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Abstract: To investigate the evolution of load-bearing characteristics of pre-stressed beams throughout their service life and to provide a basis for accurately assessing the actual working state of damaged pre-stressed concrete T-beams, destructive tests were conducted on full-scale pre-stressed concrete beams. Based on the measurement and analysis of beam deflection, strain, and crack development under various loading levels during the research tests, combined with the verification coefficient indicators specified in the codes, the verification coefficients of bridges at different stages of damage can be examined. The results indicate that the T-beams experience complete, incomplete linear, and non-linear stages during the destructive test process. In the complete linear elastic stage, both the deflection and bottom strain verification coefficients comply with the specifications, indicating a good structural load-bearing capacity no longer adheres to the code’s requirements. In the non-linear stage, both coefficients exhibit a sharp increase, resulting in a further decrease in the structure’s load-bearing capacity. According to the provisions of the current code, the beam can be in the incomplete linear stage when both values fall within the code’s specified range. The strain verification coefficient sourced from the compression zone at the bottom of the flange is not recommended for assessing the bridge’s load-bearing capacity.
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1  Introduction

Pre-stressed concrete T-beams have been widely used in bridge construction projects because of their large span, low cost, and large bearing capacity. However, with the increase of the bridge’s service time, the beam’s pre-stressed continues to lose, weakening its bending and shear resistance, resulting in cracks, deflections, and other diseases of the beam, bringing great hidden dangers to traffic safety [1]. Therefore, it is of great significance to study the structural state of the bridge during its damage process and understand the change of the structural state during its whole life process.

1.1 Motivation

The bridge load test is used to evaluate the bearing capacity of bridges, which is widely used in the acceptance of new bridges and the bearing capacity testing of old bridges [2,3]. With the increasing service life of bridges, many scholars began to use load test methods to assess the bearing capacity of reinforced bridges [4,5]. In recent years, bridge construction technology has been continuously developed, and bridge-bearing capacity assessment technology based on static load tests has been applied to a variety of new bridges [6,7]. However, in the process of using static load test to assess the bearing capacity of bridges, the full-scale test is expensive and difficult to implement, and few scholars conduct destructive tests on new full-scale bridges to study the changing trend of bearing capacity of new bridges in the destructive process [8]. In this research field, small-scale models or demolished bridges are often used to conduct destructive tests [9,10]. For the small-scale model, the test results can not reflect the real stress state of the structure in some aspects. For dismantled bridges, the mechanical properties and bearing capacity obtained by the test are often smaller than the test value of the bridge in good condition due to the accumulation of various damages during service [11]. Through the method of dynamic and static load tests of real bridges, the actual stress condition of the bridge under operational load can be judged, but it is not possible to accurately deduce the real bearing capacity of bridges for operational loads in the process of their destruction [12]. Therefore, conducting destructive tests on new full-length prestressed T-beams and exploring the structural changes during the destructive process can provide a reference for the structural evaluation of pre-stressed T-beams with damage, which has significant engineering significance.

In terms of the destructive test of a new pre-stressed concrete bridge, Fang et al. [13] carried out the destructive test on a 30 m full-scale pre-stressed concrete box girder, evaluated the applicability of the corresponding calculation formula in the code to the pre-stressed concrete box girder, and compiled a well-applicable program for the whole process of force performance analysis of the box girder. Subsequently, Yu et al. [14] conducted destructive tests to analyze the variations in the bearing capacity and stiffness of a 30-m pre-stressed concrete box girder and put forward the calculation formula of the residual bearing capacity based on the reduction coefficient of flexural stiffness. In addition, some scholars have also studied the change of bearing capacity of the structure in the destructive process through the destructive test of the pre-stressed concrete box girder of the new high-speed railway [15]. A few scholars conducted relevant studies in the destructive test of newly built pre-stressed concrete T-beams. For example, Zhang’s 30 m used the pre-stressed concrete T-beam to test the mechanical properties of the pre-stressed beam during the process of destructive loading and analyzed its deflection, strain, and crack development forms [16]. Liu et al. [17] verified the mechanical properties of the structure through the destructive test of a 30 m pre-stressed double T-beam, and the results showed that the bearing capacity of the structure could meet the requirements of the code. Pujol et al. [18] carried out destructive tests on 27 m unbonded pre-stressed concrete continuous T-beams by applying uniform load, and the test results showed that the beams had good ductility, and the structural bearing capacity reached 1.25 times the design value. The research team led by Wang et al. [19] conducted a comprehensive investigation into the failure mechanisms, mechanical characteristics, and maximum load-bearing capacity. The research introduced a novel approach for forecasting the remaining load-bearing capacity, utilizing the strain distribution patterns and the alterations in the section’s neutral axis position. This method established a theoretical foundation for assessing the flexural stiffness and load-bearing capabilities of pre-stressed concrete beams.

