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Abstract. This experimental study was conducted to determine nut factors based on four combinations of washers
and nuts. A prestressing force was applied to a long reinforcing bar using the torque—tension method. All the sets
exhibited a linear trend. The nut factors for combinations of the flat washers and hex nuts, spring washers and hex
nuts, flat washers and heat-treated nuts, and flat washers and self-locking nuts were 0.228, 0.224, 0.299, and 0.397,
respectively. Additionally, the relaxation of the flat washers and hex nuts in a relatively long-term period (40 days in
this study) was evaluated, and eight specimens subjected to various initial prestressing forces were analyzed. The
average change in prestressing force was -3.98%. It is necessary to consider prestressing force loss for relatively long-
term when prestressing force is applied to a long reinforcing bar.
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1. Introduction

The prestressing method is a technique in which internal stresses are applied to a structure by
introducing prestressing to a strand or bar (Kim ez al. 2021, Lee et al. 2014b). Many studies have
shown that structures reinforced with prestressing exhibit improved structural performance, such
as shear, flexure, and energy dissipation (Kim and Kang 2019, Lee ef al. 2015, Yang and Kang
2011). Some researchers utilized these advantages and applied the prestressing method to repair
and reinforce structures (Hwang et al. 2020, Lee et al. 2014a, Yang et al. 2007, Yang et al. 2020).
For example, prestressing forces have been introduced with nut fastening using a thread at the end
of a long steel bar or deformed reinforcing bar. Prestressing forces are typically applied to steel
bars or deformed reinforcing bars using the torque control method, which provides tensile forces
through the torque generated by nut tightening. Thus, it is possible to easily introduce prestressing
forces. Furthermore, it is necessary to evaluate the relaxation after the initial introduction of
prestress. For typical bolt-nut combinations, the torque force (7) can be obtained by multiplying
the diameter (d»), tensile force (F), and nut factor (k), where the conventional value of the nut
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(b) Spring washer and hex nut

(c) Flat washer and heat-treated hex nut (d) Flat washer and self-locking nut
Fig. 1 Sets of washer and nut

factor ranges from 0.15 to 0.2 (Croccolo ef al. 2011). However, the torque control method yields
different torque values based on the type of nut, thread, and material.

The type of prestressing force loss generated by the bolt-nut combination can be divided into
immediate loss and relatively long-term loss induced by prestressing steel relaxation. Immediate
losses are caused by a slip in the anchorages immediately after jacking and the friction between
parts. This loss type is generally compensated for through overstressing. Long-term losses are
caused by the relaxation of prestressing steel, in which the prestressing force gradually decreases
with the constant strain of the prestressing steel in long term (Ye et al. 2020). Therefore, it is
necessary to evaluate the prestressing losses generated by the prestressing bar relaxation based on
the relatively long-term behavior of the bolt-nut combination.

There is a lack of research on whether the conventional k-value may be applied to long steel
bars and whether relatively long-term tensile force loss occurs. In this study, an attempt was made
to evaluate whether tensile force is introduced to the long deformed reinforcing bar when a torque
force is applied with a nut at one end of the bar. Based on various combinations of nuts and
washers, the nut factor was determined. In addition, tests were conducted to confirm whether there
was a loss of prestressing force in the relatively long term.

2. Experimental program
2.1 Test method for correlation between torque and tension

The main parameter of the torque experiment was the combination of the nut and washer, and
four combination sets were prepared. These combinations were a flat washer and a hex nut (A-set),
a spring washer and a hex nut (B-set), a flat washer and a heat-treated hex nut (C-set), and a flat
washer and a self-locking nut (D-set) (Fig. 1). The A-set has been widely employed, and the
combined spring washer and self-locking nut were developed to suppress the loosening of the
torque force. The heat-treated nut exhibits increased nut strength. All nuts used in this study of the
M16 type.
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Fig. 3 Photographs showing experimental tests

