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Loss of bond means that reinforcing bars are not able to develop their useable strength.
Increased permeability «  occur because of degradation mechanisms that affect the
overall integrity of the concrete, such as sulfate attack or alkali-aggregate reactivity, or it
can occur due to the formation of discrete structural cracks. In order to be able to predict
the effects of structural crac ; on structural performance, it is necessary to understand the
causes and mechanisms of discrete crack formation in reinforced concrete structures.

Cracking in a reinforced concrete member can also cause a significant in  1se in
deflection. This is a result of the reduction of flexure stiffness of the cracked sections
when the effect of tensile concre below the neutral axis diminishes. However, some
tensile stress is retained in the concrete between the consecutive cracks around steel bars
due to the bond action. The ¢.._ct of the steel reinforcement on concrete under tension is
known as "tension stiffenii ' ""ect. Ignoring the effect of tension stiffening of concrete
between cracks can lead to overestimated values for the displacement and crack openings
by a large amount. This relati ;] , allows concrete to retain some tensile stress beyond

the cracking strain.

1.2 Research Objectives and Scope

The present investigation aims to investigate the general behavior of steel-reinforced
normal and high strength ¢ crete panels subjected to uniaxial and biaxial direct tension
loading taking into consideration the ef :t of the set of parameters that have the most

significant effect on the cracking response of these panels. This investigation includes
















A nonlinear finite element 1alysis for reinforced concrete plates is conducted in chapter
8, to predict the tensile response of thick plates under axial loading condition. The tension
stiffening model developed ¢l oter 4 is implemented in 3D (three dimensional)
concrete damaged plasticity moc

Finally, conclusions from the experimental, theoretical and numerical simulation are

summarized in chapter 9.







Several studies have examine the effect of various parameters on basic mechanical and
fracture mechanics properties such as initial Young's modulus ., tensile strength i,
fracture energy Gy, the sl of the descending branch, brittleness, etc. Macro-crack
formation is closely associated with the structure of the composite material and the
relative strength and stiffness of the aggregates and cement matrix, and the bonding
between all of these elements. Consequently, the type size and volume content of
aggregate, the water-cement ratio, and age at loading, all significantly influence behavior
of the macro-crack zone, w ch develops through the concrete.

The complete measure of the stress-deformation characteristics can be useful to
determine other properties such  fracture energy Gy The fracture energy is a material
property, and it is defined the total energy dissipated on a unit crack surface and is
equal to the area under the stres rack width curve, as shown in Fig. 2.1 as reported by
Hillerborg et al. [1], 1983; Bazant 1d Oh, 1983[2]; Phillips and Zhang, 1993 [3]; and

Etse and Willam, 1994[4].
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Fig. 2.1 St s-El zation Curve for Cracked Section









compressive strength (f.) compared to 8.0% of (f.) for normal strength concrete. The
splitting tensile strength was about 7.2% of (f.), whereas the modulus of rupture was

about 9.4% of (f.).

2.2.2 Biaxial Tensile Behavior

Several studies have been done on the mechanical properties of concrete in biaxial
loading. Advanced methods for the design of concrete structures have placed increasing
emphasis on the stress-str:  behavior of concrete subject to biaxial stress. Expressions
were developed by Kupfer et al., 1969[10]; Buyukozturk et al., 1971 [11]; Liu et al., 1972
[12]; Tasuji et al., 1979 [13], to  count for non-linear stress-strain behavior, which can

be applied to concrete under biaxial loading in the form:

s F

o= (2.2)

E £

1+(——2J[iJ+[_J

E.\' Ep Ep
where o is the principal stress; € is principal strain; E is the uniaxial elastic modulus; E;
is the secant modulus at ultimate l¢ 1 (o,/g,); 0, is the ultimate stress, ¢, is the strain at
ultimate stress.
In Fig. 2.3 the relationship betv :n the principal stresses at failure, ¢,/f, and o2/ is
given for the three types of concrete invest 1ited by Kupfer et al., 1969 [10]. Ac-
cording to this figure, the strength of concrete under biaxial compression is larger
than under uniaxial compression. In the range of compression-tension and biaxial
tension, however, the relative strength decreases as the uniaxial strength increases.

The strength of concrete unc  biaxial tension is almost independent of the stress
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compression to be higher than that uniaxial compression. The maximum biaxial
strength occurred at a biaxial stress ratio of 0.5 for all specimens tested. At this
stress ratio, a strength increase of about 31% for the NSC specimens, 32, 35, and
38% for HSC, UHSC, and F......C specimens, respectively, reported by Hussein and

Marzouk, 2000 [19], as shown in Fig. 2.4.
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Fig. 2.4 Biaxial Stren; 1 Envelopes for Four Different Types of Concrete under
Combined Tension and Comg ion, Biaxial Tension, and Biaxial Compression [19]

