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ABSTRACT

In the present investigation, the behavior of ultra-high strength concrete (UHSC) beams
containing different reinforcement ratio and stirrups was investigated. The concrete was
successfully prepared from Egyptian local materials. Series of cubes and cylinders were
prepared to examine the compressive and splitting strengths of the UHSC at different ages.
Eight reinforced beams have been prepared and tested at 28 days. The outcomes indicated that
the compressive strength ratio between cylinders and cubes samples are 90%, 87% and 85%
at 7,28, and 56 days respectively, while the ratio between tensile strength to compressive
strength is 38.5% and 36.6% at 7 and 28 days respectively. Furthermore, the beams test
outcomes were presented and discussed as deflection, ultimate loads, cracking, failure modes
and ductility.

KEYWORDS: Ultra-high strength concrete (UHSC), Deflection, Cracks, Ultimate loads,
Ductility
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BEHAVIOR OF ULTRA-HIGH STRENGTH CONCRETE BEAMS

1. INTRODUCTION

Concrete is the most important material for engineering structures and widely used in
buildings, bridges, roads, and different applications [1]. During the past few years, high
strength concrete (HSC) has gradually become a hot topic and generated increasing interest
amongst civil and structural engineers. Recently, the commercial usage of HSC increases
progressively due to outstanding engineering properties that offers and the life cycle cost-
performance ratio [2-5]. HSC possesses prodigious benefits, including high compressive
strength and elastic modulus, and vast economic benefits brought by reducing the dimension
of structure sections comparing with the ordinary concrete [6]. Therefore, a large number of
HSC is utilized for tall buildings and long-span structures. Ultra-high strength concrete
(UHSC) is another kind of HSC that has been regarded as a promising material to change the
concrete industry. This concrete consists of portland cement, fine sand or quartz, silica fume,
water reducing admixture and steel fibers [5]. UHSC could be economically prepared by
concrete plants all over the world owing to availabilities of additives and admixture such as
silica fume and water reducing admixture [6,7]. The development of UHSC is one of the safety
features in nuclear reactors. UHSC can be used in nuclear plants to minimize the radiation dose
of radioactive sources and protect the nuclear installations from failure or used as storage
facilities for nuclear waste [8].

UHSC containing different types and contents of coarse aggregate gives certain
advantages over the conventional aggregates. Xiong et al. [9] investigated the coarse
aggregates effect on the mechanical and physical properties of UHSC. Based on the
experimental test results, it was found that the workability and compressive strength have been
enhanced by mixing the larger-size coarse aggregates. Rozalija and Darwin [10] reported that
HSC containing basalt aggregate gives higher mechanical properties than HSC containing
limestone. The behavior is attributed to the intrinsic properties of the rock. Recently, the main
challenge that faces UHSC is to produce UHSC from low-cost local materials and apply it in
the design of different concrete structures. Therefore, Huang et al. [11] examined the influence
of slag as a low cost recycled material on the properties of UHSC. The outcomes illustrated
that a remarkable enhancement in flowability and mechanical properties of UHSC can be
achieved when slag is used.

On the other hand, numerous previous investigations [12—15] have been achieved to
evaluate the performances of structural elements prepared from UHSC. Kimura et al. [16]
evaluated the behavior of UHSC columns under seismic conditions. The outcomes indicated
that steel fibers improved the various structural properties. Kamal et al. [17] assessed the
behavior of UHSC beams containing different types of fibers. In this study, beams with and
without shear reinforcements have been evaluated in flexure. The examinations gave superior
considerations to the deflection behavior under different loadings. The experimental results
illustrated that increment of cracks at the final loading is owing to fibers which results in
reducing the width of cracks. The behavior produced increasing stiffness and higher maximum
loads values.

Unfortunately, most of concrete structures design codes around the world limit the use
of UHSC unless there are physical tests conducted to determine its behavior. Therefore, the
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present work was devoted to preparing ultra-high strength concrete from local Egyptian
materials and investigate the behavior of reinforced beams.

2. EXPERIMENTAL WORK
2.1. Materials
2.1.1. Cement

The cement utilized in all different test specimens was CEM | 52.5N. It was produced
by Siena Cement Company. The properties of this type of cement are given in Table 1.

