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ABSTRACT 
 
This paper investigates the effectiveness of strengthening reinforced concrete (RC) beams with 
tension lap splices using a jacketing of Ultra High Performance Strain Hardening Cementitious 
Composites (UHP-SHCC) with embedded vertical stirrups. Nine RC specimens with different lap 
splice lengths at the mid span region were tested in flexure to examine the performance of the 
proposed technique for eliminating the bond failure mode in such lap splices. The test 
parameters were the lap splice length and the effect of confinement (no confinement and a 
jacketing of UHP-SHCC with embedded stirrups at different spacing). The test results show that, 
whilst the spliced control specimens failed in a brittle manner due to splitting of main steel, using 
UHP-SHCC jacketing with embedded vertical stirrups has increased the ultimate load and 
changed the mode of failure to flexural and ductile one. Moreover, a pronounced effect on 
increasing the bond strength between the reinforcing steel bars and surrounding concrete was 
observed for all confined specimens. Consequently, a satisfactory ductility was obtained which 
confirms the applicability of the UHP-SHCC jacketing for strengthening lap-spliced region of RC 
beams. 

Keywords: Lap splice, Strengthening, UHP-SHCC, Bond strength, Ductility. 

1 INTRODUCTION 

Splicing of reinforcing bars is one of the common preparations used in concrete structures to 
connect two bars to have continuous reinforcement bars in concrete elements. There are three 
methods to carry out splicing; lap splices, welded splices and mechanical splices. The most 
effective, usual and economical splicing method is lap splicing and it is often achieved by 
overlapping of two parallel bars with enough length. Lap splicing is divided into contact and non-
contact lap splices. Contact lap splices are used frequently because stress transfer from 
deformed bars to surrounding concrete is mainly through mechanical interlocking of lugs which 
increase the bond between spliced bars and concrete [1-2]. The main parameters that influence 
the bond strength between steel reinforcing bars and concrete include type of concrete, 
concrete cover, the presence of confinement in the form of transverse reinforcement, which can 
delay and control crack propagation, diameter and geometry of the reinforcing bar and lap splice 
length [3-6]. 

As the work on splices requires knowledge about the bond between surrounding concrete and 
steel rebar, many researchers studied the bonding behavior of tension lap splices in RC 
members. Transverse reinforcement confines spliced bars by restricting the progression of 
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splitting cracks, which leads to increasing the bond force required to cause failure [7-9]. Also, 
using stirrups in the splice region enhanced the ductility [10]. Abdel-Kareem et al. [11] studied 
the effect of transverse reinforcement on the behavior of tension lap splice in high-strength 
reinforced concrete specimens. The experimental results showed that the displacement ductility 
increased and the mode of failure changed from splitting bond failure to flexural failure with 
increasing the vertical transverse reinforcement in splice region more than 25% that required by 
ACI 318-05 [12].  
 
Tarabia et al. [13] concentrated on the behavior of spliced reinforced concrete specimens in 
tension regions. The cut-off ratio, lap splices length, type, spacing and shape of transverse 
reinforcement in the splice region were investigated. They concluded that, using of transverse 
reinforcement with lap splice length = 27    (where    is the bar diameter), and 100% cut off 
ratio led to enhancement in ultimate loads and ductility compared to the un-spliced specimen. 
The bond strength and ductility of lap-spliced RC specimens was investigated by 
Rakhshanimehr et al. [14], it was found that, a certain minimum amount of transverse 
reinforcement was needed to achieve a satisfactory ductility response for lap-spliced RC 
specimens and using of smaller stirrup sizes and spacing resulted in a better ductility response.  
 
Recently, most of the research work has focused on confining deficient lap splices. Various 
techniques have been developed and used in order to strengthen insufficient lap splices such 
as; external post tensioning techniques, Fiber Reinforced Polymers (FRP) laminates, as well as 
Ultrahigh Performance Fiber-Reinforced Concrete (UHPFRC). Twelve simply supported 
specimens were designed and tested by Helal et al. [15] to examine the effect of confinement 
with internal steel stirrups or external Post-Tensioned Metal Straps (PTMS). In comparison to 
unconfined specimens, the PTMS confinement delayed the splitting failure of the lap splices and 
enhanced the bond strength by 58 %, while the bar slip increased by 80 %.  
 
