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ABSTRACT
[bookmark: OLE_LINK3][bookmark: OLE_LINK2][bookmark: OLE_LINK1]The bonding between the tendons and grout is crucial to the performance of bonded post-tensioned concrete structures. To study the bond performance of grouted tendons at elevated temperatures, pull-out tests were conducted on specimens, each of which comprising either a mono- or multi-strand tendon located centrally within a grouted duct inside a concrete cylinder, at test temperatures ranging from 20°C to 600°C. Results show that the bond strength deteriorates with the rise in temperature and the degradation of bond strength is more severe than that of the other mechanical properties of materials. Three types of failure mode of the specimens were observed, i.e. pull-out, partial splitting and through splitting. Using a smaller duct can improve the bond strength when the specimens fail in the pull-out mode. However, the influence of the strength of outer concrete is insignificant. Based on the distinct bond behaviour of different failure modes, a bond-slip model was proposed by regression of test results.
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List of notations
db	Strand diameter
db,e	Equivalent diameter of strand
Eb	Initial bond stiffness
Eb,T	Initial bond stiffness at temperature T
fc	Compressive strength of embedded material
fps	Effective prestressing stress of strand
fse	Ultimate strength of prestressing strand
lb	Bonded length
le	Envelope perimeter of strand
P	Pull-out force
s0	Bond slip corresponding to bond strength
s1	Bond slip corresponding to residual bond strength
tb	Bond stress
tbf,T	Residual bond strength at temperature T
tbmax	Bond strength
tbmax,T	Bond strength at temperature T
η	Ratio of residual strength to bond strength

INTRODUCTION
Post-tensioned concrete (PC) structures are popular structural forms for buildings and bridges. However, bridges could be damaged by the fire caused accidentally by tanker trucks carrying large amounts of flammable substance (Garlock et al., 2012). PC members are known to be more sensitive to fire than their ordinary concrete counterparts because of the degradation of concrete and prestressing tendons at elevated temperatures (FIB, 2008). Besides, investigation has shown that the bonding between tendon and concrete plays an important role in the structural performance of bonded PC elements and it also deteriorates during fire (Khalaf and Huang, 2016). Failure to consider the bond deterioration may lead to the overestimation of the fire resistance of such structures (Panedpojaman and Pothisiri, 2014).

The bonding between a tendon and the surrounding material at ambient temperature is often studied through pull-out tests. Laldji (1987) presented a comprehensive study of the bond characteristics of prestressing strands embedded in grout and showed that the maximum bond stress increased with the increase of lateral pressure and grout strength. Gustavson (2004) conducted pull-out tests on strands, focusing on the influence of strand geometry on the bond mechanism. The geometric property of the outer surface of strand showed an evident influence on the bond performance such as initial adhesion and bond capacity. Faria et al. (2011) carried out pull-out tests on strands embedded in epoxy. The rationality of assuming a uniform distribution of bond stress along the embedded length was confirmed.

However, limited pull-out tests have been carried out on strands at elevated temperatures. In the pull-out tests of Moore (2008) conducted on prestressing strands embedded in concrete blocks at elevated temperatures, the results showed that, at temperatures ranging from 300°C to 600°C, the bond strengths decreased to 80% and 20% of that at ambient temperature, respectively. Higher bond strengths were also obtained for specimens of smaller strands or concrete of higher compressive strength. Actually, lots of tests have been conducted on rebars and they can provide valuable reference for the understanding of the bond behaviour of strands. Aslani and Samali (2013) summarized the previous bond tests on rebars at elevated temperatures. The bond strength of rebars at elevated temperature was found to be governed by multiple factors such as the concrete strength, aggregate type, embedded length and cooling mechanism. The bond behaviour after cooling down was different from that at high temperatures. The test results of specimens comprising a rebar confined by a spiral steel bar underscored the importance of confinement in improving the bond performance of rebar (Hosseini and Rahman, 2016). The bond strength was also found to depend on the concrete cover and bar spacing for bundled bars at ambient temperature (FIB, 2013), which highlighted the need to study the bond behaviour of multiple strands bundled together inside a duct.

