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Abstract

:

To study the residual lateral capacity of reinforced concrete (RC) columns after being subjected to static and horizontal impact action, static and horizontal impact tests of a total of sixteen RC columns were conducted. The variables considered in the tests included the shear-span ratio, the impact weight and the velocity. The experimental results, including the impact force, the deflection and the strain, as well as the cracking pattern and the failure mode, were discussed. Compared with the load–deflection curves under static and impact loading, it can be found that the inertial effect plays a significant part in the dynamic behaviour of the RC columns. Subsequently, static tests of six specimens with slight impact damage were carried out to obtain their residual performance. Based on the Park–Ang damage model that is widely used for assessing the post-seismic performance of RC members, an evaluation method for the structural residual capacity of RC columns after being subjected to impact loading was developed, with its accuracy confirmed by the experimental results.
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1. Introduction


With the development of international trade, marine structures are at a high risk of collision events from vessels during their life service. In the current design code of RC piers or columns, the equivalent static method is mainly adopted to consider the impact effect [1,2,3]. Namely, the equivalent impact force calculated by empirical formulae is regarded as the static loads acting on the structures, while the inertia effect and the strain rate effect of material induced by the impact process are neglected. Previous studies have indicated that the influence of the inertia effect and the strain rate effect on structural failure modes is significant. For example, simply supported RC beams with flexural modes under static loads may change to local shear failure when subjected to impact loads, with a shear pug developed in the mid-span impact area, especially for those without web reinforcement [4,5]. Therefore, the classical “shear failure valley” model for RC beams under static loads [6] is not applicable for those under impact loads, in which the effect of impact mass and speed should be considered. Regarding the existing design codes for equivalent impact forces of RC members, the calculation method in the Load Code of Port Engineering JTS 144-1-2010 [7] was established by a limited number of scaled physical model tests and numerical models, with only the impact mass considered; this may fail to reflect the actual response and the damage degree of RC members under impact loads. Therefore, more explicit design methods for assessing the dynamic behaviour of RC members under impact loads are required.



For RC members with damage caused by collision actions, their residual bearing capacities can be a significant index to reflect their damage degree and use as a reference for repair design [8,9]. Considering various reinforcement ratios, stirrup ratios and slenderness ratios, drop weight impact tests on a total of thirty RC beams were carried out by Adhikary et al. [10], and finite element software LS-DYNA was used for parametric analysis. By comparing the bearing capacity between the undamaged and impact-damaged specimens, the residual bearing capacity and the residual stiffness for RC beams after being subjected to impact loads were investigated. It was found that the reduction coefficient of bearing capacity for RC beams ranged from 0.8 to 1.0 for damaged specimens with obvious oblique cracks but not complete fail, while the residual bearing capacity coefficient may be decreased to 0.2 for those severely damaged specimens. Fujikake [11] conducted flexural tests on ultra-high performance concrete beams after impact, to assess their residual bearing capacity. It was found that the static load–deflection curves of the impact-damaged beams were generally consistent with the undamaged ones, but with the curves starting from the residual deflection after impact, indicating that the residual bearing capacity of RC beams could be determined according to their maximum displacements during impact loading. Based on six half-scale rectangular RC columns with different volumetric reinforcement ratios, Peng et al. [12] proposed a method for estimating the static shear performance and the residual axial capacity of RC bridge piers under near-ground lateral loads. A damage criterion relating to the reduction degree of bearing capacity was proposed by Tian et al. [13], aiming at investigating the effect of different protective measures, namely, externally bonded steel plates and external application of aluminium foam. Pei [14] conducted drop weight impact tests on twelve H-shaped steel members and residual bearing capacity static tests on the impact-damaged specimens; it was found that there is a linear relationship between the residual bearing capacity and the initial impact energy. In general, the drop-hammer impact device has been widely adopted for impact tests of structural components [15,16,17]. However, the horizontal impact test is rarely reported in the open literature [18,19], which has a higher capacity for applying impact loads with large mass.



