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An experimental program was formulated to investigate the influence of
some factors affected the overall flexural behaviour of high strength under
reinforced concrete beams lapped at tension zone. Fourteen beams were
made from high strength concrete and only one beam made from normal
strength concrete. These beams were tested under two point static loading
to study the flexural behaviour of high strength concrete beams reinforced
with spliced tension bars. The effect of concrete compressive strength, lap
splice length, transverse reinforcement at lap splice and the percentage of
tension reinforcement ratio on its behaviour were considered. Also, the
experimental results were compared with those predicted values based on
the available well-known theoretical equations. The tests showed that the
increase of concrete compressive strength, transverse reinforcement at
lap splice regions and lap splice length considerably improve the flexural
behaviour of high strength under reinforced concrete beams.

KEYWORDS: High Strength Concrete, Flexural Behaviour, Lap
Splice Length.

INTRODUCTION

Since the mid of 1980s, high strength concrete, (HSC), has gained popularity for
diverse application such as bridges, tall building, off- shore structures pavement, etc.
Research data are needed on the effects of using HSC on all relevant structural
behavior to ensure that there are no detrimental effects. Despite the necessity of test
data of HSC, the knowledge of bond strength has been advanced to certain level.

Comprehensive studies [1 to 3] in 1977 showed that confinement, resulting from both
concrete and transverse reinforcement enveloping the main reinforcement to resist
splitting, can improve bond resistance. Rezansoff et al. [4], in 1993 indicated that the
heavier stirrup confinement beyond the current limit is still effective.
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Shyh et al. [5] in 1996, tested twenty beams to investigate the tensile bond strength of
deformed bars embedded in HSC, (f,’ < 70 MPa). They concluded that for HSC the
equivalence between the tensile development length and splice length was established
and confinement beyond the currently accepted limit was still effective for bond action.
With or without stirrups tension bar development or splicing is usually limited by
splitting strength of the surrounding concrete; and stirrups across potential longitudinal
splitting crack slow the progressive of splitting and restrain such crack widths after
they start. Splitting is caused by inclined compression forces acting between bar lugs
and surrounding concrete, [6].

Based on a statistical examination of test result, Orangun et al. [1] in 1977, derived an
empirical equation of bond strength to account for the effects of concrete compressive
strength, concrete cover, bar size, bar spacing, development length and transverse
reinforcement. They examined 254 development length tests and 286 splices tests
reported in literature in which failure occurred in bond before yielding of the bar. A
single empirical equation was derived from nonlinear regression analysis of test results
that is equally applicable to both lap splices and development lengths as follows:

C d At ft
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Where:

Uoss the calculated bond strength in MPa;

c the minimum of clear concrete cover and half-clear spacing between bars in mm;

A, the area of transverse reinforcement crossing the critical splitting cracks beside
the anchored bar, in mm?;

fyt the yield stress of the transverse steel in MPa;

spacing of transverse reinforcement in mm;

cylindrical concrete compressive strength in MPa;

L splice or developed length in mm and;

d, diameter of spliced bar in mm.

S
f/

Two respective are placed for equation (1) as follows:

c A,
—~ <250 and —— 2 <0.25 )
d, 4125sd,

Also, The bond strength implied by ACI Subcommittee 318-B [7] is:

k' f!
Uy =0.276—2—°

d,

3)

Where:

= k' issmallest of C.+ k' or C/ +k, or 2.5d,

= C. one-half the bar diameter plus the clear cover measured from the extreme
tension fiber to the edge of the bar being spliced in mm;

= C,/ for splices is the smaller of the side cover to the center of the outside bar or one
half of the smaller center to center distance of the bars coming from direction and
spliced at the same section in mm; and;
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<2d, , where, N, is the number of developing bars confined