This paper presents results of pull-out tests of prestressing strands embedded in grouted ducts at elevated temperatures, with different duct diameters, concrete covers and numbers of strands. An analytical bond model has also been developed based on the test results.

EXPERIMENTAL PROGRAMME
Specimen design and test set-up
[bookmark: _Hlk44882339]The design of pull-out tests was based on the recommendations of RILEM / CEB / FIP (1983) and ASTM (2012). Figure 1 shows the schematic design of specimen, each comprising strand(s), cement grout and a corrugated steel duct, which were concentrically located inside a concrete cylinder. The specimen had a cylindrical shape to ensure a uniform temperature distribution around the bonded area. The specimen was 240 mm in length and 120 mm in diameter in view of restrictions imposed by the inner space of the furnace used in this study. The specimens were provided with mono-, triple- or quadruple-strand tendons. The tendon was made up of 7-wire strand(s) with a nominal diameter db of 12.7 mm. The strands had a bonded length lb of 65 mm at the middle of the specimen, which was about 5 times the nominal diameter db as adopted by Diederichs and Schneider (1981). In order to study the pull-out behaviour of the strands, this bonded length was chosen purposely to be much smaller than the specified minimum bond length of 1964 mm estimated by ((fse/3) db + (fps - fse)db) according to PCI Design Handbook (PCI, 2004), in which fse and fps are the effective prestressing stress and ultimate prestressing strength, respectively. The two end regions of the strands were left unbonded through the provision of PVC tubes having an inner diameter slightly larger than the strand. The diameter of corrugated steel duct dd was 40 mm for mono-strand tendons and 50 mm for both triple- and quadruple-strand tendons.

The test set-up as shown in Figure 2 comprised a hydraulic jack, a steel reaction frame and an electric furnace. Fire bricks were used to prevent the loading system from being heated up. Sufficient distance was left between the anchor and the upper surface of concrete to allow the strands of multi-strand tendon to flare and fit the holes at the anchor. The loading process was conducted at a mean displacement rate of 2.6 mm / minute, which fell into the range of 2.5 ± 0.13 mm / minute as specified by ASTM (2012). The load, displacement and temperature were measured by a load cell, a linear variable differential transformer (LVDT) and thermocouples with accuracies of 0.1 kN, 0.01 mm and 0.1 °C, respectively. Chromel-alumel thermocouples of 1 mm diameter was placed at the bonded area to monitor the temperature.

Testing procedure and scheme
The specimen tested at elevated temperature was heated inside the furnace at a heating rate of 30°C/minute until the designated temperature was reached. The high heating rate adopted in the current tests was to model the rapid-fire scenarios. Then the air temperature inside the furnace was held at that temperature for homogenization, which would take 5 to 10 hours depending on the level of temperature tested. Loading was applied when the temperature at the bonded area had reached the designated temperature. For tests conducted after cooling down to ambient temperature, the furnace was opened after the homogenization period to enable the specimens to be cooled down in air. Loading tests were then carried out after the specimens were cooled down to ambient temperature.

The following test temperatures were adopted: 20°C (ambient temperature), 100°C, 200°C, 300°C, 400°C, 500°C and 600°C. Table 1 summarizes the test scheme. Series 1, 2 and 3 were conducted on specimens provided with mono-, triple- and quadruple-strand tendons, respectively. The effects of duct diameter and concrete strength were studied by Series 4 and 5, respectively. One specimen was tested at each elevated temperature and another was tested after cooling down from that temperature. Totally, 60 specimens were tested.

Materials
The cement grout was produced from Grade 52.5R ordinary Portland cement (CEN, 2011) with a water / cement ratio of 0.4 by weight considering the workability and fluidity expected. The cement grade of 52.5R indicates that the 28-day compressive strength of standardized specimens prepared by cement, sand and water with a water / cement ratio of 0.5 should not be less than 52.5 MPa. Three cement grout cylinders 100 mm in diameter and 200 mm in height were prepared for quality control of compressive strength. The concrete mixes used for fabrication of the specimens had cube strengths of 40, 60 and 80 MPa and mix proportions as shown in Table 2. Three concrete cylinders 150 mm in diameter and 300 mm in height were prepared for quality control of the compressive strength of each concrete mix. Low-relaxation 7-wire strands of 12.7 mm nominal diameter conforming to BS 5896 (BSI, 2012) were used.

