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Abstract

:

This study evaluates the effect of shear on the deflection of reinforced concrete (RC) beams subjected to combined bending and shear. A total of nine simply supported beams were manufactured with the shear span-to-depth ratio, tension steel ratio, and shear capacity ratio as test variables. The experimental results were used to evaluate the effect of shear on the deflection by separating them into flexural and shear deformations. The theoretical deflection of the specimens was calculated using the effective moment of inertia equation recommended by ACI 318-19 based on the curvature relationships and experimental results of the flexure critical beams. By comparing the experimental and analytical results, it was revealed that the deflection obtained using the ACI equation underestimated the experimental results by up to about 1.6 times when the shear effect was large.
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1. Introduction


Excessive deflection or cracking interferes with the function of reinforced concrete (RC) structures and causes inconvenience for users even if the strength of the structure satisfies safety standards. Therefore, the serviceability of RC structures must be reviewed. Many structural standards, including the current ACI building code [1], are based on the ultimate strength design method. Because the ultimate strength design method uses the ultimate state of the materials in the design, serviceability review for deflection or cracking is recommended.



Deflection, which is one of the serviceability factors that must be considered, should be designed to be within the allowable range recommended by structural standards for the working load conditions. RC structures can crack even under a working load, and the flexural rigidity of the member changes depending on the degree of cracking. In an experimental study that illustrates these characteristics, Branson [2] proposed a relatively simple equation for the effective moment of inertia that uses the relationship between the bending moment at the time of cracking and the subsequent bending moment. This formula was adopted in the ACI building code from 1971 to 2018 and used for calculating the deflection of RC beams [3]. Recently, the equation proposed by Bischoff [4] using a spring model has been applied to ACI 318-19 for the effective moment of inertia.



Since the Branson equation was proposed, many researchers have conducted studies on the deflection of RC beams. Yu and Winter [5] investigated the deflection of RC beams subjected to uniformly distributed loads. They proposed a simplified procedure for calculating the elastic deflection using the moment of inertia of the cracked section and a deflection calculation method that uses the flexural stiffness of uncracked concrete in the tension zone. Grossman [6] discovered that the effective moment of inertia is sensitive to change in moment ratio when the applied moment is small and modified Branson’s formula to simplify the calculation of the effective moment of inertia. Rangan [7] proposed an effective moment of inertia obtained by considering the tension reinforcement ratio.



Al-Shaikh and Al-Zaid [8] studied the variation of the effective moment of inertia under non-uniformly distributed loads in contrast with Branson’s formula, which was derived from experimental results under a uniform load. Fikry and Thomas [9] proposed an effective moment of inertia obtained by considering the tension reinforcement ratio and the moment distribution that varies according to the loading patterns to approximate the moment of inertia of the cracked section. Araújo [10] pointed out that the deflection calculated by the ACI method is accurate for short-term loads but inaccurate for long-term loads. Akmaluddin and Thomas [11] modified the equation proposed by Fikry and Thomas using the concrete compressive strength and the shear span of beams as variables.



Bischoff and Scanlon [12] reported that Branson’s equation had a larger deviation in members with steel reinforcement ratios of 1% or less. Scanlon and Bischoff [13] recommended that cracking moment should be reduced to 2/3 in consideration of restraint and the reduction of the tensile strength of concrete during construction. Issal et al. [14] recommended modifying Branson’s formula based on flexural tests on the tension reinforcement ratio and load pattern. Kheyroddin and Maleki [15] proposed a new equation of the effective moment of inertia of FRP-steel RC beams using Branson’s formula. Bertero and Bertero [16] evaluated the accuracy of Branson and Bischoff equations for the minimum deflection of two-way slabs. Bischoff [17] calculated the deflection of tilt-up concrete wall panels under service load. Bischoff [18] also compared his own formula, adopted in ACI 318-19, with the approaches of Branson and Europe.



The deflection of RC beams is affected not only by bending but also by shear. In particular, it is challenging to calculate deflection analytically because RC beams deform significantly depending on the occurrence and propagation characteristics of cracks, and experimental research and verification are necessary. ACI 318-19 formula proposed by Bischoff was derived from curvature relationships based on flexural theory and tests [18], and it is necessary to verify whether to underestimate the deflection of the beams when the effect of shear increases. However, there are few studies focusing on this aspect. In this study, flexural tests of RC beams were performed with the shear span-to-depth ratio, shear capacity ratio, and tension reinforcement ratio as test variables. Furthermore, the effect of shear on the effective moment of inertia and deflection of RC beams was experimentally evaluated in this study.




