 4.65 0 0.00 0 0.00 0 0.00 134427 0 0.0 156.0
3-320-0-NSP 29 29 0.04 0.04 3.75 3.75 0 0.00 0 0.00 0 0.00 119612 1 0.5 160.0
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Modulus

First- Net. Net. First- Residual | Residual | Residual | Residual | Residual | Residual of Equivalent
. Peak | deflection | deflection Peak .. Flexural
Specimen Peak load ¢ first t peak Peak renoth load at strength load at strength load at strength | elasticity | Toughness St th Fracture offset remark
load | ¥ at urs APCAX | girength | T8 L/600 | atL/600 | L/450 | atL1/450 | 1L/150 | atL/150 | under reng
peak load load . Ratio
bending
no P Pp 3 dp fi fp PDs()o fD()O() PD450 fD450 PDIS() fDlso E TDIS() RDT,lso
kN kN mm mm Mpa Mpa kN Mpa kN Mpa kN Mpa Mpa Joule % mm
4-320-0-NSP 34 34 0.04 0.04 4.40 4.40 0 0.00 0 0.00 0 0.00 121569 1 1.0 163.0
5-320-0-NSP 28 28 0.01 0.01 3.50 3.50 0 0.00 0 0.00 0 0.00 471576 0 0.0 186.0
6-320-0-NSP 25 25 0.03 0.03 3.10 3.10 0 0.00 0 0.00 0 0.00 114015 0 0.5 205.0
1-320-15-NSP 34 34 0.04 0.04 4.20 4.20 16 2.00 16 2.05 15 1.95 137667 51 51.0 191.0
2-320-15-NSP 37 37 0.03 0.03 4.65 4.65 15 1.85 15 1.85 17 2.10 156421 51 46.0 173.0
3-320-15-NSP 33 33 0.01 0.01 4.05 4.05 7 0.85 7 0.85 7 0.90 340505 29 29.5 190.0
4-320-15-NSP 34 34 0.04 0.04 4.20 4.20 16 2.05 16 2.00 17 2.10 122999 55 54.5 178.0
5-320-15-NSP 37 37 0.02 0.02 4.45 445 13 1.60 14 1.65 16 1.90 199495 53 47.5 187.0
6-320-15-NSP 33 33 0.09 0.09 4.10 4.10 17 2.10 17 2.15 17 2.10 53269 51 51.5 180.0
1-320-20-NSP 40 40 0.04 0.04 5.10 5.10 20 2.65 20 2.55 18 2.35 133401 62 52.0 215.0
2-320-20-NSP 38 38 0.04 0.04 4.65 4.65 17 2.05 18 225 17 2.05 120386 56 49.5 167.0
3-320-20-NSP 39 39 0.07 0.07 4.85 4.85 20 2.50 22 2.75 21 2.65 78261 68 58.5 185.0
4-320-20-NSP 31 31 0.07 0.07 3.75 3.75 13 1.55 12 1.50 12 1.45 63493 40 43.0 165.0
5-320-20-NSP 36 36 0.02 0.02 4.40 4.40 15 1.85 16 1.90 18 2.15 248193 58 53.0 175.0
6-320-20-NSP 38 38 0.08 0.08 4.65 4.65 20 2.50 22 2.75 22 2.65 63753 69 62.0 180.0
1-320-25-NSP 33 33 0.07 0.07 4.15 4.15 15 1.85 15 1.90 18 2.25 66922 52 51.5 155.0
2-320-25-NSP 34 34 0.04 0.04 4.05 4.05 19 2.30 20 2.40 19 2.30 111418 61 61.0 205.0
3-320-25-NSP 32 32 0.08 0.08 3.85 3.85 15 1.85 16 1.95 18 2.15 53054 52 54.5 180.0
Test discarded
4-320-25-NSP 28 28 0.04 0.04 3.30 3.30 15 1.75 15 1.75 17 2.00 82249 49 59.0 140.0 due to fracture
outside L/3
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Modulus

