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Abstract

High-strength concrete slabs are frequently used in various structural engineering sy
tems and a wide variety of civil engineering applications. A research program on tl
structural behaviour of such slabs is being carried out both experimentally and nume
ically at Memorial University of Newfoundland (M.U.N.). The work reported here
includes the experimental investigation on the tensile behaviour of high-strength coi
crete and finite element (F.E.) analysis of its slabs. The emphasis is placed pc
the importance of the realistic material properties and the need of a valid concre
model in the F.E. analysis. Particular attention has been focused on the post-crackii

tensile behaviour of high-strength concrete.

The complete load-deformation behaviour of high-strength concrete in direct te
sion, including post-cracking softening response, was obtained by developing dire
tension test technique. The test measurements were then characterized into a ra-
tional tension softening model. The understanding of the unique tension softe:
ing nature of high-strength concrete was enhanced by comparison to that of norm
strength concrete in terms of fracture energy, mechanical properties and entire load-
deformation response. In addition. the effect of the cold ocean water on the tens:
properties of high-strength concrete was examined. The variability and relations

tensile strengths and compressive strength were also studied.

Appropriate representation of post-cracking behaviour of reinforced high-streng
concrete was developed for the F.E. analysis of its slabs. The developed models ar

measured stress-strain characteristics of high-strength concrete and reinforcing ba
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6.3.3 Discussion

In the previous experimental investigation, as described in the preceding sections,
the failure modes of high-strength concrete slabs were classified into three Catego‘ries:
pure flexural failure, ductile shear failure and pure punching shear failure, based on
the recorded load-deflection characteristics. The load-deflection diagrams of slabs
HS1 and HSI1 indicated that they failed by flexure. Nevertheless, none of these
slabs reached the state of steadily increasing deflections at constant load. which is
characteristic of a normally reinforced concrete specimen experiencing flexural failure.
Therefore, the failure of the tested slabs is re-characterized into two basic modes in

this study, namely, flexural shear failure and punching shear failure.

6.3.3.1 Slabs in flexural shear failure

Most of the tested high-strength concrete slabs fell into this category: flexural shear
failure. The load-deflection characteristics of these slabs are shown m Figs. 6.4 to
6.8, as obtained from tests and model predictions respectively.

For the slabs with low and moderate reinforcement, where flexural shear failure
is expected, the model predictions were in a good agreement with the experimental
results (Figs. 6.4 to 6.8). The ratios of predicted-to-measured ultimate load ranged
from 0.86-1.07, with an average value of .99 and standard deviation of 0.06, while
the average ratio and standard deviation for the center deflections were 1.02 and
0.10 respectively, the predicted values varying between 0.87-1.18 of the experimental
results. The test measurements and model predictions with respect to the ductility
and ultimate strength capacity are presented in Table 6.1, where the details of the

examined slabs are also given.
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6.3.3.2 Slabs in punching shear failure

Slabs HS3, HS9, HS10 and HS13 were identified as failed in punching shear in the
experimental investigation. The transverse shear stresses are dominant in these slabs,
since they were heavily reinforced 1 general. [t is evident that the performance of
the formulated numerical model in this case is relatively less accurate than in the
previous case. The ratios of predicted-to-measured ultimate load ranged from 1.07-
1.20, with an average value of 1.13 and standard deviation of 0.05. while the average
ratio and standard deviation for the center deflections were 1.24 and 0.11 respectively,
the predicted values varving between 1.09-1.35 of the experimental results. The load-
deflection diagrams from the tests and model predictions are shown in Figs. 6.9
through 6.10.

Although the formulation of the shear-flexible shell element provides five stresses
(two in-plane axial stresses, one in-plane shear stress, and two out-of-plane or trans-
verse shear stresses), only the three in-plane stresses are used for the material failure
criteria. Such an assumption limits the application of the model to 2-D problems or
to 3-D problems where transverse shear stresses are not dominant. Consequently, the
model prediction becomes less accurate as the transverse shear stresses tend to be

dominant.