2.3 Interaction between ~ 1  te and Reinforcement
Reinforcement in concrete structures enhances the strength of a section in tension but the

structural behavior depends on the composite action of the concrete and steel in resisting
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This forms the basis of the method used to account for tension stiffening in the CEB-FIP
Model Code for concrete structures, 1978 [43], where the cracking strain of concrete €., is
neglected to obtain a more simplified expression for the average steel strain eg,,=¢4(1 - 1’
/%), This approximate expression actually represents the average extension of the steel
reinforcement relative to the concrete, and is used to calculate crack widths. The more recent
version of the Eurocode CEB-FIP 1990 Model Code, however, adopts a constant value of
B=0.4 in the stabilized crackii region, with a transition curve between the uncracked and
fully cracked regions (CEB-FIP Model Code, 1990 (MC-90) [44]). The average concrete
stress can then be normalized with the concrete cracking strength, giving a tension
stiffening bond factor P = f/f, that accounts for the variation of tensile stresses in the

concrete between cracks. Collins and Mitchell, 1991 [45] propose using ﬁ:(HVJWE_’")-‘,

Belarbi and Hsu suggest a value of f=(g, /€ y%4[46]; Fields and Bischoff, 2004

m

B=e % 5% 147], Hwang and Rizkalla (1983) proposed an effective concrete tensile

stress after cracking of B=¢7'%“~"%[48]. Marzouk and Chen, 1995 [5], developed a
model to express the t .ile behavior of high strength concrete after cracking
asf/f =(g 1&)(a(e, l€)-1)" +(g/€)) , whe a and B are tension stiffening
constant and material dependent  nstant, respectively, see Fig. 2.11.

To account for the tension st ‘:ning effect in simulating the cracking response of
reinforced concrete structures, some investigators have artificially increased the stiffness

of the reinforcing steel (Link et al., 1989 [49]; Massicotte et al., 1990 [50]; Lin and

Scordelis, 1975 [51]; Gill . | W er, 1978 [52]; Cervenka et al., 1985; 1990 [53,
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where S,, is the average crack spacing mm; C is the concrete cover to the surface of the
bar; p is the reinforcement  io; and d is the diameter of the main reinforcement.
Based on the tension chord model, Marti et al., 1998 [69] developed the following model

to estimate the crack spacii  for fully developed crack pattern:

Srm =/?’SnnO (21 1)
where the value of S0 can be expressed as follows:
_¢f d-p) (2.12)

mQ

27, p

where @ is the bar diameter, f; is the tensile strength of concrete, p is the reinforcement
ratio, 7y is the bond stress v 1 the steel and the surrounding tensile concrete. Gilbert
2006; 2008 [70, 71] expressed the value of the maximum crack spacing as follows:

A

2 rbO p

(2.13)

max

The actual crack spacing at the stabilized cracking stage may be expressed as [52]:

S =X Spax Where 0.5 <A< 1.0

2.5.3 Allowable Crack Width in Reinforced Con¢ :te

The maximum crack width tI : may be considered not to impair the appearance of a
structure depends on various factors including the position, length, and surface texture of
the crack as well as the illumination in the surrounding area. According to Park and
Paulay, 1975 [72], crack widths 1 the range 0.25 mm to 0.38 mm may be acceptable

for aesthetic reasons. Crack w h that will not endanger the corrosion of steel
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2.6 Crack Spacing and Width A} _ -oaches in the Different Structures Codes

2.6.1 CSA S474-2004; an NS 3473 E-1992

Both the Canadian offshore code CSA-04 [74], and Norwegian code NS-92 [75] provide
similar approaches for calculating the value of crack spacing. According to CSA-S474-
04, the average crack spaci  of cracks normal to the reinforcement, S, may be
calculated using the following equation:

S, =2.0(C+0.1S)+k k,d,, h, bl A, (2.14)
where C = concrete cover, mm (not greater than 55 mm); S = bar spacing of the outer
layer of the bars, mm; k; = coefficient that characterizes bond properties of bars = 0.4 for
deformed bars, and = 0.8 for plain bars); k, = coefficient to account for strain gradient =
0.25 (g1+&2)2¢), €; and &, are the largest; and smallest tensile strains in the effective
embedment zone; d,,e' = equivalent bar diameter of the outer layer of the bars, mm; sz =
effective embedment thickne mm, taken as the greater of (a;+7.5dy.) and (az+7.5dy.),
but not greater than the tension zone or half the shell thickness (see Fig. 2.13); b = width
of the section, mm; A;=: tof orcement within the effective embedment thickness,
mm?®,

The crack spacing presented in the above equation includes two terms. The first term
[2.0(C + 0.1 S)] is expressed in terms of the concrete cover and bar spacing, and the
second term (k]kzdbe’hefb/As) is composed of the type of bar, diameter, effect of bond
stress, and effect of strain  dient.