1.2 Purpose

Most of the destructive tests on bridge spans mentioned above are concentrated in the range of 20∼30 m. These tests are often conducted using small-scale models or bridges that are to be dismantled. However, the results obtained from experiments using small-scale models may not fully reflect the actual stress state of the structure in some aspects. On the other hand, bridges that are to be dismantled usually exhibit accumulated damages over their service life, leading to mechanical properties and bearing capacity values obtained from tests being lower than the intact state of the bridge. Notably, there is a lack of destructive tests conducted on newly constructed 50 m pre-stressed concrete T-beams. Therefore, it holds great engineering significance to carry out destructive tests on full-scale newly built pre-stressed T-beams to investigate the structural changes during failure. Such tests can provide valuable insights for evaluating the structural condition of damaged pre-stressed T-beams. In terms of the economic research of bridge-bearing capacity assessment through load tests, because the bridge maintenance community is developing in the direction of life cycle cost optimization, this concept should also be used in load testing. Some scholars propose that the use of load tests for bridge bearing capacity assessment should not be regarded as an isolated event in the bridge life cycle, but should be included in the inspection, maintenance, and reinforcement of the bridge. It should be minimized by minimizing the total cost and maximizing bridge performance and life expectancy to determine the number of load tests to be performed over the life of the bridge and the optimal time [20,21].

Based on the above research background, this study is anchored on a comprehensive destructive test of a fully intact 50-m pre-stressed T-beam. The investigation focuses on the variations in beam deflection, strain, and crack development under incremental load levels throughout the experimental process. The analysis of the change in bearing capacity for 50 m T-beams during the destructive process, as per the “Highway Bridge Bearing Capacity Testing and Evaluation Regulations” (JTG/T J21-2011) and “Highway Bridge Load Test Regulations” (JTG/T J21-01-2015), focuses on the verification coefficient indicator [22,23]. The objective of this research is to elucidate the variability in the load-bearing capacity of such bridges throughout their service life, thereby further validating the rationality of using static load experimental to assess the load-bearing capacity of simply supported beams. This study provides a basis for the accurate assessment of the actual working state of damaged pre-stressed concrete T-beams.

2  Experimental Design

2.1 Test Beam

In this paper, the model selected for testing originated from the Yellow River Super Large Bridge Project on the Puyang to Hubei Yangxin Expressway. It has an overall length of 50 m and a calculated span of 48.8 m. The precise specifications of the beam are illustrated in Figs. 1 and 2. The beam’s structural assembly was achieved using the post-tensioning technique, and it was constructed with a concrete grade of C55. High-strength and low-relaxation pre-stressed steel strands having a standard tensile strength of 1860 MPa were employed for pre-stressing, and the tension stress was controlled at 1395 MPa. The relaxation coefficient of the pre-stressed steel strands was measured to be 0.3. The individual dimensions of the beam plate and the arrangement of the prestressed steel strands are shown in Fig. 3. In this experiment, the experimental loading was applied using a simple support mode.
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Figure 1: Beam elevation view (cm)
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Figure 2: Cross-sectional view of different parts in the beam (mm)
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Figure 3: Layout of pre-stressed bundles at different sections (mm)

The parameters of materials are shown in Table 1.
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2.2 Loading Device and Measurement Point Layout

2.2.1 Loading Device

The testing methodology employed a single-point loading technique, as shown in Fig. 4, with the load application focused on the beam’s most structurally vulnerable area, the mid-span, to counteract a positive bending moment. The apparatus for loading is elaborately illustrated in Figs. 5 and 6. The T-beam is simply supported at both ends, and the jack is located between the beam and the reaction force assembly. This assembly comprised a steel beam and two concrete resistance plates anchored to piles. When the jack is pressurized, the steel beam absorbs the upward force, converting it into the loading force of the T-beam. This meticulously designed loading setup facilitated accurate and controlled testing conditions for the experiment.
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Figure 4: Site diagram of T-beam load loading
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Figure 5: Elevation view of loading device
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Figure 6: Cross-section view of loading device

2.2.2 Layout of Deflection Measurement

The layout for the deflection measurement points on the model is shown in Fig. 7.

