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A B S T R A C T   

The occurrence of cyclic loads in RC structures is known to deteriorate the bond between the 
reinforcing bars and concrete by reducing both the bond strength and stiffness, eventually leading 
to debonding through large increases in slip. There is much research to quantify this bond 
deterioration for normal strength concrete but little research has considered UHPFRC, which is 
the subject of this paper. This research develops a testing approach and analysis procedure to 
quantify the deterioration in bond as a result of high-cycle fatigue. The procedure has been 
developed through 18 tests of steel reinforcing bars embedded in UHPFRC with steel micro fibres. 
A test rig has been developed to directly measure the bond-slip under monotonic and cyclic loads. 
Procedures are then developed for quantifying the bond stiffness and the incremental set, that is, 
the increase in slip per cycle, by using the known interaction between the monotonic and cyclic 
bond-slip already identified by other researchers. It is shown how these procedures can be used to 
quantify the bond degradation under combinations of fatigue loads and how simply measuring 
the crack width in a structure can give a very good indication of both the residual fatigue life and 
bond strength.   

1. Introduction 

Bond and the deterioration in bond affect ultimate limit-state behaviour, including strength and ductility through the development 
of stresses in reinforcement and reinforcement debonding [1,2], and serviceability limit-state behaviour through tension-stiffening and 
the distribution and width of cracks [3]. Under high-cycle fatigue, experimental testing on concrete has shown that deterioration of 
bond may occur even under low cyclic stress ranges due to the formation of internal micro cracks and the crushing of concrete in front 
of reinforcement lugs [4,5], and this deterioration has been shown to lead to a reduction in structural service-life [6–8]. 

Through testing, many parameters have been found to influence bond-slip behaviour under fatigue loading. These parameters 
relate to the concrete material properties (mix design, concrete strength, the presence and volume of fibres), the reinforcement 
properties (bar size, shape and distribution of lugs), environmental conditions (temperature or exposure to harsh environments that 
may degrade concrete or reinforcement properties), specimen geometry (concrete cover) and the loading condition (frequency, range 
and magnitude of the cyclic stress) [9–23]. 

While the above references show that the parametric variation in bond behaviour under fatigue loading has been broadly 
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Nomenclature 

b Exponent of fatigue equation of slip 
CF Cycled to failure test 
CL Confidence limit 
D Fatigue damage 
Dstb Fatigue damage in stable region 
Dunstb Fatigue damage in unstable region 
f Frequency 
fk kth level of frequency 
fc Concrete cylinder strength 
k Cyclic stiffness; cyclic range of stress divided by slip between peak and trough 
kpo k at onset of pullout 
kst k at start of cyclic loading 
kstb k at end of stable region 
LF Loaded to failure test 
N Number of cycles of load 
Nblk Any block of N cycles 
Np Number of cycles at half Nstb 
Npo N at pullout failure 
Ntran N to first stabilise β 
Nstb N at the end of the stable region βstb 
Nt total number of cycles applied in a test 
P τpk/τmax 
R τr/τmax 
RC Reinforced concrete 
S Bond slip 
SN total slip 
SD Standard deviation 
T τtr/τmax 
Sasc S at the peak of the monotonic ascending branch 
Smax S at τmax; S at end of bond ductile plate at τmax 
SN Total slip 
Sp Slip at Np that corresponds to the slip at half ΔSstb 
Spk S at the peak of first cyclic loading 
Spo S at onset of pullout failure 
Srs S at the maximum residual strength 
Sst S at start of cyclic loading 
UHPFRC Ultra high performance fibre reinforced concrete 
z Number of cyclic ranges 
β Incremental set; increase in slip in a cycle of load 
βstb Stable incremental set 
βstb-k kth level of stable incremental 
βtran Average incremental set in initial transition zone 
βunstb Average unstable incremental set 
βunstb-k kth level of unstable incremental 
ΔSstb Increase in slip over stable region 
ΔSstb-fat Increase in slip whilst in stable region in fatigue analysis 
ΔStran Increase in slip over initial transition zone 
ΔSunstb Increase in slip over unstable stable region 
τ Bond shear stress 
τmax Maximum monotonic shear strength 
τpk τ at peak of cyclic load 
τtr τ at trough of cyclic load 
τr Cyclic range of shear stress 
τrs Residual shear strength  
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investigated for normal strength concretes without fibres, to date, there is very little test data available for ultra-high performance fibre 
reinforced concrete (UHPFRC). This is particularly important because UHPFRC is widely promoted on the basis of its ability to 
minimise serviceability deflections and crack widths, but this outcome is highly dependent on the bond properties being maintained 
through a high number of cycles. While several models have been developed to quantify monotonic bond-slip behaviour [24,25], 
comparatively little is known of the bond under high-cycle fatigue loading. For example, Koschemann et al. [26] tested 9 specimens 
under high-cycle fatigue with peak bond stresses of between 75% and 80% of the maximum bond stress and showed that UHPFRC 
pull-out specimens could stand more than 5 million cycles without failure. While an essential first step in developing a high-cycle 
fatigue bond model, it is now necessary to consider behaviour under a wider range of peak stresses and stress ranges in order to 
develop a more generic model. 

Given Considering that, and given the lack of testing of UHPFRC bond under high-cycle fatigue, the first aim of the paper is to 
develop experimental data to help quantify the fatigue endurance of UHPFRC. 

