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 Offshore moorings play a key role in the stability of maritime structures such as floating oil production 
platforms. This study focuses on polyamide as a promising alternative for offshore moorings due to 
its mechanical characteristics and degradation resistance. Initially, characterization tests are carried 
out to determine the polyamide’s linear density, the rupture strength, and the linear tenacity. 
Following, impact tests are carried out on polyamide samples, using a methodology based on a free 
fall mass effect. The analysis of the results includes statistical data filtering and the parameterization 
of curves to correlate the number of impact cycles to the applied load. Furthermore, the effect of the 
accelerated hydrolysis on polyamide is investigated, subjecting the samples to an aging process in 
fresh water for 180 days at 65°C. The results are analyzed to evaluate the effect of the hydrolysis on 
the resistance to impact cycles. It was concluded that, in general, polyamide shows a promising ability 
for energy absorption and impact resistance, with the potential for its use in offshore moorings. 
However, it is necessary to consider the hydrolysis effect on the degradation of its mechanical 
properties over time. This study contributes to the advancement of knowledge about the performance 
of polyamide in marine environments, providing important insights for the design and maintenance of 
offshore mooring systems, and also contemplating an exploratory study for its material's behavior. 
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1. Introduction  

     Offshore moorings represent an essential part of maritime infrastructure, ensuring the stability and safety of marine 
structures (Chakrabarti, 2005; Rudman & Cleary, 2016), such as the FPSO - floating production storage and offloading units. 
Among the widely used mooring systems is the Taut-Leg, known for its effectiveness in distributing loads and reducing 
excessive platform movements (Wang, 2022). This system is incorporated into synthetic fiber moorings that play a crucial 
role, offering mechanical resistance, flexibility for commissioning and/or decommissioning, and durability under adverse 
maritime conditions. 
     Del Vecchio (1992) attested that polyester fibers were an excellent solution for anchoring systems, today this same fiber 
is presented in the literature as an established choice for offshore mooring. Its tensile strength and the ability to resist 
degradation caused by prolonged exposure to marine elements make the polyester fiber a reliable option for offshore 
applications. It also is an excellent cost-effective solution and especially attractive for large-scale projects. (McKenna, Hearle 
& O’Hear, 2004; Bastos & Silva, 2020). 
     This context allowed the evolutionary study of several other fibers, such as high modulus polyethylene (HMPE), aramid, 
polyacrylate, polypropylene, and others. From this extensive list, a promising alternative that has gained prominence is 
polyamide, also known as nylon. This synthetic fiber has several important advantages, including an exceptional energy 
absorption capacity, flexibility, abrasion resistance, and high tenacity (Najafi, Nasri & Kotek, 2017; Militký, Venkataraman 
& Mishra, 2018). Furthermore, polyamide demonstrates a remarkable resistance to fatigue, thus extending the life span of the 
moorage and reducing maintenance costs over time. These characteristics make polyamide an attractive and versatile option 
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for the rigorous demands of the offshore sector, complementing and, in some cases, surpassing the polyester qualities in 
certain applications (Ma, Jin & Zhang, 2018; Sozen, Coskun & Sahin 2023). 

     Polyamide multifilaments have been widely explored for floating offshore wind turbines (FOWT) due to the need to use a 
low modulus material because of the characteristics of the wave mechanics in shallow waters (low installation depths) ranging 
from 50 to 100 meters depth (Chevillotte et al., 2020). It is noteworthy that this material is also used in climbing sports 
applications due to its low longitudinal stiffness, which allows the rope to deform to the point of not transmitting great efforts 
to the climber's body in the event of a fall, prioritizing the user's safety (McLaren, 2006; Arrieta et al., 2013). 
     In addition to the mentioned properties, polyamides have high rupture strength (Chevillotte et al., 2020), good chemical 
resistance, and good flexibility (Arrieta et al., 2013). On the other hand, its hygroscopic nature can lead to some limitations 
in its use, since its water absorption decreases by around 10% the tensile strength of the material (Weller et al., 2015). 
     Thus, there is a certain tendency to study the effect of water associated with the depolymerization of its chains, specifically, 
it is called hydrolysis, as this phenomenon leads to a decrease in the material molecular weight, which leads to a decrease in 
its mechanical properties, mainly the tensile strength (Duarte et al., 2019). As a hydrophilic material, polyamides are much 
more susceptible to attracting water molecules to their polymeric chain (McLaren, 2006). The aging caused by hydrolysis has 
already been previously studied (Jacques et al., 2002), and a kinetic model was even created to predict the aging of the material 
in pure water. Fatigue of these multifilaments was also analyzed (Chevillotte et al., 2020), concluding that the use of 
appropriate coatings resulted in a service life high enough not to be a limiting factor when applied for FOWT mooring. 
     Another factor to be considered is the use of these materials especially for applications where their dynamic and energy 
absorption aspects stand out. One of the possible loads in these applications is sudden or impact loads, which could degrade 
the fiber throughout its life span (Belloni et al., 2022). During impact cycling, polyamide tends to lose its elasticity, increasing 
its stiffness until the material ruptures (da Cruz et al., 2020). In this same study, the effect of impact loads on the mechanical 
behavior of the material was studied, observing that there was a decrease in impact resistance with the increase in the mass 
supported by the material in the test and that the immersion time in water decreased its resistance to impact cycles (da Cruz 
et al., 2020). 
     Therefore, this article groups together hydrolysis and sudden loads, aiming to analyze the results for the resistance of 
impact cycles under different loads, with the effect of accelerated hydrolysis in polyamide multifilaments. In addition to the 
hydrolyzed results analyzed, it also compared the results obtained in the present study with similar results found in the 
literature that study impact cycling in polyamide multifilaments without the hydrolysis effect (in virgin condition). 
2. Materials and Methods 
 
