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INTRODUCTION 

Concrete is an important construction material in Malaysia. One problem with concrete is the low strength-
to-weight ratio [1]. It contributes to a weight penalty in structures with large open floor plans [2]. This is 
one of the greatest obstacles in designing members with a high strength-to-weight ratio [3]. This 
shortcoming has created the interest of researchers looking for solutions [4].  

One way to reduce the concrete weight is by creating voids in RC beams. Lightweight materials are used 
as void formers, removing concrete from the sections. These materials include polyvinyl chloride pipes [5-

18], polystyrene [19-26], polypropylene sheets [27], and plastic bottles [28];[29]. Most of these studies are 
experimental as the investigations were at the exploratory stage. Only a handful involved analytical 
derivations [10, 30].   

The prevailing bending theory (Figure 1) assumes the concrete in the tension zone contributes nothing 
to a beam's bending resistance. This makes sense as the concrete would have cracked upon reaching its 
ultimate state. Nevertheless, this assumption has limitations. It disregards the effects of voids below the 

neutral axis. Based on the bending theory, removing the relevant concrete should not affect the beam's load 
capacity, but this is not the case in reality. The voids in beams were found to influence their load capacity 
to various extents [24];[25]. The beam’s strength decreased as the size of the void increased [7];[10]. 
Therefore, in the context of RC hollow beams, applying the existing bending theory without any 
modification might overestimate the load capacity.  

 

ORIGINAL ARTICLE 

ABSTRACT - A reinforced concrete hollow beam has a void along its span. The 
void reduces the beam’s weight while increasing its strength-to-weight ratio. 
It also reduces the moment of inertia and cross-sectional area, affecting the 
beam's load capacity. This effect is not considered by the existing beam 
theories, especially when the void is present in the tension zone. In this study, 
an equation model is derived to predict the load capacity of hollow beams. The 
reduced moment of inertia and cross-sectional area are considered while 
computing the moment and shear capacities, respectively. The model is then 
validated using experimental data from 11 specimens tested under a four-point 
load setup. In the specimens, PVC pipes of 25 mm to 75 mm in diameter were 
placed between 39 mm and 139 mm from the beam's soffit. From the 
validation analysis, the load capabilities are incorrectly predicted. The 
variation exceeds 10% of the experimental results, with a 36.1% average 
absolute error. Only four out of the eleven specimens' failure modes are 
correctly predicted. The model has a 95.4% chance predicting a 20% lower 
load capacity than the actual hollow beam. Thus, it could be used to design 
hollow beams. However, due to limited data, the hollow beam's shear strength 
is not verified. Thus, the model should not be used for hollow beams prone to 
shear failure.  
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In this study, an equation model is derived to predict the load capacities of RC hollow beams. The load 

capacity of a beam is thought to be governed by its moment of inertial and cross-sectional area. Thus, these 
properties are incorporated into the model. The purpose is to provide a simplified method for estimating 
the beam’s load capacity. The model is then validated using experimental data, and its reliability is 

evaluated.  

EXPERIMENTAL DATA  

Equations are derived based on the study by Ling et al. [18]. The relevant experimental data is used to 
validate the equations. The work comprised eleven (11) RC hollow beams, which were subjected to a four-
point load test (Figure 2). The beam size was 150 mm by 300 mm by 1650 mm. Each beam was simply 

supported with a 1500 mm clear span. Two point loads were applied to the beam at 600 mm and 500 mm 
distances from the supports (Table 1). 