Furthermore, external confinement using FRP have been used which proven effective at 
enhancing the bond strength of substandard splices [16-18]. Garcia et al. [19] investigated the 
strengthening of insufficient lap splices in RC beams using different confinement techniques 
(internal steel stirrups or external Carbon Fiber Reinforced Polymer (CFRP) sheets). The results 
of this research indicated that, the use of externally bonded CFRP confinement delayed the 
splitting failure of the laps and enhanced the bond strength and bar slip up to 65% and 14000%, 
respectively, compared to unconfined specimens. Hamad et al. [20] also studied the bond 
strength of tension lap splices in high-strength concrete specimens strengthened with glass fiber 
reinforced polymer (GFRP) wraps. The main test variables were the GFRP configuration in the 
splice region (one strip, two strips, or a continuous strip), and the number of layers of the GFRP 
wraps placed around the splice region (one layer or two layers). The test results demonstrated 
that, the GFRP wraps were effective in enhancing the bond strength and ductility tension lap 
splices, especially when continuous strips were applied over the splice region. 

On the other hand, Ultrahigh Performance Fiber-Reinforced Concrete (UHPFRC) has been 
used as a strengthening technique for tension lap-spliced beams by Dagenais and Massicotte 
[21]. The strengthening technique consisted of replacing normal concrete in the splice region 
with UHPFRC. The studied parameters were splice length, bar diameter, repair depth, and bar 
relative position. They didn’t use stirrups in the lap splice region to isolate the contribution of 
UHPFRC. They found that, failure by splitting in the lap splice region was completely eliminated 
due to the high tensile strength and energy absorption capabilities of the UHPFRC.  

Nowadays, Ultra-High-Performance Strain-Hardening Cementitious Composites (UHP-SHCC) 
have been used for strengthening or repair concrete members. This material is a new 
generation of fiber reinforced cementitious composites, which has many advantages on large 
strain capacity as well as high compressive and tensile strength [22-26]. UHP-SHCC is a 
composite material comprising a cement-based matrix and short polypropylene fibers with 
outstanding mechanical performance [27-29]. Fig. 1 shows the tensile behavior of UHP-SHCC 
compared to ordinary Strain Hardening Cementitious Composites (SHCC) and ordinary Ultra 
High Performance Fiber Reinforced Concrete (UHPFRC). 
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Fig. 1: The tensile behavior UHP-SHCC material compared to that of other materials, 

(Kunieda et al., 2010). 

UHP-SHCC has relatively higher hardening strain compared with ordinary UHPFRC, and 
relatively higher stress than ordinary SHCC. UHP-SHCC forms a class of cement composites 
with a tensile stress-strain response that exhibits strain hardening accompanied by multiple 
cracking. The tensile strength of UHP-SHCC is one of its attractive properties for strengthening 
reinforced concrete elements, which is significantly larger (twice or more) than that of ordinary 
SHCC [30-31].  
 
Because of the developed characteristics of the UHP-SHCC material, this paper investigates 
the effectiveness of UHP-SHCC jacketing with embedded vertical stirrups at enhancing the 
behavior of tension spliced RC beams in both terms: bond strength and ductility. To achieve 
this, nine RC specimens were tested in flexure. Four of these specimens were un-confined 
control with different lap splice lengths and five confined specimens using UHP-SHCC jacketing 
with embedded vertical stirrups at different spacing in lap splice region. It was found that, the 
proposed strengthening technique has potential to offer practical and effective solutions to many 
problems in substandard buildings such as the insufficient or deficient lap splices.  
 

2 EXPERIMENTAL PROGRAM 
 

2.1 Test Specimens and Parameters Examined  

Nine RC specimens were prepared and tested under flexural four-point bending loads. The 
tested specimens had a rectangular section of 150 mm width and 300 mm depth. The total span 
was 3000 mm with center to center span 2700 mm. The distance between the two applied loads 
was 900 mm to produce a constant moment region in the middle third of the specimen. Special 
notches were provided at the bottom of each specimen to define the lap length and reveal the 
main flexural reinforcement for measurements. The main bottom flexural reinforcement 
consisted of two steel bars of 12 mm diameter spliced at the mid span region; the top specimen 
reinforcement consisted of two 10 mm bars outside the lap splice region. To prevent premature 
shear failure, 8 mm vertical stirrups spaced at 100 mm at the shear span were implemented. 
The splice region was kept free of transverse reinforcement to examine the strength technique 
contribution. The concrete cover for all tested specimens was 15 mm per side. Fig. 2 illustrates 
the geometry and reinforcement for all specimens.   