6.3.3.3 Normal strength concrete slabs

Satisfactory model predictions were also achieved for the normal strength concrete
slabs tested, as shown in Fig. 6.11. The comparison between the model predictions
and experimental measurements with respect to the ultimate loads and deflections

are listed in Table 6.3.
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Figure 6.4: Comparison of model predictions to test results of slabs in flexural shear

failure (HS1 and HS2)
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Table 6.2: Model predictions versus test results of slabs in punching shear failure

Specimen h p fy fi Ezperimental Model Model/Test
(mm) | (%) | (MPa) | (MPa) | A, (mm) | @, (kN) [ A, (mm) | @, (kN) | Ay, | @
HS 3 120. | 1.474 | 496 69 13.10 89.00 17.70 99.68 |1.35]| 1.12
HS 9 150. | 1.611 | 420 74 10.80 135.75 13.94 155.04 [1.29 | 1.14
HS10 150. |2.333 | 420 80 10.40 161.25 11.33 194.21 |1.09 | 1.20
HS13 90. |2.000 | 496 68 16.15 66.75 19.82 71.30 | 1.23 | 1.07
@.=Ultimate load on quarter slab Statistics:
Strain energy density of tension stiffening Average 1.24 1.13
equals 1.5 times that of tension softening Stand. dev.  0.11 0.05
Coeff. of var. 9.0% 4.8%

Lyl
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Figure 6.9: Comparison of model predictions to typical test results of slabs in punch-

ing shear failure (HS3 and HS9)






Table 6.3: Model predictions versus test results of normal strength concrete slabs

Specimen h p fy ! FEzperimental Model Model/Test

(mm) | (%) | (MPa) | (MPa) [ A, (mm) | @, (kN) | A, (mm) | @, (kN) | A, | Q.

NS 1 120. | 1.473 | 496 42 14.60 80.00 16.01 89.94 | 1.10| 1.12

NS 2 150. | 0.944 | 496 30 13.07 99.00 13.76 100.75 | 1.05 | 1.02
Q. =Ultimate load on quarter slab Statistics:

Strain energy density of tension stiffening Average 1.08 1.07

equals 1.5 times that of tension softening Stand. dev.  0.04 0.07

Coeff. of var. 3.3% 6.6%

0¢1






6.3.4 Summary

Based on the comparison of the model predictions to the experimental results. it can
be concluded that the formulated finite element numerical model with a plasti;ity-
based material model implemented in the finite element program in the context of
the shear-flexible shell element can adequately model the thick high-strength con-
crete slabs with relatively heavy reinforcement and can be used with confidence to
predict the behaviour and the ultimate carrving capacity of such slabs. However, it
must be pointed out that the model prediction for slabs failed due to punching shear
(slabs HS3. HS9. HS10 and HS13) is less accurate. The satisfactory agreement of
model predictions to experimental results are achieved only with the incorporation
of the realistic material properties and appropriate representation of post-cracking

behaviour of reinforced high-strength concrete, as developed in this research.



Chapter 7

Tension Stiffening Model and a
Parametric Study on
High-Strength Concrete Slabs

7.1 Introduction

A recommended tension stiffening model is formulated in this chapter, based on the
tension softening model (chapter 4) and comparison of finite element predictions to
experimental results of reinforced high-strength concrete slabs. A bilinear tension
stiffening model is also suggested for the sake of simplicity. The importance of the
tension stiffening behaviour of reinforced high-strength concrete is demonstrated in
the finite element analysis of the slab selected.

A parametric study is then initiated to examine the structural behaviour of rein-
forced high-strength concrete slabs under various conditions. in an attempt to extend
the range of the experimental investigation. The sensitivity of the material model
to the separate material properties is demonstrated, along with the effects of slab

boundary conditions, loading stub-column. loading type and sequence.



154

7.2 Post-cracking tensile behaviour of reinforced
high-strength concrete

The experimental investigation on the tension softening behaviour of plain high-
strength concrete (Chapter 3) has confirmed that after cracking the concrete between
two adjacent cracks is still capable of resisting tensile forces, thereby increasing the
average stiffness of the member. In the case of reinforced concrete, it has been found
that the concrete tensile capacity after cracking is further enhanced as a result of in-
teraction between reinforcing steel and concrete, as reported by various investigators
such as William (1936) and Clark and Speirs (1978). This phenomenon is called as
“tension stiffening” in the literature.

It has been well established that the tension-stiffening effect of reinforced concrete
is dependent on the percentage of steel, diameter of steel reinforcement, distribution
of reinforcement and bond stresses. Also. it has been found that tension stiffening
1s more pronounced in the reinforced concrete element with low percentage of rein-
forcement. Thus the tension stiffening effect must be properly represented in the
calculation of the structural behaviour of reinforced high-strength concrete slabs, in

order to achieve valid numerical predictions.