First- Net . Net. First- Residua Residua Residual | Residual | Residual | Residual of Equivalent
Specimen Peak P;s:(li( ?le;]tef(i?s(z dztt];::;((m Peak s tf:r?;(th 1load at s treilg h load at strength load at strength | elasticity | Toughness g:::ll;}ll Fgg;leltre remark
load peak load Joad strength L/600 at L/600 L/450 at L/450 L/150 at L/150 und.er Ratio
bending
no P Pp 3 3p fi fp P 600 600 PPus0 us0 P’i5 150 E T 50 R°7150
kN kN mm mm Mpa Mpa kN Mpa kN Mpa kN Mpa Mpa Joule % mm
5-320-25-NSP 33 33 0.02 0.02 4.00 4.00 15 1.80 15 1.75 17 2.00 180358 52 52.5 151.0
6-320-25-NSP 33 33 0.09 0.09 4.10 4.10 20 2.50 20 2.45 19 2.35 52371 61 61.5 160.0
1-320-30-NSP 32 32 0.07 0.07 3.90 3.90 24 2.95 25 3.00 23 2.85 60539 73 76.0 187.0
2-320-30-NSP 34 34 0.06 0.06 425 425 27 3.30 26 3.25 23 2.80 79851 77 74.5 190.0
3-320-30-NSP 37 37 0.09 0.09 435 435 19 2.30 19 2.20 19 2.30 53150 60 545 170.0
4-320-30-NSP 32 32 0.08 0.08 4.05 4.05 26 3.25 26 3.25 22 2.70 57249 72 74.5 180.0
5-320-30-NSP 36 36 0.08 0.08 435 435 25 3.05 25 3.05 25 3.00 58773 78 72.0 185.0
6-320-30-NSP 34 34 0.07 0.07 4.20 4.20 19 2.35 18 2.30 19 2.40 70002 57 56.0 168.0
1-320-35-NSP 38 38 0.06 0.06 4.65 4.65 27 3.35 28 3.50 28 3.45 87379 85 755 195.0
2-320-35-NSP 30 30 0.08 0.08 3.75 3.75 22 2.70 23 2.85 24 295 52749 69 71.5 225.0
3-320-35-NSP 48 48 0.08 0.08 5.80 5.80 32 3.90 32 3.80 30 3.55 83108 90 62.5 157.0
4-320-35-NSP 34 34 0.05 0.05 435 435 20 2.55 22 275 21 2.60 108454 66 64.0 175.0
5-320-35-NSP 37 37 0.06 0.06 4.55 4.55 27 3.25 27 3.35 28 3.45 81640 85 76.0 167.0
6-320-35-NSP 47 47 0.06 0.06 5.75 5.75 29 3.60 29 3.60 27 3.35 114827 92 66.0 185.0
1-320-40-NSP 24 24 0.01 0.01 3.00 3.00 18 2.25 18 225 19 245 307730 55 71.0 170.0
2-320-40-NSP 30 30 0.07 1.21 3.80 3.90 29 3.70 29 3.70 29 3.65 62294 85 95.0 205.0
3-320-40-NSP 34 34 0.06 0.06 450 4.50 25 3.30 27 3.65 26 3.55 82492 82 80.5 180.0
4-320-40-NSP 39 39 0.04 0.04 4.90 4.90 28 3.50 29 3.65 30 3.75 128574 88 75.0 167.0
5-320-40-NSP 22 22 0.05 0.05 2.70 2.70 19 2.35 18 2.20 18 2.20 64375 54 81.5 165.0
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Modulus