 

Table 1. Specimen details [18] 
 

Specimen 

PVC pipe Point load 
Shear 

reinforcement 
a/d 

ratio 
Position, 
hp (mm) 

Diameter, 
dp (mm) 

Distance from 
support, a (mm) 

CB1 - - 600 R8-150 2.3 
CB2 - - 500 R8-250 1.92 
FB1 139 25 600 R8-150 2.3 
FB2 64 25 600 R8-150 2.3 
FB3 139 50 600 R8-150 2.3 
FB4 89 50 600 R8-150 2.3 
FB5 139 75 600 R8-150 2.3 
FB6 114 75 600 R8-150 2.3 
SB7 139 25 500 R8-250 1.92 
SB8 139 50 500 R8-250 1.92 
SB9 139 75 500 R8-250 1.92 

*Effective depth of the beam, d = 261 mm 

 
Figure 1. Stress block diagram of bending theory   

 
Figure 2. Test setup [18]   
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Each beam was reinforced with two bottom bars and two top bars with diameters of 12 mm and 10 mm, 
respectively. The bars’ specified yield strength was 460 N/mm2. The concrete cover was 25 mm. Thus, the 
effective depths to the bottom and top bars were 261 mm and 38 mm, respectively. Mild steel bars of 8 mm 
in diameter were used as shear links. The links had a specified yield strength of 250 N/mm2 and were spaced 

at 150 mm and 250 mm (Table 1). 
Polyvinyl chloride (PVC) pipes of 25 mm, 50 mm, and 75 mm in diameter formed the longitudinal voids 

in the beams. They were placed between 39 mm and 139 mm from the beam soffit (Figure 3). They were all 
in the tension zone of the hollow beams. 

 
Table 2 displays the test results. The concrete strength ranged between 24.6 N/mm2 and 27.8 N/mm2, 

whereas the ultimate load varies from 100.4 kN to 163.1 kN. The failure modes included flexural, diagonal 
tension, and shear compression.   

 

Table 2. Test results [18] 

Specimen Concrete strength, fcu (N/mm2) Ultimate load, Pu,exp (kN) Failure mode 

CB1 26.9 156.8 Flexural 

CB2 25.9 163.1 Flexural 

FB1 24.6 104.8 Flexural 

FB2 25.8 133.1 Flexural 

FB3 26.3 141.2 Diagonal tension 

FB4 27.8 100.4 Diagonal tension 

FB5 26.8 125.2 Shear compression 

FB6 24.9 101.8 Diagonal tension 

SB7 27.3 159.6 Shear compression 

SB8 26.9 156.0 Shear compression 

SB9 25.6 131.7 Shear compression 

 
 

EQUATION DERIVATION 

The derivation comprises the equations for predicting the specimens’ load capacity, moment capacity, and 
shear capacity. The specimen’s moment of inertia and cross-sectional area influence its moment and shear 
capacities. The moment and shear capacities subsequently govern the load capacity of the specimen.  

Predicting load capacity 

The specimen’s load capacity, Pu,pre, is taken as the moment and shear capacities, whichever gives a smaller 
value [32] (Equation (1)).  

 

 
Figure 3. Position of PVC pipes by specimens.[18]   
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𝑃𝑢,𝑝𝑟𝑒 = min{𝑃𝑢,𝑚 , 𝑃𝑢,𝑣} (1) 
 

Where:  Pu,m = load capacity of the hollow beam due to the bending strength (kN), Pu,v = load capacity of the 
hollow beam due to the shear strength (kN). 

 
When Pu,m is less than Pu,v, a beam fails in flexure, otherwise, shear failure is assumed [32]. The relevant 

strengths are given in Equation (2) and Equation (3). These equations are derived from the shear force and 
bending moment diagrams in Figure 4. These diagrams represent the response of a beam subjected to a 
four-point load test setup. 

 

𝑃𝑢,𝑚 =
2𝑀𝑢,𝑝𝑟𝑒

𝑎
 

(2) 

𝑃𝑢,𝑣 = 2𝑉𝑢,𝑝𝑟𝑒  (3) 

 
Where:  Mu,pre = predicted moment capacity of the hollow beam (kNm), a = distance between the point load and 

the support (m), Vu,pre = predicted shear capacity of the hollow beam (kN). 