7.2.1 Tension stiffening model for reinforced high-strength
concrete slabs

In this study. a tension stiffening model is recommended, based on the tension soft-

ening model (chapter 4) and a parametric study of reinforced high-strength concrete

slabs. The analytical expresion of the tension softening behaviour of plain high-

strength concrete is modified with respect to the descending branch of the stress-



strain curve in an attempt to reflect the tension stiffening behaviour of reinforced
high-strength concrete. A similar approach was used by Prakhya and Morley (1990)
for the flexural members of normal strength concrete.

The tension softening model, as developed in the chapter 1, is analytically ex-

pressed as

y =21 — r? r<1.0 (7.1)
T -
y_a(z—l)‘3+l r>1.0 (7.2)
where,
v = the relative stress f,/f/
X = the relative strain €;/¢,
a, I3 = material costants

[t is derived in chapter 4 that o and 3 are 2.84 and 1.6655 respectively, based on the
best fit of the developed tension softening model to the experimental measurements
of plain high-strength concrete under direct uniaxial tension. The above expressions
can also be used to represent the tension stiffening effect of reinforced high-strength
concrete, provided the material constants (« and ) are properly related to the en-
hancement of concrete tension carrying capacity due to interaction between reinforc-
ing steel and concrete.

In fact. the modification of the tension softening behaviour into a tension stiffening
model can be easily accomplished by changing the value of the constant a in Eq. 7.2.
The change of « values will change the strain energy density or the total area under

the curve from A, to A,, where A,; and A,, are strain energy density required to
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open a crack for plain and reinforced high-strength concrete respectively. The tension
stiffening model developed thereafter 1s shown in Figs. 7.1 and 7.2.

The itial portion of the tension stiffening curve up to a normalized average
strain of ¢,/¢,,=4 1s shown in Fig. 7.1. along with the test data of plain high-strength
concrete under direct uniaxial tension. The normalized strain value of ¢,/€,=16
(Fig. 7.2) is used as a cut-off point for the integration process, since the concrete
tensile capacity beyond this point tends to be negligible. The same cut-off point was
recommended by Massicotte et al. (1990) for normal strength concrete.

A parametric study was carried out to establish the area under the stress-strain
diagram, in order to convert the tension softening behaviour (A4,,) into the tension
stiffening behaviour (A, ). The experimental results of reinforced high-strength con-
crete slabs tested at Memorial University. as described in the preceding chapter, were
utilized in the parametric study to determine the tension stiffening magnitude for
reinforced high-strength concrete slabs. Various estimates of tension stiffening en-
hancement on the tension softening behaviour of high-strength concrete, in terms of
strain energy density (A4,,) calculated from the tensile stress and average crack open-
ing strain diagram, were examined in this parametric study. It was found that for
slabs with high to moderate steel reinforcement ratios, the tension stiffening values

can be represented as follows:

Ay = (1.20 ~ 2.0) Ay, (7.3)

For slabs with low steel reinforcement ratios, the tension stiffening values ranged

between






Ap = (2.0 ~ 3.0) Ay, (7.4)

In the validation tests of the formulated finite element model (Chapter 6). the
strain energy density (.4,) of reinforced concrete equal to 1.5 times that of plain
concrete (A,;) was chosen for all the analyzed slabs except slab HS1. where A,, was
equal to 3.0 A, due to very low reinforcement ratio emploved. The model predictions
are given in Tables 6.1 to 6.3 in the preceding chapter, together with the experimental
results. As can been seen in these tables, the model predictions followed test data
satisfactorily. Thus. the tension stiffening value of 4,=1.5x(A,;), can be proposed
for moderate reinforced high-strength concrete slabs.

Therefore. the expressions (Eqs. 7.1 and 7.2) can be modified into a tension
stiffening model by changing the constant o from a=2.84 to a=1.3863. The tension
stiffening model for reinforced high-strength concrete slabs, referred as model 1, is

recommended as follows:

Y 138(),}(1 — 1)1.()().)5 +r r =z (‘ )

where. r and y are same as those defined in Eq. 7.2.