Table 1 summarizes the experimental program and the description of each specimen. The 
tested specimens were divided into two series. The first series (Series 1) consisted of four 
control RC specimens without confinement. The first one, BC, had no splice but the others, 
BC55, BC30 and BC20, had spliced steel bars in tension side with different splice length, the 
reference specimen BC55 was designed with a splice length according to Egyptian code [31] 
(55   ) but other two specimens BC30 and BC20 were designed with insufficient lap splice 

length (30    and 20   ), respectively. The second series (Series 2) consisted of five RC 
specimens confined with UHP-SHCC jacketing with embedded vertical stirrups at lap splice 
region. The strengthening scheme of series 2 specimens is shown in Fig. 3. 
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Table 1: Description of all tested specimens 

Specimen     (mm) Description of tested specimens 

S
e
ri

e
s
 1

 BC ------ Control specimen without splice 

BC55 660 Control specimen with lap splice length,   = 55    

BC30 360 Control specimen with lap splice length,   = 30   

BC20 240 Control specimen with lap splice length,   = 20   

S
e
ri

e
s
 2

 

BS55-60 660 
Strengthened specimen with lap splice length,   = 55   , confined 

with 20 mm UHP-SHCC jacketing with vertical stirrups ɸ 8@60mm 

BS30-60 360 
Strengthened specimen with lap splice length,    30  , confined with 

20 mm UHP-SHCC jacketing with vertical stirrups ɸ8@60mm 

BS30-72 360 
Strengthened specimen with lap splice length,   = 30  , confined 

with 20 mm UHP-SHCC jacketing with vertical stirrups ɸ 8@ 72 mm 

BS30-90 360 
Strengthened specimen with lap splice length,   = 30  , confined 

with 20 mm UHP-SHCC jacketing with vertical stirrups ɸ 8@ 90 mm 

BS20-60 240 
Strengthened specimen with lap splice length,   = 20  , confined 

with 20 mm UHP-SHCC jacketing with vertical stirrups ɸ 8@60mm 

where    is the bar diameter in mm and    is the splice length in mm. 
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Fig. 2: The tested specimens geometry. 
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Fig. 3: Strengthening scheme for specimens in series 2. 
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2.2 Material Properties 
 
The mix proportions of the UHP-SHCC used in strengthening process are listed Table 2. Water 
to binder ratio (W/B) was 0.20. Ordinary Portland Cement (density: 3.14 g/cm3) was used, and 
15% of the design cement content was replaced by silica fume. Quartz sand with diameter less 
than 0.5 mm was used as a fine aggregate. High strength Polypropylene (PP) fiber was chosen 
for UHP-SHCC and its volume in mix was 1.5%. The diameter and length of the PP fibers were 
0.012 mm and 6 mm, respectively. The mix had design to achieve a compressive strength 
60MPa and an ultimate strain of 0.0035. To characterize the compressive properties of the used 
UHP-SHCC, six standard cubes of size 50 mm were tested at the age of 28 days according to 
(ASTM C-109, 2008). The averaged compressive strength was determined to be 61.9 MPa. The 
averaged tensile strength UHP-SHCC was 5.2 MPa. Ready mixed normal strength concrete 
(NSC) was used to cast all the tested specimens. Table 2 shows the concrete mix proportions 
by weight for one cubic meter as reported by the supplier. The normal strength concrete mix 
was designed to achieve an average cube crushing strength after 28 days about 25 MPa. The 
averaged compressive strength of the used concrete was determined to be 25.8 MPa based on 
the compressive test results of six cube specimens of size 150mm. 
 

