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Abstract 

The interaction between the floor and the spandrel beam is subjected to a 

combined stress distribution induced by the effect of torsion, bending moment, 

and shear force make the load case more complicated. This study presents an 

investigation into the behaviour of nine RPC edge beams strengthened by CFRP 

fabric under torsional, flexural, and shear effects. The study aimed to verify the 

test method by comparing the experimental and analytical results to predict the 

RPC beam strength under a combined load.  The experimental parameters 

included the transverse to longitudinal steel reinforcement ratio and the 

strengthening of the beam with transverse and longitudinal CFRP wrap. The 

combined load was applied by a manufactured steel arm to obtain the effect of 

torsion, bending, and shear forces simultaneously. Analytical calculations were 

made based on equations of torsion, flexure, and shear strengths presented in 

previous studies. The results showed that the experimental torsional strength of 

the RPC edge beam increased when the longitudinal reinforcement increased 

with a constant of the shear reinforcement regardless of the CFRP effect. Unlike 

the analytical results, the experimental results revealed that the longitudinal 

CFRP wrap improved the torsional capacity and this improvement increased as 

the longitudinal reinforcement increased. Also, the transverse CFRP wrap has a 

significant effect on the experimental torsional strength than the longitudinal 

CFRP. In all beams, the failure mode has occurred as a torsional failure mode 

without debonding the CFRP wraps. The experimental and analytical results 

showed acceptable agreement.  

Keywords: CFRP, Edge beams, Reactive powder concrete, Strengthening, Torsion. 
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1.  Introduction 

Curved structural members in horizontal plan, eccentrically loaded beams, curved 

box girders in bridges and spandrel beams in buildings are typical examples of the 

structural elements subjected to torsional moments. Bending moments and shearing 

forces are usually associated with torsion, and the interaction among these loads is 

very important.  

Torsion appears frequently in many structures especially in bridges, but rarely, 

pure torsion occurs alone in the structure. Most of the rehabilitation and repair 

studies are limited to pure flexural failure [1-6], shear failure [7-13], or both 

analytically and experimentally [14-18]. On the other hand, there are considerable 

studies that are conducted to understand the effect of flexural and shear [19-23], 

flexural and torsion [24-26] as well torsion [26-29], but combining the effect of 

flexural, shear and torsion have hardly been found. Strengthening or upgrading is 

necessary when the structural elements discontinue providing satisfactory strength 

and serviceability. In many applications for reasons like low weight, high strength, 

and durability; fibre-reinforced polymers FRP have been used successfully.  

Much attention has been paid by many researchers to strengthen the reinforced 

concrete RC rectangular or double flange beams bonded with FRP for flexural and 

shear by experimental and numerical studies [30-34] while the need for research in 

the behaviour of beams strengthened with FRP under combined loading is still 

required. The investigations show that the ductility and torsional strength of the 

strengthened RC rectangular beams with FRP were reasonably increased [35, 36]. 

Hii and Al-Mahaidi [37] proposed a design tool to analyse the full torsional 

capacity of strengthened reinforced concrete beams that were validated against the 

experimental database. Ameli and Ronagh [38] introduced an analytical method for 

the evaluation of the torsional capacity of FRP strengthened RC beams.  

Kwahk et al. [39] proposed a study to predict a formula for the torsional strength 

enabling to reflect the tensile strength of ultra-high-performance concrete UHPC beams 

based upon the thin-walled tube theory. The focus of this research is to investigate 

experimentally and analytically the strength of reactive powder concrete RPC edge 

beams strengthened with carbon fibre-reinforced polymers CFRP wrap under 

combined loading. Design codes such as ACI-318 do not provide the provisions for the 

torsional-flexural design of RPC beams thus a need exists to investigate the strength of 

RPC concrete in torsion-bending-shear interaction. The comparison of the ultimate 

strength calculated from equations proposed by other researchers with those observed 

in the experimental test is achieved in the present study. The analytical study is 

important in estimating and calculating the design loads of the RPC edge beams 

strengthened by CFRP under the combined loads. The study aims to verify the test 

method, compare the experimental and analytical results to predict the RPC beam 

strength, and evaluate the contribution of CFRP to beam strength. 