TEST RESULTS
Failure modes
The failure mode of each specimen was examined after each pull-out test. The integrity of the steel duct inside the specimen was observed by sawing and breaking the outer concrete cylinder into pieces. The failure conditions can be categorized into three types as shown in Figure 3: (a) pull-out mode with no splitting crack or just a few splitting cracks developed in concrete down to the duct surface; (b) partial splitting mode with a few splitting cracks developed in the concrete while the duct is intact; and (c) through splitting mode with concrete split into blocks and the duct fractured.

All the mono-strand specimens failed by the pull-out mode. The multi-strand specimens with triple- or quadruple-strand tendons after exposure to elevated temperatures failed by either through splitting mode or partial splitting mode depending on whether the temperature exceeded 400°C or not.

[bookmark: _Ref531944259]Bond stress-slip curves
Calculation of bond stress
During the test, the hardened grout around the tendon was gradually sheared off, possibly forming failure surfaces approximated by the envelope surfaces as shown in Figure 4 for mono-, triple- and quadruple-strand tendons. Assuming that the bond stress tb is uniformly distributed, tb can be calculated from the load P acting over the failure surface as

tb = P / (le·lb)
1.

where le is the envelope perimeter as shown in Figure 4, which equals to (π·db), (π+3)db and (π+4)db for mono-strand, triple-strand and quadruple-strand tendons, respectively, and lb is the bonded length.

Bond behaviour of mono- and multi-strand tendons
Figures 5 to 7 show the relationships between the bond stress and free-end slip for mono-, triple- and quadruple-strand specimens, respectively, tested at elevated temperatures or after cooling down. They show that the bond stress increases almost linearly with slip at the initial stage. When approaching the maximum bond stress, the slope of the bond-slip curve may gradually decrease possibly due to the formation of cracks in the grout adjacent to the external wires of strand, making it difficult to identify the elastic limit. The maximum load measured during a pull-out test is taken as the bond strength according to ASTM standard A1081/A1081M (ASTM, 2012). For consistency in the determination and comparison of results, the bond strength at ambient temperature tbmax and that at elevated temperature T °C tbmax,T are both taken as the stress when the slope of tangent drops to 20% of initial slope of tangent at zero slip.

Figure 8 shows the variations of the bond strength of mono-, triple- and quadruple-strand specimens at various elevated temperatures. Although the trend of bond-slip curve is hardly influenced by the elevated temperature, the bond strength does deteriorate due to the degradation of mechanical properties of materials at elevated temperatures, including the strength and modulus of elasticity. Even after exposure to temperatures around 100°C at which the mechanical properties of concrete and steel may not have deteriorated yet, degradation of bond performance already occurs owing to the change of physical and chemical properties of the grout at the interface as a result of evaporation of moisture at temperatures around 100°C (FIB, 2000). Test results also show that the bond performance can recover slightly after cooling down to ambient temperature as the metal duct can regain its mechanical properties after cooling (CEN, 2005) and provide better confinement to the grouted tendon.

Figure 8 also shows that the bond strength of multi-strand tendons is invariably higher than that of mono-strand tendons at all temperatures. However, the bond strengths of quadruple-strand tendons are not necessarily higher than those of triple-strand tendons as they all tend to fail prematurely by splitting mode due to the hoop tensile stresses in the duct and outer concrete induced by the pull-out process. Although the bonding between the tendon and grout can be improved by the use of bundled strands, the formation of splitting cracks not only does harm to the structural integrity, but also accelerates the heating of the inner strands under fire exposure.