[image: images]

Figure 7: Cross-section layout of T-beam deflection measurement points

2.2.3 Layout of Strain Measurement

There were 10 points of strain measurement at three sections with 1/4, 1/2, and 3/4 span. They were symmetrically arranged, as shown in Fig. 8.
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Figure 8: T-beam strain measurement point profile

2.3 Measuring Equipment

The main measuring equipment used in this study is shown in Table 2 below.
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2.4 Load Program

The load values were harmonized with the stipulations of the “General Specifications for Design of Highway Bridges and Culverts” [24] to gain a deeper insight into the true state of the model across various phases of destructive. The transverse distribution coefficient for the central beam was computed using the rigid beam approach, and the vehicle load was applied following the Highway-I load standard. This standard entails a uniformly distributed load of 10.5 kN/m coupled with a concentrated load of 360 kN. The formula for calculating the transverse distribution factor for a simply supported beam in the rigid-frame theory is presented as follows:


maxRi=P/2(η1+η2+⋯+ηn)
(1)

where maxRi is the maximum value of the load R on the main beam, P is the concentrated load, and ηi (i = 1, 2, ..., n) is the force distribution factors.

Following each loading phase in the test, the process of unloading was executed until the deflection measurement at mid-span stabilized, ensuring accurate data collection for subsequent analysis. This iterative cycle, encompassing both loading and unloading stages, was repeated 14 times, corresponding to 14 distinct loading increments. The loading levels, meticulously planned to progressively challenge the structural integrity of the beam, were set at 315, 630, 1030, 1110, 1190, 1300, 1500, 1580, 1700, 1900, 2100, 2220, 2500, and 2540 kN. Upon completion of each loading cycle, a static load test was conducted to assess the beam’s response under static conditions. The bearing capacity was then evaluated according to the comprehensive data gathered from these static load tests. The concentrated force loaded in the static load test was 630 kN. Before the formal start of the structural loading test, preloading the structure is conducted to familiarize with the on-site loading process and to verify the operational status of the instruments, thereby preparing for the subsequent formal loading step. The overall process of destructive loading is shown in Fig. 9 and the load loading site diagram is shown in Fig. 10.
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Figure 9: Destructive test loading flow chart
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Figure 10: Field image of T-beam under load application

The layout of the test instrument and the on-site measurement method are reasonable to avoid the error caused by cracking as much as possible. The number of measurements is large to avoid occasional errors after cracking. As shown in Table 3.
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From the above table, it can be seen that the corresponding strain value of each stage in each cyclic loading process needs to be measured, and the rationality of the test results is ensured by comprehensive comparative statistical analysis of the initial data of each stage in the cyclic loading process.

2.5 Finite Element Simulation

In the bridge detection theory utilized in this paper, it is initially assumed that the bridge is in an ideal service state, exhibiting complete elasticity. The theoretical strain values of the bridge are simulated based on the following assumption. It is worth noting that the calculation of the theoretical values does not take into consideration the shear hysteresis effect based on the minimal shear hysteresis effort of the T-beam during the full elastic phase of the test [25,26].

In this load test, the theoretical values of the deflection and strain of the test T beam under load are obtained by finite element simulation. Firstly, according to the design drawings and related data, the finite element model of the T-beam is established, the finite element calculation is carried out, and the specific steps can be divided into:

(1) Cross-section and element establishment: Based on the beam design drawing, the beam support section and the beam part are simplified to a certain extent, the beam fulcrum cross-section, variable cross-section, and mid-span cross-section are established by ABAQUS software, and then combined with the key point coordinates, the creation of the bridge structure model is quickly completed, as shown in Fig. 11.
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Figure 11: T-beam finite element model

(2) Material definition: The material information of the main beam is shown in Table 1, and the material meets the requirements of the relevant chapters of the “Code for the Design of Highway Reinforced Concrete and Pre-stressed Concrete Bridges and Culverts” (JTG G 3362-2018) [27].

(3) Boundary condition definition: The specification of boundary conditions is conducted in alignment with the criteria for simple supports.

(4) Establishment of pre-stressed reinforcement: The finite element model of prestressed reinforcement is constructed by integrating the material properties of prestressing steel and the design details delineated in the prestressing reinforcement drawings.