Hosny et-al; [8] discussed the mechanism of bond failure and influence of splitting is
emphasized. They presented a comparison between different national building codes
for development length L, of tension reinforcement using deformed bar of 25 mm
diameter of 370 MPa yield strength and concrete of compressive strength 27.5 MPa.
They concluded that there is a large difference between these national building codes.
The biggest development length was equal to 70 times bar diameter. ECCS 203 [9],
estimates the development length, (L4) by:
Oapfn L
Vs
b 4 f,, @
Where:
® Nominal bar diameter;
o Correction factor depends on shape of bar ends;
B Correction factor depends on type of bar surface;
n  1.30 for top reinforcement with concrete below it more than 300 mm thickness,
n 1.0 for other cases and;
f,. the design value of bond strength in N/mm? and estimated by:

f =030 |fe
Ve

Where v, is a material factor and f., is the cube compressive strength in N/mm?.
Also, the British code BS8110/1985, sited from [10], estimates the design value of

bond stress f,, as follows:
fbu :ﬁ \/f_c

Where $3 is a bond coefficient depending on the bar type and f. is the cube compressive
strength of the concrete.

Lacking of the experimental results of HSC, the ACI code [11], places an arbitrarily
upper limit of 70 MPa on the assumed compressive strength of concrete for
determination of anchorage lengths. Therefore, experimental data on the bond are
needed to affirm capabilities and to fully use the advantage of HSC.

A review of test literature shows that the principal influences on tension splices
strength to be concrete strength, splice length, concrete cover to spliced bars and the
amount of transverse reinforcement around the lapped bars.

The main objective of this work is to describe the overall behavior of HSC beams
reinforced with tension bars spliced at zone of maximum bending moment taking into
consideration the effect of compressive strength of the used concrete, lap splice length,
transverse reinforcement at lap splice, (confinement ratio), and percentage of tension
reinforcement. The concrete cover was taken as considered in ECCS 203, [9]. Some of
the tested beams were specially designed to fail due to bond failure.
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MATERIALS

Concrete mixes were designed to produce concrete having a 28 days cubic compressive
strength of 27.5, 70.0, 80.0 and 90.0 MPa. The mixes proportions by weight are
presented in Table 1. The constituent materials were:

a) Ordinary Portland cement, its properties are confirmed with limits of ECCS 203,
[9].

b) Local sand of 2.60, 1.58 t/m* and 2.58 specific gravity, volume weight and fineness
modules respectively.

c) Local gravel of 20 mm maximum nominal size, 2.65 specific gravity and 1.61 t/m?
volume weight was used in NSC. Crushed basalt of two sizes one of them was 20
mm maximum nominal size and the other was 10 mm maximum nominal size was
used in HSC. The crushed basalt has 2.70 specific gravity and 2.35 t/m* volume
weight.

d) Drinking water was used for both mixing and curing.

e) Superplasticizer; was used.

f) Silica fume of average particle size 0.1um, specific surface area (12-15 m%/g) and
specific gravity 2.20.

g) Reinforcing steel bars with different diameters and grades confirms with the limits
of ESC 203, were used. The mechanical properties of the used steel are presented in
Table 2, [9].

Table 1: Mix proportions by weight for the different mixes.

Mi Amount of constituent materials/m® E
X Cement | Sand Coarse aggregate (kg) Water | Silica | Add. ¢
NO. Gravel | Crushed Basalt fume MPa
(kg) (kg) Basalt 1 |Basalt 2| (liter) | (Liter) | (kg)

1 500 600 - 610 610 140 100 15 92.1
2 475 584 - 594 594 1425 | 71.15 95 | 81.2
3 450 591 - 600 600 144 67.5 6.75 | 724
4 350 618 1237 - - 192.5 - - 27.9
Table 2: Mechanical properties of the used steel
Commercial diameter (mm) 6 10 16 18 22 24
Actual diameter (mm) 6.01 9.94 | 15.76 | 17.89 | 21.84 | 23.95
Yield stress (MPa) 253.8 | 388.4 | 390.9 | 444.7 | 420.9 | 429.2
Ultimate stress (MPa) 3735 | 598.0 | 611.2 | 723.8 | 676.3 | 691.5
% of elongation 25.3 24.2 22.6 19.4 20.8 19.7
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TEST PROGRAM, FABRICATION OF THE TESTED BEAMS
AND TEST PROCEDURE

This program was carried out in reinforced concrete laboratory, Assiut University.
Through this program, fifteen reinforced concrete beams were tested. Fourteen beams
were made from HSC and the other beam was made from NSC. All tested beams
having 20x30 cm rectangular cross-section and 230 cm total length. Beams were tested
under two-point static loading with constant span to depth ratio (a/d =3.0). The tested
beams were reinforced with two bars 10 mm diameter as compression reinforcement
and stirrups 6 mm diameter with 15 cm spacing. The concrete cover is taking as
recommended in ECCS 203, [9], in all tested beams. The main variables taken into
consideration were compressive strength of the used concrete f;, lap splice length (L),
area of transverse reinforcement A, at lap splice region and percentage of tension
reinforcement (u). Complete details of all tested beams are presented in Table 3, and
Fig. 1 shows details of beams having 60® splice length.