     

Predicting moment capacity 

Figure 5 shows the stress block diagram of a hollow beam subjected to bending. The moment capacity is 
predicted based on the following assumptions:  
 
a. The strain compatibility principle applies. Plane sections remain plane after bending. The steel strain 

is equivalent to the surrounding concrete strain.  

b. The forces in the plane are in equilibrium.  

c. The gross concrete section defines the beam’s sectional properties.  
d. Bending occurred along the neutral axis. The concrete strain is proportional to the distance from the 

neutral axis. The maximum strain at the extreme concrete compression fibre is 0.0035.  
e. The beam is doubly reinforced due to the presence of compression reinforcement. 
f. The concrete has no tensile strength after cracking. 
g. A beam's moment of inertia determines its bending resistance. The void in a hollow beam reduces its 

moment of inertia and, subsequently, its moment capacity.  
h. A rectangular stress block of 0.8x height represents the parabolic stress profile at the ultimate state. 
i. The space occupied by the PVC pipe is considered void, which provides no flexural and shear strengths 

to the hollow beam. 
j. The tensile reinforcements have yielded at the ultimate state. 

 
Figure 4. Response of a beam subjected to a four-point load test    
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When the beam section is in equilibrium, the resultant force is equal to zero (Equation (4)). 

 

𝐹𝑐𝑐 + 𝐹𝑠𝑐 − 𝐹𝑠𝑡 = 0 (4) 
 

Where:  Fcc = compressive force of the concrete (kN), Fsc = compressive force of the top reinforcement (kN), Fst = 

tensile force of the bottom reinforcement (kN). 

 

The force in concrete, Fcc, is given in Equation (5). 

 

𝐹𝑐𝑐 = 0.8𝑥(𝑏)(𝑘1𝑓𝑐) (5) 
 

Where:  x = distance of the neutral axis from the beam’s top fibre (mm), b = width of the beam’s cross-section 
(mm), k1 = a factor that correlates the compressive and flexural strengths of concrete, which is taken as 0.85 

[33], fc = compressive strength of concrete (N/mm2). 

 
Equation (6) converts the cube strength, fcu, into the cylinder strength, fc. According to Kumari (2017) 

[34], fcu is approximately 1.25 times fc. 

 

𝑓𝑐 = 0.8𝑓𝑐𝑢 (6) 
 

The force in the compression reinforcement, Fsc, is determined using Equation (7). Its stress, σsc, is 
governed by the corresponding strain (Equation (8)), which is estimated through interpolation (Equation 
(9)). This is provided that the compression reinforcement has not yielded (d’/x > 0.38). 

 

𝐹𝑠𝑐 = 𝜎𝑠𝑐𝐴𝑠𝑐 (7) 
𝜎𝑠𝑐 = 𝜀𝑠𝑐𝐸𝑠 (8) 

𝜀𝑠𝑐 = 0.0035
𝑥 − 𝑑′

𝑥
 

(9) 

 
Where:  σsc = stress in compression reinforcement (N/mm2), Asc = area of compression reinforcement (mm2), εsc 

= strain in compression reinforcement, Es = modulus of elasticity of reinforcement, which is 205,000 N/mm2 

[35]. 

 

Substituting Equation (8) and Equation (9) into Equation (7), yields Equation (10) 

 

𝐹𝑠𝑐 = 0.0035𝐸𝑠𝐴𝑠𝑐
𝑥 − 𝑑′

𝑥
 

(10) 

 
Figure 5. Stress and strain responses of a hollow beam subjected to pure bending     
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On the other hand, the force in the tensile reinforcement, Fst, is given in Equation (11). 

 

𝐹𝑠𝑡 = 𝐴𝑠𝑡𝑓𝑠𝑡  (11) 
 

Substituting Equation (5), Equation (10), and Equation (11) into Equation (4), Equation (12) is obtained. 
The roots of Equation (12) would be the neutral axis, x, of the beam section (Equation (13)).  