(5) Load application: The finite element model is subjected to loading in stages, mirroring the loading protocol employed in the actual load test. This approach enables the derivation of the theoretical structural states under the respective load increments, as depicted in Fig. 12.
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Figure 12: The experimental model loads the deformation

(6) Result extraction: Obtain the strain and deflection data at the specified position of the 1/4, 1/2, and 3/4 sections of the beam. Then, calculate the theoretical values of the deflection and strain for the structure under the test load. The results are presented in Tables 4 and 5 below.
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3  Test Results

3.1 Load-Deflection Curve

Following the completion of each cyclic loading, the deflection data from the static load test of the test T-beam were collected and analyzed. These data were then compared with the theoretical deflection values obtained through finite element simulation. The deflection verification coefficient at the bottom of the mid-span beam was calculated using the formula provided in the specification, as detailed in Table 6 below.
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Following the subtraction of vertical displacements, the deflections at either end of the support pedestal were found to be negative, reflecting the direction of bending. The beam’s deflection data were collected throughout each loading cycle. The resultant load-deflection plots can be observed in Fig. 13. For a more detailed analysis of how deflection responds to increasing loads, the mid-span deflections at each load increment were extracted and are illustrated distinctly in Fig. 14.
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Figure 13: Load-deflection curve along the length of the beam
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Figure 14: Load-deflection curve at the mid-span position of T-beam

Based on the mid-span load-deflection curve presented in Fig. 14, it is evident that the curve exhibits two distinct inflection points as the applied load progressively increases. The state of the T-beam is divided into three phases during the test:

(1) Complete linear stage: At the initial loading phase, characterized by minimal load values, the beam’s deflection increases at a gradual pace. The load-deflection plot for this stage demonstrates a direct linear correlation between the applied load and the resulting deflection, with the steepest slope observed. Cracking is absent at this juncture, and the T-beam maintains its structural stiffness, with the material of the beam fails to attain the yield phase.

(2) Incomplete linear stage: As cyclic loading is progressively applied, the structural load-bearing capacity experiences a steady decline. Concurrently, the deflection verification factor exhibits a pattern of exponential increase in correlation with the rising cyclic load magnitude. This suggests that, when evaluated against the deflection verification criterion, the structural load-bearing capacity does not conform to the standards necessary for standard operational conditions. When the load reaches 1030 kN, the mid-span deflection of the beam reaches 36.62 mm, and the first inflection point on the load-deflection curve appears. Following the application of 1030 kN of load, the test beam emitted a sustained auditory signal. Additionally, the first signs of cracking were observed at the beam’s bottom surface in the mid-span region. Crack propagation was predominantly confined to a 2.5-m zone centered around the beam’s mid-span, with the cracks displaying an oblique orientation. The mean width of the crack was measured to be 0.08 mm, with the widest crack reaching 0.12 mm. This value is nearly identical to the projected cracking load. Post the initial inflection point, the beam’s deflection increases nearly linearly with the applied load. Nevertheless, there is a decline in the slope of the load-deflection curve, signifying a reduction in the beam’s stiffness. During this loading phase, the cracks progressively extend towards both ends of the beam.

(3) Non-linear stage: Upon attaining a load of 2380 kN, the mid-span deflection reaches 279.32 mm, and the occurrence of the second inflection point occurs. At this time, the rate of deflection growth intensifies with the escalation of load, indicating the commencement of the beam’s plastic phase. When the load peaks at 2550 kN, the mid-span deflection escalates to 473.28 mm. The crack at the mid-span has nearly reached the beam’s uppermost edge, with its maximum width extending to 4.7 mm. Audible sounds of prestressing failure were emitted. Concurrently, the tensile reinforcement within the beam begins to yield.

3.2 Strain Results at the Mid-Span

After the completion of each cyclic loading, the static load test was carried out, and the strain curve at the mid-span section of the test beam along the beam height is shown in Fig. 15.
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Figure 15: Mid-span section strain curve along beam height

In the stage of complete linear elasticity, the height of the neutral axis in the middle section of the beam is consistent with the theoretical value. The neutral axis of the T-beam appears to rise slightly in the load cycle (1030 kN) and the position is about 170 cm in the incomplete linear stage, which indicates the structure still has a better bearing capacity for the normal use of the static loads at this time. As the continuous increase of the structural cracking degree after the load cycle (1580 kN), the position of the neutral axis continues to slowly move upward. When the structure changes to the next stage, the neutral axis position rises rapidly due to the yielding of tensile reinforcement and the neutral axis position is about 2.7 m after the load cycle (2500 kN). The variation of the height of the neutral layer in the mid-span section is shown in Table 7. The variation curve of the neutral layer in the mid-span section is shown in Fig. 16.
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Figure 16: Curve of the neutral layer in the mid-span section

4  Analysis of Bearing Capacity During Destructive Test

4.1 Verification Coefficient

The verification coefficient can be calculated from Formula (2) according to the specification [22].