First- Net. Net. First- Residual | Residual | Residual | Residual | Residual | Residual of Equivalent
. Peak | deflection | deflection Peak .. Flexural Fracture
Specimen Peak Joad ¢ first t peak Peak " th load at strength load at strength load at strength | elasticity | Toughness Strenath ffset remark
load | ¥ at urs APCAX 1 girength | S8 L/600 | atL/600 | L/450 | atL/450 | L/150 | atL/150 | under reng otise
peak load load . Ratio
bending
no P] Pp 81 SP f1 fp PDG()() fov()() PDAS() fD45() PD 150 fD 150 E TD 150 RDT. 150
kN kN mm mm Mpa Mpa kN Mpa kN Mpa kN Mpa Mpa Joule % mm
ORI s | s | 0os 0.05 405 | 405 24 3.00 26 3.5 28 3.45 64375 80 81.0 163.0
1-320-0-SP 38 38 0.06 0.06 4.90 4.90 0 0.00 0 0.00 0 0.00 91837 1 1.0 n.Ot
available
2-320-0-SP 29 29 0.09 0.09 3.80 3.80 0 0.00 0 0.00 0 0.00 49662 2 2.0 QOt
available
3-320-0-SP 34 34 0.03 0.03 4.50 4.50 0 0.00 0 0.00 0 0.00 154561 0 0.5 K?Ot
available
4-320-0-SP 37 37 0.05 0.05 4.95 4.95 0 0.00 0 0.00 0 0.00 117464 1 1.0 I?Ot
available
5-320-0-SP 30 30 0.05 0.05 3.90 3.90 0 0.00 0 0.00 0 0.00 88487 1 1.0 n.Ot
available
6-320-0-SP 31 31 0.04 0.04 4.05 4.05 0 0.00 0 0.00 0 0.00 127451 0 0.5 QOt
available
1-320-15-SP 29 29 0.01 0.01 3.65 3.65 10 1.35 11 1.35 12 1.60 369975 38 44.0 182.0
2-320-15-SP 29 29 0.03 0.03 3.70 3.70 10 1.30 11 1.35 12 1.50 165161 38 42.5 178.0
3-320-15-SP 29 29 0.06 0.06 3.70 3.70 11 1.35 12 1.55 12 1.50 69863 42 48.0 167.0
4-320-15-SP 27 27 0.02 0.02 3.40 3.40 11 1.35 11 1.35 12 1.45 181709 38 45.5 180.0
5-320-15-SP 29 29 0.05 0.05 3.55 3.55 10 1.25 11 1.40 11 1.40 76256 36 41.5 171.0
6-320-15-SP 29 29 0.03 0.03 3.60 3.60 16 1.95 16 2.05 14 1.75 143545 47 54.0 163.0
1-320-20-SP 41 41 0.06 0.06 5.20 5.20 14 1.85 15 1.85 14 1.70 100954 49 39.5 207.0
2-320-20-SP 38 38 0.03 0.03 4.85 4.85 18 2.30 19 245 21 2.70 180796 62 54.5 180.0
Test
discarded
3-320-20-SP 29 29 0.04 0.04 3.80 3.80 4 0.50 4 0.50 4 0.50 101492 18 20.0 155.0 due to void
in beam
specimen
(o))

Yo)




