

  applsci-12-08624




applsci-12-08624







Appl. Sci. 2022, 12(17), 8624; doi:10.3390/app12178624




Article



Analysis of Acoustic Emission Energy from Reinforced Concrete Sewage Pipeline under Full-Scale Loading Test



Pengpeng Li 1, Weidong Zhang 1, Zhoujing Ye 1[image: Orcid], Yajian Wang 1, Songli Yang 1 and Linbing Wang 2,*





1



National Center for Materials Service Safety, University of Science and Technology Beijing, No. 30, Xueyuan Road, Beijing 100083, China






2



School of Environmental, Civil, Agricultural and Mechanical Engineering, College of Engineering, University of Georgia, Athens, GA 30602, USA









*



Correspondence: linbing.wang@uga.edu







Academic Editors: Giuseppe Lacidogna and Hwa Kian Chai



Received: 1 July 2022 / Accepted: 25 July 2022 / Published: 28 August 2022



Abstract

:

External load is one of the important reasons for structural damage and failure of reinforced concrete sewage pipelines, causing pipe leaks, pipe explosions, and even road collapses. In this paper, three-point loading experiments on full-size reinforced concrete pipes were carried out, and the damage state of the pipes was monitored by acoustic emission technology; the evolution trend of the mechanical properties and acoustic emission monitoring indexes under load was investigated. The experimental results showed that: (1) According to the change of acoustic emission energy and accumulated energy during loading, the mechanical response of the pipeline can be divided into an elastic compression phase, a plastic damage phase, and a residual strength phase; (2) The accumulated acoustic emission energy (∑E) and the maximum value of a single acoustic emission energy (Emax) can effectively characterize the different damage states of the loaded pipe; (3) A “double-peak” was observed in AF/RA data within the loading process. The appearance of the two peaks corresponds to the change of the loading phase of the pipeline and the occurrence of the major damage. Thus, the AF/RA index can effectively characterize the loading state and the damage degree of the pipeline. This study provides a valuable reference for pipeline health monitoring by using AE technology.
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1. Introduction


The underground pipe network is an essential part of the urban infrastructure and plays an important role in the daily operation of the city, as it is responsible for many tasks such as energy transmission, sewage discharge, and water supply [1]. In recent years, accidents such as an explosion of reinforced concrete sewage pipes, road collapse, and environmental pollution caused by corrosion and leakage have become increasingly frequent [2]. Structural damage and corrosion are the most common types of defects in pipelines in service. The external stresses on the pipeline mainly originate from traffic, soil, and fluid, of which traffic load, as the most common type of load, is also one of the important design indicators of the pipeline structure. Research on the mechanical properties of the pipeline under different loads shows that underground pipelines are prone to accidents such as pipe bursting and road collapse under the long-term action of loads (e.g., traffic loads, surcharge loads, soil loads and fluid loads). Meesawasd et al. [3] investigated the effects of burial depth, load, and vehicle speed parameters on the mechanical properties of buried service pipes using the finite element method. Fang et al. [4] investigated the effects of corrosion depth, corrosion width, traffic load, and protective layer thickness on the mechanical property parameters of buried corroded concrete pipes under traffic load based on corrosion experiments conducted on buried pipes under vehicle action. Zhang et al. [5] studied the effect of construction loads on the stress and deformation of nearby buried municipal pipelines. Ma [6] employed an AE system to detect the compactness of the sleeve grouting connection, and analyze the AE signal characteristics under different concrete strengths, compactness, and hollow sleeve positions. The results showed that the amplitude of C30 concrete is higher than that of C40 concrete, while the amplitude of the dense grouting sleeve is higher than that of the hollow sleeve. Li et al. [7] used AE technology to detect cracks in concrete hollow slab bridges. By studying the relationship between crack propagation and AE signals, it is concluded that low-amplitude signals are generated due to the propagation of microcracks and the mutual friction of old crack fracture surfaces. The high amplitude signals are generated by the further propagation of macro cracks. Zheng et al. [8]. summarized seven nondestructive testing methods for reinforced concrete. They point out the application of acoustic emission technology in concrete structure damage detection, and also put forward the disadvantages of acoustic emission technology such as the existence of many sources of noise interference, the immaturity of quantitative research, and the inconsistency of structural damage evaluation indexes.