In order to study the response of marine structures under vessel collision loads characterized by large mass and low speed, horizontal impact tests on a total of 13 square RC columns have been conducted by the authors [20,21], to study their dynamic behaviour under the effect of different column slenderness, impact masses and velocities. Besides, static load tests on three RC column specimens with different shear-span ratios have also been carried out. Through the comparisons of the load–displacement curves derived from the static load tests and impact tests, the difference in structural response was discussed. After the impact tests, six damaged specimens were selected for static tests, aiming at their residual capacities. Based on the experimental results from impact tests and static tests, this paper mainly focuses on the residual lateral capacities of the impact-damaged RC members, and further develops the predictive calculation model. The Park–Ang damage evolution model [22] that has been widely used for assessing the post-seismic resistances of RC members is modified, to propose an evaluation method for the post-impact damage coefficient. The accuracy of the modified Park–Ang model was assessed through the comparisons between the predicted results against the experimental ones, as well as those from RC beams subjected to drop-weight impact.




2. Previous Experimental Work


2.1. Tested Specimens


A total of 16 square cross-section RC columns were designed with various cross-sectional dimensions and diameters of the longitudinal rebars, as shown in Figure 1. For all the examined specimens, the effective height of the columns, defined as the distance from the horizontal loading point to the bottom of the column, was 1200 mm. The longitudinal steel bars were symmetrically reinforced with the reinforcement ratio being 1.4%, while the stirrups with a diameter equal to 8 mm and a spacing of 70 mm were adopted. The thickness of the concrete cover was 25 mm. All the specimens were divided into three groups according to their cross-section width (i.e., 120 mm, 150 mm and 180 mm), and the corresponding shear-span ratios were equal to 6.67, 8 and 10, with the diameters of the longitudinal bars being 12 mm, 10 mm and 8 mm, respectively. The material properties of the steel bar were measured and are listed in Table 1, in which Φ15 is the pre-stressed tendons used to apply axial load before the test. The measured average cubic compressive strength of concrete was 60.39 MPa.



The column specimens were tested under constant vertical compression loads with either static or dynamic horizontal loads. During the tests, four linear voltage displacement transducers (LVDTs) were arranged at the column side to monitor the displacement of specimens, as shown in Figure 1b. Strain gauges were arranged on the longitudinal steel bar at the bottom area of the column, and the prestressed tendons.




2.2. Static Test


Three RC columns (i.e., SL120, SL150 and SL180) with different cross-section sizes were tested under constant axial loads and monotonic static horizontal loadings, as Figure 2 shows. The labels of the specimens start with the letters “SL” (representing static loads), followed by their cross-section width. Axial loads were first applied to the target axial compression ratio of 0.1 by the jack located at the top of the column. Then, monotonic horizontal loads were applied by an MTS actuator until the failure of the RC columns. During the testing, the horizontal loads were recorded by the MST system, while the corresponding horizontal displacement was measured by the LVDT located at the top of the column, as displayed in Figure 1b.




2.3. Impact Test


Thirteen RC column specimens were utilized for the impact tests. The details of the specimens are listed in Table 2. The labels of the specimens begin with the letters “DL” (representing dynamic loads), followed by their cross-section width (i.e., 120, 150 and 180 mm), impact mass (i.e., 1.2, 1.5 and 1.8 t) and design impact velocity (i.e., 0.4, 0.8 and 1.2 m/s), respectively.



The setup for the impact test is indicated in Figure 3, which included a horizontal impact device and a vertical drop-hammer impact device. Both devices are connected by four fixed pulleys and steel strands. With the drop hammer falling from a certain height, the test truck accelerates along the horizontal guide rail under the traction of the steel strands until the collision. The initial self-weight of the test truck was 1.2 t, and the maximum weight can be up to 2.4 t by adding steel plates to the truck.



In order to accurately capture the time history data of the impact force, both piezoelectric and piezoresistive load sensors were respectively installed at the front of the test truck and the column cap. The impact velocity was recorded by infrared technology at the position of 10 mm in front of the specimen. Donghua DH5922N signal acquisition instrument was used to collect the data of each sensor (including the load sensors, LVDT and strain gauges), with the sampling frequency set equal to 100 kHz. During the impact tests, a high-speed camera (OS9, Integrated Design Tools Inc.) with a frame rate of 200 fps was applied to record the crack development at the bottom of the column.



Upon completion of impact tests, residual static load tests were conducted, with the test procedure consistent with the static tests, as introduced in Section 2.2.





3. Overview of Experimental Results


3.1. Static Test Results


All the examined specimens exhibited similar experimental phenomena during monotonic static horizontal loading. With the applied static loads increased, it can be observed that bending cracks developed in the tension zone, followed by the yielding of the longitudinal steel bars. Finally, the concrete cover in the compression area was crushed and spalled. The failure mode of RC columns was shown to be bending type with good ductility, as shown in Figure 4a. The load–displacement (F–u) curves of the three static tested specimens are shown in Figure 4b, and the ultimate strengths and the corresponding displacements are listed in Table 3. Compared with the specimens SL150 and SL180, the load–displacement curve of the specimen SL120 rises slowly before reaching the ultimate strength, indicating more ductile behaviour of the specimen when subjected to static loads.