In order to illustrate the effect of tension stiffening values on the structural be-
haviour of reinforced high-strength concrete slabs. the slab HS5 tested by Marzouk
and Hussein (1991) was further examined. Different tension stiffening values were
assumed, by multipling the area (A,,;) under the stress-strain curve of plain high-

strength concrete by factors of 2.6, 1.7, 1.50 and 1.20. The corresponding predictions



of the finite element model are presented in Fig. 7.3. along with the experimental

measurement of the slab HS3.

7.2.2 Simplified idealization of tension stiffening model

The continuous tension stiffening model, recommended as given by Egs. 7.5 and 7.6,
may cause difficulties in its implementation in certain finite element program. In such
a case, a simplified idealization of tension stiffening model is needed.

In this study. it has been found that a simplified bilinear stress-strain curve can
also provide a good result, provided the area under the complete stress-strain curve of
high-strength concrete is only about five times the area under its ascending portion,
and the appropriate steel reinforcement ratio modification factors represented by Egs.
7.3 and 7.4 are incorporated.

The simplified bilinear tension stiffening model i1s commonly adopted in many
available commercial software, which is presented in the inset of Fig. 7.4 (referred
as model 2). It is similar to that recommended by Bazant and Oh (1983). The
significant effect of tension stiffening values on the structural behaviour of reinforced
high-strength concrete slabs is also demonstrated in Fig. 7.4, where the bilinear
tension stiffening model was implemented in the finite element program. In the same
figure. an extremely high tension stiffening value of A,=5.3A4,; was assumed as an

unrealistic case to illustrate the strong effect of concrete tension stiffening behaviour.

7.2.3 Discussion

It is found that the post-cracking tensile behaviour of high-strength concrete affects
not only the load carrying capacity but also the entire load-deflection characteristics of

the analyzed slab, particularly in the serviceability range of the load, as illustrated in
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Figs. 7.3 and 7.1. Therefore. a correct determination of high-strength concrete post-
cracking behaviour is important. There is a great need to perform a comprehensive
and detailed study on the concrete tension stiffening behaviour with respect to the
percentage of steel. diameter of the reinforcing bars, bond stress, concrete strength,
and the distribution of reinforcement. However, this study falls beyond the scope of

the present thesis.

7.3 Numerical analysis of reinforced high-strength
concrete slabs

A parametric study is initiated in this section to analyze the structural behaviour
of reinforced high-strength concrete slabs under various conditions, in an attempt to
extend the range of the experimental investigation. The sensitivity of the material
model to the separate material properties is demonstrated. along with the effects of
slab boundary conditions, loading stub-column, loading type and sequence. The slab

HS17 is selected for the parametric study.

7.3.1 Steel yielding stresses and concrete cover

The effects of reinforcement yield strength and concrete cover on the response of the
high-strength concrete slab studied are illustrated in Figs. 7.5 and 7.6. The sensitivity
of the model prediction to the separate material parameters are clearly demonstrated.
The importance of the correct determination of the material properties is clearly

indicated.
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7.3.2 Boundary conditions

The addition of edge restraints as a boundary condition in the finite element numer-
ical model largely improved the load carrying capacity, while the slab ductility-was
significantly reduced. Both rotational and in-plane translational edge restraints were
considered. Figure 7.7 shows the strong effect of the rotational edge restraint on the
ultimate lateral load and corresponding deflection as expected for the thick clamped
slabs. This behaviour is different from that of slender panels with moderate rein-
forcement where both the load carrying capacity and ductility were improved with

the application of edge restraints ( Massicotte et al.. 1989).

7.3.3 Loading stub-column

Proper simulation of the loading stub-column also had strong effect on slab response,
as shown in Fig. 7.8. The loading stub-column was represented by 3-D brick element
with 20 nodes per element, where reduced Gaussian 2 x 2 x 2 integration scheme was
adopted. The restraints between the nodes of shell element and brick element were
imposed by using the multi-point constraint (MPC) technique, in which constraints
between different degrees of freedom of the model can be specified even in nonlinear
and inhomogeneous cases in the selected finite element program. Constraints are usu-
ally imposed in a model by any of the three methods: penalties. Lagrange multipliers,
or direct elimination. In this analysis, MP("s were imposed by directly eliminating
degrees of freedom at the nodes where to 1mpose the constraints.

The interaction of loading actuator with the loading stub-column was modeled
through the use of interface element, which consists of nodes on the deforming loading

stub-column and on the rigid surface of the loading actuator. The accurate represen-
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tation of the realistic contact conditions were achieved by using this technique, which

produced the relatively better results for the slab analyzed. as shown in Fig. 7.8.