Now let us consider existing approaches taken to modelling the impact of high-cycle fatigue on bond and the corresponding failure 
criteria. To allow for the development of analysis procedures, Balazs [27] presented a bond fatigue failure criteria to determine the 
interaction between the monotonic and fatigue behaviour. In this work, it was concluded that the end of stable crack growth under 
high cycle fatigue coincided with the slip smax at which the maximum bond stress τmax is reached and, on this basis, it was suggested 
taking the fatigue failure criteria for design as this point. 

Koch and Balázs [28] showed that the lower the cyclic peak τpk, the slower the rate of pull out. However, in the tests used to make 
this conclusion, the range of shear stress τr varied directly with the shear stress at the cyclic peak τpk so that either or both parameters 
could have affected the rate of pull out. Lin et al. [8] and Oh and Kim [29] further observed that the rate of increase in slip, defined here 
as the incremental set, was not influenced by the cyclic loading despite the use of different cyclic peaks. These fatigue analyses were 
however done using test results with a limited number of cycles and for low τpk and consequently low τr, the tests were also terminated 
before the slip reached Smax. As a consequence, no substantial increase in slip was observed. While this approach is justifiable on the 
basis of the time taken to complete high-cycle fatigue tests, a small number of tests with cycles to failure is required to justify modelling 
assumptions. In most tests performed, a minimum cyclic load τtr as a proportion of τmax was maintained, and the range (R = τr/τmax) 
varied [4,8,14,28,29]. Consequently, the peak (P = τpk/τmax) also varied, so these tests are unable to distinguish between the indi-
vidual effects of the peak stress and range stress. Based on this system of loading, the conclusion drawn was that the peak was the major 
factor to influence the life of bond although in reality it was likely also the range. No study was found that applied the same peak to 
different ranges to confirm the influence of the range on the fatigue test. To address the uncertainty regarding the importance of both 
τr/τmax and τpk/τmax in this paper we design experiments to explicitly consider both τr/τmax and τpk/τmax. 

Published research to predict the total slip SN whilst cycling are summarised in Table 1. All the tests used non-fibre reinforced 
concrete and their concrete cylinder strengths fc given in the second column show all have been conducted using normal strength 
concrete. Also shown in Table 1 are R = τr/τmax and P = τpk/τmax, from which it can be seen that an emphasises has been placed on the 
importance τmax by researchers. The maximum number of cycles applied (shown in the fifth column) is observed to be relatively small 
in terms of high cycle fatigue. 

All the references in Table 1 except that of Lin et al. [8] used the following form of equation in the analysis of their test results 

SN = Sst(1 + N)
b (1)  

which was first developed by Rehm and Eligehausen [4]. 
In Eq. (1), the total slip depends on the initial monotonic slip at the start of cyclic loading Sst, the number of cycles applied N and an 

exponent b which is determined empirically and given in the sixth column in Table 1. In four of the studies in Table 1, b is taken as a 
constant, while in two, it is taken to depend on the peak stress. Hence it can be seen that although the range and peak cyclic stresses are 
not incorporated directly into Rehm and Eligehausen’s Eq. (1), some indirect allowance is made for the peak stresses through their 
dependence on the b factor, and as the range was directly varied with the peak stress, this equation indirectly allows for the range. 

In contrast to Eq. (1), Lin et al. [8] in Table 1 derived the following equation that directly allows for the effect of the peak stress τpk 
and as in most tests, the range τr was varied with τpk it allows for the effect of the stress range τr. 

Table 1 
Research on bond fatigue.  

References fc (MPa) P (τpk/τmax) R (τr/τmax) Maximum number of cycles applied Exponent b 

Rehm and Eligehausen [4] 24–48 MPa 0.85–0.60 0.75–0.50 106 b = 0.107 
Koch and Balázs [28] 25 MPa 0.90–0.30 0.27–0.81 2 × 106 b = 0.131 when P < 0.70 τmax 

b = 0.170 when P < 0.80 τmax 

average result b= 0.148 
Oh and Kim [29] 37 MPa 0.75–0.45 0.75–0.45 105 b = 0.098 
Zanuy et al. [30,31] – – – – b = 0.107 when P < 0.51 τmax 

b = 0.447 • P2.132 when P ≥ 0.51 τmax 

Lin et al. [8] 40 MPa 0.75–0.50 0.70 – 0.40 105 −

Zhang et al. [14] 38 MPa 0.90–0.65 0.80 – 0.50 1.5 × 106 b = 0.102  
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SN = Smax

(

0.65
τpk

τmax
+ 0.20

)

N

(

0.29
τpk

τmax − 0.07

)

(2) 

From the above research, it can be seen that the number of cycles to reach the total slip Smax at which failure occurs Nstb is important 
as this defines the end of the stable region of increase in slip and therefore the fatigue life. Rearranging Eq. (1) to derive the number of 
cycles Nstb when the total slip is Smax gives the number of cycles to initiate fatigue damage as 

Nstb =

(
Smax

Sst

)b− 1

− 1 (3) 

And similarly, rearranging Eq. (2). 

Nstb = Smax

(

0.65
τpk

τmax
− 0.20

)

N

(

0.29
τpk

τmax − 0.07

)

(4) 

Given that the models in Eqs. (1)–(4) and the corresponding calibrations in Table 1 have only been developed for normal strength 
concrete without fibres, the second major aim of the paper is to develop a fatigue endurance model following the approach of Balazs 
[27]. 