2.  Materials 

Portland cement Type I from Tasluja Cement Company, in Sulaymaniyah and very 

fine sand passed on 600 m sieve from Al-Ukhaidir quarry in the western desert of 

Iraq were used in this work. A pozzolanic mineral admixture silica fume was added 

to the RPC mix as secondary cementitious material. A high-efficiency 

polycarboxylate polymer superplasticizer BETONAC-1030 from Leycochem 
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LEYDE Company in Iraq was also used in RPC mix. Micro stainless steel straight 

fibres copper-coated were used to reinforce the reactive powder slurry.  

The properties of steel fibres, unidirectional CFRP fabric laminates and epoxy 

adhesive are listed in Table 1. The average yield stress and ultimate stress of the 

steel bars used are (510 and 720 MPa) respectively. The quantities of materials 

components of RPC mixture and test specifications are summarized in Table 2. 

Table 3 shows the results of the mechanical properties of control specimens 

according to the test specifications. 

Table 1. Properties of steel fibres, CFRP laminates and  

epoxy adhesive (according to the manufacturer's datasheet). 

Property Steel fibres 
CFRP Sika 

wrap 230 C/45 

Epoxy resin 

Sikadur 330 

Tensile strength MPa 2600 4300 30 

Modulus of elasticity GPa 210 238 - 

Flexural modulus MPa - - 3800 

Tensile modulus MPa - - 4500 

Thickness mm 0.22 (Dia.) 0.131 - 

Length mm 13 (Straight) Roll - 

Elongation at break % - 1.8 0.9 

Weight - 230 g/m2 - 

Density kg/m3 7800  - - 

Table 2. Quantities of materials per cubic meter and test specifications. 

Material  Quantity kg Test specification 

Cement  1000 IQS No. 5 [40]  

Sand 1000 IQS No. 45 [41] 

Silica fume (8% of cement weight) 80 ASTM C1240 [42] 

Water (w/c=0.25) 250 Tap water 

Superplasticizera (6% of cement 

and silica weight) 64.8 
According to the 

manufacturer 

Steel fibre (1% of total volume) 78 
According to the 

manufacturer 
aDensity= 1.1 kg/L 

Table 3. Mechanical properties of RPC control specimens. 

Property Number 
Dimensions 

 (mm) 
Test specification 

Test result 

(MPa) 

Compressive 

strength (fc) 
3 Cylinders 300150 ASTM C39 [43] 70.3 

Splitting 

strength (fct) 
3 Cylinders 300150 ASTM C496 [44] 8.59 

Modulus of 

rupture (fr) 
3 Prisms 500100100 ASTM C78 [45] 10.56 

Modulus of 

elasticity (Ec) 
3 Cylinders 300150 ASTM C469 [46] 41530 

The silica is mixed with cement firstly until the mixture is homogeneous, then 

fine sand is added till the mixture becomes one colour. After that, a solution of the 
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plasticizer and the required water is added progressively while mixing continues for 

a sufficient time to achieve reasonable fluidity. After the mixture is homogeneous and 

becomes semi-liquid, steel fibres are added during the mixing process gradually to 

prevent the occurrence of balling and accumulation. The specimens are vibrated, 

removed from the moulds after 48 hours, and then treated with water for 28 days. 

3.  Experimental Work 

The experimental work included cast nine-edge RPC beams of L-section 

strengthened with CFRP fabric laminates. The edge beams were tested under 

combined load up to the point of failure. The combined load was applied by a device 

designed for this purpose. Load increments and crack propagation were monitored 

and recorded to determine the ultimate loads and modes of failure. The CFRP wrap 

was conducted in two directions; longitudinal on both web sides of the beam and 

transverse as U wrapping for the web and the bottom surfaces of the beam. Each web 

was strengthened by two parallel longitudinal CFRP strips of (30) mm width at a clear 

spacing of (40) mm. The U wrapping strengthening was by nine CFRP strips of (30) 

mm width at a clear spacing of (85) mm along the length of the beam.  