7.3.4 Slabs loaded axially and transversely

The behaviour of normal strength concrete slabs loaded axially and transversely was
recently examined at the University of Alberta recently. Their studv was conducted
on normal strength concrete slab panels with uniaxial concrete compressive strength
Sl of about 35 MPa. The results of these investigations are used to compare with the

predicted behaviour of high-strength concrete slabs.

7.2.4.1 Magnitude of the in-plane load

In order to investigate numerically the effect of the in-plane loading on the response
of high-strength concrete slab supported on four edges and free to rotate and unre-
strained in the in-plane direction, slab HS17 is selected for the parametric study. The
uniaxial concrete compressive strength of slab HS17 was 67 MPa: the reinforcement
ratio p was 1.093%: and the overall dimensions are 1950 x 1950 x 150 mm.

It was found that the lateral load carrying capacity of slab HS17 was generally
improved with the application of the in-plane load. It was also observed that lateral
load carrying capacity was further improved with the increase of in-plane load mag-
nitude. as shown in Fig. 7.9. The applied in-plane load relative magnitude [, varied
between 0.10 and 0.40, where [, is

P

= — 7.7
Im a- }l . fo (l )

i which P = the total in-plane load; @« and h = the width and the thickness of



167

the slab respectively: and f/ = the ultimate uniaxial concrete compressive strength.
This behaviour indicates that the compressive membrane force introduced by axial in-
plane load. enhanced the lateral load capacity in a similar fashion to the prestressing of
concrete members. However, ductility was significantly reduced due to the application
of in-plane load. but remained basically the same with further i crease of in-plane
load magnitude. Finally, the analyzed slab failed due to concrete crushing (brittle
failure) before the extensive yielding was developed due to the initial compressive
strain introduced by the axial in-plane load. Similar results were reported for normal

strength stocky panels by Massicotte et al. (1989).

7.2.4.2 Loading sequence

The effect of the loading sequence on slab HS17 is demonstrated in Fig. 7.10. In the
first case. the lateral load @), was applied up to a load of 440 kN, close to the ultimate
load capacity of the slab under lateral load alone (¢ = 512.0 kN). Then the lateral
load was kept constant while the in-plane load was being applied. up to a value of
I, = 0.11. In the second case, the in-plane load was applied to I, = 0.11 and kept
constant while the lateral load was increased until it reached the value of @) = 456.0
kN. This was close to the failure load in the first case. but ductility was significantly
reduced. The best performance of the slab was achieved in the third case, where
the lateral and in-plane loads were applied proportionally. This produced a lateral
load value of () = 772.0 kN and [,, = 0.19. The lateral load carrying capacity was
improved by 75% and the corresponding deflection was also the largest among the
three cases analyzed. However, the ductility of the analyzed slab was consistently

reduced due to in-plane load, regardless of loading sequence as shown m Fig. 7.11,
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where the structural response of the the slab under proportional lateral and in-plane
loading is compared to that of the slab under lateral loading alone.

It was found that the extensive cracking of such a slab was prevented by the
application of the in-plane load. Thus. a more brittle failure is evident. In general,
a reduction of about 43% in lateral load carrving capacity was associated with prior
application of either P or ) to the slab under both axial in-plane and lateral loads.
This indicates the slab response could be very sensitive to the loading sequence.

Massicotte et al. (1989) reported similar effects of the loading sequence on the
thick normal strength concrete slabs. It was reported that when lateral load was
applied first, lateral deflection was significantly larger than those in the case of pro-
portional loading and the case of applyving in-plane load first. This behaviour can be

explained due to extensive cracking and the impact of the second order effects.

7.4 Summary

The post-cracking behaviour and the fracture energyv of high-strength concrete are
different from those of normal strength concrete. The difference is clearly indicated
by the stress-strain curve of plain high-strength concrete under direct tensile load,
the area under the complete curve (A,;). and the ratio of the total area (A,;) to
that under the ascending portion. The total area (A,;) under the stress-strain curve
is about five times that under the ascending region for high-strength concrete; the
corresponding value is about ten for normal strength concrete. This fundamental
difference must be reflected in the analysis of high-strength concrete slabs.