For all specimens, deformed bars having a diameter of 12 mm, 10 mm with nominal yield stress 
400 MPa were used for main and secondary reinforcement steel, respectively. Smooth bars 
having a diameter of 8 mm of nominal yield stress 240 MPa were used for stirrups either in 
UHP-SHCC strengthening layer or in substrate concrete. Tension tests by the universal testing 
machine were performed on three specimens for each bar diameter to determine the 
mechanical properties of the used reinforcement. The actual yield stress for the used deformed 
bars of 12 mm and 10 mm were 455 MPa and 416 MPa, respectively. For the used 8 mm, the 
actual yield stress was 255 MPa. The mechanical properties of steel reinforcement are 
summarized in Table 3. The concrete mix was cast in wooden stiff moulds to prevent any 
significant movement during placing the concrete. During casting, all specimens were 
compacted by needle vibrator to ensure consolidation of the concrete mix. All specimens were 
cured with wet burlap to keep moisture, for seven days and subsequently stored under standard 
laboratory conditions.  
 
2.3 Strengthening Scheme 
 
Five RC specimens, in series 2, were confined by jacketing of UHP-SHCC with embedded 
vertical stirrups at the lap splice region. In this technique, the following steps were followed; (1) 
roughening the surface of specimens at the lap splice region to an average amplitude of about 5 
mm by chisel in order to remove slurry cement from external surfaces of coarse aggregates, (2) 
cleaning the surface of specimens by using a blower, (3) fixing vertical stirrups at lap splice 
region,(4) coating the strengthened region by epoxy and (5) preparing special wooden formwork 
for casting UHP-SHCC layer, (6) casting of UHP-SHCC layer, and finally (7) curing the 
strengthening specimens with wet burlap to keep moisture. Fig. 4 explains the different steps 
involved in STEEL-REINFORCED UHP-SHCC strengthening technique. 
 

Table 2: Mix proportions of RC and UHP-SHCC material for one cubic meter (kg/m3) 

Concrete 
mix 

Cement Sand 
Coarse 

aggregates 
Water W/B* 

Silica 
fume 

Super 
plasticizers 

PP Fiber 
(6 mm) 

RC 350 630 1050 175 0.5 --- --- --- 

UHP-SHCC 1244 149 --- 292 0.2 223 14.9 19.6 

* W/B is the water/ binder ratio, B = cement + silica fume 
 

Table 3: Mechanical properties of the steel bars 

Bar diameter, 
mm 

Type 
Average yield strength, 

MPa 
Average tensile 
strength, MPa 

Average modulus of 
elasticity, GPa 

12 Deformed 455 605 202 

10 Deformed 416 594 204 

8 Smooth 255 415 203 
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Fig. 4: Strengthening scheme a) Grinding the surface, b) Formwork, c) Casting of     
UHP-SHCC, d) Final product of strengthened specimens. 

2.4 Instrumentation and Test Set-Up 

All specimens were loaded in four point bending scheme using a steel spreader specimen, the 
loading configuration had a clear span of 2700 mm and a constant moment 900 mm. So, the lap 
spliced bars in constant moment region were subjected to tension force only as shown in Fig. 5. 
The specimen was loaded using a manual hydraulic jack by applying downward load and 
measured by the load cell attached to the jack. Linear Variable Differential Transformers 
(LVDTs) of sensitivity of 0.01 mm were used to measure vertical deflections at midpoint of the 
lower specimen soffit. Electrical strain gauges were mounted in reinforcing steel bars as shown 
in Figs.(2-3) to measure the developed strains. The maximum concrete compressive and tensile 
strains of the tested specimens were measured using Pi-gauges. An automatic data system was 
used to monitor loading, displacements and strains. At each load increment, the deformations 
and strains were recorded. 
 
3 EXPERIMENTAL RESULTS AND DISCUSSION  

The test results of all tested specimens are presented and analyzed in order to verify the 
efficiency of the adopted strengthening techniques in enhancing the bond strength and ductility 
of tension lap splices. In general, all strengthened specimens achieved higher strength and 
ductility than that of the control un-strengthened specimens and the mode failure changed from 
splitting of main steel to flexure failure. As listed in Table 4, the test results are grouped by 
splice length for control reference and STEEL-REINFORCED UHP-SHCC strengthening 
specimens and the confinement ratio presented by the spacing between embedded stirrups in 
UHP-SHCC strengthened layer (60, 72 and 90 mm). Table 5 reports (a) the ultimate load (    of 

the tested specimens, (b) the cracking load (    , and (c) mid-span deflection at ultimate load 
(  ). The following parts summarize the most significant observations of the experimental 
programme and discuss the results including modes of failures, load deflection behavior, 
developed normal strain on spliced steel bars, bond strength as well as the ductility. 
 