The reduction of bond strength caused by elevated temperatures is compared in Figure 9 with the reduction of mechanical strength of building materials, including concrete, reinforcing steel and prestressing strand, at elevated temperatures according to Eurocode 2 (CEN, 2004). It is found by comparing the overall slopes of the curves that the reduction of bond strength is more severe than that of normal mechanical strength of building materials and possibly more variable. It also reminds engineers of the necessity to consider the degradation of bond performance in structural fire analysis of PC elements.

After attaining the maximum stress, the subsequent bond behaviour may differ thereby resulting in different failure modes. There is always an obvious reduction of bond stress for mono-strand specimens with the pull-out failure mode, which is often observed for well confined rebars (Eligehausen et al., 1983). This reduction may be caused by the shear failure of the grout interface irregularities formed in contact with the outer wires of strand. After the grout interface irregularities are sheared off, resulting in a smoother cylindrical failure surface enveloping the strand, the bond force will remain almost constant with increasing slip as a result of the frictional resistance between the strand and the cylindrical failure surface.

[bookmark: _Hlk44935952]For multi-strand specimens exposed to elevated temperatures not exceeding 400°C, which have failed by the through splitting mode, there is also a sudden reduction of bond stress after reaching the first peak bond stress as shown in Figures 6 and 7. This is caused by the partial loss of confinement of the grout, duct and outer concrete ring. The stresses transferred from the strands to the surrounding grout through the inclined outer wire surfaces had radial components, which exerted internal pressure on the surrounding grout thereby inducing tensile hoop stresses in the grout, duct and concrete. Splitting cracks were induced in the grout and concrete roughly along radial planes due to their low tensile resistances, resulting in the reduction of confinement provided to the tendon. With increasing slip, however, higher tensile hoop stresses are induced in the steel duct, leading to improved confinement and thus a slight increase in the bond stress. This indicates that the steel ducts not only facilitate the positioning of prestressing tendons but also enhance the bond performance slightly. With further increase in slip, the bond stress gradually decreases as cracks are formed even in the steel duct. It is noted that the bond stress of the quadruple-strand specimen decreases faster than that of triple-strand specimen, which can be explained by the bond theory for deformed reinforcing bar by considering the surrounding concrete as a thick-walled ring (Tepfers, 1973). According to the theory, a larger tensile hoop stress will be induced in the wall of the cylinder with a larger internal hole for a given outward radial displacement. Cracks will therefore appear and propagate earlier in the grouted duct for quadruple-strand tendon than for the triple-strand tendon, as the former has occupied a larger cross-sectional area inside the duct.

For multi-strands specimens exposed to elevated temperatures of 400°C or above, which had failed by the partial splitting mode, no abrupt drop of bond stress was observed. The appearance of splitting cracks in concrete did not cause any significant decrease of bond stress since the mechanical properties of concrete had already experienced severe degradation after exposure to such high temperatures and the confinement offered by the concrete ring was rather poor even before cracking. The metal duct, however, remained intact to provide effective confinement, leading to the gradual crushing of grout at the interface.

Effects of duct diameter and concrete strength
The bond-slip curves of mono-strand specimens with ducts of 40 mm diameter are presented in Figure 10. These curves are quite similar to those of mono-strand specimens with ducts of 50 mm diameter. At ambient temperature, the bond strength of mono-strand specimen with smaller duct of 40 mm diameter is 10.7 MPa, which is higher than the 8.2 MPa for that with larger duct of 50 mm diameter, because the smaller duct offers better confinement to the grout and strand. However, at elevated temperatures, this enhancement by adopting a smaller duct is insignificant.

The influence of concrete strength on the bond behaviour can be observed from the bond-slip curves shown in Figure 11. At various temperatures, the bond strength generally increases with the concrete strength. For example, the bond strengths at ambient temperature are 9.5 MPa and 10.6 MPa for concrete strengths of 40 MPa and 80 MPa, respectively. The better bond performance for specimens with concrete of higher strength is due to the better confinement provided to the tendon, grout and duct. However, this improvement of bond performance due to the increase of concrete strength is limited. For example, Figure 8 shows that increasing the concrete strength from 40 MPa to 80 MPa results in only a slight increase of bond strength.