Table 1. Physical Properties for CEM | 52.5N

Properties Test Limits*
Result

Percentage of water for standard consistency 25.24 -
(%)
Specific surface area (Blain) (m2/kg) 345 -
Soundness (Le-Chatelier) (mm) 1.0 Less than 10mm
Compressive strength of standard mortar at 215 More than 10 MPa
2 days (MPa)
Compressive strength of standard mortar at 51.5 425< X <625
28 days (MPa) MPa

*All limits are according to Egyptian Standard Specifications 47561/2013
2.1.2. Silica Fumes
A commercial silica fumes was used in this investigation. It was locally purchased from
Sika Chemicals Company, and its physical properties are presented in Table 2.

Table 2. Physical Properties for Silica fumes

Property Test Results*
Specific Surface Area (m?/kg) 10%x17.8
Particle Size (um) 7.00
Bulk Density (kg/m®) 345
Specific Gravity 2.15
Color Light Gray

*By the manufacturer data sheet.

2.1.3. Aggregates

In the present study, an Egyptian crushed basalt with physical properties depicted in
Table 3 was utilized as a coarse aggregate. The basalt possesses a maximum nominal size of
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10 mm. Its size distribution is shown in Table 4. It falls within the limits of aggregate gradation
according to the ASTM standard C33-82 and Egyptian code. The fine aggregate was a natural
sand with a nominal size of ~2.0 mm. Also, its physical properties is given in Table 3. The ratio
between the coarse and fine aggregate used in this study was 2:1, this ratio was used because
of the high fines content of ultra-high strength concrete.

Table 3. Basic properties of aggregates

Property Coarse aggregate Fine aggregate

Specific gravity (SSD) 2.70 2.50

Unit weight (t/m?3) 1.67 1.62
Absorption (%) 1.53 —

Clay and other fine materials (%) 0.12 1.4
Impact index (%) 14.6 —_—
Flakiness index (%) 14.3 —_—
Elongation index (%) 16.6 —
Abrasion resistance (%) 18.4 —

Table 4. Sieve Analysis for basalt

Sieve Size(mm) 50 | 37.5 20 14 10 5 236 | 1.18
Passing D1o 100 100 100 100 | 97.53 | 10.88 0.42 0.03
(%)
Ds 100 100 100 100 | 99.95 | 95.26 | 0.76 | 0.28
2.1.4. Water

A fresh clean tap water was used for preparing and curing all different samples. The
water/cement ratio utilized in this study was 0.23.

2.1.5. Steel
High grade steel bars with diameters of 12 and 16 mm were used.

2.1.3. Superplasticizier

Sikament® — 163 (complies with A.S.T.M. C 494-92 Type A and F) was utilized as a
super plasticizer (sp). It was purchased from Sika Chemicals Company.
2.2. Mixing procedure

A vertical single-spindle mixer has been utilized in the concrete mixing process. Firstly,
The SP and water were initially mixed in a plastic container for 2 min. Then the components
of the concrete (cement, silica fumes, coarse and fine aggregates) were put gradually inside the
blender and mixed for 5 min in the dry conditions to increase the homogeneity between the
different components. Finally, the water and SP were gradually added in the mixer. The mixing
process continued for about 3 min. Table 5 gives the mix proportion of concrete samples.
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Table 5. Mix proportion of concrete samples.

Cement Silica Coarse Sand Water SP Wic
(Kg/md) fumes aggregate (Kg/m®) | (Kg/m?®) (Kg/m?®)
(Kg/m3) (Kg/m?)

600 60 951 687.40 158.4 12 0.24

The concrete mixes were casted in the laboratory of Al-Azhar University. The slump
test was conducted immediately after mixing. In order to obtain a relation between the cubic
concrete compressive strength and cylindrical concrete compressive strength as well as the
compressive strength for all specimens at test day, 32 cubes and cylinders from each concrete
mix were casted and tested at different ages to be able to compare with different international
design codes. It worth noting that the ECP 203-2007 and BS 8110-97 uses the concrete cubic
strength while some other international codes such as ACI 318-14 and CSA A23.3-04 use the
cylinder compressive strength. For each concrete mix, 10 cm size cubes have been casted to
determine the compressive strength. While cylinders (@ =15 cm diameter and length = 30 cm)
were used in the tests of splitting tensile. All specimens have been casted in steel moulds and
hand compacted. After 24 hours of the casting process, all specimens have been demoluded
and transferred to curing regimes. The curing technique was the standard moist curing that the
specimens were immersed in fresh water at ambient temperature until the time of testing.