2. Experimental Study


2.1. Materials


Concrete mixture proportion is presented in Table 1. In this study, crushed limestone with a maximum size of 25 mm and washed sand were used for the coarse and fine aggregates of the concrete, respectively. In this study, ready-mixed concrete from one batch was used to maintain the same quality of the concrete. The slump during concrete placement was measured to be 150 mm. Thirty concrete cylinders with a diameter of 100 mm and a height of 200 mm were manufactured and cured in the same environment as beam specimens. The concrete compression test was conducted according to the failure date of the beam specimens. The average concrete compressive strength was measured to be 26.8 MPa with a coefficient of variation (COV) of 10.4%. A typical stress–strain curve of the concrete is shown in Figure 1a.



D10 (71.3 mm2), D16 (198.6 mm2), and D22 (387.1 mm2) reinforcing bars were used in this study. Three rebar specimens were tested per type of reinforcing bar. The tensile test of rebar for average yield strength showed that the D10 rebar was 322.0 MPa, and D16 and D22 were 546.5 MPa and 543.4 MPa, respectively. The COV of the average yield strength of reinforcing bars was within 3.4%. The stress versus strain relationships of rebars are shown in Figure 1b. The strength tests of used materials were performed using a universal testing machine (UTM) with a capacity of 1000 kN.




2.2. Test Specimens


In this study, as shown in Table 2, a total of nine specimens were designed. The cross-section of the specimens was 200 × 400 mm, and the clear span was planned to be 2250 and 3300 mm. The distance between loading points was 500 mm. The shear span-to-depth ratios were planned to be 2.5 and 4.0. The spacing of shear reinforcement was such that the ratios of the shear strength to the flexural strength of the specimens were 1.1, 1.4, and 1.7. The shear and flexural strengths of specimens were calculated according to the provisions recommended by the ACI building code [19].



Figure 2 shows the details of the specimens. Strain gauges with 5 mm length and 5% measuring range for steel were attached to the reinforcing bars to measure the strains of the tension, compression, and shear reinforcing bars, as shown in Figure 2 with red remarks. As shown in Table 2, the test variables were planned to be the shear span-to-depth ratio, shear capacity ratio,    V  s h e a r   /  V  f l e x u r e     in Table 2, and tension reinforcement ratio to evaluate the effect of shear on the deflection of RC beams subjected to combined bending and shear.




2.3. Test Setup and Loading Procedure


The test setup of a typical specimen is illustrated in Figure 3. A static monotonic loading test was done on the specimen using a UTM with a capacity of 2000 kN. The experiment was controlled by the continuous deformation and terminated when the load dropped to less than 85% of the observed peak load. As shown in Figure 3, linear variable differential transducers (LVDTs) with 100 mm capacity were installed at the opposite side of the top loading points and the mid-span point of the specimens to measure deflections. In addition, as shown in Figure 3, strain gauges with 60 mm length and 2% measuring range for concrete were attached at positions 0, 20, and 40 mm away from the extreme compression fiber to measure the compressive strain of the specimens.





3. Experimental Results


3.1. Load vs. Deflection Relationships


Figure 4 shows the load–deflection relationships of the specimens measured in this test. The experimental results of the load and deflection at the principal states are shown in Table 3. As shown in Figure 4, all specimens exhibited a flexural failure mode in which the final fracture occurred owing to the crushing of the compressed concrete after flexural yielding. In addition, because the amount of shear reinforcement in all specimens was higher than that recommended in the shear provisions of the ACI building code, the shear steel bars did not yield until the end of the experiment.



As shown in Table 3, the load and deflection at the first flexural yielding of the B3-2.5 series specimens with the tension reinforcement ratio of   0.3  ρ b  ( = ρ −  ρ  ′   )   were lower than those of the B6-2.5 series specimens with the ratio of   0.6  ρ b   , while the deflection at peak load was larger. The B6-2.5 and B6-4.0 series specimens were identical except for the shear span-to-depth ratio. As shown in Figure 4, as the shear span-to-depth ratio increased from 2.5 to 4.0, the flexural strength was significantly reduced while the ductile behavior was remarkable. However, the shear capacity ratio had little effect on the load–deflection relationships.




3.2. Crack Patterns


Figure 5 shows the crack patterns at the peak load for each specimen. The crack patterns were sketched after pictures taken during the test. In all specimens, flexural cracks first occurred at the mid-span of the specimens, and the cracks progressed to both ends as the load increased. After the peak load, concrete crushing occurred between the loading points, exhibiting a flexural failure mode.