Therefore, it is necessary to study the mechanical response characteristics of pipelines under external loads. On this basis, effective pipeline damage characterization methods and monitoring indicators are further explored. This is important because the monitoring and early warning of the concrete pipeline loading damage process is of great significance to ensuring the maintenance and safe operation of the pipeline network system [9].



For this paper, a full-scale loading test was designed for the damage monitoring of reinforced concrete sewer pipes, analyzed by AE signals. The damage monitoring indexes for reinforced concrete pipes are proposed and expected to be used in practical projects as a more accurate method.




2. Experimental System


The designed experimental system mainly consists of a loading system, AE monitoring system, data acquisition system, and full-scale pipeline specimen. The full-scale loading test is shown in Figure 1.



2.1. Loading System


The system consists of two MTS actuators with an ultimate load of 50 t. The actuators are connected to the loading beam through the adapter plate and the adapter crossbeam; the loading system layout is shown in Figure 2.




2.2. Pipeline Specimen


In order to simulate the actual load state of the service pipe, three specifications of reinforced concrete sewer pipe with inner diameters of 1000, 1500 and 2000 mm and an adequate length of 3000 mm were customized; the specific design and production parameters are shown in Table 1.




2.3. AE Monitoring System


The monitoring system consists of AE sensors, amplifiers, and data collectors, which can realize multi-channel, high acquisition frequency, and full-waveform data acquisition simultaneously. The response frequency range of the AE sensor is 50–400 kHz, and the input and output impedances are above 10 MΩ and 50 Ω, respectively. Its magnification can be adjusted by 20, 40 and 60 dB. A total of 16 AE sensors in 4 rows are arranged linearly in the longitudinal direction on the outer surface of the cross-section at 45°, 135°, 225° and 315°, respectively, and the arrangement adopts a uniform staggering of adjacent angles, which can ensure the integrity of the acquisition effect. Figure 3 shows the arrangement.




2.4. Data Acquisition System


The data acquisition system was mainly composed of a high-speed data acquisition instrument and a data storage and analysis computer. A 16-channel data acquisition system was used to synchronously collect the AE signals and the load of the pressure tester. This system has the highest sampling frequency of 10 MHz, a 16-bit A/D converter, and an input signal voltage range of ±5 V. AE data and load data is transmitted to the host control computer via a shielded cable, which can display the load-deformation curves, and load-time curves in real-time.





3. Full-Scale Loading Test


3.1. Experimental Procedure


This experiment was developed in accordance with the American Standard Specification for Concrete ASTM-C118M and the Chinese Test Method for Concrete and Reinforced Concrete Drainage Pipe (GB/T-16752-2017), and adjusted according to practical reality. The load when a crack of 0.2 mm in width and not less than 30 cm in length appears on the surface of the pipe is defined as the crack load; the maximum load that the pipe is subjected to before it loses its load-bearing capacity is recorded as the failure load.



In this experiment, the crack load and damage load during the loading of the pipe were measured by the three-point external pressure method. Before the test started, the pipe’s crack load and ultimate load were predicted according to the code to determine the graded loading load values; the specific data are shown in Table 2. The experiments were conducted by displacement-controlled loading with a loading speed of 0.1 mm/s, and the loading process was graded loading for 1 min per level of load retention. Before the experiment started, three preloads and unloads were carried out first—with preload values not exceeding 5% of the crack load—while checking the status of the monitoring equipment and the stability of the loading device.



	(1)

	
After placing the pipe specimens, alignment and leveling were carried out by laser level to prevent the pipe from tipping under the load during the loading process.




	(2)

	
The AE sensor was arranged on the surface of the sample, and the contact zone between the sensor and the amplifier was coated with the coupling agent. The AE sensor was arranged on the surface of the sample, and the contact zone between the sensor and the sample was coated with a coupling agent to reduce the attenuation of the AE signal.




	(3)

	
After confirming that the sensor lines were connected correctly, the sampling frequency of the AE collector was set to 3 MHz, the MTS actuator was started, and the AE data collected simultaneously.




	(4)

	
Loading and data acquisition were stopped simultaneously when transverse through cracks appeared in the pipe specimen, and the experiment was ended.