 

0.8𝑏𝑘1𝑓𝑐𝑥
2 + (0.0035𝐸𝑠𝐴𝑠𝑐 −𝐴𝑠𝑡𝑓𝑠𝑡)𝑥 − 0.0035𝐸𝑠𝐴𝑠𝑐𝑑′ = 0 (12) 

𝑥 =
(𝐴𝑠𝑡𝑓𝑠𝑡 − 0.0035𝐸𝑠𝐴𝑠𝑐) ± √(0.0035𝐸𝑠𝐴𝑠𝑐 − 𝐴𝑠𝑡𝑓𝑠𝑡)

2 + 0.0112𝑏𝑘1𝑓𝑐𝐸𝑠𝐴𝑠𝑐𝑑′

1.6𝑏𝑘1𝑓𝑐
 

(13) 

 
The moment capacity of the solid beam is calculated using Equation (14) (Figure 5). 

 

𝑀𝑏 = 𝐹𝑐𝑐𝑧 + 𝐹𝑠𝑐(𝑑 − 𝑑′) (14) 
 

Where:  Fcc = force in the concrete (kN), Fsc = force in the compression reinforcement (kN), z = distance between 
the force of concrete and the force of tensile reinforcement (mm), d = effective depth of the tensile reinforcement 

(mm), d’ = effective depth of the compression reinforcement (mm). 

 

The lever arm, z, is expressed in Equation (15). 

 

𝑧 = 𝑑 −
0.8𝑥

2
 

(15) 

 

The hollow beam’s moment capacity is estimated using the effective moment of inertia (Equation (16)).  

 

𝑀𝑢,𝑝𝑟𝑒 =
𝐼𝑒
𝐼𝑏
𝑀𝑏 

(16) 

 
Where:  Ie = effective moment of inertia of hollow beam (mm4), Ib = moment of inertia of solid beam (mm4), Mb 

= moment capacity of the solid beam (kNm). 

 

The effective moment of inertia, Ie, is calculated as in Equation (17). The relevant moments of inertia, Ib 
and Ip, are derived against the neutral axis, x, using Equation (18) and Equation (19). 

 
𝐼𝑒 = 𝐼𝑏 − 𝐼𝑝 (17) 

𝐼𝑏 =
𝑏ℎ3

12
+ 𝐴𝑏𝑑𝑦𝑏

2 
(18) 

𝐼𝑝 =
𝜋𝑑𝑝

2

64
+ 𝐴𝑝𝑑𝑦𝑝

2 
(19) 

 
Where:  Ib = moment of inertia of solid beam (mm4), Ip = moment of inertia of void in the beam (mm4), Ib = 

moment of inertia of solid beam (mm4), Ip = moment of inertia of void in the beam (mm4), dp = diameter of PVC 
pipe (mm), Ap = concrete area occupied by the PVC pipe (mm), dyp = cross-sectional area of PVC pipe (mm2). 
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Predicting shear capacity 

A hollow beam's shear resistance, Vu, is due to the concrete, Vc, and shear reinforcement, Vs (Equation (20)) 
[33]. 

  

𝑉𝑢 = 𝑉𝑐 + 𝑉𝑠 (20) 
 

Where:  Vc = shear strength provided by concrete (kN), Vs = shear strength provided by shear reinforcement 

(kN). 

 
The void in a hollow beam reduces its cross-sectional area, affecting the shear strength. The effective 

cross-sectional area is considered when calculating the shear resistance, Vc (Equation (21)). 

 

𝑉𝑐 =
𝐴𝑒

𝐴𝑏

𝑉𝑅,𝑐 
(21) 

 
Where:  Ae = effective cross-sectional area of the hollow beam, mm2, Ab = cross-sectional area of the solid beam, 

mm2, VR,c = shear resistance of the solid beam without shear reinforcement (kN). 

 
Equation (22) gives the shear resistance of a solid beam without shear reinforcement, VR,c [35]. 

 

𝑉𝑅,𝑐 = [𝐶𝑅,𝑐𝑘(100𝜌1𝑓𝑐)
1
3] 𝑏𝑑 

(22) 

 

Where:  CR,c = 0.18 (disregard the partial factor of safety for concrete), 𝑘 = 1 +√
200

𝑑
, 𝜌1 =

𝐴𝑠𝑙

𝑏𝑑
≤ 0.02,  fc = 

compressive strength of concrete (N/mm2), b = width of the beam (mm), d = effective depth of the tensile 

reinforcement (mm), Asl = the area of tensile reinforcement, mm2 

 
Equation (23) expresses the shear resistance provided by shear reinforcement, Vs [35]. 