2.1 Characterization Test and Materials 
     The material sample is polyamide in the form of multifilaments (yarns), the basic unit of an offshore mooring rope. 
Although it is not possible to disclose the sample manufacturing, it is noteworthy that the polyamide is taken from a virgin 
spool (Fig. 1a). Some tests are carried out for the initial characterization of the synthetic fiber, such as linear density tests 
(mass/length relationship), Yarn Break Load (YBL), and the determination of linear tenacity. 

 

   
a) Polyamide spool b) Precision scale OHAUS 

Adventurer 
c) Instron 3365 

Fig. 1. Material and equipment for initial characterization 
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     The material linear density is defined with a series of mass-per-length measurements to obtain the mean and standard 
deviation, per ASTM D1577 (ASTM, 2018). Twenty test specimens with a standard-length of 1000 millimeters are used; 
After a 9-minute stabilization, the mass value is acquired with a precision scale (Fig. 1b), with the unit being a ratio of mass 
by length, usually tex (grams per kilometer). 
     The rupture test for the YBL complies with the ISO 2062 standard (ISO, 2009), being carried out on a universal testing 
machine (Fig. 1c). As for the sample quantity, 20 test specimens were used, manufactured with a standard-length of 1000 
mm, without twisting. When fixed to the equipment, the effective length for testing is 500 mm, the rupture is then carried out 
at a constant extension rate of 250 mm/min. The unit of the data acquired is in force [N], and extension [mm]. 
     The linear tenacity of the material is determined by the average results measured from the 20 specimens (linear density 
and rupture strength). It is calculated by dividing the rupture strength by the linear density, obtaining the linear tenacity 
[N/tex]. All tests are performed at temperatures and humidity that comply with ISO 139 (ISO, 2005), with a temperature of 
20 ± 2°C and relative humidity of 65 ± 4%. 
     The results of this mechanical characterization are found in the literature (da Cruz et al., 2020), and are presented in 
Table 1. These values (especially rupture strength) will be a reference for impact tests. 
Table 1. Initial polyamide characterization, reference data 

Material Linear density [tex] Rupture Strength [N] Ruptura deformation [%] Linear tenacity [N/tex] 

Polyamide 284.6 ± 1.3 210.47 ± 3.78 16.61 ± 0.81 0.740 ± 0.017 

 
2.2 Impact Tests Methodology 
      

     There are no specific standards for impact tests on multifilaments in the literature, making it difficult to perform the 
standard Charpy and Izod tests due to the specimen's flexibility and its geometric characteristics. Thus, the impact assessment 
uses free-fall masses, using a methodology based on the EN 892 standard (BSI, 2012) which standardizes impact tests on 
mountaineering ropes. Fig. 2a schematically represents the impact on free-falling ropes, where the variables are: rope length 
(𝑙𝑙0), free-fall height (ℎ), mass (𝑚𝑚), gravitational acceleration (𝑔𝑔), and force 𝐹𝐹(𝑡𝑡) (Emri et al., 2008; Nikonov et al., 2011). 
Fig. 2b represents the impact apparatus built at the Policab Stress Analysis Laboratory and also used in other studies (da Cruz 
et al., 2020; Belloni, Clain & Guilherme, 2021; Belloni et al., 2022; Cruz et al., 2023). 
 