3.2. Mechanical Characteristics of the Pipe Load


In this paper, three sets of mechanical loading experiments of reinforced concrete sewage pipes with different pipe diameters were carried out, and the loading curves of the pipes with different pipe diameters are shown in Figure 4. According to the slope of the loading curve and load fluctuation of the pipe, the loading damage process of the pipe can be divided into three stages:



In the line elastic stage (OA stage), the internal pore structure of concrete, the concrete, and the reinforcement skeleton between the pore is compacted and closed under the action of the load. At this stage, the pipe mainly undergoes elastic deformation with a small number of microscopic cracks occurring. With the increase of load, the specimen gradually changes from linear elastic stage to plastic damage stage (AB stage) under the action of the load. In the early phase of this stage, cracks sprout on both sides of the pipe, a large number of cracks steadily expand, and irreversible deformation occurs; at the late stage, a large number of cracks rapidly expand, cross, and gather, and finally form macroscopic large-scale through cracks and reach the damage load. At this stage, due to the intensive frequency of crack sprouting and expansion activities, the slope of the loading curve is significantly lower than that of the previous stage, and the overall loading process is more gentle. After the through damage of the pipe specimen, the specimen enters the residual strength stage (BC stage); at this time, due to the support of the internal steel skeleton, the specimen still has a certain structural strength, and the load does not drop to zero rapidly, but shows a fluctuating downward trend along with a small amount of concrete cracks, and the yielding of the internal steel reinforcement under load, and finally the load drops rapidly to zero due to the shutdown of the hydraulic press.



The loading experimental results of reinforced concrete sewage pipes with different pipe diameters show that the crack load increases with the increase of pipe diameter. The damage load decreases first and then increases; it is non-linear with the pipe diameter, and the pipe cracks load increases with the increase of pipe diameter.





4. AE Signal Analysis and Application


In recent years, acoustic emission technology has been used to detect concrete structural defects, and has achieved good results. The significant advantage of acoustic monitoring is the availability of real-time information on the deterioration rate of the pipe, which can achieve full-cycle, real-time, continuous monitoring of the pipeline service status, greatly improving the operation and maintenance efficiency of the drainage network system. The AE monitoring technique can be applied to reinforced concrete applications such as bridges, viaducts, dams, and buildings [10,11,12,13,14,15,16].



4.1. AE Energy Evolution during the Loading Process


Since the experimental results are similar, the following loading experiment on a reinforced concrete sewage pipe with 1500 mm pipe diameter is selected to analyze the mechanical response law of the AE signal.



Figure 5 shows the characteristic curves of AE signal response during the concrete sewage pipe loading process. In the online elastic compression stage (OA), the AE signal is sparse, and the amplitude presents a low level overall due to the fewer damage activities occurring inside the specimen. With the increase of the load, the pipe loading enters the plastic damage stage (AB), many cracks expand and develop, irreversible plastic damage occurs, and cracks are still generated in the load retaining stage. The internal structure of the specimen continuously undergoes “destabilization–equilibrium–destabilization”, and the load shows simultaneous fluctuation changes. When the load reaches the peak load level, the specimen cracks accumulate and penetrate the main damage—and the load decreases significantly—then the AE amplitude reaches the peak. When the sample enters the post-load peak stage (BD), the failure degree of the sample is gradually reduced, and the amplitude of the AE signal gradually decreases until it finally disappears altogether.



The generation of AE signals is closely related to the deformation and damage of materials. AE signals can effectively characterize the internal damage and damage degree of concrete materials, and AE energy, as one of the basic parameter indicators, can reflect the material damage evolution process in real-time. The cumulative AE energy reflects the superposition of the material structure damage on the time series. The more severe the material damage, the faster the cumulative AE energy increases, and the greater the slope of the curve. The response curves of AE energy and cumulative energy versus load during the pipeline loading process are shown in Figure 6. It can be found that the evolution trend of the cumulative AE energy curve corresponds to the characteristics of each loading stage of the pipeline specimen, and the AE energy is excited in a cluster in the time domain. When the specimen is loaded into the plastic damage stage, the number of AE activities triggered by internal damage activities is significantly increased, and the energy level of the AE signal changes synchronously with the loading process, showing a gradual step-up trend. In the residual strength stage, the AE energy and cumulative energy curves rise rapidly when the peak load is reached, after which the AE energy starts to decrease until it finally disappears along with the decrease in the number and degree of damage activities. After the peak load is reached, the cumulative AE energy stops rising and remains stable.