ANALYTICAL BOND-SLIP MODEL
The bond model defined in FIB model code (FIB, 2013) has been widely adopted to describe the bond behaviour of ribbed bars embedded in concrete at ambient temperature. Based on this model, a new empirical bond model was proposed by Khalaf and Huang (2016) to depict the bond performance of tendons in concrete at elevated temperatures. However, these models are unable to accurately describe the bond-slip relationship of strands embedded in grout confined by a steel duct at elevated temperatures in respect of two main discrepancies between these models and the test results, i.e. the initial slope and bond stress level. A power law with a coefficient of 0.4 is often assumed in these bond models (FIB, 2013; Khalaf and Huang, 2016) in the initial stage, but the measured bond stress increases almost linearly (i.e. a power law coefficient approaching 1.0) with slip. This is consistent with the finding that the initial slope increases with the increase of rib area of deformed rebar (Darwin and Salamizavaregh, 1996). Incidentally, mono- and multi-strand tendons, which usually comprise helical wires, have more indented outer surface than normal rebars. The relatively higher bond stress level of the tendons tested are due to the confinement provided by the steel duct.

Depending largely on the failure modes, the bond behaviour of tendons after experiencing the initial linear stage can be quite different. For specimens that fail by the pull-out mode, after attaining the maximum bond stress, there will be a certain drop in bond stress in the next stage, followed by a stage of almost constant bond stress. For specimens that fail by the through splitting mode, after attaining the maximum bond stress, there will be a sudden drop in bond stress, followed by a stage of continuous decrease of bond stress with slip. However, there is no evident decrease of bond stress for specimens that fail by the partial splitting mode.

Inspired by the rationale of the previous bond models (FIB, 2013; Khalaf and Huang, 2016), an empirical bond model is proposed to describe the bond behaviour of grouted tendons at elevated temperatures. The bond model as shown in Figure 12 comprises a tri-linear bond-slip relationship defined by four characteristic parameters, including the initial bond stiffness Eb, bond strength tbmax, ratio of residual strength to bond strength η, and the minimum slip s1 at residual bond strength. The values of these parameters are to be determined by fitting with the test results. For the specimens that fail by the partial splitting mode, in which the bond stress remains almost constant after the initial elastic stage, the middle line segment and the parameters η and s1 can be omitted, thereby degenerating to a bi-linear model.

Bond strength
Regression for bond strength at ambient temperature
From Figure 8, the values of bond strength at ambient temperature of test series 1 to 4 are 8.2 MPa, 17.4 MPa, 15.6 MPa and 10.7 MPa, respectively. Comparing the bond strength of test series 1 of mono-strand tendon in 50 mm diameter duct with that of test series 4 of mono-strand tendon in 40 mm diameter duct, one may conclude that the bond strength of a single strand increases as the duct diameter decreases. The bond strength of a multi-strand tendon based on the pull-out mode is higher because of the larger equivalent size, which is consistent with the findings that the bond strength of a rebar tends to increase linearly with its size (Zuo and Darwin, 1998). To consider the effects of duct size and tendon size, the bond strength of specimens that fail by the pull-out mode at ambient temperature is taken to be proportional to (db,e / dd), where db,e is the equivalent tendon size defined as (le / π) in terms of the envelope perimeter le as shown in Figure 4. It may be more complicated if the tendon fails by the partial splitting or through splitting mode.

The bond strength of rebar is often taken to vary as the square root of concrete compressive strength, i.e. fc0.5, for well confined conditions, and the fourth root of concrete compressive strength, i.e. fc0.25, for unconfined conditions (ACI, 2003; FIB, 2013). It is assumed that the specimens that fail by the pull-out mode are well confined, while those that fail by the partial splitting or through splitting mode are poorly confined. The bond strength of grouted tendon is then assumed to be proportional to (db,e / dd) fc0.5 and fc0.25 for the pull-out mode and splitting mode, respectively, where fc as used here is the compressive strength (MPa) of grout at ambient temperature. The average value of tested compressive strength of grout is 40 MPa. The proportionality constant can therefore be obtained by regression based on the bond strength at ambient temperature as 5.2 and 6.2 for the pull-out mode and splitting mode, respectively, giving


2.