Modulus

First- Net. Net. First- Residual | Residual | Residual | Residual | Residual | Residual of Equivalent
Specimen Peak f::g di‘?%c;;?n dz?gzzﬁn Peak S tf:r?;(th load at strength load at strength load at strength | elasticity | Toughness gf;l;ﬁ ngg?eltre remark
load peak load load strength L/600 at L/600 L/450 at L/450 L/150 at L/150 und'er Ratio
bending
no P, Pp 3 p f, fp P 600 Pe00 P50 450 P50 150 E 150 R’7150
kN kN mm mm Mpa Mpa kN Mpa kN Mpa kN Mpa Mpa Joule % mm
4-320-20-SP 42 42 0.03 0.03 5.50 5.50 27 3.50 26 3.35 22 2.85 234152 76 60.0 180.0
5-320-20-SP 37 37 0.06 0.06 455 4.55 18 2.25 19 2.30 17 2.10 77759 60 53.0 225.0
6-320-20-SP 41 41 0.06 0.06 5.10 5.10 27 3.40 27 3.35 23 2.80 93612 77 63.0 220.0
1-320-25-SP 37 37 0.01 0.01 4.50 4.50 27 3.25 30 3.60 25 2.95 455107 88 78.0 155.0
2-320-25-SP 37 37 0.02 0.02 4.50 4.50 26 3.10 27 3.25 26 3.15 244790 82 73.5 193.0
3-320-25-SP 41 41 0.04 0.04 4.95 4.95 22 2.65 23 2.70 22 2.65 149763 71 58.0 200.0
4-320-25-SP 37 37 0.07 0.07 455 4.55 27 3.25 30 3.70 28 3.45 69323 86 77.0 195.0
5-320-25-SP 36 36 0.05 0.05 4.40 4.40 27 3.25 28 3.45 30 3.65 99481 85 78.5 175.0
6-320-25-SP 39 39 0.05 0.05 4.85 4.85 21 2.65 23 2.85 21 2.60 106603 69 58.5 177.0
1-320-30-SP 32 32 0.07 0.07 3.90 3.90 24 2.95 25 3.00 23 2.85 59738 73 76.0 225.0
2-320-30-SP 34 34 0.06 0.06 430 4.30 27 3.35 26 3.30 23 2.85 82509 77 75.0 180.0
3-320-30-SP 37 37 0.09 0.09 4.50 4.50 19 2.40 19 2.30 19 2.35 55954 60 54.5 215.0
4-320-30-SP 32 32 0.05 0.05 4.15 4.15 25 3.20 25 3.25 24 3.10 87115 72 75.0 185.0
5-320-30-SP 34 34 0.07 0.07 4.15 4.15 27 3.25 26 3.20 27 3.25 69427 75 73.0 200.0
6-320-30-SP 32 32 0.06 0.06 3.95 3.95 24 3.00 24 3.00 23 2.90 74473 73 77.0 205.0
1-320-35-SP 35 35 0.09 0.09 4.30 4.30 21 2.55 21 2.65 22 2.75 53330 67 63.5 165.0
2-320-35-SP 36 36 0.08 0.08 4.60 4.60 30 3.85 31 3.95 32 4.10 66904 100 90.5 215.0
3-320-35-SP 40 40 0.07 0.07 5.00 5.00 34 4.15 35 435 32 3.95 84096 102 84.0 158.0
4-320-35-SP 33 36 0.08 1.16 4.15 4.55 33 4.15 35 4.40 23 2.90 57162 90 90.5 155.0
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Modulus

First- Net' Net. First- Residual | Residual | Residual | Residual | Residual | Residual of Equivalent
. Peak | deflection | deflection Peak .. Flexural Fracture
Specimen Peak Joad  first ¢ peak Peak treneth load at strength load at strength load at strength | elasticity | Toughness Strenath ffset remark
load | O at urs A PeAR | girength | SO"E L/600 | atL/600 | L/450 | atL/450 | L/150 | atL/ISO |  under reng otlse
peak load load . Ratio
bending
no P, Pp 3 dp fi fp P00 Pe00 PPis0 Pas0 PPis5 150 E T 150 RPr150
kN kN mm mm Mpa Mpa kN Mpa kN Mpa kN Mpa Mpa Joule % mm
Test
discarded
5-320-35-SP 40 40 0.08 0.08 4.90 4.90 24 2.90 24 2.90 19 2.30 71022 72 59.5 149.0 f(ri'c;lcili(;e
outside
L3

6-320-35-SP 35 35 0.07 0.07 455 4.55 22 2.80 22 2.90 22 2.80 73848 67 63.5 167.0
1-320-40-SP 29 29 0.01 0.01 3.50 3.50 24 2.85 24 2.85 15 1.80 348195 62 71.5 200.0
2-320-40-SP 40 40 0.01 0.01 4.85 4.85 36 4.35 37 4.50 31 3.70 456981 105 87.0 195.0
3-320-40-SP 44 44 0.03 0.03 5.40 5.40 41 495 41 495 34 4.15 200114 117 87.5 175.0
4-320-40-SP 45 45 0.07 0.07 5.55 5.55 37 4.50 38 4.60 28 3.40 86781 102 75.0 180.0
5-320-40-SP 29 29 0.04 0.04 3.55 3.55 23 2.80 24 2.90 17 2.15 114116 65 74.5 187.0
6-320-40-SP 44 44 0.05 0.05 545 545 35 4.30 36 4.40 28 345 120071 101 76.0 193.0