Table 3: Details of tested beams.

Beam Tension p f Ls Stirrups at

No. reinforcement % (Mlga) splice region
B; 2018 0.958 27.9 60 @ $6/15 cm
B, 2018 0.958 72.4 60 © $6/15 cm
Bs; 2018 0.958 81.2 60 © $6/15 cm
B, 2018 0.958 92.1 60 © $6/15 cm
By 2018 0.958 92.1 - $6/15 cm
B, 2018 0.958 92.1 100 $6/15 cm
Bis 2018 0.958 92.1 200 $6/15 cm
B4 2018 0.958 92.1 30 ® $6/15 cm
Bis 2018 0.958 92.1 40 © $6/15 cm
Bis 2018 0.958 92.1 50 ® $6/15 cm
Big 2018 0.958 92.1 30 ® $6/5 cm
B2o 2018 0.958 92.1 30 ® $6/10 cm
B4 2016 0.756 92.1 60 © $6/15 cm
Bos 2022 1.445 92.1 60 © $6/15 cm
Bos 2D24 1.727 92.1 60 © $6/15 cm

Where:

u Percentage of main steel reinforcement,

Lq Lap splices length,
f. Cube concrete compressive strength, average value of three cubes.

Mechanical mixing is used for all tested beams. All beams were cast in steel forms and
using mechanical internal rod vibrator in the compaction. Control cube specimens were
cast from each mix. The method of compaction and curing was performed in the same
manner as that for beams. The beams were loaded under two-point static loading on
increments. Before cracking each increment was 0.50 ton and after cracking each
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increment was 1.0 ton. The load was kept constant between two successive increments
for about five minutes. During this period, reading of both strain gauges and dial
gauges are recorded and the crack propagation was observed at both beginning and end
of each increment of loading. At the same time, three control cubes were tested in
compression. The beam maximum deflection was measured using dial gauge fixed at
mid span as well as the embedded slip is measured through a recess of 50 mm length
exposed the spliced bar below the concentrated load. Also, the free end slip is
measured at the free end of the reinforced bars. For all tested beams the strain in
concrete was measured at mid span at compression zone and strain in steel was
measured in tension reinforcement. At the end of each test the crack pattern was traced

and noticed.
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Fig. 1: Details of Beams B, B, B; and By,

TEST RESULTS AND DISCUSSION
Examination of the test results given in Tables 4 and 5 as well as that plotted in
Figs. 2 to 5 declares the following:

PATTERN OF CRACKS AND MODES OF FAILURE

Flexural cracks were observed in the region of pure bending moment for all tested
beams. In beams made from NSC, a horizontal crack appeared in the region from the
end of lap splice of the bars to the support, to be a sign of bond cracks. The beams that
reinforced with bars having 60® lap splice length and made from HSC were failed due
to diagonal tension crack denoted by shear compression failure.

The pattern of crack and mode of failure is affected by the lap splice length. A sudden
failure was occurred in beam B, that reinforced with bars have 10® lap splice length,
a complete rapture is happened at the end of the splice and the beam is separated in two
parts like failure of plain concrete beams. For beam (Bi3), that having 20d lap splice
length, vertical cracks at zone of pure bending moment were formed, causing the beam
take failed with flexural bond mode failure. In beams that having lap splice length
higher than 30®, few flexural cracks were formed in the zone of lap splice from early
stages of loading up to failure. The modes of failure of these beams were diagonal
tension failure as beams have 60® lap splice lengths and beam By; without splices.
Increasing area of transverse reinforcement (A) at splices, change the pattern of crack
and the mode of failure to be flexural failure mode, see Fig. 2.k.
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In beam B,, that having 0.756 % of tension reinforcement the failure was due to
vertical crack formed at the end of the splice. This may be due to the mid span cross
section having double area of steel reinforcement, so the section was stiffer than the
section at the end of splice since the failure occurs at end of the splice that is the
weakest section.