In the remainder of the paper, the experimental work to quantify the impact of fatigue on bond between steel reinforcement and 
UHPFRC is first described, including consideration of the theoretical basis of the test design and specific details of the experimental test 
performed. This is followed by the presentation of test results, including a description of how to process the measured data to quantify 
the impact of fatigue range and cyclic peak. It is then shown how the processed test data can be used as the basis for the development of 
a fatigue endurance model. Finally, a comparison between existing models and those developed here is undertaken. 

2. Experimental design 

To assist with the design of the experimental work, Fig. 1(a) shows a typical monotonic pull-out test (dashed grey line o-a-d-h-f-g) 
and a cyclic test (continuous black line o-a-c-e-f-g) so that the two different types (loaded to failure, or cycled to failure) can be defined 
and their impact on model development assessed. In the monotonic curve, the maximum bond stress τmax occurs at point d at the 
corresponding slip Smax. The cyclic test shown has a constant cyclic peak stress τpk, trough stress τtr and range τr that is applied during 
the whole test. At the start of the test, the slip at τpk is Sst. The peak and trough are constant up to point f at slip Spo, after which the peak 
τpk cannot be reached anymore [6] and decreases gradually by following the monotonic envelope along f-g until complete pull out of 
the reinforcement. In this testing approach, which follows the path o-a-f-g, the specimen is cycled to failure. An alternative testing 
procedure is to first cycle and then load to failure. For example, the specimen may be cycled from a to c where the slip at c is less than 
Smax and then loaded to failure along c-j-d, in which case the peak stress τmax is achieved [29]. In the case where the specimen is cycled 
to point e (where the slip Srs>Smax), then the path follows e-h, and the residual strength at h is τrs at slip Srs (τrs< τmax). 

Fig. 1(b) shows the change in slip during cyclic loading where the slope or tangent to the line shown as β is the increase in slip per 

Fig. 1. Interaction between monotonic and cyclic behaviours: (a) Bond-slip; (b) Incremental set.  
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cycle, that is, the incremental set [4]. For example, at the peak of the first cycle of stress at point a in Fig. 1(a), the total slip is Sst, and 
this is point A in Fig. 1(b). The cyclic stresses in Fig. 1(a) cause the slip at the peak stress to increase along A-B-C-D-E-F-G in Fig. 1(b). 
From points A to B in Fig. 1(b), which are the initial cycles, the rate of increase in slip (the tangent to the slope β) is first rapid, then 
diminishes and stabilises at point B [27]. This transition zone is short compared to the subsequent phases. From points B to D, the rate 
of increase in slip is constant or stable at βstb and this is referred to as the stable region where point D occurs at the slip Smax at τmax [27, 
29]. From point D to F, β increases rapidly until pull-out at point F where the peak of the cyclic stress τpk equals the monotonic strength 
at point f in Fig. 1(a) where the slip is Spo [27]. Importantly, in this unstable region, a constant incremental set βunstb can be used to 
derive the total change in slip in this region. 

2.1. Pull-out test specimen and rig 

A schematic of the test specimen used in this study is shown in Fig. 2, where the bar is shown to be centrally located with a clear 
cover of 29.5 mm and which has been shown in testing of the same concrete mix design to be sufficient to avoid splitting under 
monotonic loading [25]. The bar has a bonded length of two bar diameters to ensure adequate contact surface for extracting the 
bond-slip properties. This approach ensures that the bond-slip and bond-stress properties do not have a measurable variation within 
the bonded length, such that the bond-slip relationship is the actual value and not a mean [25,29]. All specimens were manufactured 
using 16 mm diameter bars, where, as shown in Fig. 3, all specimens had 3 complete ribs and part of a 4th embedded. The rein-
forcement ribs were measured to be spaced at 8.5 mm and have a height of 0.9 mm, giving a relative rib area of 0.0731. The rein-
forcement has a yield strength of 535 MPa (0.2% proof strength), ultimate strength of 747 MPa and an elastic modulus of 203 GPa that 
complies with AS/NZS4671:2019 [32]. 

The concrete mix design used to manufacture all specimens is identical to that used by Sepulveda et al. [33] to quantify the 
high-cycle fatigue properties of UHPFRC in direct tension where the concrete has been shown to strain harden in tension. The concrete 
is batched using sulphate resisting cement, silica fume, mined sand and a high-range water reducing agent with added retarder in a 
weight ratio according to Table 2. The mortar is reinforced with 13 mm high-strength steel fibres with a diameter of 0.2 mm and an 
elastic modulus of 42 GPa. 