The measured yield strength (f,meas) Of the deformed reinforcing bar was approximately 628
MPa. The nominal diameter of the deformed reinforcing bar was 16 mm, and the diameter of the
thread end obtained using a cutting method was 14 mm. Both ends of the reinforcing bar were
fixed using a nut-tightening method corresponding to each variable, and an initial torque force of
15 N-m was applied to the deformed reinforcing bar. The torque force was successively increased
in steps of 5 N-m, and the maximum applied force was 90 N-m (Fig. 2). Subsequently, the load
was reduced to zero, and the loading process was repeated five times. The strain values were
recorded every 5 N-m. The torque force was applied only to one end and measured using a torque
wrench (Fig. 3(a)). A strain gauge was installed at the center of the bar to determine the tensile
force (Fig. 4). The tensile force corresponding to the strain value was founded with a stress-strain
curve (Fig. 5).
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Fig. 5 Measured stress-strain curve of reinforcing bar

2.2 Test method to evaluate relatively long-term relaxation

It is necessary to evaluate the relaxation of the torque force applied to the long deformed
reinforcing bar to ensure that there is no loss of prestressing force stability in the relatively long
term. For the relatively long-term relaxation tests, a set of flat washers and hex nuts was employed
because this combination is widely used. Additionally, a low nut factor value indicates a low
frictional force, signifying a high probability of prestressing force loss in the relatively long term.
Therefore, experiments were performed only for the flat washer and hex nut combination in this
study.

Eight specimens with various initial prestressing force levels (the ratio of initial prestressing
force to measured yield strength) of 0.224, 0.226, 0.194, 0.165, 0.302, 0.258, 0.284, and 0.270
were used to record the variations in the prestressing force. Additionally, the steel bar’s strain
without prestressing force was measured during the relaxation tests to determine the change in
steel bar strain with temperature (Fig. 2(b)). The variation in strain at the center of the deformed
reinforcing bar was measured for 40 days in intervals of 2 min.
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Fig. 6 Relationship between applied tensile force and T/db for each washer—nut set

Table 1 Nut factors of different nut and washer sets

Set of flat washer and  Set of flat washer and
heat-treated hex nut self-locking nut

0.299 0.397

Set of flat washer and Set of spring washer
hex nut and hex nut

0.228 0.224

Test set

Nut factor (k)

3. Experimental results
3.1 Torque—tension relationship

Fig. 6 shows the torque-tension relationship for each set of washers and nuts. The X-axis in
Fig. 6 displays the corresponding applied force (F), and the Y-axis shows the torque force (T)
divided by the thread diameter (ds), where F is obtained from the relationship between the
measured tensile and stress as shown in Fig. 5. The torque force can be calculated as the product of
the tensile force (F), nut factor (k), and thread rod diameter (dy), as expressed in Eq. (1), where k
depends on the type of bolt, nut, and thread. All sets exhibited a linear relationship between F and
T/dy until the completion of the experimental tests. Thus, a nut factor was obtained to determine
the slope as a constant (a) in the linear equation form, y = ax.

T = kFdy (1)
The nut factors for the flat washer and hex nut (A-set), spring washer and hex nut (B-set), flat
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Fig. 7 Relaxation test results (set of flat washer and hex nut)
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Table 2 Measured prestressing force levels

Specimen A B C D E F G H
Cini 0.224 0.226 0.194 0.158 0.299 0.258 0.279 0.270
Oond 0.224 0.218 0.192 0.159 0.300 0.254 0.280 0.267

Loss (%) —0.18 -3.13 —0.98 0.70 0.37 —-1.56 0.18 —0.93
Oavg 0.221 0.211 0.194 0.159 0.300 0.246 0.281 0.255

Loss (%) —-1.36 —6.29 —-0.21 0.77 0.59 —4.51 0.68 -5.30
Olast 0.218 0.198 0.190 0.159 0.298 0.232 0.277 0.257