The Norwegain Code NS- provides the following equatic  for the calculation of

the average crack spacing:
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2.6.3 CEB-FIP 1990 Provisions

The crack spacing in CE FIP [44] codeis presented in different expressions from
previous codes (CSA, NS, and  °2). In this code, the value of the crack spacing is stated
by the following expression:

2

Sp =7 mar (2.20)
3
e = /. , for stabilized cracking, (2.21)
- 3‘6p.\',('f
- i &, ! , for single crack formation (2.22)

ZZTM, I+e, p, .

where ;.. is the length ov  which slip occurs between the steel reinforcement and
concrete; g,; = reinforcement st the crack location, N/mm?; T = the value of the
average bond stress, N/mm® 1.8 Setmerys and frm) = the mean value of the concrete tensile
strength at the time that the crack forms; a. is the ratio of E/E.. ps. = effective
reinforcement ratio, A/A..s ; As = ar of tension reinforcement, mmz; and Acer =
effective concrete area in tension, mm>, see Fig.2.15; and for the sake of simplicity, (1 +
a. ps,ef) can be set equal to 1.

The CEB-FIP (CEB-90) . tl  following equation for calculation of the
characteristic crack width:

we=1.(€,-PBE .—E,) (2.23)
where ¢, is the free shri + of concrete, generally a negative value, ¢, is the steel

strain at the crack, under a force causing stress equal to feu, within Acr [€52= fom/Acer
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to the surrounding concrete in a reinforced concrete specimen, is detailed in the second
part of this chapter. The bond stress transfer mechanism of deformed bar is inherently
three-dimensional, resulting from bearing stress that arises when the lugs of deformed
bars push against the surrounding concrete.

Tension stiffening phenonr  on can be defined as the increase in stiffness in a reinforced
concrete member due to the interaction between concrete and reinforcement. As a
member cracks, concrete be  :n cracks rebound to its original state but is restrained by
the reinforcement. The concrete between cracks is still able to develop tensile stresses
away from the crack as load is transferred from the reinforcing steel back into the
surrounding concrete, resulting in some tensile stresses in the concrete. Various methods
and models of incorporating the tension stiffening effect in the cracking response of
reinforced concrete members are discussed in the second part of this chapter.

The available codes approaches for the cracking behavior such as the Canadian Standards
Association offshore code CSA-S474-04 (CSA 2004), Norwegain Council for Building
Standardization code 3473E (NS 1992), the European Committee for Standardization
Eurocode 2 (EC2-2004), the Comité Euro-Internationale du Béton et Fédération
Internationale de la Préc del code MC 90 (CEB-FIP 1990), and ACI

Approach through ACI  1R-01, are presented in the last part of this chapter.
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e » 1" of the Reinforcing Bars in the Concrete Specimen
6 = 6 Bars in the Concrete Specimen
4 =4 Bars in the Concrete Specimen

R

» Concrete Cover to Bar Diameter Ratio
C/dy=2.5
=15
O R LT » Bar Diameter
dp=15
=20
=25
=30

» Test Method

U= Uniaxial Loading

U=Un ial Loading without Using
Transverse Reinforcement

B 1= Applied Load Ratio (1:1)

B2= Applied Load Ratio (2:1)

B. Applied Load Ratio (3:1)

B4= Applied Load Ratio (4:1)

N U P » Concrete Type
NS= Normal Strength

HS=H  Strength

Fig. 3.2 Panel Identification Scheme

As shown in Fig. 3.2, this study considered two types of concrete, normal strength
concrete (NSC), and high strer _ 1 concrete (HSC). The load was applied using five
different methods, uniaxial loading condition (1:0), biaxial loading condition with
loading ratio 1:1, biaxial loading condition with loading ratio 2:1, biaxial loading
condition with loading ratio 3:1, and biaxial loading condition with loading ratio 4:1. The

effect of the bar diameter v invest ed using four different bar diameters, 15, 20, 25,
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and 30 mm. two different  ios for the concrete cover thickness to the bar diameters were
used (C./dy, = 2.5, 1.5). Two reinforcement ratios (1.2 %, 2.0%) were used for reinforcing

the concrete panels.

3.3 Test Setup and Instrumentation

3.3.1 Axial Testing Appa 'us

Testing reinforced concrete panels under direct tension, either uniaxial or biaxial loading
needs a special test setup. In tl literature, many res chers fabricated test setups for the
purpose of testing concrete panels to different kinds of loading in the axial directions
(MacGregor et al., 1980 [, Williams, 1986 [63], Hsu et al., 1995 [80], Cho et al., 2004
(81]). Each setup was mar  ctured according to the objectives of the research. Most of
these test setups were built of steel that show deformations during the application of load,
and consequently, may affe tl ‘imental results to some extent.

A rigid and heavily reinforced concrete frame test setup was designed and fabricated at
the structural laboratory of MUN [82]. The main function of this setup is to apply direct
axial tension loads in one and/or two-dimensional directions; to simulate plane iaxial
and biaxial stress states. [ ails of this test setup a shown in Fig. 3.3. The test setup
consists of three main parts, 1 mely, fixed reaction frame, four moving parts, and in
between 8 hydraulic jacks fixed to apply forces on the moving parts. Detailed explanation

for each part will be presen 1in :rest of this section [82].
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The strains of the steel bars were measured by strain gauges affixed to the bars. Also,
LPDTs were attached to t| top of concrete surface for measuring the deformations and
cracking properties. In addition, digital crack gauges were used to measure the crack
opening at regular intervals. The experimental data was continuously recorded from the
load cells, LPDTs, and the st n gauges. Afterwards, the data was collected and

processed automatically usii ads acquisition system.
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Chapter 4