To quantify the monotonic bond stress slip relationship, five specimens were tested. Specimens M1, M2 and M3 were tested at 28 
days when the concrete cylinder strength (measured using 100 mm diameter, 200 mm height specimens) was 110 MPa, whereas 
specimens M4 and M5 were tested at 90 days when the concrete strength was 126 MPa. In addition to these monotonic tests, thirteen 
specimens in Table 3 were tested under cyclic loading. Seven of the specimens had ranges in one direction, and six had reversed cyclic 
loads, although the reverse stress was limited to − 0.2τmax to ensure that the direction of slip was not reversed. In selecting the loading 
regime, not only were different ranges applied but also each range had different peaks and troughs to ensure that the effects of the peak 
and range could be differentiated. The decision to cover a reversal of stress but not a reversal of slip was made because it has been 
shown in tension-stiffening tests that it is common for negative bond stresses to occur without a reversal of slip and while significant 
crack openings remain ([1,30]). By testing a range of different cyclic ranges and peaks it is additionally possible to confirm Balazs’ [34] 
approach to using the monotonic bond stress slip relationship as the failure envelope for bond under high-cycle fatigue. By testing a 
range of different cyclic ranges and peaks, it is also possible to confirm Balazs’ [34] approach to using the monotonic bond stress slip 
relationship as the failure envelope for bond under high-cycle fatigue. Also shown in Table 3 are the age and concrete strength at 
testing. Specimens C1 to C4 were cycled to failure, CF in Column 4, and Specimens C5 to C13 were cycled and then loaded to failure, LF 
in Column 4. The peak of the cyclic stress is listed in the column labelled τpk followed by the cyclic trough stress τtr. The peak and 
trough shear stresses are given as a proportion of the peak monotonic strength τmax in the columns labelled P and T, and R is the total 

Fig. 2. Test specimen.  
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range as a proportion of τmax. 
The test rig is shown in Fig. 4(b) and schematically in Fig. 4(a), where the specimen is hatched. The concrete block is fully 

restrained by two plates such that all measured displacements were made relative to these plates. The plates are adjustable and 
tightened to hold the concrete block without applying undue compression. The free-end side of the specimen is located at Plate 2 where 
a single transducer was used to directly measure the reinforcement slip at the free-end. At the fixed-end, two transducers are fixed to 
the reinforcing bar as shown. The slip at the fixed-end is the deformation in the transducers less the rebar elongation due to the axial 
strain induced by the applied load between the fixed-end of the specimen and where the transducers are fixed. 

The five monotonic tests were performed under displacement control. The tests were started at a constant displacement rate of 
0.1 mm/min until the specimen reached a slip of 1 mm. The displacement rate was then increased to 0.5 mm/min and stopped at 
20 mm, which was more than double the rib spacing, such that the only interface shear mechanism is pure friction, that is, no sig-
nificant interface shear existed. 

The thirteen specimens in Table 3 were tested under cyclic loading. The specimens were first monotonically loaded under 
displacement control at a rate of 0.25 mm/min until the required peak stress τpk was achieved, that is, point a in Fig. 1(a). The 
specimen was then unloaded at the same rate to τtr, then loaded to the mean of the peak and trough and then cycled under load control 
at a frequency (f) of 10 Hz for both the CF and LF tests. 

3. Monotonic test results 

All the tests, both the monotonic and cyclic, eventually failed by pull-out. Fig. 5(a) shows the concrete failure plane for a 
monotonically tested specimen and Fig. 5(b) for a specimen that was cycled to failure. The rib indents can be clearly seen in Fig. 5(a), 
and so too can the scratches they produced during pull-out failure. It can be seen that cyclic loading has caused the concrete adjacent to 

Fig. 3. Example of rib positions in specimens before casting.  

Table 2 
Concrete mix design.  

Material Mix ratio (by mass) 

Sulphate resisting cement  1 
Mined sand  1 
Silica fume  0.266 
Water  0.190 
High-range water reducing agent with retarder  0.045 
Steel micro fibres  0.163  

Table 3 
Fatigue tests.  

Specimen Name Age (days) fc (MPa) Failure mode* P (τpk/τmax) T (τtr/τmax) R (τr/τmax) τpk (MPa) τtr (MPa) 

C1  50  115.3 CF  0.669 0.026  0.644  21.26 0.82 
C2  33  110.8 CF  0.695 -0.195  0.890  22.08 -6.19 
C3  117  129.9 CF  0.763 -0.046  0.809  24.22 -1.46 
C4  49  115.0 CF  0.866 0.034  0.831  27.49 1.09 
C5  36  111.6 LF  0.472 -0.139  0.611  15.00 -4.40 
C6  118  130.1 LF  0.670 -0.053  0.722  21.27 -1.67 
C7  51  115.5 LF  0.673 0.026  0.647  21.37 0.83 
C8  83  123.9 LF  0.374 -0.058  0.432  11.87 -1.86 
C9  110  128.8 LF  0.475 0.024  0.452  15.10 0.75 
C10  75  121.8 LF  0.869 0.424  0.445  27.59 13.46 
C11  90  125.7 LF  0.870 0.617  0.253  27.64 19.60 
C12  103  127.7 LF  0.275 0.020  0.255  8.73 0.63 
C13  96  126.6 LF  0.161 -0.057  0.218  5.10 -1.82  
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the bar impression in Fig. 5(a) to be removed by powdering as in Fig. 5(b). 
The individual results for each test are given in Fig. S1 in the Supplementary Material, where it can be seen that there is a negligible 

difference between the slips at the free and fixed ends. The average of the free-end and loaded-end slips are plotted in Fig. 6. There 
would appear to be an ascending branch, followed by a ductile plateau and then a descending branch. This ductile plateau has been 
noted before by Li et al. [8], where it was felt that it was due to the fibres providing confinement to the concrete encasing the rein-
forcement. A similar effect is recognised by CEB-Fib Bulletin 10 [34], where confined concrete as through stirrups or fibres creates a 
bond-slip ductile plateau of the confined reinforcement. 