 

𝑉𝑠 =
𝐴𝑠𝑤

𝑠
𝑧𝑠𝑤𝑓𝑦𝑤 cot 𝜃 

(23) 

 
Where:  Asw = the cross-sectional area of the shear reinforcement (mm2), s = the spacing of the shear 

reinforcement (mm), zsw = the inner lever arm (taken as 0.9 times the effective depth, d), fyw = the specified yield 
strength of the shear reinforcement (N/mm2), θ = 45o (assumed value for critical shear load). 

 
When the load is placed within 0.5d to 2d of the supports (Figure 6), the shear load, Va, in a beam may 

be reduced by a factor β (Equation (24)) [35]. This only applies to specimens CB2, SB7, SB8, and SB9 with 
a equals to 1.92d. For the other specimens, the load is not within the range of 0.5d to 2d from the supports. 

 

𝑉𝑟 = 𝑉𝑎 × 𝛽 (24) 
 

Where:  Va = applied shear load (kN), β = reduction factor (when a = 1.92d, β=a/2d; otherwise β = 1.0), a = 
distance between the point load and the support (mm), d = effective depth of the tensile reinforcement (mm). 
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This effective shear load, Vr, is resisted by the shear reinforcement within the central 0.75a [35]. The 
shear resistance is given in Equation (25).  

 
𝑉𝑟 = 𝑛𝐴𝑠𝑤𝑓𝑦𝑤 sin 𝛼 (25) 

 
Where:  n = numbers of shear reinforcement within the central 0.75a (n = 3 for R8-150, n = 2 for R8-250), Asw = 
the cross-sectional area of one unit of shear reinforcement (mm2), fyw = the specified yield strength of the shear 

reinforcement (N/mm2), α = angle of inclined shear reinforcement (90o for vertical links). 

 

Combining Equation (24) and Equation (25) yields Equation (26). The equation represents the shear 
resistance of the specimen under a four-point load setup.  

 

𝑉𝑎 =
𝑛𝐴𝑠𝑤𝑓𝑦𝑤 sin 𝛼

𝛽
 

(26) 

 
The predicted shear capacity of the hollow beam, Vu,pre, would be the larger value of the two shear 

resistances. 

 
𝑉𝑢,𝑝𝑟𝑒 = max{𝑉𝑢 , 𝑉𝑎} (27) 

 

EQUATION VALIDATION 

Table 3 shows the predicted moment capacities of the specimens based on the equation model. The neutral 
axis, x, is between 41.6 mm and 44 mm (Table 3). This means that the void is always in the tension region 
of the hollow beam. The concrete carries more compressive force than the compression bars (Fcc > Fsc). The 

model predicted a lower moment capacity for a hollow beam than for a solid beam. Mpre is always smaller 
than Mb. Mpre considers the effects of the void in the beam, whereas Mb disregards it.  

 

 

 

 

 

 

 

 
Figure 6. Shear reinforcement within the central 0.75a      
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Table 3. Estimating the moment capacities of hollow beams 

*Note: Ast = 226 mm2 (2T12), fst = 460 N/mm2, Es = 205 GPa, Asc = 157 mm2 (2T10), b = 150 mm, k1 = 0.85, d’ = 38 
mm, d = 261 mm, h = 300 mm, yb = 150 mm, hp and dp refer to Table 1, fcu refer to Table 2. 

 

Table 4 presents the predicted shear capacities of the specimens. The void in the hollow beam affects the 
shear strength of concrete. Vc is always less than VR,c due to the smaller effective cross-sectional area. The 
model disregards the effects of the void on the shear resistance given by the shear reinforcement, i.e., Vs 

and Va. 