 

Fig. 5: Test setup 

Load cell 

 

Steel spreader 

Pi gauges 

 

LVDT 

 LVDT 

 

a b c d 



International Conference on Advances in Structural and Geotechnical Engineering 2019 

 

ICASGE’19 25-28March 2019, Hurghada, Egypt 7 

 

Table 4: Comparison groups 

 
3.1 Failure Modes 

The cracks were initiated at the soffit specimen section for all control specimens in group (I). As 
expected, the normal flexural failure was occurred in the reference un-spliced specimen (BC). 
An extensive yielding of the tension steel reinforcement followed by crushing of concrete in 
compression region was observed. In the reference spliced specimen BC55 with tension lap 
splice according to Egyptian code [31], the tension reinforcement also reached the yield strain 
according the strain monitoring realized during the test. Nevertheless, a brittle failure due to 
splitting of main steel was occurred. On the other hand, the reference spliced specimens (BC30 
and BC20) with insufficient lap splice lengths exhibited a different type of failure mode. Splitting 
cracks developed suddenly along the splice region and the failure of such specimens was 
accompanied by loud explosive noise. After failure, nothing prevented the full collapse of these 
specimens as shown in Fig. 6 

 
The use of UHP-SHCC jacketing with embedded vertical stirrups in the lapped region didn’t 
significantly delay the onset of flexural cracking of the confined specimens. On the contrary to 
the unconfined specimens, additional flexural cracks appeared at the constant moment region 
as shown in Fig. 7. Moreover, the mode failure changed from splitting to flexure failure with wide 
cracks outside the lap splice region. This can be attributed to the gained enhancement from 
using STEEL-REINFORCED UHP-SHCC strengthening in restricting the splitting cracks and 
minimizing the width of cracks at lap splice region.  
 

Table 5: Summary of the test results 

Failure mode    (mm)    (kN)     (kN) Specimen 

Flexural failure 13.0 80.6 19.4 BC1 

Splitting failure* 11.6 81.3 19.0 BC55 

Splitting failure 10.3 65.6 18.7 BC30 

Splitting failure 7.3 47.6 17.0 BC20 

Flexural failure 56.3 81.0 20.0 BS55-60 

Flexural failure 53.2 76.8 20.0 BS30-60 

Flexural failure 52.7 74.1 19.5 BS30-72 

Flexural failure 50.2 69.7 19.0 BS30-90 

Flexural failure 52.7 74.8 18.0 BS20-60 

 

    is the cracking load,    is the ultimate load, * refers to that the tension reinforcement reached 

the yield strain,    is the displacement at ultimate load. 

 

Group Specimen Objectiveness  

I 

BC 

Control reference with different lap splice lengths 
BC55 

BC30 

BC20 

II 

BC 

using  jacketing of 20 mm UHP-SHCC with vertical stirrups ɸ 8 @ 60 
on lap splice region with different lap splice lengths   

BC55 

BC30 

BC20 

BS55-60 

BS30-60 

BS20-60 

III 

BC 

using  jacketing of 20 mm UHP-SHCC with vertical stirrups ɸ 8 @ 
(60 ,72 ,90 mm) on lap splice region as a strengthening technique 

BC30 

BS30-60 

BS30-72 

BS30-90 
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Fig. 6: Cracks pattern and failure mode of control specimens 
  

  
  

  
  

 
  

Fig. 7: Cracks pattern and failure mode of strengthened specimens. 
 
3.2 Load-Deflection Behavior 
 
Figs. (8a-c) illustrates the load–deflection responses for all the tested specimens. As shown in 
these figures, the un-spliced reference specimen (BC) showed the elastic and inelastic parts of 
the load-deflection curve and failed in flexure. Generally, the load–deflection of specimen BC 
can be classified to three regions; the first region is the initial part of the curve starts from zero 
loading up to the cracking point. The second region is the post-cracking region, continued up to 
the yielding point, and finally, the post yield region, up to failure. On contrast, brittle sudden 
failure was obtained in spliced unconfined specimens (BC55, BC30, and BC20). The initial 
stiffness of these specimens showed significantly identical behavior at low level of loading up to 
the cracking load as the concrete cross section for all tested unconfined specimens is the same. 
After the cracking stage, the spliced unconfined specimens (BC55, BC30 and BC20) showed 
lower stiffness than the reference un-spliced control specimen (BC), but the relative increase in 
stiffness between the spliced unconfined specimens (BC55, BC30 and BC20) may be attributed 
to the extent of the reinforcement with double the cross-sectional area at lap splice region. As 
shown in Table 5, the maximum capacity of specimens BC30 and BC20 is reduced by 18% and 
40%, respectively, compared to the reference un-spliced control specimen (BC) but the spliced 
specimen BC55 (with sufficient tension lap splice in accordance to the Egyptian code [31]) 
reached the same capacity of the reference un-spliced specimen (BC). 
 