η=SeSs
(2)

where η is the verification coefficient, Se is the measured value of deflection (or strain) under test load, and Ss is the theoretical value of deflection (or strain) under test load.

When the structure is subjected to loading, the strain of the structure can reflect its strength information, and the deflection of the structure can reflect its stiffness information. When the load test is used to evaluate the bearing capacity of the bridge, the strength and stiffness of the structure can be quantitatively analyzed through the strain and deflection verification coefficient. The verification coefficient can reflect the bearing capacity of the bridge. For pre-stressed reinforced concrete bridges, the specification requires that the bridge verification coefficient is considered to meet the code requirements when the deflection verification coefficient ranges from 0.7 to 1.0 and the strain verification coefficient ranges from 0.6 to 0.9. When the verification coefficients are within the above range, the bearing capacity is good. The less of coefficient, the better the bearing capacity. In this paper, according to the verification coefficient in the specification, the change of the verification coefficients of the deflection and strain during the destructive test were analyzed.

4.2 Deflection Verification Coefficient

After each cyclic loading, the deflection data of the static load test of the test T beam (the test load is 630 kN) are counted, combined with the theoretical value of the deflection obtained by the finite element simulation, and the deflection check coefficient at the bottom of the mid-span beam is calculated by the formula given by the specification, as shown in Table 8.
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According to Table 8, the relationship diagram between the deflection verification coefficients and the cyclic loading value is made, as shown in Fig. 16. The cracks of the beam initiate at point B in the figure, and develop gradually with the increase of the cyclic load. The structure is in the complete linear stage at the point in front of B, the verification coefficient is less than 0.69, indicating that the bearing capacity is good. And then enters the nonlinear working stage and gradually transitions to the damage stage; point C indicates that the rebars of the structure begin to yield, indicating that the structure begins to enter the failure stage. After this state, the damage degree of the structure begins to increase fast with the increase of cyclic load. Finally, the structure reaches a state of complete failure after point D.

According to Fig. 17, it can be found that the deflection verification coefficient of the structure changes very little, the value is between 0.6 and 0.7 while the structure is in a complete linear elastic state, which is between two points AB in the figure. It indicates that the structure has good bearing capacity and a large safety reserve under the evaluation index of the deflection verification coefficient. With the increase of the load cycle, the structure enters an incomplete linear stage, which is between two points BC in the figure. The value of the deflection check coefficient starts from 0.69 and increases with the increase of the load cycle, while the bearing capacity of the structure decreases, during this period. The deflection verification coefficient presents an index growth trend with the increase of the cycle. The deflection verification coefficient reaches 1.02 after the load reaches 1580 kN, which indicates that the bearing capacity of the structure cannot meet the requirements of the normal use state under the deflection verification coefficients. It can be considered that when the load reaches almost 3/4 of the calculated ultimate load (2019.86 kN), the deflection verification coefficient exceeds 1.0. In the CD section of the curve in the figure, the structure is in the damage stage. Upon attaining a load of 2380 kN, the interpolation of the corresponding deflection verification coefficient is 1.38, the structure has been significantly damaged when it is in this state, and the bearing capacity has long failed to meet the standard requirements.

[image: images]

Figure 17: Relationship between deflection verification coefficient and load cycle

4.3 Strain Verification Coefficient

Due to the regular variation of strain values along the height of the beam, this paper selects the position with the maximum tensile stress and compressive stress at the mid-span, that is, the strain verification coefficients from the bottom of the beam and the bottom of the flange are calculated, as shown in Tables 9 and 10. They are plotted in Figs. 18 and 19.
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Figure 18: Strain verification coefficient (bottom of the beam-tensile strain)
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Figure 19: Strain verification coefficient (lower flange-compress strain)

Through Fig. 18, it can be found that the strain verification coefficients increase to a certain extent, with a maximum value of 0.82 being less than the specified value of 0.9 in the specification while the beam is in a complete linear elastic state, i.e., between the AB points in the figure. The result indicates that the bearing capacity of the beam is good. With the increase of the cyclic load, the structure enters an incomplete linear stage, named the BC stage in the figure, and the bearing capacity of the structure gradually decreases. There is a situation where the strain verification coefficient is greater than the standard requirements after the load reaches 1190 kN. It indicates that under the strain verification coefficient evaluation index, the bearing capacity of the structure can’t meet the requirements for normal use. In the CD segment of the curve in the figure, the structure enters the damage stage, with a sudden increase in the strain verification coefficient, and the bearing capacity of the structure further decreases until failure.