Table 4. Estimating the shear capacities of hollow beams 

Specimen 
Ae 

(mm2) 
VR,c 

(kN) 
Vc 

(kN) 
s 

(mm) 
Vs 

(kN) 
Vu 

(kN) 
n β 

Va 
(kN) 

Vu,pre 
(kN) 

Equation  (22) (21)  (23) (20)   (26) (27) 

CB1 45,000 30.6 30.6 150 39.5 70.1 3 1.000 75.8 75.8 

CB2 45,000 30.2 30.2 250 23.7 53.9 2 0.958 52.7 53.9 

FB1 44,509 29.7 29.4 150 39.5 68.9 3 1.000 75.8 75.8 

FB2 44,509 30.2 29.8 150 39.5 69.4 3 1.000 75.8 75.8 

FB3 43,037 30.3 29.0 150 39.5 68.6 3 1.000 75.8 75.8 

FB4 43,037 30.9 29.6 150 39.5 69.1 3 1.000 75.8 75.8 

FB5 40,582 30.5 27.5 150 39.5 67.1 3 1.000 75.8 75.8 

FB6 40,582 29.8 26.9 150 39.5 66.4 3 1.000 75.8 75.8 

SB7 44,509 30.7 30.4 250 23.7 54.1 2 0.958 52.7 54.1 

SB8 43,037 30.6 29.3 250 23.7 53.0 2 0.958 52.7 53.0 

SB9 40,582 30.1 27.1 250 23.7 50.9 2 0.958 52.7 52.7 

*Note: Ab = bh = 45,000 mm2, Ae = Ab - πdp2/4, b = 150 mm, h = 300 mm, CR,d = 0.18, k = 1.875, ρ1 = 0.005 77, Asw = 
101 mm2 (R8 shear link), fyw = 250 N/mm2, d = 261 mm, zsw = 0.9d = 234.9 mm, fc refer to Table 3, a and dp refer to 

Table 1. 
 

Table 5 exhibits the load capacities of the specimens predicted by the equation model. The predicted 
moment capacity, Pu,m, is always less than the predicted shear capacity, Pu,v, and so governs the specimens' 

 

fc (N/ 
mm2) 

x 
(mm) 

Fcc 
(kN) 

z 
(mm) 

Fsc 
(kN) 

Mb 
(kNm) 

dyb 
(mm) 

Ib 
(x106 
mm4) 

yp 
(mm) 

dyp 
(mm) 

Ip 
(x106 
mm4) 

Ie 
(x106 
mm4) 

Mpre 
(kNm) 

Eq (6) (13) (5) (15) (11) (14)  (18)   (19) (17) (16) 

CB1 21.5 42.2 92.5 244.1 11.2 25.1 107.8 860.4 0 0 0 860.4 25.1 

CB2 20.7 43.0 90.8 243.8 13.1 25.1 107.0 852.7 0 0 0 852.7 25.1 

FB1 19.7 44.0 88.4 243.4 15.4 24.9 106.0 843.1 173.5 129.5 8.2 834.9 24.7 

FB2 20.6 43.1 90.6 243.8 13.3 25.1 106.9 851.7 248.5 205.4 20.7 831.0 24.4 

FB3 21.0 42.7 91.5 243.9 12.4 25.1 107.3 855.6 186.0 143.3 40.3 815.3 23.9 

FB4 22.2 41.6 94.2 244.4 9.7 25.2 108.4 866.3 236.0 194.4 74.2 792.1 23.0 

FB5 21.4 42.3 92.3 244.1 11.5 25.1 107.7 859.5 198.5 156.2 107.8 751.7 21.9 

FB6 19.9 43.8 88.9 243.5 14.9 25.0 106.2 845.0 223.5 179.7 142.7 702.4 20.8 

SB7 21.8 42.0 93.4 244.2 10.7 25.2 108.0 862.4 173.5 131.5 8.5 853.9 25.0 

SB8 21.5 42.2 92.5 244.1 11.2 25.1 107.8 860.4 186.0 143.8 40.6 819.8 23.9 

SB9 20.5 43.2 90.3 243.7 13.6 25.0 106.8 850.8 198.5 155.3 106.6 744.2 21.9 
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load capacity, Pu,pre. For that reason, all the specimens are predicted to fail in flexure (Table 6). The 
predicted results are then compared with the experimental results for validation purposes.  