BS55-60 BS30-60 

BS30-72 

BC BC5
5 

BC30 

BS30-90 

BS20-60 

BC20 
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Comparatively, the load–deflection curves of confined specimens in groups (II) and (III) showed 
almost the same trend of the load–deflection curve as the reference un-spliced specimen (BC) 
as shown in Figs. (8b-c). That means, using UHP-SHCC jacketing with embedded vertical 
stirrups confinement was very effective at improving the load–deflection behavior of confined 
specimens compared their reference unconfined specimens (BC55, BC30, and BC20).  
 
The confined specimen BS55-60 didn’t report any increase in capacity but it showed an 
increase in deflection at ultimate load by 386% compared to the reference un-spliced specimen 
(BC55). Meanwhile, the other confined specimens had higher load capacities and larger 
deflections as shown in Table 5. The ultimate load capacities increased by 18%, 13%, 6%, and 
57% and the deflection at ultimate loads increased by 416, 412%, 397, and 620% for 
specimens BS30-60, BS30-72, BS30-90, and BS20-60, respectively, compared to their 
reference un-spliced specimens. However, the test results illustrated the efficient of 
strengthening technique to enhance the load–deflection responses of all confined specimens, 
but the higher confinement ratios provided by the strengthening technique didn’t record an 
observed change in values at the same lap splice length. 
 
 
 

  
  

a) Load-deflection behavior for the 
specimens of group (I). 

b) Load-deflection behavior for the 
specimens of group (II). 

 
 
 

 
 

c) Load-deflection behavior for the specimens of group (III). 
 

Fig. 8: Load-deflection behavior for all tested specimens. 
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3.3 Load-Strain Behavior 
 
Fig. 9a illustrates the load–strain curves for the reference un-spliced specimen (BC) which failed 
in flexural failure mode. It’s obvious that, the relation between the load and strain began liner up 
to cracking because the concrete was un-cracked and resist all the tensile force resulting from 
applied load. Once the first crack appeared, all the tensile forces carried by the concrete were 
transmitted to the main steel. Then, a second linear relation continued up to yield load. Finally, 
the relation took curve up to failure. On contrary, no yielding was observed in the tensile steel 
rebar of spliced specimens which resulted in splitting failure. 
 
All strengthened specimens in group (II) and group (III) exhibited yielding of longitudinal steel as 
indicated in the load–strain relationship depicted in Figs.(9b-c) unlike the reference unconfined 
specimens in group (I). The strain responses in the spliced steel for the strengthened 
specimens are significantly similar exceeding yielding of longitudinal steel. The mode of failure 
changed for the spliced tested specimens from sudden and brittle failure to flexural and ductile 
failure with yielding of main steel which ensure the efficiency of the used strengthening 
technique. 
 
 

  
  

a) Load–strain relationship of main steel 
for specimens in group (I).  

b) Load–strain relationship of main steel 
for specimens in group (II). 

 
 

 
 

c) Load–strain relationship of main steel for specimens in group (III). 
 

Fig. 9: Load–strain relationship of main steel for all tested specimens. 
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3.4 Bond Strength 

To estimate the effect of confinement at the lap splice region, the average bond stress ( ) of      
a spliced bar in tension at the peak capacity of each specimen is calculated assuming that bond 
is uniformly distributed over the lap length (  ), based on the test results by the following 

equilibrium equation: 
 

𝜏  
    

    
  

       

    
                                               