From Fig. 19, it can be observed that the strain verification coefficient of the beam remains stable within a certain range, and is less than the specified value in the specification when the beam is in the first state, i.e., between two points AB in the figure. With the increase of the load cycle, the beam changes to the incomplete linear stage, named the BC stage in the figure. During this process, the strain verification coefficient shows a trend of first increasing and then decreasing with the increase of the load cycle. The maximum strain verification coefficient is 0.91, which is slightly greater than the requirements of the specification. However, this phenomenon does not mean that the bearing capacity meets the requirements of the code. In the CD section of the curve in the figure, the strain verification coefficient rapidly decreases, but its actual bearing capacity continues to decrease until it fails.

It is because cracks begin to appear in the lower part of the beam body after the structure enters the incomplete linear stage, and the cracks continue to expand upward with the increase of load 14. The neutral axis also moves upward to the flange and continues to move upward until the beam body fails. It is shown in Table 7 and Fig. 16. When the neutral axis moves upward, the compressive strain of the concrete at the bottom of the flange will first increase with the increase of the load cycle. While the neutral axis moves closer to the bottom of the flange, the compressive strain value will gradually decrease. As the neutral axis continues to move upward, the compressive strain value will first decrease to zero and then appear as the tensile strain until the final failure of the beam. It can be seen that when the strain verification coefficient is used to evaluate the bearing capacity of the bridge, the position of strain measurement points should be rationally arranged, and the bearing capacity of the bridge should be evaluated according to the results of strain verification coefficient at different locations of the section.

Comparing the relationship between the deflection at the mid-span and the strain verification coefficient at the bottom of the beam with the variation of the load cycle, it is found that the trend of the two coefficients under the load cycle is the same. The strain verification coefficient exceeded the specification range in the third load cycle (1190 kN), and the deflection verification coefficient exceeded the specification range in the seventh cycle (1580 kN). When analyzing the verification coefficients of deflection and strain, it can be found that the values of the verification coefficients will be somewhat discrete under the same cycle. This phenomenon is partly due to the limitation of field instruments and the influence of errors between the actual applied load and the theoretical load under each cycle. Compared with the deflection verification coefficient, the strain verification coefficient has a higher sensitivity to the load cycle. A higher sensitivity will lead to a greater dispersion of measurement values, which requires more accurate measurement equipment for data collection. When using the verification coefficient to calculate the bearing capacity of bridges, analyzing the structural deflection and strain verification coefficient can obtain more reliable evaluation results. The changing trend of the verification coefficient obtained in this paper during the damage process can be used to make a preliminary judgment on the service status of the bridge. However, the compress strain coefficients should be paid more attention when the beam is damaged.

5  Conclusions

The verification coefficients of deflection and strain represented the bearing capacity of the pre-stressed T-beam and were analyzed by the life-cycle 50 m full-scale destructive test, some conclusions could be drawn as follows:

1.    According to the load-deflection curve, the T-beam can be divided into three stages during the life-cycle destructive process, they are complete linear elasticity, incomplete linear, and non-linear stage.

2.    Throughout the entire failure experiment process of the T-beam, it was observed that during the full elastic stage, the deflection and strain check coefficients provided an accurate assessment of the bridge’s load-bearing capacity. However, as the T-beam transitioned into the non-complete elastic state, significant disparities in the deflection and strain check coefficients were noted, with the strain check coefficient results more effectively reflecting the T-beam’s operational state. In the nonlinear stage, the check coefficient values exceeded the specified range, indicating that the bridge’s load-bearing capacity no longer met the required standards.

3.    The verification coefficient for the compression zone at the bottom of the flange is generally between 0.6 and 0.9. The strain verification coefficient will first increase and then decrease as the neutral axis moves up. It cannot reflect the damage of the T-beam. It could not be recommended for evaluating the bearing capacity of bridges.

