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Abstract 
 

This study presents an experimental investigation of subjecting one-point load at mid-span of five composite steel-concrete girders that are 

loaded predominantly in shear. Three of girders are reference girders with no web openings, square web openings, and circular web open-

ings, respectively. The both other girders are strengthened girders. The compressive strength of concrete, slab reinforcement and all di-

mensions of girders are kept. The CFRP laminates were adhesively attached to the webs of strengthened girders in various patterns and 

were done to estimate the effect of strengthening scheme by CFRP composite on increasing of the ultimate load capacity of the web 

openings girders. The research purposes to examine the behavior and effect of increasing in the ultimate shear capacity of strengthened 

girders that have constant dimensions and locations of web openings which is about 40 % of web depth. The results show the increase in 

ultimate load capacity of strengthened girders containing square and circular web openings with about 23.75% and 25.9%, respectively 

compared to that of reference girders. Furthermore, the ultimate shear strength was predicted by von Mises stresses were used for girders 

without and with square and circular web openings. 
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1. Introduction 

Steel-concrete composite girder consists of built-up Steel-I -section 

including two flanges of steel plate (top and bottom) that were 

welded with a web plate in the vertical direction, then concrete deck 

slab which connected together by shear connectors (welded to the 

top of the flange of the steel- I- section). Composite plate girders 

behave in a different way from that of the steel plate girder alone 

because of the “composite action [1]. In the  design of plurality 

bridge girders through steel-concrete composite plate girders, the 

opening in a steel plate girder is usually utilized to give path ser-

vices for uses ducts and pipes. Therefore, it is essential to investi-

gate the influence of the openings in web steel plate on the perfor-

mance of the composite plate girders if the designers wish in 

providing suitable openings in the structural members without de-

creasing the load carrying capacity of these structural members [2]. 

The using of composite steel-concrete beams containing uniform 

web-openings was increased in multi-story building structure [3,4]. 

In ship structures and highway bridges, the web openings of girders 

are provided so as to reduce the weight of the structure and to pro-

vide the space for maintenance and services [5-6]. Using of CFRP 

sheets in strengthening the web panels containing openings of the 

composite plate girders to improve the stiffness and ultimate load 

strength of girders. Concrete-Steel composite beams have the ad-

vantage that is the high tensile resistance of steel has been combined 

with the high compressive resistance of the concrete [7]. The stiff-

ness of CFRP sheets is providing the high stiffness and tension re-

sistance to the girders [8,9]. 

2. Experimental program 

In this research, five composite plate girders are simply supported, 

and they were tested to study the behavior and to increase in the 

ultimate load capacity for strengthened girders with CFRP sheets, 

and they have constant dimensions and position of web openings 

which is 240 mm in height. Two types of composite plate girders 

were used. The first type is the reference girders which has no web 

openings(CPG1), and two girders have square, and circular web 

openings are (CPG2) and (CPG3) respectively. The second kind 

contains two strengthened girders with CFRP sheets containing 

square, and circular web openings are (CPG6) and (CPG7) respec-

tively. All the girders have constant dimensions were tested under 

one-point load at mid-span of the top girder as shown in Table (1) 

and Figure (1). 

http://creativecommons.org/licenses/by/3.0/
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Fig. 1: Dimensions of Composite Plate Girders 

 

 

 

 

 

 

 

 

 

 

Table 1. Details of Composite Plate Girders (mm) 

 
 

The depth of girder and concrete deck slab is used in order to study 

the shear failure and effect of shear strengthening in the girders. 

Desk slab was reinforced with two layers of 6mm diameter wire 

mish with 150mm spacing in both directions. The details of shear 

connectors were satisfied with the limits of Euro code 4[10] provi-

sions as shown in Table (2) and Figure (2). 

 
Table 2. Details of shear connectors 

 

 
Fig. 2: Details of Shear Connector 

 

3. Strengthening techniques 

 
Type1: Involves strengthening the web of the composite plate 

girder(CPG6) using strips of 100mm width of CFRP in both faces. 