Regression for bond strength at elevated temperature
The parameters in a bond model are usually correlated with the temperature at the interface directly (Aslani and Samali, 2013; Khalaf and Huang, 2016; Bingöl and Gül, 2009) or with the compressive strength of embedded material at elevated temperatures (Haddad and Shannis, 2004; Haddad et al., 2008; Yu and Kodur, 2014). Owing to the difficulty in quantifying the influence of individual parameters such as the grout strength and confinement, it is more practical to correlate the bond strength with the temperature at the interface directly. Figure 13 shows the reduction factor of bond strength at elevated temperatures for conditions of pull-out mode and splitting mode, which can be fitted with a power law and linear law, respectively, as


3.

The comparison of experimental and fitted results is shown in Figure 13. The coefficient of determination R2 for regression approaches 1.0, indicating good fitting of the test results.

Initial bond stiffness
The initial bond stiffness Eb is taken as the tangent modulus of bond-slip curve at zero slip. Specially at ambient temperature, in view of the approximate linear responses as shown in Figures 5 to 7, 10 and 11, the bond stiffness can be estimated as the secant stiffness of the respective bond-slip curve at the point corresponding to the bond strength. The slips at ambient temperature corresponding to the bond strength are 0.5 mm and 0.8 mm for specimens that fail in the pull-out mode and splitting mode, respectively.

The bond stiffness of tendon at elevated temperature Eb,T decreases drastically as shown in Figure 14 largely due to the degradation of mechanical properties of the surrounding materials. Compared with the bond stiffness of tendon at elevated temperatures, the bond stiffness of tendon tested after cooling down recovers slightly, mainly because of the better confinement provided by the steel duct as steel regains its mechanical properties after cooling down from high temperatures according to Eurocode 4 (CEN, 2005). This slight recovery of bond stiffness is neglected however. The reduction factor for bond stiffness at elevated temperature can be fitted with a power law as


4.

Figure 14 shows the comparison of experimental and fitted results. The coefficient of determination R2 for regression approaches 1.0, indicating good fitting of the test results.

Residual bond strength and slip
The bond performance may differ after the initial linear stage for different failure conditions as mentioned before: (a) pull-out mode: remaining almost constant; (b) partial splitting mode: dropping to a lower level and then remaining almost unchanged; and (c) through splitting mode: dropping suddenly and then decreasing gradually. The residual bond strength tbf,T is taken as the minimum bond stress in the post-peak branch of bond-slip curve. The parameter η defined as the ratio of the residual bond strength to the bond strength is used to estimate the residual stress level after attaining bond strength as shown in Figure 12. For the pull-out mode, the bond stress is assumed to decrease linearly from the bond strength to the residual bond strength between two points selected from the post-peak branch of bond-slip curve from experiment, including the peak and another point where the absolute value of slope of curve has dropped to 10% of the secant slope at the peak. For the through splitting mode, the bond stress is also assumed to drop linearly from the bond strength to the residual bond strength and the slope is determined to simulate the sudden drop in bond stress when brittle cracking occurs to concrete. The ratios of residual bond strength to the corresponding bond strength are calculated as shown in Figure 15. The average value of the ratios η at various temperatures is obtained as 0.75.

The minimum slip s1 at residual bond strength can be correlated with the slip at the bond strength as adopted in FIB model code (FIB, 2013). Following a similar rationale, the slip s1 at each temperature is calculated and then correlated with the slip at the bond strength s0, which equals to tbmax,T / Eb,T in the current study. Figure 16 shows that the slip s1 can be taken as 3.5 s0 and 2.5 s0 for the pull-out mode and splitting mode, respectively.