The transverse and longitudinal CFRP were placed on the centres matched with 

the stirrups and longitudinal steel respectively. The area of longitudinal CFRP was 

60% of the beam side, so no CFRP strip was placed on the mid-side to avoid full 

wrap. Three groups involved nine (L) edge beams with a length of (1000) mm was 

cast and tested up to the failure. The main parameters adopted in this work were 

the ratio of transverse to longitudinal reinforcing steel and the longitudinal and 

transverse strengthening by CFRP wrap. Figure 1 illustrates the distribution of the 

steel reinforcement in the beams. Two beams from each group were strengthened 

with CFRP wrap; one of them in the longitudinal direction and the other in the 

transverse direction. The Sikadur (330) epoxy resin is the adhesive glue used to 

paste the CFRP wrap on the concrete surface. Figure 2 shows the distribution of 

CFRP and the dimensions of the edge beam. The reinforcement and beam 

designation details are shown in Table 4. The beams were tested as cantilever 

beams with fixed support from one end and free from the other end. The fixed end 

of the beam was held by the press of the universal load test apparatus to achieve 

the fixed support condition.  

To provide a combination of shear, bending and torsion forces, the load was 

applied on the free end of the RPC beam by a manufactured torque steel arm 

connected by a load cell and hydraulic jack. The section of the steel torque arm is 

a rectangular tube section with outer dimensions of (90 by 50 mm) and (5 mm) 

thickness. The flexural stiffness of the torque arm is much enough to transform the 

forces without bending deformation. The capacities of the hydraulic jack and the 

load cell used are (10 and 5 tons) respectively. The load cell has two threaded holes 

one at each end. The load cell connects from one of the end holes by a steel screw 

that welded on the head of the hydraulic jack. The other end hole of the load cell 

connects by another steel threaded rod. Three steel nuts were welded together to 

construct a threaded tube to fasten the load cell with the ball and socket part. The 

ball and socket welded to the torque steel arm to ensure that the applied load is to 

be always vertical to the torque arm during the stages of the loading. The loading 

system apparatus is illustrated in Fig. 3 and the beam under the loading system is 

shown in Fig. 4. 
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Fig. 1.  Steel reinforcement details. 

 
(a) Longitudinal CFRP. 

 
(b) Transverse CFRP. 

Fig. 2. Distribution of CFRP on the beam surface. 

Table 4. Beam coding and experimental parameters details. 

Group 
Beam 

codinga 

(T/L) Steel 

ratiob 

CFRP wrapc  

(30 mm) 

Bar diameter 

(mm) 

G1 

B1-4-6 

0.58 

-  

φ4 in L, φ6 in T 

 

B1-4-6-CL 4-CL 

B1-4-6-CT 9-CT 

G2 

B2-6-4  

0.15 

 

-  

φ6 in L, φ4 in T 

 

B2-6-4-CL 4-CL 

B2-6-4-CT 9-CT 

G3 

B3-8-4  

0.095 

 

-  

φ8 in L, φ4 in T 

 

B3-8-4-CL 4-CL 

B3-8-4-CT 9-CT 

Subscript number: Group number; L: Longitudinal direction; T: Transverse direction; 

C: CFRP wrap 

• The first number refers to the diameter of the longitudinal steel bars, while the 

second number refers to the diameter of the transverse steel bars. 

• Steel ratio = steel reinforcement ratio in transverse direction (Ast/(1000b)/steel 

reinforcement ratio in longitudinal direction (Asl/bh), where b=100 mm and h =150 mm. 

• The number in the CFRP wrap refers to the total number of CFRP wrap on the web of 

the beam; the letters CL and CT mean the presence of CFRP wrap in the longitudinal 

and transverse direction respectively. 
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Fig. 3. Loading system. 

 

Fig. 4. Beam under the loading system. 

4.  Analytical study 

The present work adopted the following equations proposed in previous studies to 

determine the torsional, shear, and flexural strengths for RPC beam strengthening 

by CFRP wrap. These equations were applied in this investigation to compare the 

analytical results with the results obtained from the experimental work: 

4.1. Torsional strength 

The equation of Rahal [47] was used to calculate the torsional strength of RPC 

beams. This equation was proposed for the calculation of the ultimate torsional 

moment for the normal and high-strength concrete beams.  

𝑇𝑛 = 0.33(𝑓𝑐
′)0.16𝐴𝑐(𝐴𝐿𝑓𝑦𝐿

𝐴𝑡𝑓𝑦𝑡

𝑠
)0.35 ≤ 2.5(𝑓𝑐

′)0.3
𝐴𝑐

2

𝑃𝑐

                                           (1) 

There are many methods to calculate the contribution of CFRP in the torsional 

strength of the beams. In this study, the FIB-14 method proposed by 

Mohammadizadeh and Fadaee [48] was used. 