Test Results ar | Discussion

In this chapter, the experimental results and observations obtained from the uniaxial and
biaxial testing program are rep« =d and analyzed. Firstly, cracking loads and cracking
strength of concrete panels under axial loading for the different types of concrete are
presented. Secondly, cracking properties including the crack width and spacing obtained
from various measuring systems are detailed. The influence of various parameters that
have profound effect on the tension stiffening response of thick HSC plates used for
offshore concrete structure applications and nuclear containment structures, are discussed
in details in the subsequent tion. Finally, the effect of different factors on the cracking
response (crack width and spacing) such as the reinforcement distribution in the concrete
section, thickness of the concrete cover and applying the load into uniaxial and biaxial

loading are examined.

4.1 Cracking Loads and Cor :te Cracking Stresses

A reinforced concrete structure 1 easily crack due to its low tensile strength. Cracking
loads can be captured at the point it shows the first change in the slope of the stress-
strain curve, at which the first crack Hpears. Panels NS-U-15-2.5-6 and NS-B1-15-2.5-6
were cast with NSC, and subjected to uniaxial and biaxial tension loads (1:1),
respectively. Panel NS-U-15-2.5-6 cracked approximately at a load of 240 kN, with an

average tensile stress of 2.1 MPa that was sustained by the concrete, equivalent to 6% of
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f-, where f. is the compressi' strength of the concrete resulting from cylinc - tests.
However, panel NS-B1-15-2.5-6 cracked when the tension force reached approximately
220 kN, and the average tensile stress of concrete was 1.92 MPa, which represents 5.5 %
of f..

Meanwhile, panels HS-U-15-2.5-6 and HS-B1-15-2.5-6 were cast with HSC, and tested
under uniaxial and biaxial tension loads (1:1), respectively. At a tensile force of )0 kN,
panel HS-U-15-2.5-6 started cracking, and with an average concrete tensile stress of 3.2
MPa, this is equivalent to 3.47% of f. . Panel HS-B1-15-2.5-6 cracked when the tension
force reached approximately 310 kN, and the average tensile stress of 2.72 MPa was
sustained by the concrete. This is equivalent to 3.6 % f..

For thick HSC plates, thec response of panels HS-U-25-2.5-6 and HS-B1-25-2.5-
6 is discussed. Panels HS-U "5 ~ 5-6 and HS-E -25-2.5-6 were placed with HSC, and
tested under uniaxial and bia:  tension loads (1:1), respectively. Panel HS-U-25-2.5-6
cracked approximately at al  of 650 N, with an average tensile stress of 2.71 MPa
that was carried by the con  te, equivalent to 3.6% of f,. However, panel HS-B1-25-2.5-
6 cracked when the tension for ned approximately 595 kN, and the average tensile
stress of concrete was 2.36 Ml which represents 3.6 % of ;..

Test results revealed that use of  3C has a significant effect on the cracking behavior of
axially loaded panels. Once the concrete strength was increased (125%) from 40 to 90
MPa, concrete tensile stress at the first cracking load increased by 52% for panels
subjected to uniaxial loading. Also, for panels tested under biaxial loading, as the

concrete strength was incrc ied (115 %) from 35 to 75 MPa, the concrete stress at the
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first cracking load increased by 42%, as shown in Table 4.1. Moreover, the experimental
results show that applyir the biaxial loading has some influence on the cracking
behavior of the reinforced concrete panels. In comparison with panels tested under
uniaxial loading conditions, applying the biaxial loading caused the tensile concrete

strength to decrease by 8%, and 15% for NSC and HSC panels, respectively.

4.2 Cracking Properties (Crack Width and Spacing)

The cracking behavior of reinforced concrete panels subjected to uniaxial loading
conditions can be discussed usit 1 analysis of the cracking response of panels NS-U-
15-2.5-6 and HS-U-15-2.5-6. Panel NS-U-15-2.5-6 was made with NSC and subjected to
uniaxial loading in the east-west direction. As the tension force was applied, the average
strain in the longitudinal upper 1d lower reinforcement bars increased gradually. When
the tension force reached approximately 240 kN, the first crack appeared on the surface
along the transverse reinforcement bar placed along the center line of the specimen in the
north-south direction, as indicated in Fig. 4.1(a), at which an average tensile stress of
200 MPa was induced by the st reinforcement bars in the east~west direction. The
measured initial crack width v found to be equal to 0.122 mm. Another crack occurred
at load 510 kN, on the surfa ng the first transverse reinforcement bar placed nearest
to the east edge of the specimen and extended to approximately half width of the concrete
panel, as shown in Fig. 4.1 .  a steel stress of 270 MPa, which represents % of the
yield stress of the reinforc:  =nt (f}) (steel stress at the service load) [78], the measured

crack width increased to 0 =~~~ mm.
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However, panel HS-U-15-2.5-6 was cast using HSC, and subjected to uniaxial loading in
the east-west direction. When the tension force reached approximately 400 kN, two
cracks occurred on the surface one along the first transverse reinforcement bar placed
nearest to the west edge of the specimen and the other along the middle transverse bar;
and the measured average tensile steel stress was 333 MPa. The measured initial crack
opening was 0.21 mm. As the test progressed, another crack appeared at the first
transverse reinforcement | placed nearest to the east edge of the specimen, crossing the
full width and thickness of the specimen at a load of 450 kN, and the measured average
crack width was approximately 0.32 mm. Some cracks also occurred in the east-west
direction at the end of the specimen. This phenomenon appears to be due to the bond
failure between the reinforcement and concrete, as the reinforcing bars exceed the
yielding stress, as shown  Fig. 4.1(b).