*Remarks: the tables below are the results of flexural test on beam specimens.
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3 . Tensile test:

Batch No. Age Strength (ksc)
(day) Specimenl | Specimen2 | Specimen3 | Average
240-0-NSP 10 - - - -
240-15-NSP 10 - - - -
240-20-NSP 10 - - - -
240-25-NSP 10 - - - -
240-30-NSP 10 - - - -
240-35-NSP 10 - - - -
240-40-NSP 23 28.6 37.0 36.7 34.1
240-0-SP 22 6.0 252 | - 25.2
240-15-SP 21 23.1 22.0 12.6 22.6
240-20-SP 7 26.2 28.2 24.8 26.4
240-25-SP 6 20.1 20.2 10.4 20.2
240-30-SP 7 27.5 24.6 25.7 259
240-35-SP 7 21.8 20.8 25.7 22.8
240-40-SP 5 25.1 25.7 14.5 254
320-0-NSP 10 32.0 322 28.8 31.0
320-15-NSP 10 28.0 344 32.1 31.5
320-20-NSP 26 31.6 37.3 39.7 36.2
320-25-NSP 25 31.8 33.6 31.6 323
320-30-NSP 30 36.7 37.7 37.8 374
320-35-NSP 29 27.6 33.1 35.0 31.9
320-40-NSP 28 29.2 27.3 29.2 28.6
320-0-SP 7 - - - -
320-15-SP 8 37.5 33.9 33.1 34.8
320-20-SP 20 47.5 31.7 1.2 39.7
320-25-SP 19 41.0 46.6 104 32.7
320-30-SP 18 353 34.2 30.2 33.2
320-35-SP 15 38.3 34.2 24.1 32.1
320-40-SP 14 15.8 32.1 21.8 23.3




4. Young’s modulus and Poisson’s ratio
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Cube at 7 days
Specimen No. peak stress at 40% strain at 40% stress E, Mpa
1 262.04 104.81 0.00204 5140
2 290.61 116.24 0.00088 13186
3 319.77 127.91 0.00121 10613
average 9646
Cube at 28 days
Specimen No. peak stress at 40% strain at 40% stress E, Mpa
5 433.0978 173.2391 0.001334213 12984.37
6 424.6799 169.872 0.002071861 8199.005
8 377.5108 151.0043 0.002052632 7356.621
average 10591.69
Cube at 7 days
Specimen before, mm after, mm | AD Aa
€X €y v
No. a a D |a a mm mm
1] 151|152 ]153|151.1 ] 151 0.31 | 0.1]0.000662 | 0.002026 | 0.326853
211531151 | 154 | 152 150 | N/A | N/A | N/A N/A N/A
31150 152|152 |150.3 | 151 082 0.3 0.002 | 0.005395 | 0.370732
41151 | 152 1152 | 151.2 ] 151 1.3 ] 0.2]0.001325 | 0.008553 | 0.154865
average 0.28415
Cube at 28 days
Specimen before, mm after, mm AD | Aa
No. D a a mm | mm & €y ¥
a a
1]151.9 | 150.3 152 152 | 152.58 | 0.58 | 0.1 | 0.000658 | 0.003816 | 0.172527
215141522 | 152 |151.5]152.85|0.85| 0.1 ]0.000661 | 0.005592 | 0.118113
31149.1 | 154.2 | 153.1 150 | 153.1 | NJA | N/A | N/A N/A N/A
41 151 152 | 152 | 151.3 1152751 0.75 | 0.3 ]0.001987 | 0.004934 | 0.402649
average 0.231097
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