𝑇𝑛𝑓𝑟𝑝
= 𝜀𝑘𝑒,𝑓𝐸𝑓

𝑡𝑓𝑤𝑓

𝑠𝑓
𝐴𝑐[𝑐𝑜𝑡 𝛼 + 𝑐𝑜𝑡 𝛽]𝑠𝑖𝑛 𝛽                                                           (2) 
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𝜀𝑘𝑒,𝑓 = 𝑚𝑖𝑛

[
 
 
 
 
 
0.8 ∗ 0.65 (

𝑓𝑐

2
3

𝜌𝑓𝐸𝑓
)

0.65

∗ 10−3

0.8 ∗ 0.17(
𝑓𝑐

2
3

𝜌𝑓𝐸𝑓
)0.3𝜀𝑓𝑢 

]
 
 
 
 
 

≤ 𝜀𝑚𝑎𝑥 = 0.005                                 (3) 

𝜌𝑓 =
2𝑡𝑓𝑤𝑓

𝑏𝑤𝑠𝑓
                                                                                                                        (4) 

4.2. Shear strength 

The theoretical shear strength of the RPC beams was calculated by using the ACI 

Committee 440.2R [49] equations.  The contributions of concrete, internal reinforcing 

steel and external CFRP wrap were considered in the nominal shear equation. 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠 + 𝑉𝑓                                                                                                  (5) 

The concrete contribution was found using Ashour et al. [50] equation. Ashour 

et al. represented the ultimate shear strength of high strength fibre reinforced 

concrete beams for 𝑎/𝑑 ≥ 2.5. 

𝑉𝑐 = [2.11(𝑓𝑐
′)0.33 + 7𝐹] (

𝜌𝑤𝑑

𝑎
)

0.333

𝑏𝑤𝑑                                                                  (6) 

𝐹 = (
𝑙𝑓

𝑑𝑓
) 𝑣𝑓𝐵𝑓                                                                                                                     (7)  

The steel contribution is calculated by:  

𝑉𝑠 =
𝐴𝑣𝑓𝑦𝑑

𝑠
                                                                                                                         (8) 

The ACI design guidelines for strengthening RC beams in shear with CFRP are 

based on empirical design equations derived by Triantafillou and Antonopoulos [30].  

Shear contribution 𝑉𝑓 of CFRP was found using Triantafillou equation. 

𝑉𝑓 = 𝜌𝑓𝐸𝑓𝜀𝑘𝑒,𝑓𝑏𝑤𝑧𝑓(1 + 𝑐𝑜𝑡 𝛽)𝑠𝑖𝑛 𝛽                                                                          (9) 

4.3. Flexural strength 

The flexural strength of reactive powder concrete beam was found using Henager 

and Doherty equation which was adopted by the ACI-544 committee [51]. 

𝑀𝑛 = 𝐴𝑠𝑓𝑦 (𝑑 −
𝑎

2
) + 𝜎𝑡𝑏(ℎ − 𝑒) (

ℎ

2
+

𝑒

2
−

𝑎

2
)                                                     (10) 

𝜎𝑡 = 0.00772
𝑙𝑓

𝑑𝑓

𝜌𝑓𝐹𝑏𝑒                                                                                                 (11) 

𝜀𝑠𝑓 =
𝜎𝑠𝑓

𝐸𝑠𝑓

                                                                                                                          (12) 

𝑒 = (𝜀𝑠𝑓 + 0.003) (
𝑐

0.003
)                                                                                            (13)  

As a numerical case for a cantilever beam of length equals (1m), the torsion, 

shear, and flexure strengths were calculated according to the following equations. 

All numerical values required to apply the equations are given in Table 5. 

Torsion: 𝑇𝑡ℎ𝑒𝑜 =
𝑇𝑛+𝑇𝑓𝑟𝑝𝑛

𝑒
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Shear: 𝑆𝑡ℎ𝑒𝑜 = 𝑉𝑛   

Flexure: 𝐹𝑡ℎ𝑒𝑜 = 𝑀𝑛  

Table 5. Numerical values of the applied equations. 