Summary of bond-slip model
The analytical model is developed to describe the bond-slip relationship of tendons embedded in Grade 52.5R grout with a water / cement ratio of 0.4 at temperatures of 20°C - 600°C. The parameters obtained from regression of test results for use in conjunction with the analytical bond model as shown in Figure 12 are summarised in Table 3. The comparison between the tested and fitted results is presented in Figure 17 for test series 1 (mono-strand tendons) and test series 2 (triple-strand tendons), representing conditions of pull-out mode and splitting mode, respectively, at temperatures of 20°C, 200°C, 400°C and 600°C for clarity. Among these fitted curves, those for the mono-strand tendons, the triple-strand tendons tested at temperatures up to 200°C and the triple-strand tendons tested at temperatures 400°C and 600°C are determined assuming the modes of pull-out, through splitting and partial splitting, respectively. The comparison illustrates the capability of the proposed bond model in roughly predicting the bond behaviour of mono- and multi-strand tendons at various temperatures. While it is impractical to expect perfect matching, it is noted that the predicted bond-slip curves at higher temperatures are more accurate than those at the lower temperatures.

[bookmark: _Hlk45786762]CONCLUSIONS
In this study, pull-out tests were carried out on mono-, triple- and quadruple-strand tendons in grouted ducts at elevated temperatures and after cooling down. The bond stresses and slips were calculated from the pull-out force and displacement measurements. The effects of duct diameter and concrete strength on the bond strength were also explored. An analytical model was proposed based on the test data. The following conclusions on grouted mono- and multi-strand tendons can be drawn:
· The bond strength and initial stiffness are severely affected by elevated temperatures. Around 80% of the bond strength and initial stiffness have lost after the bonded region is heated to a temperature of 500°C. The degradation of bond strength between the tendon and the surrounding grout is more severe than that of the other mechanical properties of materials such as concrete, steel and prestressing strand, showing the necessity to consider the bond degradation in structural fire analysis.
· The bond stress may drop after attaining the bond strength for specimens failing in pull-out or through-splitting mode at the temperature range tested (i.e. 20°C – 600°C), but roughly at least 75% of its bond strength at the respective temperature remains.
· Multi-strand tendons normally have higher bond capacities. However, one should be mindful of possible failure modes involving splitting cracks.
· A smaller duct provides better confinement to the strands and thus improves the bond strength with respect to the pull-out mode. For instance, at ambient temperature, the bond strength of mono-strand specimen with a smaller duct of 40 mm diameter is 10.7 MPa, which is higher than the bond strength of 8.2 MPa for that with a larger duct of 50 mm diameter. However, the influence of the concrete strength is insignificant especially at elevated temperatures.
· An analytical model is proposed to predict the bond behaviour of grouted tendons at elevated temperatures based on the failure modes.
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Figure 1. Test specimen (unit: mm): (a) vertical cross section for mono-strand; (b) horizontal cross sections
Figure 2. Test setup: (a) sectional side view; (b) sectional front view (Note: Components 1-6 are steel plates)
Figure 3. Typical failure modes: (a) pull-out; (b) partial splitting; (c) through splitting
Figure 4. Envelope perimeters of tendons: (a) mono-strand; (b) triple-strand; (c) quadruple-strand
Figure 5. Bond-slip curves for mono-strand tendons: (a) at high temperatures; (b) after cooling
Figure 6. Bond-slip curves for triple-strand tendons: (a) at high temperatures; (b) after cooling
Figure 7. Bond-slip curves for quadruple-strand tendons: (a) at high temperatures; (b) after cooling
Figure 8. Bond strength at various temperatures
Figure 9. Percentage reduction of bond strength and mechanical strength
Figure 10. Bond-slip curves for mono-strand specimens with ducts of 40 mm diameter: (a) at elevated temperatures; (b) after cooling
Figure 11. Bond-slip curves for specimens of different concrete strength: (a) 40 MPa; (b) 80 MPa
Figure 12. Analytical bond model
Figure 13. Regression of bond strength for: (a) pull-out mode; (b) splitting mode
Figure 14. Regression of bond stiffness
Figure 15. Regression of residual strength ratio
Figure 16. Regression of slip s1 for: (a) pull-out mode; (b) through splitting mode
Figure 17. Comparison between tested and fitted results for: (a) pull-out mode; (b) splitting mode