Meanwhile, as a result of oJplying the axial load in a biaxial direction, the icking
behavior can be investigated by 1alyzing the response of panels NS-B1-15-2.5-6, and
HS-B1-15-2.5-6. Panel NS-B1-15-2.5-6 was cast with NSC and subjected to biaxial
loading in the north-south and t-west directions with a loading ratio of 1:1. The
average tensile strain in tl longitudinal upper and lower reinforcement bars increased
gradually in both directions. When the tension force reached approximately 220 kN, the
first crack appeared along the sur e perpendicular to the east-west direction right above
the first transverse reinforcement bar near the west edge of the panel. The average tensile
steel stress was 166 MPa. The measured initial crack width was found to be equal to

0.095 mm. At a tension force of 280 kN, the second crack occurred at 150 mm away from
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progressed, the second crack occ -ed approximately 300 mm away from the first crack
in the north-south direction at tension force of 725 kN along the line at which the steel
bar was placed near to east ¢ . As the load was increased, a crack occurred in the
north-south direction along the surface right above reinforcement bars in the north-south
direction near to west edge of the panel at load approximately of 1000 kN, as indicated in
Fig. 4.1(p). At a steel stress of 270 MPa, which represents % f, the measured crack width
increased to 0.354 mm.
HSC panel HS-U"-25-2.5-6 (without transverse reinforcement) is identical to p 2l HS-
U-25-2.5-6. When the tension force reached approximately 700 kN, the first crack
occurred along the surface perpendicular to the east-west direction at a dis ice of
sroximately 525 mm from the east edge, with an average tensile steel stress of 233
MPa. As the load was increased, a crack occurred in the north-south direction at load
approximately of 900 kN, as indicated in Fig. 4.1(s). At a steel stress of 270 MPa, which
represents % f, the measured ¢ 'k width increased to 0.321 mm. In this panel without
transverse reinforcement, most of the primary cracks develope randomly with increasing
the applied load.
Cracks in the panels tested under biaxial loading propagated in both directions
perpendicular to the load application, as the principal stresses take the same direction as
the loading in the two orthe »  directions. The final crack patterns for all of the tested
panels at the stabilized crack s ¢ were marked manually at each stage of loading
throughout the experiment, as shown in Fig. 4.1. Also, Fig. 4.2 shows the procedures for

mapping of the cracks for various loading stages.
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Table 4.1 Results from Reinforc  Concrete Panel Tests

Cracking Stage Steel Stress
Specimens Symbol (l\{l;)‘a) (l\{l;l;a) Eres) , P, P, ; foor ME};a
N e gt VPO gog)
NS-U-15-2.5-6 40 2.1 14 240 214 26 200 195 19740
NS-B1-15-2.5-6 35 1.92 91 220 194 26 166 175 19080
HS-U-15-2.5-6 90 3.2 133.1 400 354 46 333 295 29154
HS-B1-15-2.5-6 75 2.72 5 310 277 33 260 251 27900
HS-U-20-2.5-6 75 3.1 113 360 300 60 200 185 26283
HS-B1-20-2.5-6 75 2.96 97.6 335 280 55 186 175 29750
HS-U-20-2.5-4 80 3.0 115.5 330 295 35 270 277 26250
HS-B1-20-2.5-4 75 7 85.4 315 280 35 260 250 28270
HS-U-25-2.5-6 75 2.7 97.8 650 578 72 218 249 27950
HS-B1-25-2.5-6 65 2.36 96 595 531 64 200 231 26150
HS-U-25-1.5-6 75 2.7 105 490 436 54 165 250 26050
HS-B1-25-1.5-6 70 2.46 95 450 400 50 150 227 26150
HS-B2-25-2.5-6 65 242 105 610 544 66 205 222 22850
HS-B3-25-2.5-6 65 2.55 109 640 571 69 215 207 23300
HS-B4-25-2.5-6 65 2.61 113 655 585 70 220 190 23100
HS-U"-25-2.5-6 70 2.82 94.3 700 620 80 235 260 27600
HS-U-30-2.5-6 65 2.45 97 750 667 83 180 226 25350
HS-B1-30-2.5-6 65 90 700 615 85 182 193 24790
HS-U-30-1.5-6 65 2.32 96 580 516 64 140 213 24210
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P in a panel is resisted partly by concrete and partly by the main lor tudinal
reinforcement in accordance to the stiffness of the concrete and steel bar sections [83,
46].