The results of a regression analysis of the test data in Fig. 6 are given by Eqs. (5)–(7) and shown in Fig. 7. The dashed line in Fig. 7 is 
given with the upper and lower 5% confidence limits and which are compared with the average of the monotonic test results in Fig. 6. 

The plateau at the peak stress τmax occurs at 31.3 MPa and extends from the peak of the ascending branch at Sasc of 0.180 mm to 
Smax of 1.273 mm that is  

τ=31.3 when 0.180 < S < 1.273                                                                                                                                                 (5) 

A non-linear fit to the ascending branch is given by 

log10S = 2.817log10τ − 4.957when S < 0.18 (6) 

The descending branch can also be assumed linear, and the fit is given by  

S=12.80− 0.368τ when S > 1.273                                                                                                                                                (7) 

where the units of Eqs. (5)–(7) are N and mm, and these properties are only applicable to the UHPFRC tested. 
Eq. (6) can be used to determine Sst at point a in Fig. 1(a). Eq. (7) can be used to determine Spo at point f, and Eq. (5) can be used to 

determine the range of slip of the ductile plateau at τmax. 

4. Cyclic test results 

Specimen C4 in Fig. 8 is a typical example of the bond-slip behaviour for a specimen cycled to failure. This specimen was first 

Fig. 4. Test rig: (a) Schematic representation; (b) Rig.  
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monotonically loaded to τpk of 27.49 MPa in Table 3, which is point a in Fig. 1 and then unloaded to τtr such that the required mean 
cyclic shear stress was obtained. The load was then cycled at 10 Hz until the peak stress could not be achieved and was limited by the 
monotonic envelope. 

For later analysis, the point at which the peak stress could not be achieved was defined as when the peak stress reduced by 1% to 
give point f; this point is Npo and Spo in Fig. 1 and is listed in Table 4. All the CF test plots are given in Fig. S2 in the Supplementary 
Material. The slips Spo are plotted in Fig. 9, where it can be seen that they are in good agreement with the descending branch, 
particularly when the scatter of monotonic test results shown in Fig. 6 is considered. That is Spo in test C1 appears to fail at a load 
similar to that suggested by the least ductile monotonic test (M5). 

Specimen C5 in Fig. 10 is typical of a specimen first cycled and then loaded to failure; all the bond-slip plots are given in Fig. S3 (a) 

Fig. 5. Concrete bonded area after test: (a) Monotonic specimen (M5); (b) Cyclic specimen (C9).  

Fig. 6. Monotonic test results.  
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Fig. 7. Best fit of monotonic test results.  

Fig. 8. Typical test cycled to failure (C4).  

Table 4 
Fatigue test results.  

Specimen Name τrs (MPa) Nt Ntran Nstb smax (mm) Npo spo (mm) βtran βstb βunstb 

C1 – 88,492 2500 76,500 1.455 88,461 3.001 1.153E-04 1.495E-05 1.292E-04 
C2 – 1,672,874 110,000 1,200,000 1.160 1,659,070 4.618 4.183E-06 5.802E-07 7.533E-06 
C3 – 141,475 220 100,000 1.128 141,435 3.981 2.603E-04 9.850E-06 6.887E-05 
C4 – 210,450 19,000 180,000 1.452 210,425 3.599 2.048E-05 5.826E-06 7.057E-05 
C5 33.55 6,708,046 181,000 – – – – 9.488E-07 4.587E-08 – 
C6 36.95 5,106,974 155,000 – – – – 2.692E-07 3.264E-08 – 
C7 35.36 6,200,094 100,000 – – – – -1.199E-07* 3.074E-09 – 
C8 34.56 6,000,148 500 – – – – 5.304E-06 5.641E-10 – 
C9 34.93 5,132,172 100000 – – – – 1.209E-07 -1.441E-09* – 
C10 35.86 6,792,525 200,000 – – – – 1.623E-07 2.021E-09 – 
C11 34.31 4,916,448 30,000 – – – – 8.790E-09 3.231E-09 – 
C12 31.84 1,034,223 20,000 – – – – 3.342E-06 9.185E-09 – 
C13 34.84 5,145,178 500 – – – – 6.269E-06 -1.568E-09* –  

B.D.G. Sepulveda et al.                                                                                                                                                                                               



Case Studies in Construction Materials 17 (2022) e01370

10

and (b) in the Supplementary Material. The residual strengths τrs are listed in Table 4 and plotted in Fig. 9, where it is interesting to 
note that they were 9% higher than the average τmax, probably due to confinement provided by the fibres as micro-cracks form during 
the cyclic load history. 

5. Analysis of incremental set data 

For the UHPFRC used in the tests, the interaction Fig. 1 has been idealised to that in Fig. 11. The monotonic envelope has been 
drawn with an ascending branch which reaches τmax at Sasc and continues at τmax up to the slip of Smax. Hence, Smax is now defined as 
the slip at the end of the plateau, after which the stress reduces with increases in slip in a linear way. It will be shown in Section 7 on 
cyclic stiffness that the change in cyclic slip from the trough to the peak is about 0.03 mm, which is two orders of magnitude smaller 
than Smax. Hence the cyclic loads in Fig. 11(a) have been drawn as horizontal lines to emphasise that the cyclic slip at the trough or 
mean is virtually the same as that at the peak. 