4.    In this paper, the whole process failure test of a prestressed concrete T-beam is of practical significance for the subsequent analysis of the structural behavior of the whole bridge.
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Table 3:

Cycle loading process

Loading The number The stable value at

Description of the load

steps of cycle the end of each load
loads (kN)

1 / 0 Self-weight

2 / 315 Preloading is performed in three stages

3 1 630 0-315: one load; 315-630: about 100 per
level

5 2 1030 630-800: about 100 per 800-Cracking: about 80 per

level,; level

6 3 1110 0—630: about 300 per level; 630-1110: about 100 per
level

7 4 1190 0—630: about 300 per level; 630-1190: about 100 per
level

8 5 1300 0-917: about 300 per level; 917-1300: about 100 per
level

10 5 1500 0-917: about 300 per level; 917-1500: about 100 per
level

11 7 1580 0—1190: about 300 per level; 1190-1580: about 100 per
level

12 8 1700 0—1500: about 300 per level; 1508—1700: about 100 per
level

14 9 1900 0—1780: about 300 per level; 1780—1900: about 100 per
level

16 10 2100 0—1780: about 300 per level; 1780-2100: about 100 per
level

17 11 2220 0-2100: about 300 per level; 2100-2220: about 100 per
level

20 12 2500 0-2100: about 300 per level; 2100-rebar yield: about
80 per level
2500-rebar yield: about
40 per level

21 13 2540 0-2100: about 300 per level, 2300-2500: about 80 per

2100—-2300: about 100 per
level,;

level, 2500-2540: about
40 per level
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Table 8: Deflection verification coefficients

Load cycle  Deflection measured value The theoretical value of Deflection verification
(kN) (mm) deflection (mm) coefficient
630 —20.270 -30.95 0.65

1030 —21.310 -30.95 0.69

1110 —22.490 -30.95 0.73

1190 —21.970 -30.95 0.71

1300 —24.277 -30.95 0.78

1500 —29.110 -30.95 0.94

1580 —31.560 -30.95 1.02

1700 —32.410 -30.95 1.05

1900 —34.600 -30.95 1.12

2100 —37.240 -30.95 1.20

2200 —38.850 -30.95 1.26

2500 —49.430 -30.95 1.60

2540 —52.790 —-30.95 1.71
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Table 4: Theoretical values of deflection at different cross-section positions

Load  Deflection of the support 1/4 cross-section 1/2 cross-section 3/4 cross-section
(kN) section (mm) deflection (mm) deflection (mm) deflection (mm)
300 0 —9.87 —14.62 —9.87

420 0 -13.15 —19.50 —-13.15

520 0 —16.44 —24.37 —16.44

630 0 —20.88 —30.95 —20.88
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Table 9: Strain verification coefficient (bottom of the beam)

Load Measured Measured Theoretical ~ Strain verification Strain verification
cycle values (south  values (north  strain value coefficient (south coefficient (north
(kN) side) side) side) side)

630 158.00 171.10 318.30 0.50 0.54

1030 261.70 241.70 318.30 0.82 0.76

1110 291.50 303.70 318.30 0.92 0.95

1190 383.80 339.10 318.30 1.21 1.07

1300 351.70 326.60 318.30 1.10 1.03

1500 405.60 365.70 318.30 1.27 1.15

1580 463.60 417.30 318.30 1.46 1.31

1700 482.70 385.80 318.30 1.52 1.21

1900 575.10 505.00 318.30 1.81 1.59

2100 / 750.30 318.30 / 2.36

2200 1038.30 / 318.30 3.26 /

2500 1674.00 1464.50 318.30 5.26 4.60

2540 / 1458.10 318.30 / 4.58
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Table 7: Variation of the height of the neutral layer in the mid-span section

Load (kN) Neutral layer height (cm) Initial neutral layer height/Normal value
630 168 1.00
1030 173 1.03
1110 171 1.02
1190 170 1.01
1300 172 1.02
1500 178 1.06
1580 182 1.08
1700 179 1.07
1900 188 1.12
2100 190 1.13
2220 192 1.14
2500 262 1.56

2540 267 1.59
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Table 1: Parameters of materials

Material Parameter Value Reference
values [24]

Concrete Strength grade C55 >C40
Elastic modulus E./MPa 35500  3.25 x 10*
Standard tensile strength f;,/MPa 2.74 2.40
Design tensile strength f4/MPa 1.83 1.65
Standard compressive strength f,/MPa 35.5 26.8
Design compressive strength f.4/MPa 24.4 18.4