P=P +P =(E, A +nE.A)¢, (4.1)

And the tensile stress of the conc e can be expressed as following,

t 1 sy

3

in which E. is the modulus of elasticity of concrete; A, is the cross-section area of
concrete; A, is the area of the reinforcement; A; is the gross-sectional area of the
reinforced concrete panel (Ac+A;); (EA)y is the stiffness of the uncracked cross section;
and ¢, is the tensile strain of con :te. Hence, each load transferred into concrete and

reinforcement can be expressed  follows [83]:

=(— )P (433)
1+np

P =(—£_)p (4.3b)
S l+np

where P, and P; are the loads sus ned by concrete . | reinforcement, respectively; n is

the modular ratio of concre and reinforcement. At the time when the first crack occurs,

P=P., &= 8,', and E, 8,’ =f,'. This can be written as follows:

P, =(E,A +nE.A)¢, (4.4)
. P, .
fi=—"—-pPE g (4.5)
A, ‘
and the steel stress at crack vad 1 be calculated as follows [83]:
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d equation for the modulus of elasticity of NSC shows a good agreement
1s proposed values for the 10dulus of elasticity of NSC [46, 81].

gth concrete the cubic root of the compressive stress (f.") provides a good
of the tensile strer ~*h for the high strength concrete (Marzouk, and Chen,

resented in the following equation:
(MPa) (4.11)

sefficient rai 'ng from 0.6 - 0.7.
age value of the modulus of elasticity of the high strength concrete can be

ystituting Eqs. (4.7) and (4.11) into Eq. (4.8):

£, = 030031, (Mpy) (4.12)

4.3.2 Behavior after Crackir

Based on the experimental results, constitutive relationships were developed to relate the
average stress to average strain for orthogonally reinforced concrete plate segments. Fig.
4.3 shows the best mathematical form to fit the descending branches after cracking of the
experimental stress-strain curve of HSC concrete plates subjected to axial Hading
conditions. After cracking occur ce, the steel carries all the tensile force at the crack
locations. The following model can represent the best fit of descending branch for the

HSC plates after cracking, i1 o consideration the influence of transverse bars:

—0.0008
7—(5, -&)
= o (4.13)

£,
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occurance of stabilized crack pattern. Fig. 4.15 displays that the lower the value of dy/p.g
proportion, the higher the « e tension stiffening response was obtained.

Fig. 4.16 shows the results the average stress-strain relationship of HSC panels with
different ratios of the bar diameter to reinforcement ratio (dy/p.y;). The experimental
results indicated that, after the pe.  concrete stress, the stress-strain curve of HSC panel
HS-U-15-2.5-6 with dy/p.s  ..5cm showed higher tension stiffening contribution for the
concrete between cracks in com; ison with the other panels with higher values for
(dy/pe) for various levels of concrete strains.

Fig. 4.17 shows the stress level in the reinforcement at the time when the first crack
formed (f;.,) for different vali ¢ )7 for both panels subjected to uniaxial and biaxial
loading. It is obvious that the steel stress at cracking stage was sensitive to the value of
dp/pes, where the lower the value of dy/p.y, the higher the measured value of the steel
stress at cracking for panels subj. 2d to unaxial and biaxial loading conditions. This
interesting result makes it possible to prevent crack formation under service load by using
HSC panels with dy/pg ) that is less than 150 cm, which implies utilizing well
distributed reinforcing bars in the concrete section, for the crack control and durability

concerns.
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showed lower tension stiffening contribution of concrete for different steel stress levels in
comparison with the identical | els tested under uniaxial loading. This reduction in the
tension stiffening was mo  obvious during the crack formation and the stabilized crack
phases, as illustrated in Fig. 4.18. The main reason for this reduction in the tension
stiffening was the gradual degrac ion of the axial stiffness of the reinforced concrete
panel due to the additional cracks in the transverse direction.

The reduction of the tension stiffening contribution of concrete between cracks due to
applying the axial into b <ial direction became more obvious as the reinforcing bar
diameter was increased, as shown in Fig. 4.19. After cracking stage, panel HS-B1-30-2.5-
6 tested under biaxial loading showed almost the same response as the bare bar, with
sligh contribution for the concrete between cracks, in comparison with panel HS-U-30-
2.5-6 that showed some tension stiffening contribution for the concrete after cracking
occurrence.

Also, applying the axial load into b ial direction reduced the tensile strength capacity of
the concrete section. This reduction ranges between 5%-15%, as presented in Table 4.1.
Generally, the concrete stresses resulting from the biaxial tension tests were lower than
those from the uniaxial tension tests, and the average contribution of the concrete after
cracking decreased at a higher rate with increasing the strains as the load was applied in
biaxial direction, as shown in Fig. 4.20. The main reson for this effect is the higher axial
degradation in the axial stiffness due to the development of the cracks in both directions

as the load was applied in biaxial.
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length. Thus, the local slip can be defined as the total difference in elongations between
the reinforcement and the c te measured over the length x and the center of the

segment [24],

512

wo= [(e,—£.)dx (5.3)

RRY
X

where, S, is the segment length that represents the crack spacing between two

consecutive cracks.