Symbol Numerical 

value 

Symbol Numerical 

value 

Symbol Numerical 

value 

𝐴𝐶  15000 mm2 𝑑𝑓  0.22 mm 𝑡𝑓 0.131 mm 

𝐴𝐿  
G1: 75.4 mm2 

G2: 169.2 mm2 

G3: 301.6 mm2 

𝐸𝑓 227000 MPa 𝑣𝑓  0.01 

𝐴𝑡  
G1: 28.2 mm2 

G2: 12.5 mm2 

G3: 12.5 mm2 

𝑒 1150 mm 𝑤𝑓 30 mm 

𝐴𝑣  
G1: 56.5 mm2 

G2: 25.1 mm2 

G3: 25.1 mm2 

𝐹𝑏𝑒 1 𝑍𝑓  
G1: 98 

G2: 97 

G3: 96 

𝑎 1000 𝑓𝑐
 70.3 MPa 𝛼 45° 

𝐵𝑓 0.5 𝑙𝑓 13 mm 𝛽 
90°(transverse) 

0 (longitudinal) 

𝑏𝑤 100 mm 𝑆 115 mm 𝜌𝑓 0.01 

𝑑 
G1: 123 mm 

G2: 122 mm 

G3: 121 mm 

𝑆𝑓 85 mm 𝜌𝑤 
G1: 0.002 

G2: 0.0046 

G3: 0.0083 

5.  Results and Discussion 

The loads recorded from the experimental test, modes of failure, analytically 

calculated values of torsion, shear and flexural strength based on the transverse to 

longitudinal steel ratios and effect of CFRP were illustrated in Table 6. It is evident 

from the results that the experimental ultimate loads were close to the torsional 

strength of the analytical values. This means that the RPC beams first failed under 

the torsion effect. Also, the failure mode confirms that the RPC beams failed due 

to the shear stress result from the torsional force, as shown in Fig. 5. Diagonal 

cracks appeared on the perimeter of the beam section gradually. As the load 

increased, the cracks began to spread and expand until the failure occurred. 

Table 6. Experimental and theoretical failure loads. 

Pu exp./ 

TAnal. 

 

Mode of 

Failure 

FAnal.
c 

kN 

SAnal.
b 

kN 

TAnal.
a 

kN 

Pu Exp. 

kN 

(T/L)  

Steel 

ratio  

Beam 

 Coding 

0.81 Torsional 3.13 47.18 1.85 1.51 0.58 B1-4-6 

0.83 Torsional 6.88 35 1.85 1.54 0.15 B2-6-4 

1.04 Torsional 11.9 39.2 2.26 2.37 0.095 B3-8-4 

0.83 Torsional 3.13 47.18 1.85 1.55 0.58 B1-4-6-CL 

0.86 Torsional 6.88 35 1.85 1.6 0.15 B2-6-4-CL 

1.37 Torsional 11.9 39.2 2.26 3.1 0.095 B3-8-4-CL 

0.87 Torsional 3.13 57.68 2.46 2.15 0.58 B1-4-6-CT 

0.92 Torsional 6.88 45.39 2.46 2.28 0.15 B2-6-4-CT 

1.12 Torsional 11.9 49.48 2.87 3.24 0.095 B3-8-4-CT 
a Based on Rahal [47] and Mohammadizadeh and Fadaee [48] 
b Based on Triantafillou and Antonopoulos [30] 
c Based on American Concrete Institute Committee 544 [49] 
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Fig. 5. Failure mode pattern of the RPC beams. 

5.1. Effect of transverse to longitudinal reinforcement ratio 

It is important to know that the torsional strength calculated from the analytical 

equations depends on the product of (𝐴𝐿 . 𝐴𝑡). Therefore, the experimental 

comparison between the RPC beams becomes clearer based on the effect of this 

factor.  The results showed that the experimental ultimate load of the RPC beams 

without, with longitudinal and with transverse CFRP increased by (2%, 3.2% and 

6%) respectively when the T/L decreased from (0.58) to (0.15).  