4.2. AE Energy Release in the Process of Stress Change


Figure 7 shows the AE activity curves corresponding to the two loading activities in the plastic damage stage. It can be found that the generation of the AE signal in the loading process of the full-scale pipe is closely related to the loading state of the pipe, and whether the pipe is stressed or not is a necessary condition for the generation of the AE signal; however, the change of the loading state of the pipe is the direct cause of the generation of the AE signal. In the two-load loading process shown by the black frame line, the cumulative acoustic emission energy curve also climbs while the load gradually increases. When the load stopped increasing at t2 and t4, the cumulative AE energy curve also tended to be stable synchronously. When the load is in the holding stage, the pipeline is still under pressure, but the acoustic emission signal disappears, and the cumulative acoustic emission energy curve tends to be stable.



The pipe is subjected to a load level of 426 kN at the t > t4 stage and 454 kN at the t2–t4 stage, and the load level is increased by 6.5%; the raw AE activity is in the calm period at both stages, and the AE signal count and energy are both 0, which further indicates that the generation of the AE signal is not related to the load level to which the specimen is subjected. The change of load (stress) is the direct cause of AE signal generation.



In order to quantitatively study the evolutionary characteristics of the AE signal and the amount of load variation in the pipe specimen, statistical and correlation analyses were performed on the amount of load variation ΔF, the accumulated AE energy ∑E, and the maximum value of single AE energy Emax during the 18 loading activities in the plastic damage stage. The statistical characteristics are shown in Figure 8. The Figure 9 shows the correlation coefficients between the two indicators; the direction of the oval shape represents positive and negative, and the color is the corresponding coefficient correlation.



The above phenomenon proves that the AE energy index and cumulative AE energy index can effectively characterize the loading stage and damage degree of the full-scale pipe, and the AE energy and cumulative AE energy can directly reflect the change of stress in the pipe specimen, which can monitor the damage process of the pipe.




4.3. AE Energy Parameters for Pipeline Damage Identification


Many studies have shown that the number of shear rupture activities will increase significantly when the specimen approaches the destabilization stage in the experimental processes of the rock triaxial compression test, cubic compression test with cracks, strain-type rock explosion, and the specimen damage process [17,18,19,20,21,22,23,24,25,26,27,28,29]. However, tensile fracture is the main failure mode in concrete bending and barite direct tensile tests. AE parameter analysis is a basic method to identify the type of structural damage, and its basic parameters are shown in Figure 10. Moreover, many researchers have found that the relationship between RA and AF can effectively characterize the type of concrete structural damage [30,31,32,33]. The RA value (rise angle) and AF value (average frequency) can be calculated by the following formulas:


RA = RT/A



(1)






AF = C/D



(2)




where RT is the rise time, A is the maximum amplitude, D is the duration of an AE waveform, and C is the total number of threshold crossings for an AE waveform.



When the ratio AF/RA is small, shear damage mainly occurs in the material; when the ratio AF/RA is large, tensile-type damage mainly occurs, and the difference in the damage mechanism is the fundamental reason for the significant difference between the AF and RA ratios. During the pipe loading process, the expansion and development process of the pipe cracks on the side walls were marked according to the time series at the same time, as shown in Figure 11. The cracks on both sides of the pipe gradually sprouted, expanded, and developed in the plastic damage stage, and the crack form was mainly transverse cracks at this stage. As the loading proceeds, longitudinal cracks begin to appear, but the overall the number of longitudinal cracks is significantly lower than that of transverse cracks. When the load reaches the pipe’s damaged load, many transverse cracks expand and connect. After calculating and analyzing the AF and RA parameters of the AE signal during the loading process of the pipe, the evolution characteristics of RA and AF parameters during the loading process of the pipe were plotted as shown in Figure 12. In the pipeline linear elastic compression loading stage, the AE signal is sparse due to there being less damage and damage behavior of the concrete material at this stage; the RA and AF fluctuate in two intervals of 0–0.5 and 0–3, respectively, and overall, the RA and AF values of the AE signal are generally low. After entering the plastic damage stage, the two indices show the pulse characteristics of the “growth period–quiet period” alternately, which stays synchronized with the changes in the specimen load. The levels of the two indicators increased significantly compared with the previous stage, indicating that frequent structural damage occurred in the pipe during this stage. As the load level increase, the extreme values of the two parameters increase, the AE signal is abundant, and the dense distribution of the two index points increases, indicating that the number and degree of damage activities occurring in the pipeline are increasing.