Fig. 2.f: Pattern of crack of the tested beam (B12).
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Fig. 2.m: Pattern of crack of the tested beam (B24).
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Fig. 2.0: Pattern of crack of the tested beam (B26).

CRACKING AND ULTIMATE LOADS

From investigation of Table 4 and Figs. 3.a to 3.d, it is obvious that:

The concrete compressive strength has a pronounce effect on the cracking load, the
cracking load increases as the concrete compressive strength increases. This is due to
the increase of the tensile strength of concrete which is proportional to its compressive
strength. Also, as the lap splice increases the cracking load increases, in case of the lap
splice length lower than thirty times, the bar diameter the lap length has a considerable
effect upon the cracking load. When the lap splice length is higher than or equals to
forty times the bar diameter the cracking load was constant, (6.0 ton). This means that
with respect to the cracking load of HSC beams reinforced with spliced bars having
splice length higher or equals to forty times the bar diameter at region of constant
moment the splice length is sufficient. As both the area of tension reinforcement and
transfer reinforcement at the splice regions increase the cracking load increase. The
cracking load of beam having 1.727 % of tension reinforcement and sixty times bar
diameter splice length was 1.20 times the cracking load of beam has 0.958 % of
tension reinforcement without splices. This is due to the used splice length is higher
than the required length, so at the section of maximum bending moment the area of
steel becomes doubled that means there is increasing in the elastic stiffness of the
beam, see Table 4.

Both the concrete compressive strength and percentage of tension reinforcement have
the same effect on the ultimate load as in cracking load. The ultimate load of beam B;
that made from NSC of compressive strength 27.9 MPa was 0.75 times the ultimate
load of beam made from HSC of compressive strength 92.1 MPa. This ratio reduces to
0.70 if the percentage of tension reinforcement increases from 0.958 to 1.727.

Also, increases of splice length increases the ultimate load. The ultimate load of beams
reinforced with bars having splices length 10® and 20® were 0.47 and 0.80 times the
ultimate load of beam reinforced without splices. The ultimate loads of beams
reinforced with bars having splice length equal to or higher than 30® were higher than
ultimate load of beam reinforced without splices. The ultimate load of beams
reinforced with bars having splices length 30®, 40®, 50 and 60d were 1.07, 1.11,
1.13 and 1.20 times the ultimate load of beam reinforced without splices. This means
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that lap splice length of thirty times the bar diameter is sufficient with respect to
ultimate load.

Increases transverse reinforcement at the lap splice region also increases the ultimate
loads. Decreases the spacing between stirrups means increases the confinement ratio
of concrete in both compression zone and around the lap splice. Decreases the spacing
between stirrups at lap splice region from 15 cm to 5 cm in case of lap splice length
30@ increases the ultimate load by about 56.7 %. Using lap splice of 30® with
transverse reinforcement spacing of 5.0 cm safes about 11.0 % of the used steel
material as well as increases the ultimate load of the beam by about 4.40 % with
respect to the beam has lap splice length 60d, which recommended in ECCS 203, [9],
see Table 4.

Table 4: Test results of tested beams.

Beam | P, Ultimate Load Bond Strength Ay A,
(ton) MPa
No. ® | P1 P2 |P3 UOJB | Utest % %