Loss (%) —2.69 —12.14 —2.51 0.90 —0.34 —9.80 —0.71 —4.57

Note: i is the prestressing force level when the initial force is applied; o»ng is the prestressing force level
on the 2" day; oy is the average prestressing force level from the 2" to the 40™ day; olast is the prestressing
force level for the last three days (38 to 40 day).

washer and heat-treated hex nut (C-set), and flat washer and self-locking nut (D-set) were 0.228,
0.224, 0.299, and 0.397, respectively (Table 1). The k values for the A-set were slightly higher
than the typical value (0.2). When a bolt and a nut are fastened by torque, there is underhead
friction between the bolt-head and plate, tread friction between the nut and thread, and tension of
the bar, only 10% of torque induces tension to the bar (Tronci 2017). Under the test conditions, it
was assumed that the loss of torque decreased because no friction was generated between the bolt-
head and the plate. Thus, the nut factor of the A-set was slightly higher than the typical range of
0.15-0.2 for the flat washer and hex nut set. The nut factor of the B-set was similar to that of the
A-set, and the C-set and D-set values were 1.31 and 1.74 times higher, respectively, than the A-set
value. The slope of the flat washer and self-locking nut combination was higher than that of the
flat washer and hex nut combination because of the higher frictional force between the bolt and the
self-locking nut for introducing prestress (Yang et al. 2021). This difference occurred because the
self-locking nut exhibited greater frictional force and better anti-loosening performance than the
other nuts.

3.2 Relaxation test results

Fig. 7 depicts the strain history at the center of the long bar, considering the variation in the
strain caused by temperature changes. Table 2 lists the prestressing force level (o) at the time of
stressing (oini), on the 2nd day (oznd), the average value (oavg, from two to 40 days), and the last
three days (omnst). fi and fymeas are the initial prestress and the measured yield strength of the
reinforcing bar, respectively. Each loss value was calculated by subtracting o from o and
dividing the difference by oini (i.e., 100 x (oini — 0)/oini). After 24 hours, the variation in the
prestressing force level ranged from +0.7% to —-5.3%, and the average prestress loss of all
specimens was —0.69%. For the specimens D, E, and H, the prestressing force level increased
slightly; it was assumed that these specimens were influenced more by temperature than the
specimen installed to reflect the strain variation caused by temperature.

The changes in the oag Vvalues of all specimens ranged from +0.77% to —6.29%, with an
average value of —1.95%. The o values of the specimens B, H, and F decreased by more than 5%,
and specimen B lost 6.29% of its aini Value, which corresponded to the maximum loss. For the
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prestressing levels of the specimens during the last three days, the variations ranged from +0.9% to
—12.14%, and the average loss value was —3.98%. For specimens B and F, the loss in the
prestressing force levels were 12.14% and —9.8%, respectively. The loss was significant on the 35%"
day, and the loss was not recovered until the fifth day.

4. Conclusions

In this study, experimental tests were performed to determine nut factors based on various sets
of washers and nuts and when prestressing force is applied to a long steel bar using the torque
control method. In addition, when a flat washer and a hex nut were fastened to the thread of the
long steel bar, it was investigated whether a relatively long-term loss of tension occurred. The nut
factors for the flat washer and hex nut, spring washer and hex nut, flat washer and heat-treated nut,
and flat washer and self-locking nut were 0.228, 0.224, 0.299, and 0.397, respectively. The flat
washer and hex nut combination introduced prestressing forces on the long steel bar more easily
than the other combinations. For the flat washer and hex nut set, the initial change in prestressing
force on the second day ranged from +0.7% to —5.3%, and seven specimens lost their prestressing
forces. The prestressing force loss in the last three days ranged between +0.9% and —12.14%, and
the average loss was —3.98%. It was confirmed that the relaxation of the reinforcing bars with the
prestressing force showed less than approximately —12% variation from the initially applied
prestress. Therefore, the prestressing force could be stably maintained in terms of relatively long-
term behavior, although a slight loss of prestressing force was observed.
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