In the first face, the strips were parallel to the-web axis because of 

the fibers direction of CFRP is horizontal at the corners of web 

openings, and it has high tensile strength to prevent the tearing of 
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corners while it was vertical to the web axis in the second face as 

shown in Figure (3). 
 

 
Fig. 3: Type (1) of Strengthening (CPG 6) girder. 

 

Type2: The web of the girder (CPG7)   is strengthened by CFRP 

strips of 120mm width for two faces of the girder so that the diam-

eter of circular web openings in this girder is 240 mm and divided 

by 2 to equal 120 mm that it is representing the width of strips in-

stead of 100 mm. The first face of web openings has been bonded 

with CFRP strips in which the fibers are along the diagonal (𝜃 =
450 ) because of the fibers direction of CFRP is the same direction 

of the tension field action in the web panels, and the fibers of CFRP 

have high tensile strength to prevent the deformation of web panels. 

In the second face, the fibers are along the composite diagonal (𝜃 =
1350) as shown in Figure (4). 
 

 
Fig. 4: Type (2) of Strengthening (CPG 7) girder 

 

4. Properties of fresh and hardened concrete  

 
The normal fresh concrete has a slump of 90mm using vibrator ac-

cording to (ASTM C-143/C-143 M-03) [11]. In hardened concrete 

manner after 28 days the compressive strength of cubes 

(150*150*150 mm) is (57 MPa) according to BS1881 [12], and the 

splitting tensile strength of cylinders (150*300 mm) is (4.1 MPa) 

according to ASTM C496/C496M -04 [13].as shown in Figure (5). 

 
Fig. 5: Slump and Compressive Strength Test 

 

5. Properties of materials 

 
1. Cement: Ordinary Portland Cement (OPC) (Mass factory) was 

used in this search, and it satisfied with Iraqi Standard Specification 

No.5/ 1984 [14]. 

2. Fine aggregate (Sand): Natural sand has the fineness modulus 

of 2.57 is used. The sieve analysis of this aggregate is within the 

zone 2 according to the requirements of the IQS No.45/1984 [15], 

and the physical properties of this aggregate are satisfied to IQS 

No.45/1984 [15]. 

3. Coarse aggregate: The maximum size of Crushed gravel is 14 

mm. The physical properties and grading of this aggregate are ac-

cording to the requirements of the Iraqi Standard IQS No.45 (1984) 

[15].  

4. High-range water reducer: A superplasticizer named as Si-

kaViscoCrete-5930 was used to produce normal concrete depend-

ing on an aqueous solution of modified polycarboxylate. 

5. Steel plates: The details of steel plates specimens are according 

to ASTM A370 [16], and tensile strength test is done on steel plates 

that are used to form the five composite plate girders, as shown in 

the Table (3) and Figure (6). The poison ratio and modulus of elas-

ticity are assumed to be 0.3 and (200*103) MPa respectively. 

6. Shear connector: To supply information about the ultimate ten-

sile strength (pull-out) capacity of shear connectors that were used 

in the composite plate girders, three specimens of these shear con-

nectors were tested under direct tensile test [16], as shown in the 

Figure (6) and Table (3). 

7. Welded wire mesh: Tensile strength tests completed on wire 

mesh according to ASTM A615/615M-14 [17]. Properties of wire 

mesh that was used to reinforce the slab of five composite plate 

girders were shown in Figure (6) and Table (3). 
 

Table 3. Properties of Steel Components 

 
 

 
Fig. 6: Tensile Strength Test for Steel Components  

 

8. CFRP sheet: Figure (7) and Table (4) show the CFRP properties 

agreeing to the data sheet of the manufacturer. The CFRP type was 

sika-warp-300 c produced through Sika Corporation [18] and used 

to strengthen the girders. 
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Table 4. Properties of CFRP* 

 
 *Properties are provided according to manufacturer data sheet[18]. 

 
Fig. 7: CFRP Laminate and Sikadur®- 330 Container 

 

9. Adhesive Material (Epoxy): Adhesive material has been used 

together with carbon fiber sheets. This material is Sikadur®-330, as 

illustrated in Figure (7). adhesive material involves two parts: part 

A, resin, that is white and part B, hardener, that is grey. The prop-

erties of the adhesive material are found according to data-sheet of 

manufacture [19], as shown in Table (5). 
 