The incremental set chart shown in Fig. 1(b) and now shown in Fig. 11(b) can be divided into four regions: (1) the transition to a 
stable region (A-B) that is where the incremental set is first rapid, then stabilises to βstb and which has an average value of βtran; (2) the 
stable region (B-D) where the incremental set is constant at βstb; (3) the unstable region (D-F) where the incremental set rapidly in-
creases and which has an average value of βunstb; and (4) the pull out region (F-G). It is a question of quantifying these regions. On first 
loading, the slip Spk at the peak of the cyclic load can be derived from the ascending branch of the monotonic envelope from, for 

Fig. 9. Comparison of cyclic results with monotonic behaviour.  

Fig. 10. Typical test loaded to failure (C5).  
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example, Eq. (6), hence point A in Fig. 11(b) is known. Cyclic loading in the stable region can continue until the slip Smax is reached, 
which gives just one coordinate of point D. The remaining coordinates are quantified in the following subsections. 

The incremental set chart for each test was constructed using the slip at the mean cyclic load for the descending branch of each 
cycle. Fig. 12 is typical of a specimen cycled to failure and Fig. 13 for those loaded to failure. All the tests are given in Fig. S4 in the 
Supplementary Material, which are grouped in their nominal ranges for comparison and the key points are listed in Table 4. 

Fig. 11. Idealised interaction for UHPFRC.  

Fig. 12. Typical incremental set for specimen (C2) cycled to failure.  
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5.1. Transition zone 

Point A in the transition zone in Fig. 11(b) occurs at Spk, which is known. Hence point B has to be fixed by quantifying both Ntran and 
βtran. The number of cycles to stabilise the incremental set Ntran are listed in Table 4 and plotted against the total range R in Fig. 14, 
from which there would appear to be no correlation, and Ntran has a mean of  

log10Ntran = 4.230                                                                                                                                                                     (8) 

Fig. 13. Typical incremental set for specimen (C12) loaded to failure.  

Fig. 14. Variation of Ntran with R.  
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and a standard deviation of 1.079. Hence about 17 thousand cycles are required to stabilise the incremental set for the range of ranges 
used in these tests. Although the standard deviation is high, this is to be expected in fatigue testing and is similar in magnitude to that 
observed in other studies [28]. 

The values of βtran from the experimental data are listed in Table 4 and plotted against R in Fig. 15, where a linear regression 
analysis gave 

log10(βtran) = − 4.873+ 2.561log10R (9)  

and which has a standard deviation of  

SDβtran = 1.220                                                                                                                                                                       (10) 

Eqs. (9) and (10) can be written as 

βtran = 1.340 • 10− 5 • R2.561 • 10±xSDβtran (11)  

where x is the number of standard deviations for the required confidence limit. 
The extension of D-B in Fig. 11(b) to intercept the ordinate is point A′, which is an effective slip from which βstb can be used from 

zero to Nstb cycles. The increase in slip from A to A′ that is ΔStran is given by 

ΔStran = Ntran(tanβtran − tanβstb) (12)  

where, Ntran and βtran can be obtained from Eqs. (8) and (11) and βstb from the ensuing section. 

5.2. Stable zone 

Fig. 12 is a typical result of a specimen cycled to failure where B-D is the stable region and where the end of the stable region at 
point D occurs at Nstb at Smax, and the slope is βstb. All the specimens CF are shown in Fig. S5 in the Supplementary Material, where the 
stable regions are shown as dashed lined, and where their values of Nstb, Smax and βstb are listed in Table 4. The four values of Smax in 
Table 4 are plotted as black squares in Fig. 9. It can be seen that they are in reasonably close agreement with the slip at the end of the 
τmax plateau at 1.30 mm that was obtained from a regression analysis of the monotonic results, which confirms Balazs’s [27] 

Fig. 15. Variation of βtran with R.  
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conclusion for the extent of the stable region. Fig. 13 is typical of the specimens loaded to failure, and all of the LF specimens are shown 
in Fig. S6 in the Supplementary Material and their slopes βstb listed in Table 4. 

A regression analysis of βstb in Table 4 against the total cyclic range R from Table 3 is shown in Fig. 16 and gives 

log10(βstb) = − 5.787+ 5.394log10R (13)  

which has a standard deviation of 

SDβstb = 1.290 (14)  

such that Eqs. (13) and (14) can be written as 

βstb = 1.633 • 10− 6 • R5.394 • 10±xSDβstb (15) 

The two specimens marked with an asterisk in Table 4 were omitted as they showed no fatigue damage, that is βstb was negative, 
which will give a conservative value in design. 

From Fig. 11, it can therefore be seen that fatigue failure occurs when  

Spk + ΔStran + ΔSstb = Smax                                                                                                                                                      (16) 

Hence using the above approach all that is required to quantify fatigue failure has been determined. 

5.3. Unstable zone 

The four values of the slip at pullout failure Spo in Table 4 are plotted as black circles in Fig. 9 and show good correlation with the 
descending branch. This confirms that pullout occurs at point f in Fig. 1 that is when the increasing slip due to cyclic loading at the peak 
cyclic stress reaches the monotonic envelope given by Eq. (7). 