3.2. Impact Test Results


3.2.1. Crack Development


The column specimens DL150-1.5-1.2 and DL120-1.8-0.8 were severely damaged after subjected to large impact energy, with the typical flexural failure mode indicated in Figure 5a. As Figure 5a shows, the compressive concrete cover of these specimens was crushed. The rest of the column specimens did not reach the failure level in the impact tests, with the typical flexural failure mode displayed in Figure 5b. For these specimens, dense bending cracks gradually appeared on the concrete surface during the impact action, with obvious overall deformation of the columns. Until the maximum displacement was reached, the main bending cracks developed to be wide and obvious. After that, the column rebounded due to the elastic deformation energy saved during the impact process.




3.2.2. Load–Displacement Relationship


The load–displacement (F–u) curves of all specimens under static and dynamic loads are shown in Figure 6, in which the black solid line and the red dotted line represent the impact and static loaded specimens, respectively. Note that the displacement time history data of the specimen DL180-1.2-0.8 was not successfully recorded. It can be found from Figure 6 that the existence of the inertia effect leads to a significant difference in structural response under impact and static loads. The peak impact force, the impact duration time, the maximum and residual displacement and the deformation energy at the maximum displacement of each specimen can be obtained from the load–displacement curves and are summarized in Table 2.



According to the feature of the impact load–displacement curves, three stages of the impact action can be defined [21], namely, initial impact stage, separated stage and second peak impact stage.



With the initial impact, the RC column will process a larger velocity than that of the test truck, leading to its acceleration increasing rapidly in a short time. The impact force rose to a peak value much higher than that of the static load. In fact, the peak impact force is usually regarded as a virtual resistance [5], since it is mainly induced by the inertia effect, while the proportion that really acts on the member and results in the overall deformation is small. Therefore, the traditional ultimate capacity design method under the static condition may not be suitable for impact conditions, which will lead to a conservative design.



After the initial impact, the test truck was temporarily separated from the RC column, and the load–displacement curves showed an “unloading valley”. The separated distances for the specimen series DL150 are about 10 mm. For the specimen series DL120 with large slenderness ratios and small bending stiffnesses, the separated distances may be relatively larger and up to about 16 mm.



Due to the existence of structural stiffness, the velocity of bending deformation of the specimen decreases gradually, and the test truck catches up with it again. Because the acceleration direction of the column turns to be opposite to that of the test truck, the direction of inertia force changes to be consistent with the impact force, so the impact force–time history curve develops in a fluctuated state that is slightly lower than the static load.



For the specimens (e.g., specimens DL150-1.5-0.4 and DL180-1.5-0.4) impacted with low initial energy, the longitudinal bars did not reach their yield strains, and the load–displacement curves fluctuate along the static load curve. From the residual deflection data listed in Table 2, it can be seen that most of the slightly damaged specimens were able to bounce back to the initial position eventually. Then, the free vibration with damping was performed, and the bending cracks were closed when the impact tests ended. However, for specimens DL150-1.5-1.2 and DL120-1.8-0.8 with larger impact energy, their bearing capacities have a significant decrease after the “unloading valley”; it can be concluded that these specimens have completely lost their impact-resistance capacity after the second peak impact force.





3.3. Residual Strength Test Results


After the horizontal impact tests, six RC columns with slight damage were selected for the subsequent residual bearing capacity tests, as listed in Table 4. The letters “DL” on the labels of these specimens were replaced by the letters “SDL”. It can be seen from Table 2 that the residual deformations of these six specimens are small, which are in the range of 0.17~7.51 mm. Prior to the residual static tests, the residual deflection of each specimen after the impact test is reset to zero. Figure 7 shows the load–displacement curves of the specimens, while the maximum strengths and the corresponding displacement are listed in Table 4. It can be concluded that the stiffness and ultimate bearing capacity of the impact-damaged specimens decreased when compared with their undamaged counterpart, in which the ultimate bearing capacity decreased by 86% to 93%. Moreover, the initial impact energy had a slight effect on the residual bearing capacity, as the shapes of the curves were similar.