B, 40| 135 | 121 | 131 4.36 2.32 0.67 0.90
B, 50| 145 ] 16.6 | 14.1 7.02 2.32 0.83 0.97
Bs 55| 159 | 173 | 14.2 7.44 2.32 0.92 1.06
B, 6.0 | 18.0 | 18.0 | 14.3 7.92 2.32 1.00 1.20
B 6.0 | 150 | 18.0 | 14.3 - - 1.00 1.00
B, 45| 7.0 | 18.0 | 143 10.89 5.85 0.75 0.47
Bis 50| 12.0 | 18.0 | 14.3 9.11 5.01 0.83 0.80
B4 55| 16.0 | 18.0 | 14.3 8.52 3.71 0.92 1.07
Bis 6.0 | 16.7 | 18.0 | 14.3 8.22 2.32 1.00 1.11
Big 6.0 | 170 | 18.0 | 14.3 8.04 2.32 1.00 1.13
Big 6.5 | 188 | 18.0 | 14.3 10.15 2.32 1.08 1.25
B2o 6.3 | 185 | 18.0 | 14.3 9.68 23.2 1.05 1.23
B2a 55| 12.0 | 16.7 | 10.1 7.92 2.04 0.92 0.80
Bs 70| 18.0 | 20.6 |19.8 7.92 2.19 1.17 1.20
B 7.2 | 19.2 | 21.78 | 23.6 7.92 2.24 1.20 1.28

Per cracking load;

P, ultimate experimental load,;

P,  ultimate load based on shear failure by using Zusty equation, [12];
P3 ultimate load based on flexural failure based on ACI [11];

A1  cracking load of tested beam/ cracking load of beam By;

Ay ultimate load of tested beam/ ultimate load of beam B,; and.

Uoss the calculated bond strength in MPa, based on Eqgn. (1);

. . d, f. .
Uest Uniform average experimental bond stress = Z LS in MPa;

fs  the induced tensile stress in tension steel, calculated by using the ultimate
experimental Loads.
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BOND STRENGTH

The average values of bond strengths calculated based on equation (1) that proposed by
Organ et-al, [1], are given in Table 5, these values declare that the bond strength is
affected by the studied parameters. Considering an evenly distributed bond stress along
the spliced length at failure, the bond stress around the bar nominal perimeter was
determined directly from the stress developed in the steel bar by equilibrium:

Uew = db fs

4L
The values of the experimental average bond stress are calculated by substituting
1.25 f, for f, to insure ductility as recommended in ACI, [11], for tension splices, these
values are also given in Table 5. The bond stress is not the aim of the study but the
main aim is the overall behavior of such beams so most of beams splices having bond
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strength capacity calculated by Eqn.(1) higher than the bond stress calculated by using
the ultimate experimental loads at failure except beam B, and Bi; that have short lap
splice. The calculated values of bond strength based on Organ et-al [1], showed that
decreasing the spacing between transverse reinforcement from 15 cm to 5¢cm increases
the bond strength by about 12 %.

Table 5: Test results of tested beams.

Beam 5 S 8o gsx 10°

No. (mm) (mm) (mm)

B; 17.48 6.48 4.93 167
B, 12.33 4.90 4.20 145
B; 11.74 3.90 1.60 155
B, 17.85 1.73 1.35 172
Bu 15.64 - - 252
B, 5.16 4.06 2.92 65
Bis 11.42 3.90 2.68 96
B4 15.80 3.64 3.30 187
Bis 16.41 2.92 11.4 159
Bis 16.58 4,59 1.0 141
Big 17.70 3.78 1.22 113
By 16.52 3.85 2.68 181
By 10.00 1.60 0.89 138
Bos 8.02 1.61 1.42 118
B 8.50 - 2.13 84

Where:

) maximum deflection at ultimate load;

£ maximum steel strain at 75 % of ultimate load;
Os slip at free end; and;

de  slip at embedded end of the splice.

DEFORMATION CHARACTERISTICS

Figures 4.a to 4.d show the relation between the applied load and the deflection
measured at the mid span section for all tested beams. Also, Table 5 presents the
values of maximum deflection at ultimate load, steel strain at 75 % of ultimate load as
well as free and embeded slip at ultimate load. From investigation of Figures 4.a to
4.d, it is clear that in the first stage of loading the behaviour of the tested beams is
slightly affected by the studied variables. In general, increasing of concrete
compressive strength, lap splice length, percentage of tension reinforcement and area
of transverse reinforcement at lap splice region were accompined with an increment in
the stiffness of the tested beams after cracking. As the area of transverse reinforement
at lap splice increases both the strength and ductility of the beams was improved.

The maximum deflection at mid span was recorded for beam B, that has lap splice
length 60® and for beam Bjq that has lap splice length 30 with higher transverse
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reinforcement at lap splice, it is about 1.14 times the maximum deflection of beam By,
that reinforced without splices.