These increases are not significant when compared to the increase in the 

experimental ultimate load if (𝐴𝐿 . 𝐴𝑡) increases to a higher value. In beam B3, when 

the T/L decreased to (0.095) with a constant value of shear reinforcement compared 

to beam B2, the experimental ultimate load increased by (54%, 93% and 42%) for 

the RPC beams without, with longitudinal and with transverse CFRP respectively. 

It was noted a significant increase in the beam strength by increasing the 

longitudinal reinforcement with constant transverse reinforcement and it was 

higher with the presence of the longitudinal CFRP.  

The analytical shear strength is affected by (𝐴𝑣) and (𝑑). For beams B2, the 

shear strength decreased due to a decrease in the (𝐴𝑣) while increased for beams 

B3 due to the increase of (𝑑) with a constant value of (𝐴𝑣). It is also evident that 

the bending strength obtained from the equations increases with increasing the 

effective beam depth. The study showed that there was an agreement between the 

experimental and analytical results, which indicates that the test method was 

suitable to investigate the strength of RPC edge beam under combined loading. 

Figure 6 shows the effect of the ratio of the transverse to the longitudinal 

reinforcement on the experimental ultimate load. 
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Fig. 6. Effect of transverse to longitudinal steel  

reinforcement ratio on the experimental ultimate load. 

5.2. Effect of longitudinal CFRP 

A slight increase occurred in the experimental ultimate load in the presence of the 

longitudinal CFRP when the T/L decreased from (0.58) to (0.15), while an increase 

of (30%) occurred when the T/L decreased to (0.095). The contribution of the 

longitudinal CFRP to the torsional strength disappeared in the analytical equations 

even with a change of (𝐴𝐿 . 𝐴𝑡). The analytical torsional strength depends on the 

orientation CFRP angle which appears in (𝑠𝑖𝑛𝛽). This term is equal to zero when 

the orientation angle (𝛽) of the horizontal CFRP is equal to zero. The design of 

torsion is based on a thin-walled tube space truss analogy in which, the strength is 

provided by the outer skin of the cross-section. As long as the longitudinal CFRP 

is placed on an area of (60%) (two strips of 30 mm each) of the side surface, the 

CFRP participation in increase the strength was by delaying the appearance of 

torsional cracks on the beam surface, even if it is in a longitudinal direction. After 

the RPC beam has cracked in torsion, the torsional strength is provided primarily 

by closed stirrups and longitudinal bars located near the surface. Due to its location 

on the surface, the CFRP starts first or coincides with RPC to withstand the 

torsional forces. 

5.3. Effect of transverse CFRP 

The transverse CFRP wrap had a larger effect on the ultimate load when the T/L 

steel ratio was the minimum. The experimental results showed that the transverse 

CFRP wrap was more efficient to torsional strength compared to the longitudinal 

CFRP wrap. The increase in the experimental ultimate load was (42%, 48% and 

37%) for the beams with T/L equals (0.58, 0.15 and 0.095) respectively. The 

orientation angle of the vertical CFRP was (90). The term (𝑠𝑖𝑛𝛽) is equal to (1) 

which means that the vertical position of the CFRP is better than the horizontal 

even the oblique. The comparison of the analytical and experimental results for 

beams without, with longitudinal and with transverse CFRP wrap are shown in 

Figs. 7 to 9 respectively. The experimental ultimate load was found larger than 
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the calculated load from the equations when the T/L ratio tends to a minimum, 

while the experimental load was found to be smaller when the T/L ratio tends to 

a maximum. The intersection points between the experimental and analytical 

bilinear lines represent the coinciding points of the T/L ratio, which is projected 

on the horizontal axis. The values calculated from the equations seem less 

conservative than the experimental values as the T/L ratio increases beyond the 

intersection points. 

 

Fig. 7. Experimental and analytical  

comparison for the beams without CFRP wrap. 

 

Fig. 8. Experimental and analytical comparison  

for the beams with longitudinal CFRP wrap. 
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Fig. 9. Experimental and analytical comparison  

for the beams with transverse CFRP wrap. 

6.  Conclusion 

The following conclusions can be reached from the experimental and analytical results: 

● The transverse CFRP wrap has a significant effect on the experimental 

torsional strength than the longitudinal CFRP. 

● The torsional strength of RPC edge beams was affected by a product of 

multiplying the areas of the longitudinal and transverse steel reinforcement 

with different ratios of T/L regardless of the presence of the CFRP wrap. 