. (e £ (54)
Eq. (5.2) can be retransformed as:

P
£ .= —neE. 5.5
[y A E n .\Xp ( )

(4 ¢

Substituting the value of &,, Eq. . 5) into Eq. (5.4):

dw ( P ) (5 6)
=—(&. - +neE. .
dx Y A(. E(- N
W P (14np) (5.7)
-_=— , n .
dx A(. E(‘ RS p
E A
np=——-FE A=FE A /n 5.8
p E A (4 { y ¥ p ( )

¢ [

Substituting Eq. (5.8) into Eq. (5.7)

dw. nno ~
L= ——g (I+np 1pe,—¢£,(1+np) 69
dx E '

¥

where ¢, is the steel strain at crack location (¢; = P/A; Ey)
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The ability of a deformed !  to transfer its load into the surrounding concrete is typically
limited by failure of this ring of tension when the thinnest part of the ring splits (splitting
failure), unless transverse reinforcement is provided to restrain the opening of the

splitting crack.

Splitting Bond Failure

= Slip
Fig. 6.2 Schematic Repre 1itation of Bond Stress vs. Slip Relationship

The damage proceeds outv  d from the reinforcing bar lug region toward the top surface
that is through the cover, as well ~downward into the interior of the specimen. Thus, the
presence of the concrete cover of the specimens is important in providing confinement to
absorb the fracture energy associated with the splitting cracking process.

Typical splitting crack surfaces (MacGregor, and Bartlett, 2000 [95]) are shown in
Fig. 6.3; the splitting cracks tend to develop along the shortest distance between a bar and
the surface or between two bars. Two different splitting failure planes can develop. Side
splitting occurs when a horizontal split extends at the level of bars, and face splitting
occurs when vertical split develops below the bars (Kemp, 1986 [97]; Canbay and

Frosch, 2005 [93]), as shown in F  6.3. The circles that touch the edges of the member,
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where A is a factor that represents  : ratio between the stabilized crack spacing at high
steel stress value and the maximu crack spacing at the primary crack formation stage
and it is assumed to be equal to 0.67 (Marti et al., 1997) [107, 108].

The proposed model presented in Eq. (7.9) takes the effect of transverse steel
reinforcement bar diameter, and the bar spacing in both perpendicular directions into

account.

7.3 Comparison with Experimental Results

A series of verification tests, involvi:.  various types of structural elements and loading
conditions, is conducted to m u the reliability of the model. The selection of the test
series was based so that = : test must allow the verification of the model in various
loading conditions for thick normal and high strength concrete structures that is the case
for offshore and nuclear pc zr plar  structures. The selected tests involve direct tension
tests conducted in the p ient search as well as the previous experimental work
conducted by Rizkalla et al., 1984 [61, 62]. Also, the accuracy of the model is verified
using laterally loaded thick slabs imental data conducted by Hossin and Marzouk,

2006 [109].

7.3.1 Direct Tension Tests
Table 7.1 shows a comparison of the average crack spacing of thick plates tested in the
present study, between the results of the experimental work and the analytical model

proposed in Eq. (7.9) next to the previously proposed equations in Eq.(2.7); (2.9); and
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7.4.1.1 Experimental Validation « the Model

a) Current Experimental Invest®—tion

The proposed model for calculating the crack width variation of the reinforced concrete
member subjected to axial loadir presented in Eq. (7.18) enables the estimation of the
crack width at any section alor  he crack length. Figs 7.5 and 7.6 illustrate the variation
of crack width for panels tested under uniaxial loading (HS-U-25-2.5-6); and biaxial
loading (HS-B1-25-2.5-6), pectively, at different steel stress levels.

Figs. 7.5 and 7.6 show that the model performs satisfactorily for thick HSC plates
subjected to uniaxial and biaxial loading conditions, respectively, as it compared with the

measured values of the crack width.
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Fig. 7.12 Crack Width for Panel HS-U-25-1.5-6

Additionally, the experimental results provided by Lorrain et al., 1998 [110] are used to

add a further verification for the reliability of the proposed model in Eq. (7.28).

Experimental values and model predictions agreed satisfactorily, as presented in

Fig. 7.13.
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the reinforcement distribi on, concrete cover, and the level of the strain of the
reinforcement. Recommen :ons r control of cracking for thick reinforced concrete

panels are achieved based on the m¢  ured data from the experimental results.
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Chapter 8

Nonlinear Finite ement Analysis of NSC and

HSC Plates

8.1 Introduction

Nonlinear analysis of reinforced concrete structures has become increasingly important in
recent years. This type of analysis is particularly desirable for certain type of structures
such as concrete reactor vessels, nuclear containment structures, and parts of offshore
platforms, to assess all ety aspects of a structure and find its deformational
characteristics. The nonlinear response is caused by two major effects, namely; cracking
of concrete in tension, and yielding of the reinforcement or crushing of concrete in
compression. Nonlinearities so arise from the interaction of the constitt 1its of
reinforced concrete, such as bond-slip between reinforcing steel and surrounding
concrete, aggregate interlock at a crack and dowel action of the reinforcing steel crossing
a crack. Cracking in concre tal p e at low load levels due to its low tensile strength,
where the tensile strength « concrete is less than 10 percent of its compressive strength.
The mechanical response of concrete is weakened by the development of micro-cracks
and is mainly characterized by ¢« n softening, progressive deterioration, volumetric
dilatancy, and induced anis .