Table 5. Validation of the predicted load capacity 

Specimen 
Pu,m 
(kN) 

Pu,v 
(kN) 

Pu,pre 
(kN) 

Pu,exp 
(kN) Rr Remarks * 

|
𝑷𝒖,𝒑𝒓𝒆 −𝑷𝒖,𝒆𝒙𝒑

𝑷𝒖,𝒆𝒙𝒑
| 

Ref. Eq. (2) Eq, (3) Eq. (1) Table 2 Eq. (28)   

CB1 83.6 151.6 83.6 156.8 0.53 X 0.47 

CB2 100.2 107.8 100.2 163.1 0.61 X 0.39 

FB1 82.3 151.6 82.3 104.8 0.79 X 0.21 

FB2 81.5 151.6 81.5 133.1 0.61 X 0.39 

FB3 79.6 151.6 79.6 141.2 0.56 X 0.44 

FB4 76.8 151.6 76.8 100.4 0.76 X 0.24 

FB5 73.2 151.6 73.2 125.2 0.58 X 0.42 

FB6 69.2 151.6 69.2 101.8 0.68 X 0.32 

SB7 99.8 108.2 99.8 159.6 0.63 X 0.37 

SB8 95.6 106.0 95.6 156.0 0.61 X 0.39 

SB9 87.6 105.4 87.6 131.7 0.67 X 0.33 

    Mean 0.64 Sum 4.00 

    SD 0.08 AAE (Eq. 29) 36.1 

*Note: √ when 0.9 ≤ Rr ≤ 1.1, X when Rr < 0.9 or Rr > 1.1. 

 

Table 6. Validation of the predicted failure mode 

Specimen Predicted failure mode Actual failure mode Remarks *2 

CB1 F F √ 

CB2 F F √ 

FB1 F F √ 

FB2 F F √ 

FB3 F DT X 

FB4 F DT X 

FB5 F S X 

FB6 F DT X 

SB7 F S X 

SB8 F S X 

SB9 F S X 

*Note: 1F – Flexural failure, DT – Diagonal tension failure, S – Shear failure; 2√ when predicted failure = 
experimental failure, X when predicted failure ≠ experimental failure. 

 

The reliability of the equation model can be tested using a ratio, Rr (Equation (28)). When a majority of 
the specimens (≥80%) have the predicted load within 10% variation from the experimental results (0.9 ≤ 
Rr ≤ 1.1), the equation model is considered reliable [22]. 
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𝑅𝑟 =
𝑃𝑝𝑟𝑒

𝑃𝑒𝑥𝑝
 

 

(28) 

 
Where: Ppre = Predicted load capacity of the hollow beam (kN), Pexp = Experimental load capacity of the hollow 

beam (kN) 

 
The accuracy of the equation model can be quantified using an Average Absolute Error (AAE) (Equation 

(29)) [36, 37]. The larger the value, the greater the error predicted by the model.  

 

𝐴𝐴𝐸 =

∑ |
𝑃𝑢,𝑝𝑟𝑒,𝑖 − 𝑃𝑢,𝑒𝑥𝑝,𝑖

𝑃𝑢,𝑒𝑥𝑝,𝑖
|𝑁

𝑖=1

𝑁
× 100 

 

(29) 

 
Where: N = total number of specimens, Pu,pre = predicted load capacity (kN), Pu,exp = experimental load 

capacity (kN).  

 
The equation model incorrectly predicts the hollow beams' load capacities. The average absolute error, 

AAE, is 36.1%, which is quite significant. The model is not reliable, since none of the predicted loads met 
the 10% variation limit. Furthermore, only four out of eleven failure modes are correctly forecasted. The 
model anticipates the load capacity conservatively. The mean Rr is 0.64, which is 36% lower than the 
experimental results. The standard deviation is 0.08. This suggests that Rr between 0.48 and 0.8 has a 

95.4% confidence level (i.e., the mean±2 times the standard deviation). In other words, the predicted load 

capacity has a 95.4% chance of being 20% lower than the actual load capacity.  
The equation model predicts a lower load capacity due to several conservative assumptions: 

 The specified yield stress of the reinforcements is used in the model. The actual yield stress is usually 
higher, resulting in a stronger beam. 