The four values for βunstb in Table 4 showed no correlation with R. They had a mean of 

log10βunstb = − 4.331 (17)  

with a standard deviation of 

Fig. 16. Variation of βstb with R.  
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SDβunstb = 0.543 (18) 

Fatigue design will probably be based on Nstb as the shear strength τmax at Nstb has not yet reduced. Hence Eq. (17) will not be 
needed for fatigue design. However, Eq. (17) can be used to give an assessment of the remaining life and strength should Nstb be 
exceeded as will be explained in the following section on the accumulated used life. 

5.4. Cyclic increase in slip 

From Eqs. (14) and (15), the increase in slip in the stable region ΔSstb in Figs. 1(b) and 11(b) for a given number of cycles Nblk is 
given by 

ΔSstb = Nblk • 1.633 • 10− 6 • R5.394 • 10±xSDβstb (19) 

For the unstable region and using Eqs. (17) and (18), the increase in slip is given by 

ΔSunstb = Nblk
(
46.67•10− 6 • 10±0.543x) (20)  

6. Accumulated used-life of specimens 

An accumulated damage law will be derived for a range of stresses on the test specimen in Fig. 2. These specimens were specifically 
designed to have a uniform slip and consequently a uniform interface shear stress in order to extract the fatigue properties. Let us 
assume that a specimen is subjected to z cyclic ranges, as shown in Column 1 in Table 5. The frequency at which these ranges of stress 
occur is listed in Column 2; for convenience of explanation, let us assume that these are the frequencies, that is the number of cycles, 
over one full year. It has been shown in the above research that the bond strength τmax does not reduce during the stable region in Fig. 1 
(b) and that it reduces in the unstable region. Let us first consider the stable region. 

6.1. Fatigue assessment in stable region 

Each individual cycle of stress causes an increase in bond slip of βstb. Therefore, the full spectrum of ranges of stress in Table 5, 
where the incremental set for each range is given in Column 3, causes the following increase in slip over a time period of one full year 

ΔSstb− fat =
∑k=z

k=1
βstb− kfk (21)  

which can be derived from Eq. (19) and can be referred to as the fatigue damage. 
The bound between the stable and unstable regions occurs at a slip of Smax as shown in Fig. 11(b). Therefore, the maximum 

allowable slip due to cyclic loading within the stable region is given by 

ΔSstb = Smax − Spk − ΔStran (22) 

In fatigue analyses [35], the fatigue damage D is often defined as the actual damage as a proportion of the allowable damage, which 
from Eqs. (21) and (22) is 

Dstb =
∑k=z

k=1

βstb− kfk

Smax − Spk − ΔStran
(23) 

When the numerator is smaller than the denominator in Eq. (23), the component is still within its stable region and the strength has 
not reduced. Furthermore, as the force spectrum in Table 5 is over one full year, then the inverse of the fatigue damage, that is 1/Dstb, is 
the fatigue life of the component in years and which is the fatigue life in which there is no reduction in the bond strength. 

It can be seen in Eq. (23) that two very important fatigue material properties govern the fatigue damage, that is the incremental set 
β and the slip Smax at the end of the τmax plateau in Fig. 7. It is also of importance to realise that this fatigue damage equation is 
specifically based on slips and not an accumulation of empirically derived endurances as is the case with most endurance equations for 
other types of components. Although it would be difficult to use this equation in the assessment of RC structures as they are subjected to 
varying bond stresses [36–38], it is important to note that the equation does show that when a crack width exceeds 2Smax then the 
design fatigue life at that point is exceeded. Hence, monitoring the crack widths in a structure subjected to fatigue loads would be a 

Table 5 
Fatigue assessment.  

Range (R) Frequency (f) βstb βunstb 

R1 f1 βstb-1 βunstb-1 

R2 f2 βstb-2 βunstb-2 

– – – – 
Rz fz βstb-z βunstb-z  
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useful approach in checking for fatigue damage. 

6.2. Fatigue assessment in unstable region 

The above approach can be applied to the unstable region in Figs. 1(b) and 11(b) to give 

Dunstb =
∑k=z

k=1

βunstb− kfk

Spo − Smax
(24)  

where Spo is the monotonic slip at the maximum peak cyclic stress τpk as in Fig. 1(a) and which can be calculated with the help of Eq. 
(7). 

The inverse of Dunstb in Eq. (24) is the number of years within the unstable region (that is, after the stable region years) during 
which the bond shear strength has reduced from τmax to τpo. However, Eq. (24) can also be used to derive the design life prior to pull 
out, such as at point h in Fig. 1(a), in which case Spo would be substituted with Srs. It can now be seen the importance of the monotonic 
descending branch in Fig. 7 in allowing for assessment of the bond strength at the crack width of 2Srs. 

7. Cyclic stiffness 

The cyclic stiffness k is defined in Fig. 1(a) as the range of stress τr divided by the slip in the half cycle. An example of the variation 
in Specimen C2 is shown in Fig. 17, where much of the scatter is due to the difficulty in measuring the very small slips in a cycle. To 
minimise the scatter, linear regression analyses were performed in the stable and unstable regions separately. Importantly, the cyclic 
stiffness is seen to be larger in the unstable region than in the stable region, but this increase in stiffness occurs because the stress range 
is reduced in the unstable region because the peak stress is limited by the monotonic envelope (see Fig. 1). These regression analyses 
were then used to determine the cyclic stiffnesses at the start of cyclic loading kst at point A in Fig. 11, at the transition point kstb at 
point D and at the onset of pullout kpo at point F. 