[bookmark: _Ref530057847]Table 1. Parameters of each test series
	Test series
	No. of specimens
	No. of strands
	Duct diameter (mm)
	Concrete strength (MPa)
	Thermal conditions (°C)

	1
	13
	1
	50
	60
	20 - 600; cooled

	2
	13
	3
	50
	60
	20 - 600; cooled

	3
	13
	4
	50
	60
	20 - 600; cooled

	4
	13
	1
	40
	60
	20 - 600; cooled

	5
	8
	1
	40
	40; 80
	20, 200, 400, 600



[bookmark: _Ref532244763]Table 2. Mix proportions of concrete
	Concrete grade
	Fine aggregate (kg/m3)
	Coarse aggregate (kg/m3)
	Cement (kg/m3)
	Water (kg/m3)

	C40
	651.6 
	977.4 
	390.1 
	217.9 

	C60
	867.0 
	866.0 
	423.0 
	196.0 

	C80
	651.6 
	977.4 
	538.4 
	170.2 



[bookmark: _Ref532235950]Table 3. Parameters of analytical bond model at temperatures 20°C - 600°C
	Failure modes
	Pull-out
	Through or partial splitting

	tbmax (MPa)
	
	

	tbmax,T (MPa)
	
	

	tbf,T (MPa)
	η tbmax,T
	η tbmax,T

	Eb,T (MPa/mm)
	
	

	s1 (mm)
	3.5 tbmax,T / Eb,T
	2.5 tbmax,T / Eb,T

	Note: η is 0.75, 0.75, and 1.0 for pull-out mode, through splitting mode and partial splitting mode, respectively.
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[bookmark: _Ref530057823]Figure 1. Test specimen (unit: mm): (a) vertical cross section for mono-strand; (b) horizontal cross sections
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[bookmark: _Hlk37865009]Figure 2. Test setup: (a) sectional side view; (b) sectional front view (Note: Components 1-6 are steel plates)
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[bookmark: _Ref532246090]Figure 3. Typical failure modes: (a) pull-out; (b) partial splitting; (c) through splitting
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Figure 4. Envelope perimeters of tendons: (a) mono-strand; (b) triple-strand; (c) quadruple-strand
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[bookmark: _Ref531814100]Figure 5. Bond-slip curves for mono-strand tendons: (a) at high temperatures; (b) after cooling
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[bookmark: _Ref531899028]Figure 6. Bond-slip curves for triple-strand tendons: (a) at high temperatures; (b) after cooling
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[bookmark: _Ref532028091]Figure 7. Bond-slip curves for quadruple-strand tendons: (a) at high temperatures; (b) after cooling
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[bookmark: _Ref532048273]Figure 8. Bond strength at various temperatures
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Figure 9. Percentage reduction of bond strength and mechanical strength


[bookmark: _Ref531900713][image: D:\WuXiqiang\Desktop\duct_elevated.tif] (a)
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Figure 10. Bond-slip curves for mono-strand specimens with ducts of 40 mm diameter: (a) at elevated temperatures; (b) after cooling
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[bookmark: _Ref532048336]Figure 11. Bond-slip curves for specimens of different concrete strength: (a) 40 MPa; (b) 80 MPa
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[bookmark: _Ref531942744]Figure 12. Analytical bond model
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[bookmark: _Ref532210500]Figure 13. Regression of bond strength for: (a) pull-out mode; (b) splitting mode
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[bookmark: _Ref532246167]Figure 14. Regression of bond stiffness
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[bookmark: _Ref532246155]Figure 15. Regression of residual strength ratio
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[bookmark: _Ref532235633]Figure 16. Regression of slip s1 for: (a) pull-out mode; (b) through splitting mode
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[bookmark: _Ref11748664]Figure 17. Comparison between tested and fitted results for: (a) pull-out mode; (b) splitting mode
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