 
Where    is the average bar strain (from the strain gauges shown in Figs. (2-3)),    is the 
modulus of elasticity of the bars (  = 200 GPa), and the rest of the variables are as defined 

before. As mentioned, the experimental bar stresses (    of the reinforcement steel of all 
confined specimens exceeded yielding due to confinement techniques of insufficient lap splice 
lengths. So, the bond strength of all confined specimens was higher than that of the unconfined 
specimens as seen in Table 6. Also, using vertical stirrups with UHP-SHCC jacketing in group 
(II and III) enhanced the bond strength of the spliced bars. Decreasing the spacing between 
vertical stirrups leads to increasing the bond strength. With respect the lap splice length (30db), 
the bond strength was enhanced by up to 110%, 88% and 75% for specimens BS30-60, BS30-
72 and BS30-90, respectively. It worth mentioned that, the strengthened specimen BS55-60 
with lap splice length according to design codes (55   ) doesn't record any increase in bond 
strength. On the contrary, strengthened specimen BS20-60 having the shortest lap splice length 
(20   ) recorded maximum bond strength. Their bond strength was enhanced by up to 144% 
compared with its unconfined reference specimen. 
 

Table 6: Bar stresses and bond results of tested specimens. 

Specimen    (MPa)   (MPa)   (MPa)   /       

BC 2500 500 --- --- 

BC55 2500 500 2.2 --- 

BC30 1570 314 2.6 --- 

BC20 1370 274 3.4 --- 

BS55-60 2845 569 2.5 1.1 

BS30-60 3300 660 5.5 2.1 

BS30-72 2940 588 4.9 1.8 

BS30-90 2800 560 4.6 1.7 

BS20-60 3340 668 8.3 2.4 

Where   : is the experimental bar stress, 𝜏: is the average bond stress of a bar, and 𝜏/𝜏    : is the 
bond ratio between the strengthened beam to its control reference specimen. 
 
3.5 Ductility Analysis 

Ductility presents the ability of RC elements to sustain significant inelastic deformation prior to 
collapse. Ductility is a major property for safe design of strengthening structural elements [32]. 
There are many approaches to estimate the ductility. In this study, two approaches have been 
utilized in order to estimate the flexural ductility of tested specimens. The first is by calculating 
the displacement ductility index (  ) and the second through absorbed energy (  ).  
 

3.5.1 Displacement ductility index (  ) 

The displacement ductility index (  ) is defined as the ratio of the maximum mid-span 

displacement (    ) over the first yield displacement of the specimen (  ) [33] according to 

 Eq. (2): 

     
    

  

                                 

Table 7 shows the values of the displacements of all tested specimens at different stages of 
loading and the corresponding displacement ductility index. As seen in Fig. 10, the ductility ratio 
of control reference specimen (BC), without lap splice, is controlled by the reinforcing             
bar yielding. This specimen was designed according to the Egyptian code [31] provisions to be 
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under-reinforced which is achieved the ratio of (µ <     ), so the failure of this specimen was 
flexural and ductile. On contrary, the displacement ductility index of the control specimen BC55, 
with sufficient lap splice length, decreased by 80% compared to that of the control reference un-
spliced specimen (BC). However, the lap splice length of this specimen was designed according 
to Egyptian code [31], but this specimen didn’t show any ductility. On the same approach, the 
test results of control specimens BC30 and BC20, with insufficient lap splice lengths, are 
exceeded due to the premature brittle failure resulted in splitting of spliced reinforcement. 

For group (II), the displacement ductility indices showed the effect of confining at different lap 
splice lengths. All strengthened specimens with STEEL-REINFORCED UHP-SHCC at lap splice 
region exhibited higher ductility in comparison to their reference specimens. The increasing in 
displacement ductility are 85%, 80% and 60%, respectively, for BS55-60, BS30-60 and BS20-
60. That’s indicated that increasing of the lap splice length leads to increasing the tension 
reinforcement double the cross-sectional area at lap splice region, as well as increasing the 
number of vertical stirrups along the lap splice length, and that resulted in improvement in 
ductility. The test results also showed that, the ductility of specimens in group (III), with the 
same lap splice length (30 db), are much higher than their reference specimen BC30. It can be 
noticed that strengthening of insufficient lap splices resulted in increasing the ductility indicators 
by about 80%, 70% and 65% of the control reference un-spliced specimen (BC) for specimens 
BS30-60, BS30-72, and BS30-90, respectively. 

3.5.2 Energy ductility index (  ) 

The energy ductility index is defined by Thomsen et al. [34] as the ratio between the energy of 
the specimen at failure (  ), which represents the area under the entire load–deflection curve up 

to failure, and the energy of the specimen at yielding load (  ), which corresponds to the area 

under the load–deflection curve up to the yielding load according to Eq. (3). 