The nonlinear behavior of concrete can be presented using the plastic-damage model
proposed by (Lubliner et al., 1989 [111]; Lee and Fenves, 1998 [112]). An adequate yield

function is defined for takit into account the different responses of concrete under
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simulation of the material behavior under static loading based on damaged plasticity
model are depend on yield criterion, the flow rule and hardening rule.

The modeling of the material behavior is performed with the finite element software
ABAQUS 6.7-1, where an implementation of the plastic-damage model is
available (ABAQUS/Standard ser’s Manual, 2007 [120]). The plasticity damage model
provides a general capability for modeling concrete in all types of structures (beams,
trusses, shells, and solids); uses concepts of isotropic damaged elasticity in combination
with isotropic tensile and compre: ve plasticity to represent the inelastic behavior of
concrete. This model can be used for plain concrete, even though it is intended primarily
for the analysis of reinforced concrete structures; can be used with rebar to model
concrete reinforcement; is primarily intended to provide a general capability for the
analysis of concrete struc i subjected to monotonic, cyclic, and/or dynamic loading
under low confining pressu

In section 2 of this chapter, mechanical behaviors of concrete under tension and
compression are discussed that serve as the source of the material parameters. The
proposed tension stiffening model is described to simulate the actual tensile capacity of
the intact concrete between ¢ 1 The finite element modeling, material properties
determination process, and the mulation of the finite element meshing are discussed in
sections 3. The model predictions were compared with the experimental results and these
comparisons are presented in section 4. The experimental data include the results of tests
of thick reinforced concrete plates in axi: tension (uniaxial and biaxial) conducted in the

present research; as well as the available exper ental data from the previously
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8.4.2 Loading and Boundary Conditions

The reinforced concrete panels v e tested under axial load, as shown in Fig. 8.6.
Because a quarter of the entire | el was used for the model, planes of symmetry were
required at the internal faces. At a plane of symmetry, the displacement in the direction
perpendicular to the plane as held at zero. Fig. 8.6 shows loading and boundary

conditions for a typical fini element model.

Fig. 8.6 and Boundary Conditions

8.5 Comparison with Expc men | Results

Realization of the full potential of the damaged plasticity model with the developed
tension stiffening model in ~ |. (8.3) to study the nonlinear behavior of structural concrete
elements requires an extensive verification to establish the accuracy of the responses of a
variety of structural members, by comparing their computed responses under a variety of
loadings with the available e: _ ental results. This comparative study includes stress

strain relationship, and tensile strer h of concrete.
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Based on the comparative study in Figs. 8.7 through 8.9, it is clear that the numerical
results are sensitive to the concrete tensile strength and the shape of the descending
response for the concrete, where a slight variance in these parameters can significantly
reduce the accuracy of the solution. Accurate methods of determining these material
parameters are essential for the finite element analysis. Results of the nonlinear analyses
using the proposed tension stiffening model, and brick elements to model the response of
reinforced concrete panels show a good agreement with the experimental test result.

Table 8.3 shows the tensile s measured experimentally and the predicted values
from the numerical analysis, for the different concrete panels. Finite element analysis

shows good agreement with the ¢ erimental results.

Table 8.3 Summary of the Mi . Test Result and Predicted Numerical Data

$  imens . Numerical .Absolute.
. . . . Concrete  Experimental . Difference in

Specimens Dimensions . Tensile .

S Symbol (mm) Strength Tensile Strength . Ji(%)

f. (MPa)  Strength f, ., f . (f:(f-.\v;'.,f:(F.E.A‘))/

1(FEA) f; o)

1 NS-U-15-2.5-6 40 2.10 2.15 23
2 NS-BI-15-2.5-6 35 1.92 2.08 8.4
3 HS-U-15-2.5-6 90 3.2 3.08 3.7
4  HS-BI-15-2.5-6 75 2.72 2.70 0.75
5 HS-U-20-2.5-6 60 00x190 75 3.10 3.08 0.65
6  HS-B1-20-2.5-6 75 2.96 3.01 1.7
7 HS-U-20-2.5-4 80 3.0 3.02 0.67
8  HS-BI1-20-2.5-4 75 2.70 ) 7.8
9 HS-U-25-2.5-6 75 2.71 2.09 0.75
10 HS-B1-25-2.5-6 65 2.36 2.32 1.5
1l HS-U-25-15.6 00X000x260 o 27 2.73 1
12 HS-BI1-25-1.5-6 70 2.46 2.48 0.8
13 HS-U-30-2.5-6 65 2.45 251 2.5
14  HS-B1-30-2.5-6  900x900x380 65 2.1 2.02 3.8
15 HS-B1-30-1.5-6 65 2.32 2.37 2.2
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