The beams having splice length less than twinty times bar diameter showed no
enhancement in the ductility of the tested beams followed by a high reduction in their
strengths. In other hand, the beams having splice length higher or equal fourty times
the bar daimeter, they usually pocess higher stiffness and ductility.

20 20
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= 9 +£B14
5 ape 5 £B15
=B3 , +B16
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Fig. 4.a: Effect of concrete compressive Fig. 4.b: Effect of lap splice length
strength on the deflection of the tested on the deflection of the tested beams.
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Fig. 4.c: Effect of transverse Fig. 4.d: Effect of area of tension
reinforcement at lap splice region on Reinforcement on the deflection of
the deflection of the tested beams. the tested beams.

The induced strain on the tension reinforcement at mid span section from the begining
of loading up to 75 % from the ultimate load was recorded and plotted on figures 5.a
to 5.d. From these curves it is clear that the induced steel strain slightly affected by the
compressive strength of the used concrete. Both the percentage of the area of the
tension reinforced and lap splice length has a marked effect on the induced steel strain.
The induced steel strain was higher in the beam By, that reinforced without splices. If
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th

e lap splice length was smaller than or equals to twinty time the bar diamter the beam

fialed with very small values of induced steel strain. Also, if the splice length is higher
than thirty times the bar diameter, the induced steel strain was smaller than that

duced in beam By, that reinforced without splices.
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Fig. 5.c: Effect of area of transverse Fig. 5.d: Effect of area percentage of
reinforcement on the induced steel tension reinforcement on the
strain. induced steel strain.

This is beacuse the splice length is higher than the required length, so the area of
tension steel at mid span setion is doubled, leading to small strain in the tension steel.
If the lap splice length was equal to thirty times the bar diameter the induced steel
strain was smaller than that the induced strain in beam B; that reinforced without
splices, this may be due to the fact that the splice length is sufficient. Increasing of
transverse reinforcement at lap splice region usually has no affect on the induced strain
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in the first stage of loading up to cracking load. Beyond cracking load, increasing of
transverse reinforcement at lap splice region usually is accompined with decreasing in
the induced steel strain.

The slip of the tension reinforcing bras is measured at both the free and embedded end
of the bars; its values at failure were given in Table 5. Investigated the values of the
slip at both free and embedded ends declares that all studied parameters effects in the
slip. The maximum values of the slip in HSC concrete beams is recorded in beam B,
that reinforced with splice length equal to ten times the bar diameter, this means its
subjected to high bond stress. The concrete compressive strength has a pronounced
effect on the slip, the slip measured in beam made from concrete having 92.1 MPa
compressive strength was about 27 % from the slip from concrete has 27.9 MPa
compressive strength.

CONCLUSIONS

On the light of the available experimental results on HSC beams reinforced with
tension bars spliced at maximum bending moment and tested under static loading, the
following conclusions and recommendations are drawn:

1- Lap splices of tension reinforcement has a distinguish effect on the overall
flexural behavior of HSC tested beams.

2- The concrete compressive strength has a pronounced effect on the cracking load
of HSC tested beams and a slight effect on the ultimate load.

3- The lap splice length has also a marked effect on the ultimate load of the tested
beams. The ultimate loads of R.C. beams having lap splice length higher than or
equal thirty times the bar diameter are higher than those of similar beams
reinforced without splices. So with respect to the ultimate load a lap splice length
thirty times the bar diameter is enough.

4- Increases of transverse reinforcement at splice region increases the ultimate load
of HSC beams. If the splice length equal to thirty times the bar diameter and the
confinement ratio at region of lap splice was 1.294%, the ultimate load is higher
than the ultimate load of the beam reinforced without splices by 25.3 %. Using
lap splice length thirty times the bar diameter with transverse reinforcement
spacing 5 cm, (confinement ratio at region of lap splice was 1.294%), at splice
region is safe about 12.71 % of the used steel material at the splice region.

5- Increasing lap splice length for flexural beams usually improves the flexural
behavior of such beams particularly an adequate level of ductility for high
strength reinforced concrete beams is approved.
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