2.3. MECHANICAL PROPERTIES OF CONCRETE MIX
2.3. 1. Compressive strength

Compressive strengths of UHSC was evaluated at different curing time (7, 28 and 56
days) using a universal machine of 200 kN capacity. The load was slowly applied on standard
cubes (100 x 100 x 100 mm.) and cylinders with (@ =100 mm and length = 200 mm). The
concrete specimens were removed from water bath and dried using a cloth before testing.

2.3.2. Splitting tensile strength

The splitting tensile strength of UHSC was also performed accordingto ASTM C469-
2994 standard test method using cylinders with (¢ =150 mm and length = 300 mm).

2.4. Beams preparations and testing procedures

So as to achieve our experimental program, moulds fabricated from wood have been utilized
in the casting of the reinforced ultra-high strength concrete beams. The moulds were firmed
enough to inhibit any movement through incorporating the UHSC into the moulds. A strain
gauges having 120 X resistance have been carefully fixed to determine the strain in the middle
of the two longitudinal before casting the beams. The strain gauges were installed on the carbon
steel bars by special types of glues. After preparing the concrete mix, the beams were directly
casted in the moulds and then they were compacted using a vibrating machine. The specimens
were casted on t a horizontal position. Then the beams were stored in the laboratory. After that
they were de-moulded after 24 h and cured in water at ambient temperature for 28 days.
Seven UHSC beams were prepared with and without web reinforcement in the present
research. The beams have been prepared to have satisfactory resistance for flexure behavior.
Beams with dimensions of 100 x 120 x 1600 mm were casted and examined up to failure.
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The beams under consideration were either reinforced with two bottom rebars with (@ = 10
mm and reinforcement ratio (q) =1.2%) or (@ = 12 mm and reinforcement ratio (q) =1.2%).

More details on the reinforcements of the beams can be presented in Table 6 and Fig 1.

Table 6. Test results of tested beams.

No. of Cracking load Deflection Mode viFsriI;Te
Comp. (t) (mm) of failure
trength crake
stirrups | Reinforcement Noof |° (P) first )
Details stirpes , | visible (P) (D) Failure
kg/cm failure max D.T D.S load%
crake
208 ,‘/ 37.5%
BB1 2012 806 1007 3,01 8.01 43.13
208 \/ 38.095%
BB2 2010 806 1007 4.00 10.50 41.59
208 \/ 34.188%
BB3 2016 806 1007 4.01 11.70 36.44
208 1/ 0.49%
GB1 2016 506 1007 4.9 10.01 17.25
208 '|/ 94.73%
GB2 2016 508 1007 9.01 9.50 21.95
208 1/ 100%
GB3 2016 306 1007 5.7 5.70 11.38
208 1/ 28.12%
GB4 2016 1006 1007 4.5 16.01 33.62
6 JAUES,17,62,2022
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Fig 1. Details of reinforcement and concrete dimensions of all specimens

The UHSC beams have been investigated under two point- static loading machine with
a capacity of 250 kKN. A hydraulic jack was utilized to apply the static loading with an
augmentation of 5 kN to failure. At each stage, the applied load was remained constant for
about 10 min. At the same time, the readings were taken and recorded. The effective beam
span is 1600 mm. The interval between the two loads points is 300 mm. A linear variable
displacement transducer has been used to find beams maximum deflections. It was put at the
mid-point and in the bottom of the beam as shown in Fig. 2. The applied load was augmented
The crack patterns were examined at each loading stages. A

till the failure the beams.
computerized data acquisition system were used to record the outcomes.
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Fig 2. Set up of test beams
3. RESULTS AND DISCUSSIONS

3.1. Properties of concrete
3.1.1 Fresh concrete

The slump test was conducted to evaluate the workability of UHSC which prepared from
Egyptian local materials. The obtained findings indicated that the slump test value of UHSC is
9cm.