From Figure 5, it is evident that the B3-2.5 series specimens, which have a lower tension reinforcement ratio than the B6-2.5 series specimens, have more progressed flexural and shear cracks to the top. This is because the lower the tension reinforcement ratio, the higher the position of the neutral axis. In addition, the B3-2.5 series specimens had a smaller number of shear cracks and a wider crack spacing than the B6-2.5 series specimens because the shear stress applied to the specimen was smaller, owing to its low load-resistance capacity for flexure.



Because the B6-4.0 series specimens had a higher shear-to-span ratio than the B6-2.5 series specimens, flexure was remarkably more dominant than shear. The cracks also illustrated these characteristics, and as illustrated in Figure 5, the crack spacing of the B6-4.0 series specimens was wider than that of the B6-2.5 series specimens. In the B6-2.5 series specimens with relatively large shear effect, as the spacing of the shear reinforcing bars narrowed, the shear crack spacing gradually narrowed. However, for the other series specimens, the effect of the spacing of the shear reinforcement on the cracks was not founded.





4. Discussions


4.1. Flexural Strength at First Flexural Yield and Ultimate State


Table 4 compares the experimental and analysis results of the flexural strength at the first flexural yielding and peak load of each specimen. The experimental result of the yield moment is the applied moment when the strain gauge attached to the tension reinforcing bars first reaches the yield strain, as measured in Figure 1b. In addition, the experimental results of the ultimate moment were taken as the moment applied to the specimens at the peak load. The yield and ultimate moment of specimens,    M y    and    M u   , can be obtained analytically from the following equations using the equilibrium and compatibility conditions [20]:


   M y  = 0.5  f c  b k d  (  d −   k d  3   )  +  A s  ′    f s  ′   ( d −  d  ′   )  



(1)






   M u  = 0.85  f  c k   a b  (  d −  a 2   )  +  A s  ′    f s  ′   ( d −  d  ′   )  



(2)




where    f c    is the compressive stress of concrete,  b  is the beam width,   k d   is the depth of the neutral axis at flexural yielding,  d  is the depth of the beam,  a  is the depth of the equivalent stress block,    f  c k     is the design strength of the concrete,    A s  ′     and    f s  ′     are the amount and stress of the compression reinforcement, respectively, and    d  ′     is the distance between the centroid of the compression reinforcement and the extreme compression fiber.



As shown in Table 4, the ratios of the analytical results to the experimental results of the yield moment were an average of 0.99 and the COV of 3.06%, indicating that the analytical results predicted the experimental results accurately. The ratio between the experimental and analysis results for the ultimate moment was 1.15 on average and the COV was 2.78%, which was found to sufficiently exceed the flexural strength required by the ACI building code.




4.2. Effective Moment of Inertia


The experimental result of the effective moment of inertia    I  e , e x p .     was obtained by using the following equation based on the geometrical conditions and general elastic theory for the deflection measured from the LVDT installed at the mid-span of the specimens:


   I  e , e x p .   =    M a    24  E c  Δ   ( 3  l 2  − 4  a v 2  )  



(3)




where    M a    is the applied moment at which the deflection is calculated,    E c    is the elastic modulus of the concrete,  Δ  is the deflection of the beam,  l  is the clear span of the beam, and    a v    is the shear span of the beam. For the analytical result of the effective moment of inertia, the following formula proposed by ACI 318-19 [1] was used:


   I e  =    I  c r     1 −    (    ( 2 / 3 )  M  c r      M a     )   2   (  1 −    I  c r      I g     )     



(4)




for    M a  > ( 2 / 3 )  M  c r    ,    I e  =  I g    for    M a  ≤ ( 2 / 3 )  M  c r    ,    I  c r     is for the cracked section transformed to concrete,    I g    is for the gross concrete section about the centroidal axis,    M  c r     is the cracking moment.



Figure 6 shows the comparison between the experimental and analytical results of the effective moment of inertia. After the crack occurred, the analytical and experimental results had similar curves. As shown in Figure 6, as the shear span-to-depth ratio decreased or the tension reinforcement ratio increased, the effect of shear increased and the difference between the experimental and analytical results increased. In other words, comparing the experimental and analytical results for the    I e    value at the yield moment, the difference for B6-4.0 series specimens subjected to relatively low shear stress was about 1.3 times, while the difference for B3-2.5 and B6-2.5 series specimens having relatively high shear stress was about 1.4 and 1.5 times.