A tension stiffening model is recommended for the analysis of reinforced high-

strength concrete slabs. The model i1s based on the experimental measurements of
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strain-softening beliaviour of plain high-strength concrete under direct uniaxial ten-
sion, and the comparison of numerical predictions to experimental results obtained
from the tests on the structural behaviour of reinforced high-strength concrete slabs.

A bilinear tension stiffening model is also proposed for simplification. This sim-
plified idealization is especially useful when the recommended continuous tension
stiffening model (Eqs. 7.5 and 7.6) poses difficulties in its implementation in certain
finite element programs. However. the strain energy density of high-strength concrete
and enhancement of the concrete post-cracking tension capacity induced due to the
bond with the reinforcement must be represented in the simplified bilinear tension
stiffening model.

Based on the recommended continnous tension stiffening model, a parametric
study was carried out to demonstrate the sensitivity of the material model to the
seperate material parameters and to examine the behaviour of reinforced high-strength
concrete slabs subjected simultaneously to the axial in-plane loads and lateral loads
through a loading stub-column with various slab boundary conditions.

[t has been found that the post-cracking behaviour of high-strength concrete has
a significant effect on the entire load-deflection response. Adequate numerical pre-
dictions were achieved only with the incorporation of the realistic stres-displacement
characteristics (including strain softening behaviour) of high-strength concrete in both
tension and compression. In order to achieve accurate numerical predictions, the
reahstic yielding strength of steel reinforcement and concrete cover should also be
correctly represented in the finite element model.

The effects of edge restraints were significant. The ultimate strength capacity of

high-strength concrete slabs was more efficiently improved and ductility was more
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severelv reduced by the implementation of rotational edge restraints than in-plane
translational edge restraints. Proper representation of lateral loading stub-column
was also umportant, which improves both load carrying capacity and ductility of the
slab analyzed.

In the case of slabs subjected simultaneously to axial and lateral loads, the mem-
brane compressive stress introduced by in-plane load severely reduces the ductility
of the slabs, resulting into a brittle failure. The lateral load carrying capacity was
improved with the increase of the in-plane load magnitude for the thick slab analysed.

It is also observed that the loading history has significant effect on slab behaviour.
Prior application of small amount of in-plane load leads to approximately the same
load capacity as achieved with the prior application of lateral load. Both lateral load
capacity and ductility of the thick slab analysed were improved when lateral and in-
plane axial loads are applied proportionally. However. the ductility was significantly
reduced with application of the in-plane loads. regardless of loading sequence, when

compared to that of the slab under the lateral load alone.



Chapter 8

Conclusions

8.1 Experimental study on the tensile behaviour
of high-strength concrete

The behaviour of high-strength concrete was experimentally studied under the direct
uniaxial tension. flexural tension and cylinder splitting tension. The drawn conclu-

sions from the present experimental work are listed as follows:

1. High-strength concrete exhibits an appreciable post-cracking resistance under
direct tension. The descending branch of the complete stress-cracking strain
curve is due to the reduction of the effective tensile area and bridging of cracked
surfaces through the interaction of aggregates and fibrous cryvstals. The concrete
post-peak softening response is related to widening of a single crack developed

across the section.

QW]

. Cracking occurs at the weakest part and spreads gradually across the critical
section. After cracking, the cracking strains increase sharply, while the strains
on the other parts away from the cracking zone decrease as load decreases. The

average cracking deformation along the critical notched section, recorded by 25
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mm gage length extensometer. is used throughout this study.

. The initial modulus of elasticity of high-strength concrete in tension is high, with

a mean value of about 50.0 x 10® kN/mm?, due to the brittle nature of high-
strength concrete. The relatively severe nonlinearity of the ascending branch of
the average stress-strain curve of high-strength concrete in tension beyond the
elastic limit is observed, as indicated by the ratio of the initial modulus to the

secant modulus at peak stress.

In general, the strain at peak stress (¢, ) increases proportionally to the tensile
strength. The measured valies are between 100.5-136.9 pe. The recorded tensile
strains are more scattered than measured tensile strengths. The tensile strength
of high-strength concrete in direct tension is measured to be approximately

equal to 5.0%f!.

. The developed testing scheme is capable of performing the required tests and

yielding a complete stress-cracking deformation response of high-strength con-

crete in direct tension.