3.2. Mechanical properties
3.2.1. Compressive strength

The compressive strength of UHSC mix as a function of curing time for cubes and
cylinders samples is depicted in Fig. 3. It is noticeable that the compressive strength of UHSC
depends greatly on the curing time. As the curing time increases, as the compressive strength
rises due to the cement hydration and the depletion of calcium hydroxide by the pozzolanic
reaction of silica fume, which results in an increment of the hydration products and decreasing
pore sizes. Further, silica fumes have very small sizes that have the ability to fill the voids. On
the other hand, Fig. 3. shows that the ratios of cylinders to cubes samples are 90%, 87% and
85% after curing time of 7,28, and 56 days, respectively. According to Eurocode 2 [18], the
strength of cylinder is approximately 80% of the strength of cubes. The difference in strength
between cubes and cylinders can be explained as follows: the micro-cracks are started under
high stress values when the samples are in axial compression. However, due to presence of the
coarse aggregates, the micro-cracks are hindered or prevented. With increment of numbers of
micro-cracks, a remarkable expansion in radial direction is established but they are inhibited at
the two ends owing to the frictions. For cubes samples, the friction restriction is stronger,
causing a higher strength, and hence, they give higher strength [9].
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Fig. 3. Comparison between compressive strength of UHSC obtained by cubes and cylinders at different
curing time
3.2.2. Splitting tensile strength

The tensile strength is an essential factor that influences on the susceptibility of concrete to
cracking. Therefore, the tensile strength of UHSC mix was evaluated at 7, 28 and 56 days.
Fig. 4 displays the effect of curing time on the development of tensile strength for the
investigated UHSC. Clearly, the behavior of the tensile strength of UHSC is comparable to the
compressive strength, it increases with increasing curing time. However, the results show that
the value of the tensile strength of concrete mix after 56 days similar to the value after 28
days. This means that curing time after 56 days did not produce an improvement on the tensile
strength. The ratio between tensile strength to compressive strength is 38.5% and 36.6% at 7
and 28 days respectively.

400 ~

350

300 u

Tensile strength (KN/cm?)

250

200 T T T T T
0 10 20 30 40 50

Curing duration (dayes)

Fig. 4. Splitting tensile strength of UHSC at different curing time
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3.3. Behavior of beams under static loading.
3.3.1. Load-deflection behavior

The load—deflection of the investigated beams are given in Fig. 5. Obviously, the load—
deflection outcomes, illustrates two stages: the first stage presents an elastic behavior up to the
existence of the first crack. Accordingly, the slope of the load —deflection curve in this stage is
steeper. In the second stage, the flexural cracks starts to form and as the applied load increases,
the cracks propagate, and their widths and heights increase. Furthermore, the outcomes show
a non-linear deflection until the failure. This behavior reflects the plastic flow of the concrete
beams. In contrast, Fig. 5 shows that the load-deflection response is not affected by growing
the reinforcement at the pre-cracking stage. Nevertheless, the behavior is significantly altered
at the cracking stage because of the influence of steel reinforcement in the cracked moment of
inertia. Therefore, by increment of steel ratio, the maximum deflection is reduced.

120 4

——B-B1
——B-B2

B-B3
— G-B1
— G-B2
—G-B3

G-B4

100

80

Load (KN)

60

40 4

20

0 ‘\/ T T T T 1
-10 0 10 20 30 40 50

Deflection (mm)

Fig. 5. The load—deflection curves of the investigated beams.

The ultimate failure loads and their corresponding deflections have been presented in
Table 6 and Figs 6 and 7. Inspection of the outcomes illustrates that the deflection value of
beam B-B1 is 43.13mm, obviously higher than that of all beams, while the corresponding
ultimate load is 8 KN. Conversely, G-B1 gives the lowest deflection value (11.38 mm) with
ultimate failure load of 5.7KN. Further, Figs 4 and 5 shows that G-B4 gives the highest value
of ultimate failure load (16KN) with a corresponding deflection value of 33.62 mm.
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Ultimate failure loads (KN)

BBLI BB2 BB3 GBL GB2 GB3 GB4
beam type

Fig. 6. The ultimate failure loads of the investigated beams.

50

w »
o o
1 1

Deflection (mm)
3
1

104

BBl BB2 BB3 GBlL GB2 GB3 GB4
beam type

Fig. 7. The ultimate deflection of the investigated beams.