As shown in Figure 6, for each series specimens, no significant difference was observed in most of the specimens for the shear capacity ratio. Although Specimen B6-2.5c showed almost no difference between the experimental results and the analysis results in the initial working load stage after cracking moment, as the load increased with the yield moment, it showed almost similar differences with Specimens B6-2.5a and B6-2.5b.




4.3. Deflection


Figure 7 compares the experimental and analytical results of the load–deflection relationships. It is noted that the analytical results were evaluated up to the yield value, while the experimental results expand to the whole measured range. The analytical results for the deflection in Figure 7 were obtained by substituting the effective moment of inertia obtained from Equation (4) into the following equation:


   Δ  a n a .   =    M a    24  E c   I  e , a n a .     ( 3  l 2  − 4  a v 2  )  



(5)







The experimental deflections were grouped into two categories: (1) deflection measured directly from the LVDT at the mid-span of the specimen and (2) deflection obtained using the experimental curvature at the mid-span of the specimens. The experimental curvature    φ  e x p .     was obtained from the values of the strain gauges attached to the tension reinforcing bar and the extreme compression fiber of concrete as follows:


   φ  e x p .   =  1 R  =    ε c  +  ε s   d   



(6)




where  R  is the radius of curvature,    ε c    is the concrete strain of the extreme compression fiber, and    ε s    is the strain of the tension reinforcing bar.



The curvature obtained from Equation (6) can be substituted into the following equation to obtain the change in the effective moment of inertia for the entire loading history:


   I  e , φ   =    M a     E c   φ  e x p .      



(7)







The deflection can be obtained by substituting the effective moment of inertia obtained from Equation (7) into the following equation:


   Δ  e x p , G   =    M a    24  E c   I  e , φ     ( 3  l 2  − 4  a v 2  )  



(8)







Substituting Equation (7) into Equation (8), the equation for    Δ  e x p , G     is only dependent on the curvature    φ  e x p .    . Since the experimental curvature was obtained using the value of strain gauges at mid-span of the specimens, Equation (8) reflects only the flexural deformation. Regarding the deflection at the first yielding of the tension reinforcement, Table 3 shows the experimental deflections    Δ  y , L     and    Δ  y , G     obtained from LVDT and Equation (8), and the analytical deflection    Δ  y , a n a .     calculated using ACI 318-19 formula. It is noted that    Δ  y , G     is the deflection due to flexural deformation, and    Δ  y , L     is the deflection due to combined bending and shear deformations. As shown in Table 3,    Δ  y , L   /  Δ  y , G     was approximately 1.5 for the B3-2.5 series and B6-2.5 series specimens with a small shear span-to-depth ratio, which means that the deflection due to shear deformation is approximately 50% of the deflection due to flexural deformation.



As shown in Figure 7, the analytical result obtained from ACI equation had similar behavior to the load–deflection relationship obtained from the strain gauges attached to the pure bending region. In addition, from Table 3, it can be confirmed that the ratio of experimental and analytical results for deflection    Δ  y , G   /  Δ  y , a n a .     are in agreement, with an average of 0.98 and a COV of 5.08% for all specimens. However, the analytical results obtained using ACI equation significantly differed from the load–deflection relationship measured directly from the LVDT.



When the shear stress acting on the shear span of specimens increased, that is, the lower the shear span ratio or the higher the tension reinforcement ratio, the difference between the experimental and analytical results also increased. This is because the deflection measured directly by the LVDT is not only due to flexure, but also due to shear deformation. For example, as shown in Table 3, for the B6-4.0 series specimens,    Δ  y , L   /  Δ  y , a n a .     is 1.28 on average, whereas for the B3-2.5 series and B6-2.5 series specimens, the averages are 1.42 and 1.52, respectively, indicating that the accuracy is significantly decreased. Figure 7 and Table 3 shows that no difference in deflection according to the shear capacity ratio was found when the amount of shear reinforcement required by the shear provisions of the ACI building code is satisfied. From comparing the experimental and theoretical results, the effective moment of inertia obtained using ACI equation needs to be corrected considering the shear deformation caused by shear stress acting on the shear span of the specimens.





5. Conclusions


In this study, an experiment was performed to evaluate the effect of shear on the deflection of RC beams subjected to combined bending and shear. As a result, the following conclusions were drawn:



	(1)

	
From flexural tests of RC beams with tension reinforcement ratios of 0.3   ρ b    and 0.6   ρ b    and shear span-to-depth ratios of 2.5 and 4.0, when the amount of shear reinforcement recommended in the ACI code was satisfied, no additional deflection due to the change in the shear capacity ratio was observed.