To further study the damage form of the pipe specimen during the loading process, the characteristic evolutionary curve of the AF to RA ratio was plotted, as shown in Figure 13. The red curve in the figure is the envelope of AF/RA data, and it can be found from the figure that the overall AF/RA shows “bimodal” characteristics during the whole process of pipe loading. Firstly, it increases and then decreases with the increase of the load, and then starts to increase gradually when the load is close to the damage load of the pipe; the first peak corresponds to the critical point of the pipe loading from the linear elastic compression stage to the plastic damage stage, and the second “peak” corresponds to the load reaching the damage load. The appearance of the two peaks indicates the critical point of the transition of the pipeline loading stage and the appearance of the main damage. Therefore, the evolution law of the AF/RA index can effectively characterize and identify the load stage and damage degree of the pipeline, and then realize the monitoring and early warning of the service condition of the pipeline. Many previous experimental studies have proved that when the value of AF/RA is small, the material mainly undergoes shear damage, and when the value of AF/RA is large, the material mainly undergoes tensile damage, schematic diagram of the principle of AE signal to identify crack types is shown in Figure 14. During the pipeline loading process, transverse cracking occurs mainly due to the extrusion deformation of structural units of the pipeline by external stresses, and shear damage occurs at the weak structural surface. The longitudinal cracks appear in the time scale after the transverse cracks sprout; in terms of spatial location distribution, the two ends of the longitudinal cracks must be connected with the transverse cracks in the neighboring areas, and the new cracks expand in the vertical direction from the weak position of the transverse cracks under the action of tensile stress. In terms of the number of cracks, there are significantly more transverse cracks than longitudinal cracks, and the expansion rate of transverse cracks is faster than that of longitudinal cracks. In the plastic damage stage, the development and expansion of transverse cracks mainly occurred in the pipe, and the number of new cracks was significantly reduced. In the online elastic compression stage, the elastic deformation of the concrete material mainly occurs in the pipe. The stress concentration area is formed due to the uneven structure of the pipe surface. The extrusion deformation of each stress unit finally occurs in the weak structural surface with shear damage forming transverse cracks, and the AF/RA value of the AE signal is generally small; with the increase of the load, the resulting fine-scale transverse cracks are subjected to tensile stress and start to expand and crack continuously. The maximum value of AF/RA corresponds to the same time as the crack load; after entering the plastic damage stage, a large number of new transverse cracks are generated in the early stage, and the value of AF/RA( the ratio of AF to RA )starts to increase. After entering the plastic damage stage, a large number of new transverse cracks are generated in the early stage, and the AF/RA value starts to decline. When the load reaches the failure load of the pipe, the crack completely penetrates under the action of shear stress, making the pipe lose its load-bearing capacity. Through the observation of the crack category, number, and sequence of cracks in the foot pipe loading experiment, it is shown that AF/RA can effectively characterize the damage mechanism of the whole process of pipe loading in real-time, and the “double peaks” presented in the loading process correspond to the crack load and failure load of the pipe loading.





5. Conclusions


This study proposes an acoustic emission-based method to identify the damage to pipelines using the designed full-scale loading test. The main results are as follows:



	(1)

	
Reinforced concrete sewage pipe will produce different AE signal characteristics in the different loading processes. The loading can be divided into three stages. In the online elastic compression stage (OA stage), the concrete undergoes elastic deformation with less structural failure, while the AE signal is relatively calm. In the plastic damage stage (AB stage), the cracks sprout and expand, and the number of AE activities triggered by internal structural damage increases significantly; AE energy increases with the increase of the damage degree. In the residual strength stage (BC stage), the AE signal and cumulative energy rise sharply when the load reaches the damage load, and then gradually decrease.




	(2)

	
The generation of the AE signal during the loading process is closely related to the changes in the loading state of the pipe; the generation of the AE signal is not related to the size of the load it is subjected to, but the change in load (stress) is the direct cause of the generation of the AE signal. In the loading stage (the amount of load/stress change), the AE signal appears, the cumulative AE energy curve begins to rise, and in the load retention stage (load/stress change is 0), the AE activity enters a quiet period, the AE signal energy drops to 0, the cumulative AE signal energy stops rising to maintain a stable state.




	(3)

	
AE energy and cumulative AE energy can be used as effective monitoring indicators to characterize the loading stage and damage level of full-size pipes, and AE energy and cumulative AE energy vary with the stresses applied to the pipe. The correlation analysis of the load variation ΔF, the accumulated AE energy ∑E, and the single AE energy maximum Emax during the plastic damage phase shows that there is a positive correlation between any two indicators, and the correlation coefficients are greater than 0.9, which is a strong correlation.