. Several existing prediction equations for modelling the tension softening re-

sponse of normal strength concrete are evaluated against the test results of
high-strength concrete. Based on the test evidence. a realistic constitutive rela-
tionship is recommended for plain high-strength concrete under direct uniaxial

tension (Eqs. 4.7 and 1.3).

. High-strength concrete is a more brittle and stiffer material, with a larger ini-

tial modulus of elasticity, compared to normal strength concrete. After the
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10.

11.

. The measured modulus of rupture (f

peak load. the stress-deformation curve of high-strength concrete descends more
sharply than that of normal strength concrete. The estimated value of fracture
energy density of high-strength concrete is equal to about 5 times the area under
the ascending portion of complete stress-strain diagram. while the correspond-
g value for normal strength concrete increases to 10 times the area under the

ascending portion of normal strength concrete stress-strain curve.

. High-strength concrete is relatively weaker in tension, compared to normal

strength concrete. In general, the tensile strength. initial modulus of elasticity
and the tensile strain at peak stress increase as the compressive strength in-
creases. However, the tensile strength increases at a much smaller rate as the
compressive strength increases. The tensile strength is about 8.0% f. for normal
strength concrete, while this value decreases to about 5.0% f. for high-strength

concrete.

!
I

’
ct

) and splitting tensile strength (f.,) are
about 50% and 30% higher than the measured direct tensile strength. As ex-
perimentally observed, only the direct tension test could provide the complete
stress-deformation diagram in tension beyond the elastic behaviour. All the
specimens in both modulus of rupture and splitting tests result in a sudden

failure.

The empirical formulae for the predictions of f/, and f!, as recommended by the

ACT Committee 363 (1992), provided a good agreement with test measurments.

Low ocean water temperature has severe adverse effect on the f!, and f/ of

high-strength concrete cured for one day only at room temperature.
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8.2 Finite element analysis of high-strength con-
crete slabs

Based on the good agreement of the model predictions to the experimental results of
fourteen high-strength and two normal strength concrete slabs, it is concluded that the
formulated F.E. numerical model with an incremental elastic-plastic concrete model
implemented in the context of the 3-node quadrilateral shear-flexible shell element
can adequately model the thick high-strength concrete slabs with relatively heavy
reinforcement and can be used with confidence to predict the behaviour of such slabs
with respect to the entire load-deflection response, ultimate load carrying capacity,
ductility, and failure mode. The following conclusions are deduced from the present

F.E. analysis:

1. The post-cracking behaviour of high-strength concrete has a significant effect
on the entire load-deflection response of its slabs. A rational tension stiffening
model is recommended, based on the fracture energv concept and comparison
of F.E. predictions to experimental results of reinforced high-strength concrete
slabs (Eqs. 7.5 and 7.6). For the sake of simplicity, a bilinear tension stiffening

model is also proposed.

[S™]

. Adequate numerical predictions are achieved only with the incorporation of the
realistic stress-displacement characteristics of high-strength concrete in both

tension and compression, including strain softening behaviour. The basic me-

.
¢

chanical properties employed in analysis are: the tensile strength f/=5.0%
the tensile strain at peak €,,=120 pe; the compressive strain at peak e.,=3000

pe; the ultimate compressive strain e.,=3400 pe.
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The realistic vielding strength of rebar and its location should be correctly

represented, in order to achieve accurate numerical predictions.

. The effects of edge restraints are siguificant. Free uplift along four slab edges

must be properly modelled. The nltimate strength capacity of high-strength
concrete slabs 1s more efficiently improved and ductility is more severely reduced
by the implementation of rotational edge restraints than in-plane translational

edge restraints.

Proper representation of the lateral loading stub-column mmproves both load

carrying capacity and ductility of the slab analyzed.

In the case of slabs subjected simultaneously to axial and lateral loads, the
membrane compressive stress introduced by in-plane load severely reduces the

ductility of the slabs. resulting into a brittle failure.

The lateral load carrying capacity is improved with the increase of the in-plane

load magnitude for the thick slab analysed.

The loading history has significant etfect on slab behaviour. Prior application
of small amount of in-plane load leads to approximately the same load capacity
as achieved with the prior application of lateral load. Both lateral load capacity
and ductility of the thick slab analysed are improved when lateral and in-plane
axial loads are applied proportionally. However. the ductility is significantly
reduced with application of the in-plane loads, regardless of loading sequence,

when compared to that of the slab under the lateral load alone.
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