Table 5. Sikadur®- 330 Properties* 

 
* Properties are provided according to manufacturer data 

sheet[19]. 

 

6. Test technique and instrumentation 

 
All girders are simply supported with a roller and pin (hinge) along 

the span of 1200 mm. The upper load capacity of testing machine 

(Avery) is 1600 KN. The girders are experienced up to the failure 

mode under the effect of applying the load at mid-span of the top 

girder, see Figure (8). The vertical deflections of girders were meas-

ured with a dial gauge with 0.01 accuracy that is mounted at mid 

span under bottom flanges of girders. In slab deck, patterns of 

cracks and first crack load were observed during the test. 
 

 
Fig. 8: Setup of The Tested Composite Plate Girder 

7. Evaluation of ultimate shear strength 

[20,21,22]  

 
7.1. Composite plate girders that have no web opening: 

 
Shear capacity of the concrete slab, Vcs: 

 

𝑣𝑐𝑠 = 0.79 ∗ 𝑏 ∗ 𝑑𝑐 ∗ (
100 ∗ 𝐴𝑟𝑠

𝑏 ∗ 𝑑𝑐
)

1
3

∗ (
400

𝑑𝑐
)

1
4

∗ (
𝑓𝑐𝑢

25
)

1
3

              (1) 

 

Calculate the pull–out capacity of a group of the adjacent connect-

ors, provided on one side of the plastic hinge in top flange, Tgr (as 

applicable): 

 

𝑇𝑔𝑟 = (𝜋(𝐵 + (𝐺 − 𝑅𝑐) ∗ 𝑐𝑜𝑡∅) + 2𝑆𝑡𝑟)(𝐺 − 𝑅𝑐) ∗ 𝜎𝑐𝑡 ∗ 𝑐𝑜𝑡∅(2) 

 

Calculate the degree of vertical shear interaction,  as following: 

 

𝛾 =
𝑇𝑔𝑟

𝑣𝑐𝑠
 ≤ 1                 𝑎𝑛𝑑      𝑣𝑐 = 𝛾 ∗ 𝑣𝑐𝑠                                     (3) 

 

The inclination of web panel diagonal, d: 

 

𝜃𝑑 = 𝑡𝑎𝑛−1 (
ℎ𝑤

𝑏𝑤
)                                                                                (4) 

 

The shear buckling coefficient, k: 

 

𝑘 = 5.35 + 4 (
ℎ𝑤

𝑏𝑤
)

2

                        𝑤ℎ𝑒𝑛
𝑏𝑤

ℎ𝑤
 ≥ 1                        (5) 

𝑘 = 5.35 (
ℎ𝑤

𝑏𝑤
)

2

+ 4                         𝑤ℎ𝑒𝑛
𝑏𝑤

ℎ𝑤
≤ 1 

 

The elastic critical stress shall be: 

 

𝜏𝑐𝑟 = 𝑘 ∗
𝜋2 ∗ 𝐸

12(1 − 𝜈2)
∗ (

𝑡𝑤

ℎ𝑤
)

2

                                                         (6) 

 

The tensile membrane stress, 𝜎𝑦𝑡, using Von–Mises yield criterion: 

𝜎𝑦𝑡 = −
3

2
∗ 𝜏𝑐𝑟 ∗ 𝑠𝑖𝑛2𝜃 + (𝜎𝑦𝑤

2 + 𝜏𝑐𝑟
2 ((

3

2
𝑠𝑖𝑛2𝜃)2 − 3))

1
2

(7) 

 

𝐽 =
1

2
 (ℎ𝑐𝑐𝑜𝑡𝜃 −

𝑣𝑐

𝐷
)                                                                         (8) 

 

𝑀𝑝𝑡 = 𝜎𝑦𝑓𝑡 ∗ 𝑏𝑓𝑡 ∗
𝑡𝑓𝑡

2

4
                                                                     (9) 

 

𝑀𝑝𝑏 = 𝜎𝑦𝑓𝑏 ∗ 𝑏𝑓𝑏 ∗
𝑡𝑓𝑏

2

4
                                                                 (10) 