	(4)

	
The AF/RA index can effectively characterize the loading state and the damage degree of the pipeline. The value of AF/RA gradually increases when the main damage is approaching, and then starts to decrease after the main damage occurs, showing the characteristics of “double peaks”. The appearance of the first peak corresponds to the appearance of the crack load, and the second “peak” appears when the load reaches the damage load. The appearance of the two peaks corresponds to the change of the loading phase of the pipeline, and the occurrence of the major damage.







This study is of great significance in evaluating the damage level and instability of the reinforced concrete sewage pipeline. It is found that cumulative AE energy and the AF/RA value can be used as effective indicators for pipeline damage monitoring, but the quantitative relationship between the two indicators and the degree of pipeline damage still needs further study.




6. Discussion


AE technology has been widely used in the field of engineering testing. There are also some external factors that can affect the experimental results. For example, the characteristics of acoustic emission are sensitive to materials, and susceptible to interference from electromechanical noise and the vibration of the experimental equipment. In addition, due to the irreversibility of acoustic emission, the acoustic emission signal in the experimental process cannot be obtained repeatedly through multiple loading. The acoustic emission characteristics of various materials vary greatly with different experimental conditions. In order to establish the relationship between the received acoustic emission signal and the sound source, more research is needed on the acoustic emission characteristics of various materials. To effectively characterize the evolution trend of mechanical properties of concrete sewage pipelines under load, this study presents a full-scale loading test on reinforced concrete sewage pipelines with acoustic emission (AE) technology. The monitoring method proposed in this paper is biased towards qualitative research, and the quantitative monitoring indexes are less studied. In the future, the quantitative evaluation indexes and methods of pipeline damage based on the research of this paper will be further studied.
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Figure 1. Schematic diagram of the experimental system: 1—reinforced concrete sewage pipeline; 2—ground brace; 3, 4—AE sensor; 5—rubber mat; 6—AE amplifier; 7—data-acquisition instrument; 8—host computer; 9—a/d convertor. 
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Figure 2. Experimental loading system. 
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Figure 3. AE sensor arrangement scheme. 
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Figure 4. Load curves for different sizes of pipe specimens. 
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Figure 5. Characteristic curve of pipeline loaded AE signal. 
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Figure 6. Characteristics of AE energy response during pipe loading. 






Figure 6. Characteristics of AE energy response during pipe loading.



[image: Applsci 12 08624 g006]







[image: Applsci 12 08624 g007 550] 





Figure 7. Stress–AE response curve during loading. 
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Figure 8. The evolution of AE parameters in the process of stress change line graph. 
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Figure 9. Thermal diagram of the correlation coefficient of AE parameters during the stress change. 
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Figure 10. AE waveform parameters. 
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Figure 11. Crack distribution map of pipeline damage under load. 
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Figure 12. The evolution characteristics of RA and AF parameters during loading. 
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Figure 13. The evolution characteristics of AF/RA parameters during loading. 
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Figure 14. Schematic diagram of the principle of AE signal to identify crack types. 
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Table 1. Reinforced concrete sewer pipe parameters.
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Inner Diameter

	
Thickness

	
Outer Diameter

	
Skeleton Layer Position

	
Circumferential Reinforcement Bars

	
Longitudinal Reinforcement




	
Diameter

	
Inner Diameter

	
Number of Rings

	
Pitch

	
Diameter

	
Quantity






	
1000

	
140

	
1140

	
Single

	
3

	
321

	
13.3

	
75

	
5

	
3




	
1500

	
165

	
1665

	
Single

	
3

	
321

	
13.3

	
75

	
5

	
3




	
2000

	
210

	
2210

	
Single

	
3

	
321

	
13.2

	
75

	
5

	
3
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Table 2. Estimated load for different sizes of pipes with graded loading.
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	Specification (mm)
	Crack Load (kN)
	80% Crack Load (kN)
	10% Crack Load (kN)
	5% Crack Load (kN)
	Failure Load (kN)
	80% Failure Load (kN)
	10% Failure Load (kN)
	5% Failure Load (kN)





	1000 × 140 × 3000
	207
	165
	20
	10
	300
	240
	30
	15



	1500 × 165 × 3000
	300
	240
	30
	15
	450
	360
	45
	22



	2000 × 210 × 3000
	402
	321
	40
	20
	600
	480
	60
	30
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