	(2)

	
When the shear span-to-depth ratio was small or the tension reinforcement ratio was high, it was observed that the number of inclined shear cracks increased and their spacing narrowed because a relatively large shear force was applied to the shear span of the specimens.




	(3)

	
From the moment versus effective moment of inertia relationships, it was confirmed that the accuracy of ACI 318-19 formula decreased as the effect of shear increased. In other words, when the shear span-to-depth ratio was low or the tension reinforcement ratio was high, the difference between the analytical results using ACI equation and the experimental results obtained from LVDT combined shear-bending component increased.




	(4)

	
The deflection at the yield moment obtained using ACI equation almost coincided with the deflection obtained using the curvature measured in the pure bending region, regardless of the shear span-to-depth ratio and tension reinforcement ratio of the specimens, with an average of 1.0. On the other hand, the ACI equation underestimated the experimental results measured by LVDT combined shear-bending component by a maximum of 1.6 times. This is because the ACI equation does not consider the effect of shear on deflection of RC beams.
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Figure 1. Stress vs. strain relationships of used materials: (a) concrete; (b) steel bars. 
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Figure 2. Details of specimens: (a) B3-2.5a; (b) B3-2.5b; (c) B3-2.5c; (d) B6-2.5a; (e) B6-2.5b; (f) B6-2.5c; (g) B6-4.0a; (h) B6-4.0b; (i) B6-4.0c (unit: mm). 
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Figure 3. Test setup of a typical specimen. 
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Figure 4. Load vs. displacement relationships of tested specimens: (a) B3-2.5 Series; (b) B6-2.5 Series; (c) B6-4.0 Series. 
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Figure 5. Crack patterns of specimens at peak load: (a) B3-2.5a; (b) B3-2.5b; (c) B3-2.5c; (d) B6-2.5a; (e) B6-2.5b; (f) B6-2.5c; (g) B6-4.0a; (h) B6-4.0b; (i) B6-4.0c. 
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Figure 6. Moment versus effective moment of inertia relationships: (a) B3-2.5 series; (b) B6-2.5 series; (c) B6-4.0 series. 
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Figure 7. Comparison of experimental and analytical results: (a) B3-2.5a; (b) B3-2.5b; (c) B3-2.5c; (d) B6-2.5a; (e) B6-2.5b; (f) B6-2.5c; (g) B6-4.0a; (h) B6-4.0b; (i) B6-4.0c. 
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Table 1. Concrete mixture proportion.
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Design Strength (MPa)

	
W/B (%)

	
S/a (%)

	
Unit Weight (Kg/m3)




	
W

	
C

	
S/P

	
F/A

	
S

	
G

	
AD






	
24

	
53.6

	
49.2

	
177

	
221

	
50

	
59

	
871

	
899

	
1.98








Note: S/P = blast furnace slag powder, F/A = fly ash, and AD = air-entraining agent.
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Table 2. Details of tested specimens.
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Specimens

	
    ρ −  ρ  ′      

	
    a v     (mm)

	
     a v  / d    

	
Reinforcing Bars

	
       V  s h e a r      V  f l e x u r e        




	
Tension

	
Compression

	
Shear




	
  s   (mm)

	
    ρ w     (%)






	
B3-2.5a

	
0.3   ρ b   

	
875

	
2.5

	
2-D22

( ρ  = 0.0111)

	
2-D16

( ρ  = 0.0057)

	
D10@160

	
0.45

	
1.1




	
B3-2.5b

	
D10@115

	
0.62

	
1.4




	
B3-2.5c

	
D10@90

	
0.79

	
1.6




	
B6-2.5a

	
0.6   ρ b   

	
875

	
2.5

	
3-D22

( ρ  = 0.0166)

	
D10@95

	
0.75

	
1.1




	
B6-2.5b

	
D10@70

	
1.02

	
1.4




	
B6-2.5c

	
D10@55

	
1.30

	
1.7




	
B6-4.0a

	
1400

	
4.0

	
D10@180

	
0.40

	
1.1




	
B6-4.0b

	
D10@130

	
0.55

	
1.4




	
B6-4.0c

	
D10@100

	
0.71

	
1.7








Note:  ρ  and    ρ  ′     = tension and compression reinforcement ratios, respectively;    ρ b    = balanced steel ratio for singly reinforced section;    ρ w    = shear reinforcement ratio;    a v    and    a v  / d   = shear span and shear span-to-depth ratio, respectively;  s  = spacing of shear reinforcement;    V  s h e a r     and    V  f l e x u r e     = shear forces reached at    V n    and    M n    calculated using ACI building code; and    V n    and    M n    = nominal shear and flexural strengths of specimens, respectively.
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Table 3. Load and deflection capacities of specimens obtained from this study.