𝑀𝑐𝑢

= 𝑓𝑦𝑟∗𝐴𝑟𝑠 (𝑑𝑐 − 0.75
𝑓𝑦𝑟∗𝐴𝑟𝑠

𝑓𝑐𝑢 ∗ 𝑏
)                                                 (11) 

The hinge distance in the top and bottom flanges, 𝐶𝑡 and𝐶𝑏: 

 

𝐶𝑡 = 𝐽 + (𝐽2 +
2

𝐷
(𝑀𝑝𝑡 + 𝑀𝑐𝑢))

1
2

             𝑓𝑜𝑟 𝛾 = 1                 (12) 

 

𝐶𝑏 =
2

𝑠𝑖𝑛𝜃
(

𝑀𝑝𝑏

𝜎𝑦𝑡 ∗ 𝑡𝑤
)

1
2

             0 < 𝛾 ≤ 1                                    (13) 

 

The ultimate shear strength of SCCPG for the selected  , Vult: 
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𝑣𝑢𝑙𝑡 = 𝜏𝑐𝑟 ∗ 𝑡𝑤 ∗ +𝜎𝑦𝑡 ∗ 𝑡𝑤 ∗ 𝑠𝑖𝑛2𝜃(𝐶𝑡 + 𝐶𝑏) + 𝜎𝑦𝑡 ∗ 𝑡𝑤 ∗ ℎ𝑤

∗ 𝑠𝑖𝑛2𝜃(𝑐𝑜𝑡𝜃 − 𝑐𝑜𝑡𝜃𝑑) + 𝛾 ∗ 𝑣𝑐𝑠              (14) 

 

7.2. Composite plate girders with square web opening: 

 
𝑑∗ = 𝑏0𝑠𝑖𝑛𝜃 + ℎ0𝑐𝑜𝑠𝜃                                                                     (15) 

 

𝑑∗  : is the effective width of cut-out. 
 

𝑘𝑚 = 𝑘𝑏 (1 −
𝑑∗

ℎ𝑤
)                                                                            (16) 

 

𝜃𝑚

= 0.75𝜃𝑑 ∗ (1 − 0.71
𝑑𝑔

ℎ𝑤
)                                                           (17) 

 

𝜃𝑚: is the angle of the tension field for perforated plates with central 

rectangular cut-outs. 
𝑑𝑔: is the diagonal of the rectangular cut-out(𝑑𝑔 = (𝑏0

2 + ℎ0
2)0.5) 

With the application of the remaining laws above used for the gird-

ers without opening. 

 

𝑣𝑢𝑙𝑡 = 𝜏𝑐𝑟∙𝑚 ∗ 𝑡𝑤 ∗ ℎ𝑤 + 𝜎𝑡∙𝑚 ∗ 𝑡𝑤

∗ 𝑠𝑖𝑛𝜃((𝐶𝑡 + 𝐶𝑏)𝑠𝑖𝑛𝜃

+ (ℎ𝑤 − 𝑏𝑤 ∗ 𝑡𝑎𝑛𝜃)𝑐𝑜𝑠𝜃 − 𝑑∗) + 𝛾

∗ 𝑣𝑐𝑠                                                                  (18) 

 

7.3. Composite plate girders with circular web opening: 

𝑘𝑚 = 𝑘𝑏 (1 −
𝑑

ℎ𝑤
)                                                                            (19) 

 

𝑘𝑏 = 8.98 + 5.6 (
ℎ𝑤

𝑏𝑤
)

2

                        𝑤ℎ𝑒𝑛
𝑏𝑤

ℎ𝑤
 ≥ 1                 (20) 

 

𝑘𝑏 = 8.98 (
ℎ𝑤

𝑏𝑤
)

2

+ 5.6                         𝑤ℎ𝑒𝑛
𝑏𝑤

ℎ𝑤
≤ 1 

 

d: The diameter of the cut-out 
With the application of the remaining laws above used for the un-

perforated girders. 