All the kst values are plotted in Fig. 18. It can be seen that the cyclic stiffness at the start reduces slightly with increasing range and is 
given by 

kst = 1009R− 1.603 (25)  

and which has a standard deviation of 0.340 and where the units are in N and mm. 
A similar analysis at the transition point D, in Figs. 1(d) and 11(b), gave 

kstb = 1276R− 1.441 (26)  

which had a standard deviation of 0.367. There was no correlation between kpo and R which had a mean stiff of  

kpo = 1723                                                                                                                                                                             (27) 

and a standard deviation of 

Fig. 17. Typical variation of cyclic stiffness (C2).  
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SDkpo = 0.224                                                                                                                                                                         (28)  

8. Comparison with published approaches 

As explained previously, Eq. (1) has been previously used to quantify the increase in slip due to cyclic loading using a range of b 
values listed in Table 1. Eq. (1) has only two variables that is the initial slip Sst and the exponent b, as compared with the approach 
developed in this paper, which quantifies the slip through the interaction between the cyclic and monotonic behaviours. 

Eq. (1) is illustrated in Fig. 11 where the initial slip at point A, that is Sst in Eq. (1), is Spk and, therefore, the only unknown factor is 
the exponent b. The two approaches have been compared at point P in Fig. 11 where Np is half Nstb/2 and Sp is half way along ΔSstb. In 
terms of these variables, Eq. (1) can be rearranged as 

b =
log10Sp − log10Spk

log10
(
1 + Np

) (29) 

The exponent b was determined for each of the 13 cyclic specimens in Table 3, and a multivariable linear regression analysis of b 
values against their R and P values gave 

b = 0.361 − 0.259P+ 0.0804R (30)  

that had a very high R2 of 0.967, which emphasises the importance of both R and P and subsequently the interaction between the 
monotonic and cyclic behaviours. 

Given that each of the models described in Table 1 and developed here have been calibrated on a specific dataset, it is not possible 
to compare directly to test results. As an alternative, here the models are compared to each other by considering several different 
combinations of cyclic range and peak. The outcomes of this comparison are shown in Fig. 19, where the models in Table 1 are 
compared to the model proposed in Section 5, and also based on the recalibration of Eq. (1) with the b parameter given by Eq. (30). 

In the comparison presented in Fig. 19, a slip at failure Smax of 1.27 mm was applied such that the number of cycles (N) to cause 
bond failure can be found for any combination of cyclic range and peak. 

As described in Section 1, existing approaches have been calibrated on the basis that behaviour is influenced by cyclic peak but not 
for the range variation, and so in Fig. 19a-c, results are plotted for a constant range and varying peak (20%τmax, 60% τmax and 80% 
τmax). The outcome of this comparison shows that the slip and the number of cycles to fail a specimen varies significantly for each peak 
load depending on the model chosen. For example, the estimated number of cycles for a peak equal to 20% reached up to 1029 cycles, 
while for 80% of the peak bond stress (τmax), the number of cycles considered to cause fail was 1012. 

As it was shown in this work that both the cyclic range and peak impact the fatigue endurance, in Fig. 19d-f results are shown for 
20%, 60% and 80% range with a 40% cyclic. Importantly, while it can be seen that for the existing models the predicted endurance 
does not change, for the models proposed here, the endurance is significantly impacted. 

By comparing the two approaches proposed in this work, it can be observed in Fig. 19 that the simplified model (Eq. (30)) is a 
conservative approximation of the model developed in Section 5 and predicts significantly larger slips at lower numbers of cycles. 

When considering all models, it is worth mentioning that calibration has been performed using data from tests that have 

Fig. 18. Cyclic stiffness at the start of cyclic loading.  
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predominately run out rather than have been cycled to failure and so further testing is required to validate models, particularly given 
the significant scatter in endurance in Fig. 19. 

9. Conclusion 

A testing and analysis procedure have been developed to quantify the fatigue properties of the bond-slip of steel reinforcing bars 
embedded in UHPFRC. It was found that the monotonic bond-slip properties were a very good envelope to the cyclic behaviours. Hence 
the monotonic envelope can be used to determine: the limit to the slip prior to which the bond shear strength did not reduce; and 
beyond this limit the reduction in the shear strength due to cyclic loading, and the slip at pullout. 

Four distinct fatigue material zones were identified under cyclic loading. The initial transition zone during which the incremental 
set, that is the increase in slip per cycle, stabilised, the zone in which the incremental set was stable, followed by the unstable region in 
which the incremental set increased leading to the fourth pullout zone. The range of the cyclic load controlled the rate of the incre-
mental set, whereas the peak of the cyclic load controlled the extent of slip prior to pullout. 

An accumulated damage law was developed to accommodate any range and frequency of cyclic loads. It was shown that this 
accumulated damage law was directly related by mechanics to the bond slip and could be used to assess the fatigue life during which 
the bond strength did not reduce, and the reduction in strength should the fatigue life be exceeded. Because the accumulated damage 
law was directly related to the bond-slip through mechanics, it was shown that a simple measurement of a crack width in an RC 
structure could be used to assess the remaining fatigue life as well as any deterioration in bond strength. 

Fig. 19. Comparison of proposed model and proposed b factor with others equations.  
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Finally, when comparing to existing approaches, it is shown that both the cyclic range and peak are important in defining the 
fatigue life, not just the peak as has previously been suggested. 
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