  
a) Free-fall schematics b) Scheme impact apparatus of Policab 

Fig. 2. Schematic of the application of impact cycles and testing apparatus 
     For the impact test, samples were prepared with 500 mm length and at the ends with “sandwich” type terminations 
(clamping station). The mass is released from an initial free fall height of 300 mm, where this procedure is repeated until the 
complete rupture of the specimen. In addition to the number of resistant cycles for each sample, force per time data is also 
acquired by each cycle, using a load cell connected to the impact apparatus (Fig. 3). All impact tests are also performed in a 
standard controlled atmosphere for testing textile fibers (ISO, 2005). 
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Fig. 3. Load cell attached to the impact apparatus Fig. 4. Hydrolysis tank at controlled temperature 

     Impact loads are based on the rupture strength of the multifilament. By dividing the value in Newtons by the gravity 
acceleration (𝑔𝑔), a mass in kilograms is obtained that corresponds to 100% of the Yarn Break Load (YBL) of the multifilament. 
The load groups for impact coincide with the work of Cruz et al. (2023) to allow further comparisons. The load groups used 
for impact tests in the present work are: 3%, 4%, 5%, 6%, and 7% of the YBL, and their respective impact masses are shown 
in Table 2. For each load group, the sample quantity is 10 specimens. 
Table 2. Impact loads and their respective free-fall masses 

YBL [%] Force [N] Mass [kg] 
100 210.47 21.462 
3 6.31 0.644 
4 8.42 0.858 
5 10.52 1.073 
6 12.63 1.288 
7 14.73 1.502 

 
2.3 Hydrolysis Condition 
     For the material condition, it was used hydrolysis aging (which is a depolymerization process), so the material remained 
in a freshwater reactor specially developed by Policab for a total time of 180 days. As the hydrolysis process is quite slow at 
room temperature, it was decided to accelerate the process by increasing the water temperature (Duarte et al., 2019). Thus, 
the samples were immersed in a reactor with fresh water at a temperature of 65ºC (338.15K) at neutral pH. The reactor where 
the hydrolysis test was carried out is shown in Fig. 4. 
     After 180 days in hydrolysis, the multifilaments were removed from the reactor and the samples underwent a drying period 
in a room with controlled temperature and humidity, per ISO 139 standard (ISO, 2005). They remained in the room for two 
weeks before the impact tests were performed, a time considered sufficient for the multifilament to completely dry. 

2.4 Results Analysis 
 
2.4.1 Statistical Filtering 
     The analysis of the quantitative results of the impact cycles for rupture under each loading condition naturally needs to 
pass through statistical filtering. There are several statistical techniques for performing this analysis, some more sophisticated 
and mathematically robust, but in this case, the boxplot was chosen. Despite its simplicity, it is noteworthy that this technique 
suits very well the case of low sample size, one variable, distribution comparison, trends visualization, and variability 
(Schwertman, Owens, & Adnan, 2004; Montgomery & Runger, 2012). 

     Boxplot is an effective visual tool for summarizing the distribution of a data set, offering insights about its dispersion, and 
identifying possible outliers (Williamson, Parker, & Kendrick, 1989). It consists of a box representing the interquartile range 
(IQR), delimited by the first quartile (Q1) and the third quartile (Q3), with a central line that represents the median. Quartiles 
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are obtained by dividing the sorted data into four equal parts, while the IQR is calculated as the difference between Q3 and 
Q1. Outliers are points outside the range defined by 1.5 times the IQR above Q3 or below Q1. Mathematically, quartiles 1 
and 3 can be expressed as shown in Eq. (1) and Eq. (2): 

𝑄𝑄1 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 25%) (1) 

𝑄𝑄3 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 75%) (2) 

     The interquantile range (IQR) is defined by Eq. (3), and the lower and upper limit, respectively, by Eq. (4) and Eq. (5). 

𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑄𝑄3 − 𝑄𝑄1  (3) 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑄𝑄1 − 1.5 × 𝐼𝐼𝐼𝐼𝐼𝐼 (4) 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑄𝑄3 + 1.5 × 𝐼𝐼𝐼𝐼𝐼𝐼 (5) 

     These elements provide a compact and informative representation of the data distribution, allowing a rapid assessment of 
its variability and the presence of outliers. 