4. Damage Assessment and Residual Bearing Capacity Evaluation


4.1. Modified Park–Ang Damage Model


In order to evaluate the damage degree of RC members under seismic loading, Park and Ang (1987) [22] proposed a damage calculation model based on the structural deformation and energy absorption, as given in Equation (1).


  D =    u m     u f    + β     ∫  d E       F y   u f     



(1)




in which um is the maximum deformation under seismic loading, uf is the failure deformation when the post-peak resistance of the member has decreased to 85% of its maximum strength, as indicated in Figure 8,     ∫  d E      is the cumulative hysteretic energy dissipation, Fy is the yield strength and β is the energy dissipation factor and can be calculated by:


  β = ( − 0.447 + 0.073 λ + 0.4  n 0  + 0.314  ρ t  ) ×   0.7   100  ρ w     



(2)




in which λ is the shear-span ratio and is equal to 1.7 when λ < 1.7, n0 is the axial compression ratio and is equal to 0.2 when n0 < 0.2, ρt is the longitudinal reinforcement ratio and is equal to 0.75% when ρt < 0.75%, and ρw is the transverse reinforcement ratio. In general, β is in the range between 0 and 0.85, and can be taken as 0.05 for the ductile components.



However, when predicted by the Park and Ang model [22], the damage coefficients for RC members at the condition of initial undamaged and complete failure under monotonic loading are not equal to 0 and 1, respectively. Thus, a modified formula was proposed by Chen et al. (2010) [23] based on the Park and Ang model [22], as given in Equation (3), which limited the damage coefficient to the range from 0 to 1.


  D = ( 1 − β )    u m     u f    + β     ∫  d E       F y  (  u f  −  u y  )    



(3)




in which uy is the deformation at the yield strength. The damage coefficient is equal to 1 when the post-peak resistance of the member has decreased to 85% of its maximum strength, representing the complete failure of RC elements.



In this study, in order to evaluate the decreasing degree of ultimate bearing capacity of impact-damaged members, and satisfy the damage coefficient being equal to 1 when the member is severely damaged (i.e., its bearing capacity is equal to 0), an attenuation coefficient α0 is introduced in Equation (3), which can be used to describe the post-peak branch of the load–displacement curve. The formula for calculating the reduction coefficient of residual bearing capacity is defined in Equation (4),


   D  res   = ( 1 − β ) ⋅  α 0        u  max        u u    + β    E   ab , d       F y  (  u u  −  u y  )    



(4)




in which α0 = 1/μ0, and μ0 is the ductility coefficient of the post-peak branch of the load–displacement curve, umax is the maximum displacement during the impact process, uu is the displacement corresponding to the static ultimate capacity, Eab,d is the cumulative energy dissipation, namely, the deformation energy in the impact test, and can be determined by Eab,d = 0.6Ek [24], in which Ek is the initial impact kinetic energy and can be calculated by 0.5mv02.



In order to obtain the whole post-peak branch of load–deflection curves, Ahamd et al. [25] designed a rigid test device for three-point bending tests of simply supported RC beams with their shear-span ratios being 2.0 and 3.0. Through these tests, the load–deflection curves with the post-peak loads decreased to 30% of the corresponding peak loads were obtained, as shown in Figure 8. On this basis, the post-peak branch of the curve can be regressed by a power function, as depicted in Figure 8 by the blue dotted line. However, the fitting curve fails to capture the bearing capacity of the member equal to 0. Therefore, the point E with its post-peak strength equal to 15% of the maximum strength is intercepted as the zero point of the bearing capacity, with the corresponding damage coefficient Dres taken as 1; this leads to its corresponding displacement equal to about 15.6uu. The ductility coefficient μ0 of the post-peak branch can be defined as the ratio of the displacement at point E and the displacement at the maximum strength (uE/uu). The ductility coefficient μ0 thus is equal to 15.6 and α0 = 0.064.



From the above discussion, it can be found that, for general ductile members, the value of α0 is equal to 0.064. For the members with complete brittleness, α0 is equal to 0, while it is 0.2 for those with significant flexural failure after impact. To sum up, the residual bearing capacity of RC members after being subjected to impact can be determined by Equation (5), in which Fres is the residual strength and Fu is the static strength.