Table 3. Load and deflection capacities of specimens obtained from this study.





	
Specimens

	
At First Crack

	
At First Flexural Yield

	
At Peak Load




	
    P  c r     

(kN)

	
    Δ  c r     

(mm)

	
    P y    

(kN)

	
    Δ  y , L     

(mm)

	
    Δ  y , G     

(mm)

	
       Δ  y , L      Δ  y , G        

	
       Δ  y , L      Δ  y , a n a .        

	
       Δ  y , G      Δ  y , a n a .        

	
    P u    

(kN)

	
    Δ u    

(mm)






	
B3-2.5a

	
31.2

	
0.51

	
285.3

	
9.9

	
6.1

	
1.62

	
1.44

	
0.89

	
356.6

	
52.0




	
B3-2.5b

	
33.3

	
0.57

	
299.7

	
9.8

	
6.9

	
1.42

	
1.43

	
1.01

	
350.7

	
44.7




	
B3-2.5c

	
31.2

	
0.62

	
296.1

	
9.5

	
6.6

	
1.44

	
1.38

	
0.96

	
344.4

	
30.5




	
B6-2.5a

	
30.4

	
0.52

	
451.6

	
11.9

	
7.6

	
1.57

	
1.56

	
1.00

	
507.7

	
22.1




	
B6-2.5b

	
37.9

	
0.65

	
446.8

	
11.5

	
7.7

	
1.49

	
1.51

	
1.01

	
489.8

	
21.9




	
B6-2.5c

	
37.4

	
0.54

	
467.0

	
11.4

	
8.0

	
1.43

	
1.49

	
1.05

	
520.2

	
19.0




	
B6-4.0a

	
25.0

	
1.17

	
275.1

	
19.8

	
14.7

	
1.35

	
1.27

	
0.94

	
301.3

	
30.4




	
B6-4.0b

	
24.8

	
1.18

	
268.7

	
20.1

	
16.1

	
1.25

	
1.29

	
1.03

	
299.1

	
29.4




	
B6-4.0c

	
24.9

	
1.13

	
274.1

	
19.9

	
14.9

	
1.34

	
1.27

	
0.95

	
308.9

	
34.9




	
Mean

	
1.43

	
1.40

	
0.98

	
-

	
-




	
COV (%)

	
8.13

	
7.75

	
5.08

	
-

	
-








Note:    P  c r    ,    P y   , and    P u    = applied loads at first cracking, first yielding, and peak load, respectively,    Δ  c r    ,    Δ  y , L    , and    Δ u    = measured deflections using LVDT installed on the mid-span of specimens at first cracking, first yielding, and peak load, respectively,    Δ  y , G     = deflection obtained using strain gauges attached on the mid-span of specimens,    Δ  y , a n a .     = analytical deflection using ACI equation.
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Table 4. Comparison of experimental and analytical results for flexural moment.






Table 4. Comparison of experimental and analytical results for flexural moment.





	
Specimens

	
Experimental

	
Experimental/Analytical




	
    M  y , e x p .     

(kNm)

	
    M  u , e x p .     

(kNm)

	
       M  y , e x p .      M  y , a n a .        

	
       M  u , e x p .      M  u , a n a .        






	
B3-2.5a

	
124.8

	
156.0

	
0.94

	
1.18




	
B3-2.5b

	
131.1

	
153.4

	
0.99

	
1.16




	
B3-2.5c

	
129.5

	
150.7

	
0.97

	
1.14




	
B6-2.5a

	
197.6

	
222.1

	
1.01

	
1.17




	
B6-2.5b

	
195.5

	
214.3

	
1.00

	
1.13




	
B6-2.5c

	
204.3

	
227.6

	
1.05

	
1.20




	
B6-4.0a

	
192.6

	
210.9

	
0.99

	
1.11




	
B6-4.0b

	
188.1

	
209.4

	
0.96

	
1.10




	
B6-4.0c

	
191.9

	
216.2

	
0.98

	
1.14




	
Mean

	
0.99

	
1.15




	
COV (%)

	
3.06

	
2.78
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