    
  

  

                        

For all tested specimens, the failure energy (  ), elastic energy (  ), and the energy ductility 

index (  ) are reported in Table 5. Regarding the energy-based ductility, as shown in Fig. 11, 
the same trend was observed for all tested specimens as that obtained based on the 
displacement ductility index. All confined specimens in group (II and III) exhibited high energy 
ductility indicators.  With respect the transverse reinforcement ratio embedded in UHP-SHCC 
jacketing in group (II), the percentage of energy ductility were 85%, 65% and 50% of the control 
reference un-spliced specimen (BC) for specimens BS55-60, BS30-60, and BS20-60, 
respectively. Also, with respect the lap splice length (30db), the energy ductility index increased 
with increasing the lap splice length. The energy ductility reached to 65%, 55% and 50% of the 
control reference un-spliced specimen (BC) for specimens BS30-60, BS30-72, and BS20-90, 
respectively. 

Table 7: Ductility indices for test specimens 

Energy ductility index (  ) Displacement ductility index (  ) 

Specimen 
    

  

  

    (kN m)    (kN m)  
  

    
  

      (mm)    (mm) 

12.8 4827.4 375.8 7.7 67.6 8.8 BC1 

2.2 860.7 387.9 1.7 15.6 9 BC55 

** ** ** ** 12.38 ** BC30 

** ** ** ** 8.06 ** BC20 

10.9 6106.3 560.3 6.6 82.9 12.6 BS55-60 

8.2 5581.2 680.1 6.3 80.4 12.8 BS30-60 

7.1 5124.7 721.8 5.5 75.2 13.7 BS30-72 

6.7 4921.2 734.7 5.2 73.4 13.9 BS30-90 

6.5 4806.7 733.2 4.8 72.2 15.4 BS20-60 

  : the first yield displacement,     : the maximum displacement,   : displacement ductility 

index =     /  ,   : the energy of the specimen at yielding load,   : the energy of the specimen 

at failure,   : energy ductility index =   /   and **: steel did not yield. 
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Fig. 10: Displacement ductility index (µ∆) for all tested specimens. 

 

Fig. 11: Energy ductility index (  ) values for all tested specimens. 

CONCLUSIONS 

The experimental programme investigated in this research was designed to evaluate the 
contribution of confinement for eliminating the splitting failure modes of tension lap splices, 
thereby allowing flexural reinforcement to develop their full capacities beyond yielding and 
providing high ductile behavior. Nine RC beams with STEEL-REINFORCED UHP-SHCC 
strengthening of lap-spliced were experimentally studied. The influence of several parameters 
such as confinement technique, splice length, and spacing of transverse reinforcement was 
evaluated. In order to isolate the contribution of confinement technique, no stirrups were used in 
lap splice region for tested specimens.  
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Based on the experimental investigation, the following conclusions and recommendations can 
be estimated: 
 

 The failure of the un-spliced control specimen was flexural and ductile. In contrast, the 
spliced control specimens failed in a brittle manner due to splitting of main steel and the 
behavior of all these specimens lacks ductility.  

 Compared to the reference un-spliced specimen (BC), the spliced specimen (BC55), with 
sufficient lap splice length, the tension reinforcement reached the yield strain. Nevertheless, 
a brittle failure due to splitting of main steel was occurred. On the other hand, the confined 
specimen with the same lap splice length(BC55-60) didn’t report any increase in loads but its 
mode of failure changed to flexural failure with yielding of main steel. 

 For splices confined by UHP-SHCC jacketing with embedded vertical stirrups at lap splice 
region, the mode of failure changed from splitting failure to flexural failure. 

 Using of strengthening technique based on STEEL-REINFORCED UHP-SHCC on lap splice 
length lead to an increase in the ultimate load and deflection and resulted in improvement in 
ductility. 

 As the amount of transverse reinforcement in strengthening layer at the splice region 
increased, more ductility provided to the mode of failure. 

 Based on the test results, whilst unconfined spliced specimens failed prematurely due to 
cover splitting, using of UHP-SHCC jacketing with embedded vertical stirrups as                     
a strengthening technique enhanced the bond strength of the spliced bars and resulted in   a 
ductile behavior. 
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