   F  res   = ( 1 −  D  res   ) ×  F u   



(5)








4.2. Calculation Method of Residual Bearing Capacity


The residual bearing capacity of each of the impact-damaged specimens was determined by Equations (4) and (5) and listed in Table 4. It was found that the predicted results agreed well with the experimental ones. With the objective to verify the reliability of the calculation method of residual bearing capacity after impact, the residual bearing capacity results of 29 RC beams after drop-hammer impact in References [10,23] were also collected. The details of the specimens in References [10,26] are listed in Table 5, in which the label of each specimen starts with the letters “SR” (indicating singly reinforced) or “DR” (indicating doubly reinforced), followed by the shear-span ratio, longitudinal reinforcement ratio and stirrup ratio. These specimens were subjected to an identical impact weight of 300 kg. From the load–displacement curve given in Reference [10], Specimen SR3.8-0.8 failed in complete brittle shear-type under static load, and α0 is equal to 0. For the specimens subjected to impact loads with impact heights of 1.2 m and 1.6 m, wide oblique cracks and concrete crushing were observed after impact, thus α0 is taken as 0.2. The residual strengths of the beam specimens are determined by Equations (4) and (5), as listed in Table 5. It was found that the predictions are in good agreement with the measured residual bearing capacity of flexural failure-oriented members after impact. The mean ratio of the measured to calculated values is 1.01, with the standard deviation being 0.11. It can be concluded that the proposed damage model can reflect the damage level of RC members after being subjected to impact and predicting the residual strength of impact-damaged RC members.





5. Conclusions


Through the static and horizontal impact tests of RC columns and the subsequent static residual bearing capacity tests, the following conclusions can be drawn:



(1) With the increase of impact energy, the RC columns finally failed in flexure-dominant type, characterized by the yielding of tensile longitudinal rebar and the crushing of concrete cover.



(2) The inertia effect had a significant influence on the impact behaviour of RC members. When subjected to impact loads with relatively low energy, the impact response of the member fluctuates along the static load–displacement curve. However, the bearing capacity shows an obvious unloading trend when subjected to a relatively high energy impact load.



(3) The Park–Ang damage evolution model for RC members under seismic loading is modified, to propose a method for evaluating the residual bearing capacity of impact-damaged members. Through the comparisons of the residual bearing capacity of six RC columns in the current study and twenty-nine RC beams subjected to drop-hammer impact in the existing literature, the accuracy of the proposed evaluation method is verified. Therefore, the proposed method can be applied to determine the damage coefficient after impact and evaluate the residual strength of RC elements in practical engineering.
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Figure 1. Details of specimen and measurements. (a) Dimensions of the specimens; (b) Measurements. 
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Figure 2. Static test set-up. 
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Figure 3. Impact test set-up. 
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Figure 4. Static test results. (a) Flexural failure mode; (b) Load–displacement curves. 
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Figure 5. Process of cracking propagation. (a) DL120-1.8-0.8; (b) DL120-1.2-0.8. 
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Figure 6. Load–displacement curves under static and impact loading. 
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Figure 7. Load–displacement curves of residual capacity tests. 
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Figure 8. Typical load–deflection curve of RC members [22]. 
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Table 1. Material properties of reinforcements.
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	Reinforcement
	Φ8
	Φ10
	Φ12
	Φ15





	fy (MPa)
	408.8
	424.6
	470.4
	886.2



	fu (MPa)
	541.1
	642.3
	685.7
	1135.7







Note: fy and fu represent the tensile yield strength and ultimate strength of rebar, respectively.
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Table 2. Details of the specimens and impact test results.
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	Specimen
	v0 (m/s)
	Fp (kN)
	td (s)
	umax (mm)
	ures (mm)
	Eab,d (kJ)
	Damage State