 At the beam’s ultimate state, the tensile reinforcement would have yielded. However, it has not 
deformed sufficiently to achieve the ultimate stress. The model does not account for the benefits of 
post-yielding stress. The bending strength would have been overestimated if the ultimate stress had 
been used. It would have been underestimated if the yield stress had been adopted. 

 The flexural and shear strengths provided by the PVC pipes in the hollow beams are ignored by the 
model. If they are considered, the load capacity would be slightly larger. 

It is worth noting that the equation model's derivation procedure is not entirely analytical. The 
reductions of the moment and shear capacities are considered to be proportional to the reduction of the 

moment of inertia and cross-sectional area, respectively. This may not be the case in reality. In addition, 
The predicted load capacity is computed without incorporating the partial factor of safety for materials. If 

those are applied in the equation model, the load capacity would be lower.  
Because the model disregards the strength of PVC pipes, it can be applied to various types of hollow 

beams. Despite the longitudinal void, the void can be any shape that is closely spaced across the beam’s 
span. The load capacity anticipated by the model would be similar. Polystyrene and other lightweight 
materials may be used to form the void in the beam. 

Due to the limited data, the validation results are potentially biased. The predicted shear capacity cannot 
be reasonably validated because none of the specimens is anticipated to fail in shear. Although the 

fundamental equations (i.e., Equation (22), Equation (23), and Equation (25)) are taken from Eurocode 2 
[35], their applicability in hollow beams should have been verified in this study. This cannot be done using 

the present data set. Thus, the application of the model to hollow beams prone to shear failure is still 
questionable. 

If the PVC pipe is put within the compressive zone, the model would be inapplicable. The void would 
have disrupted the compressive stress block, decreasing the hollow beam's load capacity [10]. Also, the 
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specimens validating the equation model have a PVC pipe diameter not exceeding 75 mm, which is half the 
beam width (dp ≤ 0.5b). It is unsure if the model is also applicable for pipe sizes larger than that. 

The model anticipates the hollow beams either failing in flexure or shear. It does not forecast diagonal 
tension failure. Also, when the void is too close to the reinforcements, the bond with the concrete may be 

compromised [23].  The void should avoid sharp corners to reduce its detrimental effect on the load capacity 
[8, 38]. The model does not account for these situations. The model may need to be further refined in future 

studies. 
This model adopts the simplified approach of the existing beam theory (Figure 1) and disregards the 

post-yield response of the reinforcements in hollow beams. This inevitably inherits the shortcomings of the 
existing beam theory, in which the predicted load capacity is much lower than the actual load capacity. In 
reality, the non-linear properties of materials after yielding influence a beam's load capacity. To deal with 

the complexity of the stress-strain configuration within the beam, future studies may employ numerical 
analysis based on finite element models.  

CONCLUSION 

In this study, an equation model is derived to predict the load capacity of reinforced concrete hollow beams. 
In the model, the effects of the reduced moment of inertia and cross-sectional area on the load capacity are 

considered. 
The model is validated with experimental results. The model predicts the load capacity inaccurately, 

with an average absolute error of 36.1%. None of the predicted results are within a 10% variation of the 
experimental results. A majority of the failure modes (7 out of 11 specimens) are wrongly predicted. 
Nonetheless, the model has a 95.4% chance of predicting a 20% lower load capacity than that of the actual 
hollow beam. This is provided that (a) the PVC pipe is not located in the compressive zone of the beam’s 
section, (b) the size of the PVC pipe is not larger than half the beam’s width, and (c) the PVC pipe does not 
impair the bond between the reinforcements and concrete. 

The validation does not cover the shear capacity due to limited data. The equation model may not apply 
to hollow beams prone to shear failure. It should not be used until it is thoroughly proven. 
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