3.3.2. Crack pattern

The crack patterns as well as the failure mode of the investigated beams are shown in
Figs. 8 and 9. Clearly, Fig 8 reveals that inside the middle third of the beams, the formed cracks
are generally vertical owing to the pure moment applied on this zone, while the cracks are
inclined outside this part of the beam. This behavior is attributed to the presence of shearing
forces as well as the moment. Further, it was observed that the first crack in all specimens
approximately occurred at midway of the critical shear zone. The flexural cracks have not
observed in the zone of maximum bending moment as the applied load increased. On the other
hand, Fig 9 depicts that the failure in the beams with low reinforcement is mainly flexural,
while for the heavily reinforced beams the shearing failure is more noticeable. This leads to
decreasing the height of flexural cracks in the middle part of the beam.
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Fig. 8. Failure modes for the different tested beams.
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Fig. 9. Crack patterns for the different tested beams.
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For beams B-B1, B-B2 and B-B3, the initiation and propagation of the first crack have
been detected at midway of the critical shear zone. By increasing the load, this crack developed
further at both ends, no secondary cracks was observed up to the failure. The final failure mode
of these beams as shown in Fig 9 is a diagonal tension crack at the critical shear zone.
Furthermore, Figs. 8 depicts that for beams G-B1, G-B2, G-B3 and G-B4, the first visible
crack was observed at the critical shear zone of the beams. The crack was extended by
increasing the applied load. Although increasing the applied load, no secondary cracks were
created in both shears adjacent. The crushing of concrete at the roller support was observed by
failure. Fig 9 shows that the final mode of failure for G-B1, G-B2, G-B3 and G-B4 is a
diagonal shear crack. A comparison between the first crack loads of the different beams is
shown in Fig 10.

First crack load (kN)

B-B1 B-B2 B-B3 GB1 G-B2 G-B3 G-B4

beamtype

Fig. 10. Comparison between first crack loads for tested beams.

3.3.3. Ductility

The ratio between loads of the first crack to the failure loads can be defined as the ductility
[19]. It characterizes the behavior of the beams owing to the presence of steel reinforcement.
The higher this ratio, the more ductile is the beam [20]. Fig 11 displays a comparison between
the ductility of the different UHSC beams. It can be obviously seen that the ductility ratio is
varied from 28 to 94 %. Beams B-Bl, B-B2 and B-B3 give ductility of 37, 38 and 34%,
respectively. The beam G-B4 gives the lowest ductility % (about 28 %), while G-B3 provides
the highest value (about 94%). It depends on the number of stirrups and reinforcement ratio.
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100

Ductility %

B-B1 B-B2 B-B3 G-B1 G-B2 G-B3 G-B4

beam type

Fig .11 Comparison between the ductility for the tested beams.
3.3.4 Concrete strain behavior

Fig. 12 shows the strain values of UHSC. All beams exhibit a similar behavior. First, a pre-
cracking behavior, and then a post-cracking which increases the strains until the failure. This
behavior is attributed to the reduction in post-cracking stiffiness. However, the outcomes

illustrated that beams B-B1, B-B2 and B-B3 have more strain values comparing to G-B1, G-

B2, G-B3, and G-B4 which exhibit low strain values. The behavior suggests that beams G-B1,
G-B2, G-B3, and G-B4 are more brittle.

120

100

—B-B1
—B-B2
80 B-B3
—G-B1
— G-B2
—G-B3

G-B4

60

Load (KN)

40

20

0 T T T T T T T T T T T T T
-2800 -2400 -2000 -1600 -1200 -800 -400 0

Concrete strain (um/m)

Fig 12. Strain values of UHSC for the tested beams.
4. CONCLUSIONS

In the present study, UHSC was prepared successfully from Egyptian materials.

Depending on the outcomes which were obtained from this study, the following conclusions
can be made:
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The compressive strength ratio between cylinders and cubes samples are 90%, 87% and
85% at 7,28, and 56 days respectively, while the ratio between tensile strength to
compressive strength is 38.5% and 36.6% at 7 and 28 days respectively.

The failure behavior was more brittle for beams G-B3 and G-B4, and it was a shear
failure.

Increase of the reinforcement ratios, gives different crack behaviors as well as the

reduction in reinforcement strain.
The reinforcement ratio possesses a slight effect on the deflection and the strain of the

tested beams at initial stages before cracking. However, beams which have a higher
reinforcement give the lowest deflection and strain after cracking, owing to increasing
the stiffness.

Increment of the bar diameter from @ =12 mm to @ =16 mm, both cracking and failure
loads have been augmented significantly.

The ductility ratio of the beam increased with increment of the reinforcement ratio.
The ratio between cube and cylinders compressive strength of (UHSC) at different ages
was: fc7/fc28 = 0.77, fc56/fc28 = 1.01 & Fc7/fc28 = 0.81 fc56/fc28= 1.03 respectively.
The ratio between tensile strength to compressive strength (ft/ fc) at 28 days = 0.34.
The failure behavior was more brittle for GB2 & GB4, and the failure was shear failure.
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