	DL150-1.5-0.4
	0.329
	8.899
	0.142
	7.803
	0.53
	0.035
	○



	DL150-1.5-0.8
	0.767
	44.463
	0.211
	40.12
	7.51
	0.307
	○



	DL150-1.5-1.2
	1.191
	59.003
	0.238
	56.01
	5.16
	0.872
	●



	DL150-1.2-0.8
	1.083
	63.943
	0.149
	43.16
	-
	0.638
	○



	DL150-1.8-0.8
	0.891
	56.878
	0.214
	58.08
	-
	0.696
	○



	DL120-1.2-0.8
	0.802
	37.139
	0.221
	54.37
	0.17
	0.364
	○



	DL120-1.5-0.8
	0.794
	34.978
	0.228
	67.3
	1.81
	0.402
	○



	DL120-1.8-0.8
	0.869
	50.419
	0.385
	77.25
	-
	0.645
	●



	DL180-1.5-0.4
	0.503
	24.325
	0.095
	11.24
	-
	0.153
	○



	DL180-1.5-0.8
	0.743
	36.025
	0.124
	20.1
	0.65
	0.335
	○



	DL180-1.5-1.2
	1.291
	80.309
	0.124
	39.26
	-
	0.925
	○



	DL180-1.2-0.8
	0.791
	30.131
	0.122
	15.84
	-
	-
	○



	DL180-1.8-0.8
	0.907
	71.901
	0.114
	27.64
	1.29
	0.708
	○







Note: v0 is the measured impact velocity of test truck, Fp is the peak impact force, td is the impact duration time, umax and ures are the maximum and the residual displacement, respectively, Eab,d is the deformation energy at the maximum displacement. Damage state can be divided into two types: slight damage (○) and complete failure (●).
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Table 3. Results of static tests.






Table 3. Results of static tests.





	Static Tested Specimen
	Fu (kN)
	uu (mm)
	Eab,s (kJ)





	SL120
	9.92
	53
	0.708



	SL150
	15.05
	27.79
	0.321



	SL180
	28.5
	25.23
	0.406







Note: Fu is the static flexural strength; uu is the displacement at the ultimate strength; Eab,s is the absorbed energy in the static ultimate state, calculated by the surrounding area of the F-u curve and x-axis.
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Table 4. Results of residual capacity test.






Table 4. Results of residual capacity test.





	Specimen
	uu (mm)
	Fres,ex (kN)
	Fres,eq (kN)





	SDL180-1.5-0.8
	27.24
	25.65 (0.90)
	26.38 (0.93)



	SDL180-1.8-0.8
	30.90
	25.07 (0.88)
	25.10 (0.88)



	SDL150-1.5-0.8
	36.61
	13.25 (0.88)
	13.11 (0.87)



	SDL150-1.8-0.8
	30.91
	13.94 (0.93)
	11.78 (0.78)



	SDL120-1.2-0.8
	50.82
	8.92 (0.96)
	8.93 (0.90)



	SDL120-1.5-0.8
	49.94
	8.52 (0.86)
	8.73 (0.88)







Note: SDL represent static residual loaded specimen after dynamic test; Fres,ex and Fres,ep are the measured residual bearing capacity and the result calculated by Formula (5), respectively. The value in parentheses is the reduction factor of residual bearing capacity.
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Table 5. Results of residual capacity tests in literature [10,26].






Table 5. Results of residual capacity tests in literature [10,26].





	
Specimen

	
b × h (mm)

	
Fu (kN)

	
Fy (kN)

	
uu (mm)

	
h0 (m)

	
umax (mm)

	
Eab,d (J)

	
Fres,ex (kN)

	
Dres,eq

	
Fres,eq (kN)

	
Fres,ex/ Fres,p

	
Post-Impact Failure Mode






	
DR3.3-2.4

	
150 × 250

	
120.35

	
108.8

	
2.76

	
0.15

	
3.8

	
264.6

	
116.74

	
0.13

	
104.44

	
1.13

	
Shear- compression

	
 [image: Buildings 12 00669 i001]




	
0.3

	
6.9

	
529.2

	
78.23

	
0.25

	
90.49

	
0.88

	
 [image: Buildings 12 00669 i002]




	
0.6

	
12.7

	
1058.4

	
63.79

	
0.47

	
63.70

	
1.04

	
 [image: Buildings 12 00669 i003]




	
DR3.3-2.4-0.12

	
150 × 250

	
136.88

	
130.49

	
7.31

	
0.3

	
6.4

	
529.2

	
146.46

	
0.08

	
125.41

	
1.19

	
Shear- compression

	
 [image: Buildings 12 00669 i004]




	
0.6

	
11.5

	
1058.4

	
102.66

	
0.16

	
115.50

	
0.91

	
 [image: Buildings 12 00669 i005]




	
0.9

	
18.2

	
1587.6

	
106.77

	
0.24

	
103.68

	
1.08

	
 [image: Buildings 12 00669 i006]




	
1.2

	
21.6

	
2116.8

	
102.66

	
0.30

	
95.81

	
1.14

	
 [image: Buildings 12 00669 i007]




	
DR3.3-2.4-0.56

	
150 × 250

	
243.73

	
233.26

	
19.04

	
0.6

	
9.0

	
1058.4

	
231.54

	
0.04

	
233.45

	
0.97

	
Flexure

	
 [image: Buildings 12 00669 i008]