● From the analytical equations, the contribution of transverse CFRP was clear 

in improving the torsional and shear strengths only, while the longitudinal 

CFRP had no contribution in torsional, shear, and flexural strengths. 

● Unlike the analytical results, the longitudinal CFRP wrap improved the 

experimental ultimate load and this improvement increased as the longitudinal 

reinforcement increased. 

● Acceptable compatibility was found between the experimental and the 

theoretical results. 

● In all beams, the failure mode occurred as a torsional failure mode which 

represents the lower value than the shear and flexural failure load. Therefore; 

it is important to give more attention to the torsion and flexural design than the 

shear design of RPC edge beams under this case of combined loading.  

● Investigation of the contribution of the longitudinal CFRP in the torsional 

strength in addition to shear and flexural strengths separately is recommended 

as future work. 
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Nomenclatures 

𝐴𝐶  Area enclosed within the outer perimeter of the cross-section 

𝐴𝐿 Total area of symmetrically distributed longitudinal reinforcement 

𝐴𝑠 Area of tension steel reinforcement; 

𝐴𝑠𝑙  Total area of longitudinal reinforcement; 

𝐴𝑠𝑡  Total area of stirrups in 1000 mm long of beam 

𝐴𝑡 Area of the bar of hoop transverse reinforcement 

𝑎 Depth of stress block 

𝑎 Shear span 

𝐵𝑓  Bond factor; taken as 0.5 for round fibres 

𝑏𝑓 Minimum width of the cross-section of CFRP 

𝑏𝑤  Width of the beam web 

𝑐 Neutral axis depth 

𝑑 Depth of tension steel (effective depth of the section) 

𝑑𝑓 Diameter of steel fibre 

𝐸𝑓  Modulus of elasticity of CFRP in the principal fibre orientation 

𝑒 Eccentricity of the applied load  

𝑒 Distance from extreme compression fibre to top of tensile stress block 

of fibrous concrete 

𝐹 Fibre factor 

𝐹𝑏𝑒  Bond efficiency factor; taken as 1.0 

𝐹𝑡ℎ𝑒𝑜  Nominal flexural load calculated from the theoretical equation 

𝑓𝑦 Yield strength of steel rebar 

𝑓𝑦𝑡 Yield strength of hoop transverse reinforcement 

𝑓𝑦𝐿 Yield strength of longitudinal reinforcement 

𝑓𝑐
 Specified compressive strength of concrete 

ℎ Height of beam section 

𝑙𝑓  Length of steel fibre 

𝑀𝑛 Nominal flexural strength 

𝑃𝐶  Outer perimeter of the cross-section 

𝑃𝑢𝑒𝑥𝑝. Measured failure load 

𝑠 Spacing of transverse reinforcement, parallel to the axis of the specimen 

𝑠𝑓  Centre to centre spacing of CFRP wrap 

𝑆𝑡ℎ𝑒𝑜  Nominal shear load calculated from the theoretical equation 

𝑇𝑛 Calculated ultimate torsional moment 

𝑇𝑛𝑓𝑟𝑝
 Carbon fibre contribution in torsional moment 

𝑇𝑡ℎ𝑒𝑜  Nominal torsional load calculated from the theoretical equation 

𝑡𝑓 Thickness of the CFRP sheet 

𝑉𝑛 Nominal shear strength 

𝑣𝑓  Volume fraction of steel fibres 

𝑤𝑓  Sheet width 

𝑧𝑓 The effective depth of CFRP 

 

Greek Symbols 
𝛼 Angle of torsion crack 
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𝛽 Angle of orientation of the fibres from the member's longitudinal axis 

𝜀𝑓 𝑘,𝑒  Characteristic value of effective fibre strain 

𝜀𝑠𝑓 Strain in tension side of steel fibre 

𝜌𝑓 CFRP reinforcement ratio (percent by volume of steel fibre) 

𝜎𝑡  Tensile strength of steel fibre reinforced concrete 

Abbreviations 

ACI American Code Institute 

ASTM American Society for Testing and Materials 

CFRP 

IOS 

Carbon Fibre Reinforced Polymers 

Iraqi Specifications 

RPC Reactive Powder Concrete 
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