 

𝑣𝑢𝑙𝑡 = 𝜏𝑐𝑟∙𝑚 ∗ 𝑡𝑤 ∗ ℎ𝑤 + 𝜎𝑡∙𝑚 ∗ 𝑡𝑤 ∗ 𝑠𝑖𝑛2𝜃(𝐶𝑡 + 𝐶𝑏) + 𝜎𝑡∙𝑚 ∗ 𝑡𝑤

∗ ℎ𝑤 ∗ 𝑠𝑖𝑛2𝜃(𝑐𝑜𝑡𝜃 − 𝑐𝑜𝑡𝜃𝑑) − 𝜎𝑡∙𝑚 ∗ 𝑡𝑤 ∗ 𝑑
∗ 𝑠𝑖𝑛𝜃 + 𝛾 ∗ 𝑣𝑐𝑠                                              (21) 

 

8. Results and discussion 

 
The girders (CPG1) has no web openings and (CPG2) has square 

web openings are reference girders. Then, the girder (CPG6) had a 

square web opening and strengthened with CFRP strips. The Re-

sults show that the presence of square web openings decreases ul-

timate load capacity to 28.57 %, and they increase the deflection to 

68.73%. Girder (CPG6) which was strengthened with CFRP strips, 

as shown in Type 1 of strengthening, this girder shows an increase 

of stiffness and load compared to (CPG2) with 23.75%, and it has 

less deflection of 36.84% compared to (CPG2).  Then this girder 

(CPG6) shows a decrease of load compared to (CPG1) with 11.6%; 

then it has increased deflection of 26.02% compared to (CPG1), as 

shown in Figure (9). 
The girders (CPG1) has no web openings and (CPG3) with circular 

web openings where together act reference girders, as well the  

girder (CPG7) containing circular web openings was strengthened 

with CFRP strips. The results show that circular web openings re-

duce ultimate load strength to 26.25%, and they increase the deflec-

tion to 28.02%. The girder (CPG7) that has been strengthened with 

CFRP strips, as shown in Type 2 of strengthening, this girder shows 

increasing of stiffness and increasing in load capacity than that of 

(CPG3) with 25.9%, and it has decreasing in the deflection with 

22.29% comparing to (CPG3). Then this girder (CPG7) shows a 

decrease of load compared to (CPG1) with 7.14%; then it has in-

creased in the deflection with 10.47% comparing to (CPG1), as 

shown in Figure (10). Figure (11) represents the failure mode of the 

girders. The comparing between the experimental and theoretical 

results have been studied. Moreover, the ultimate load has been 

compared with reference girder, as shown in Table (6). 

 

 
Fig. 9: Load –Deflection Curves for Girders (CPG 1), (CPG 2) and (CPG 6) 

 
Fig. 10: load –deflection curves for girders (CPG 1), (CPG 3) and (CPG7). 

 

 
A. Reference Girder (CPG1) 
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B. Girder containing square Web Openings (CPG2) 

 
C. Girder with square Web Openings (CPG6) 

 
D. Reference Girder (CPG3) 

 
E. Girder with Circular Web Openings (CPG7) 

Figure 11. Composite Plate Girders After the Mode of Failure 
 

Table 6. The Theoretical and Experimental results of Ultimate Load for 
Girders in comparing with Reference Girders. 

 

 

9. Conclusions 

 
1-All girders were failed predominantly in shear, mode of failure 

was diagonal splitting in slab deck of girders while it was buckling 

in the web, then forming of plastic hinges in top steel flange. The 

strengthened girders were failed with complement many modes of 

the failure such as CFRP deponding or rupture in CFRP. 

2-All strengthened girders revealed an increasing in ultimate load 

resistance compared with their reference girders with a range of 

23.75% to 25.9% for girders containing on square and circular web 

openings respectively. 

3-The strengthened girders indicated higher stiffness and reducing 

in deflection values with a range of 22.29% to 36.84% in comparing 

to their reference girders. 

4-The ultimate load strength decreases in a range of 26.25% to 

28.57% for the girders with circular and square web openings re-

spectively compared to the girder without web openings. 

5-the theoretical results obtained by von Mises stresses were ap-

proximated to the experimental results. 
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