	
0.9

	
13.4

	
1587.6

	
212.04

	
0.06

	
228.40

	
0.90

	
 [image: Buildings 12 00669 i009]




	
1.2

	
15.7

	
2116.8

	
194.98

	
0.19

	
197.73

	
0.90

	
 [image: Buildings 12 00669 i010]




	
1.6

	
19.2

	
2822.4

	
182.80

	
0.23

	
186.83

	
0.88

	
 [image: Buildings 12 00669 i011]




	
SR3.8-0.8

	
160 × 240

	
73.28

	
73.28

	
5.67

	
0.3

	
10.8

	
529.2

	
81.34

	
0.06

	
68.61

	
1.19

	
Shear

	
 [image: Buildings 12 00669 i012]




	
0.6

	
20.2

	
1058.4

	
76.21

	
0.13

	
63.95

	
1.19

	
 [image: Buildings 12 00669 i013]




	
0.9

	
29.5

	
1587.6

	
58.63

	
0.19

	
59.28

	
0.99

	
 [image: Buildings 12 00669 i014]




	
DR3.8-0.8-0.11

	
160 × 240

	
80.25

	
67.35

	
27.78

	
0.6

	
18.6

	
1058.4

	
86.67

	
0.07

	
74.54

	
1.19

	
Flexure

	
 [image: Buildings 12 00669 i015]




	
0.9

	
34.5

	
1587.6

	
72.22

	
0.12

	
70.47

	
1.07

	
 [image: Buildings 12 00669 i016]




	
1.2

	
41.0

	
2116.8

	
41.73

	
0.35

	
52.02

	
1.01

	
 [image: Buildings 12 00669 i017]




	
DR3.8-0.8-0.15

	
160 × 240

	
91.86

	
68.75

	
27.09

	
0.6

	
19.6

	
1058.4

	
84.51

	
0.07

	
85.00

	
1.02

	
Flexure

	
 [image: Buildings 12 00669 i018]




	
0.9

	
28.8

	
1587.6

	
81.76

	
0.11

	
81.69

	
1.05

	
 [image: Buildings 12 00669 i019]




	
1.2

	
39.2

	
2116.8

	
74.41

	
0.15

	
78.13

	
1.01

	
 [image: Buildings 12 00669 i020]




	
SR5.7-1.6

	
120 × 170

	
52.11

	
47.51

	
22.57

	
0.3

	
20.0

	
529.2

	
47.32

	
0.08

	
47.87

	
0.96

	
Flexure

	
 [image: Buildings 12 00669 i021]




	
0.45

	
28.8

	
793.8

	
35.36

	
0.29

	
36.88

	
0.86

	
 [image: Buildings 12 00669 i022]




	
0.6

	
37.1

	
1058.4

	
24.96

	
0.38

	
32.41

	
0.66

	
 [image: Buildings 12 00669 i023]




	
DR5.7-1.6-0.15

	
120 × 170

	
49.43

	
45.98

	
12.09

	
0.3

	
20.0

	
529.2

	
43.50

	
0.15

	
41.84

	
0.96

	
Flexure

	
 [image: Buildings 12 00669 i024]




	
0.45

	
30.0

	
793.8

	
39.54

	
0.23

	
38.05

	
0.92

	
 [image: Buildings 12 00669 i025]




	
0.6

	
39.1

	
1058.4

	
30.65

	
0.30

	
34.49

	
1.08

	
 [image: Buildings 12 00669 i026]




	
DR5.7-1.6-0.2

	
120 × 170

	
48.93

	
41.78

	
19.41

	
0.3

	
19.1

	
529.2

	
46.46

	
0.10

	
44.25

	
1.00

	
Flexure

	
 [image: Buildings 12 00669 i027]




	
0.45

	
28.8

	
793.8

	
41.57

	
0.14

	
41.89

	
0.93

	
 [image: Buildings 12 00669 i028]




	
0.6

	
37.9

	
1058.4

	
34.23

	
0.46

	
26.63

	
0.96

	
 [image: Buildings 12 00669 i029]




	
Mean

	

	

	

	

	

	

	

	

	

	

	
1.01

	

	




	
COV

	

	

	

	

	

	

	

	

	

	

	
0.11

	

	








Note: b and h are the width and height of RC beam section, respectively; h0 is impact height of drop hammer.
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