Steel strand Nominal diameter d/mm 15.2 6-50
Nominal cross-sectional area/mm? 139 /
Elastic modulus E,/MPa 195000 /
Tensile strength characteristic value f,,/MPa 1860 1860
Design tensile strength f,o/MPa 1260 1260
Design compressive strength f'p,y/MPa 390 390

Longitudinal load- Steel reinforcement HRB400 /

bearing steel Elastic modulus E/MPa 200000 200000

reinforcement Tensile strength characteristic value fy/MPa 400 400
Design tensile strength f,¢/MPa 330 330
Design compressive strength f'sy/MPa 330 330
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Table 6: Mid-span deflection verification coefficient

Load cycle Measured value of The theoretical value of Deflection verification
(kN) deflection (mm) deflection (mm) coefficient
630 =7.90 —14.62 0.54
—-12.59 —20.63 0.61
—17.89 —25.54 0.70
-20.27 -30.95 0.65
1030 —7.68 —14.62 0.53
-12.97 —20.63 0.63
—-18.11 —25.54 0.71
-21.31 -30.95 0.69
1110 -8.61 —14.62 0.59
—12.88 —20.63 0.62
—18.42 —25.54 0.72
—22.49 -30.95 0.73
1190 —8.85 —14.62 0.61
—-13.71 —20.63 0.66
—17.64 —25.54 0.69
-21.97 -30.95 0.71
1300 —12.652 —14.62 0.87
—17.68 —20.63 0.86
—20.669 —25.54 0.81
—24.277 -30.95 0.78
1500 —-10.61 —14.62 0.73
—15.86 —20.63 0.77
—20.44 —25.54 0.80
—29.11 -30.95 0.94
1580 —-11.18 —14.62 0.76
—18.53 —20.63 0.90
—23.83 —25.54 0.93
-31.56 -30.95 1.02
1700 —15.35 —14.62 1.05
-21.12 —20.63 1.02
—25.25 —25.54 0.99
—32.41 -30.95 1.05
1900 —14.91 —14.62 1.02
-20.21 —20.63 0.98
-26.24 —25.54 1.03

—34.6 —-30.95 1.12
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Table 2: Measuring equipment used 1n the test

Equipment Objective Version Quantity
1 50 m steel tape measure Dimensional measurements / 1
2 5 m steel tape measure Dimensional measurements / 1
3 Electromechanical dial gauge Deflection measurement YH5-50 5
4 Displacement meter Deflection measurement 5
5 Precision level Deflection measurement DS05 1
6 Static strain testing system Strain measurement DH5922 1
7 Crack sighter Crack observation BJQF-1 2
8 Marker Measurement markers / 2
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Table 10: Strain verification coefficient (lower flange-compress strain)

Cyclic Measured Measured Theoretical ~ Strain verification Strain verification
load  values (south  values (north  strain value coefficient (south coefficient (north side)
side) side) side)

630 —139.70 —140.80 -219.70 0.64 0.64

1030 —118.00 —135.60 -219.70 0.54 0.62

1111 —132.90 —140.30 -219.70 0.60 0.64

1190 —150.00 —150.00 -219.70 0.68 0.68

1300 —155.00 —191.60 -219.70 0.71 0.87

1500 —203.00 —171.10 -219.70 0.92 0.78

1580 —176.10 —200.80 -219.70 0.80 0.91

1700  —203.50 —191.70 -219.70 0.93 0.87

1900 —197.80 —200.10 -219.70 0.90 0.91

2100  —205.80 —200.00 -219.70 0.94 0.91

2200 —196.80 —187.30 -219.70 0.90 0.85

2500 -102.30 —118.00 -219.70 0.47 0.54

2540 —-100.60 —115.10 —219.70 0.46 0.52
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Table 5: Theoretical values of strain at different cross-section positions

Load  Strain of the support section (ug) 1/2 cross-section strain (ue)  3/4 cross-section strain (Jie)

kN
(kN) The bottom of Bottom of the Bottom of the Bottom of the Bottom of the Bottom of the

the flange beam beam beam beam beam
300 —46.2 68.4 —104.6 151.5 —46.2 68.4
420 —65.1 96.2 —146.5 215.6 —65.1 96.2
520 —81.4 120.2 —181.3 262.5 —81.4 120.2

630 —100.3 146.4 —219.7 318.3 —100.3 146.4
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