2.4.2 Curve Parameterization 
     With the filtered data, it is possible to propose models that relate the average number of impact cycles to failure with the 
impact load (%YBL). The linearization of models associated with the Least Squares Method (MMQ) was proposed, in which 
the models analyzed were: linear, power, exponential, reciprocal, inverse adjustment, and Michaelis-Menten, Table 3. For 
curve adjustments, the best instrument for the quality measuring of each adjustment is the Determination Coefficient, (Gilat 
& Subramaniam, 2009), the closer 𝑅𝑅2 is to 1, the better the adjustment. 
Table 3. Curve adjustment, and linearization for MMQ 

Model 
Equation 

Non-Linear Form Linear Form 

Linear - 𝑦𝑦 = 𝐵𝐵 + 𝐴𝐴𝐴𝐴 

Power 𝑦𝑦 = 𝐵𝐵𝑥𝑥𝐴𝐴 ln𝑦𝑦 = ln𝐵𝐵 + 𝐴𝐴 ln𝑥𝑥 

Exponential 𝑦𝑦 = 𝐵𝐵𝑒𝑒𝐴𝐴𝐴𝐴 ln𝑦𝑦 = ln𝐵𝐵 + 𝐴𝐴𝐴𝐴 

Reciprocal 𝑦𝑦 =
1

𝐵𝐵 + 𝐴𝐴𝐴𝐴
 

1
𝑦𝑦

= 𝐵𝐵 + 𝐴𝐴𝐴𝐴 

Michaelis-Menten 𝑦𝑦 =
𝐴𝐴𝐴𝐴
𝐵𝐵 + 𝑥𝑥

 
1
𝑦𝑦

=
1
𝐴𝐴

+
𝐵𝐵
𝐴𝐴𝐴𝐴

 

 

     With the linearized models, from Table 3, the values of the coefficients 𝐴𝐴, and 𝐵𝐵 are calculated by solving the linear 
equations system, Eq. (6) and Eq. (7). In this adjustment, the variable 𝑥𝑥 is the percentage of the YBL subjected to the impact 
loading, and the variable 𝑦𝑦 is the number of impact cycles to failure. The amount of data is 𝑛𝑛, and the coefficients 𝐴𝐴 and 𝐵𝐵 
are the results obtained for each one of the models. The adjustment was made with the help of the free Octave software 
(https://octave.org/), using a script available in the literature (Cruz et al., 2024). 

𝐴𝐴 ∙ 𝑛𝑛 + 𝐵𝐵 ∙ ∑𝑥𝑥𝑖𝑖 = ∑𝑦𝑦𝑖𝑖  (6) 

𝐴𝐴 ∙ ∑𝑥𝑥𝑖𝑖 + 𝐵𝐵 ∙ ∑𝑥𝑥𝑖𝑖2 = ∑𝑥𝑥𝑖𝑖 ∙ 𝑦𝑦𝑖𝑖  (7) 

 
2.4.3 Impact Cycles Analysis 
     The load cell attached to the impact equipment (Fig. 3) can provide important results in terms of force and time, allowing 
the analysis of the impact cycles. Through the acquired data, the unit described by the area under the graph (force multiplied 
by time) is an impulse unit [N×s]. Although the unit is not a measure of energy, the impact is caused by the gravitational 
potential energy, and this force-time graph may be able to indicate the energy absorption capacity. It is possible to plot the 
force versus time graph, as shown in Fig. 5. 
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Fig. 5. Theoretical graph of force versus time. 

 
     The first phase (Period A) of this graphic corresponds to a zero load, as the mass is in free fall and there will be no force 
registered in the load cell. The second phase (Period B) characterizes the rope deformation process, where this sudden loading 
occurs. The third phase (Period C) is a moment of zero load but with an upward movement of the mass, known as ricochet 
(Emri et al., 2008). After the mass falls again, the first phase restarts, but with a significantly lower peak force than the 
previous one. This is repeated continuously until there is no energy for ricochets, then if the sample does not rupture, the load 
stabilizes at a value corresponding to the product of the mass by gravity. 

3. Results and Discussion 
     For the results of the impact cycles on polyamide under hydrolysis, it is obtained for each of the 5 load groups, 10 cycling 
values for the respective sample group. Results are shown for the total data in Table 4 and as well for the mean and the 
standard deviation (SD). 
Table 4. Cycling Results for the rupture impact 

CP 3% YBL 4% YBL 5% YBL 6% YBL 7% YBL 
1 56 8 8 3 1 
2 25 8 11 3 2 
3 27 7 5 5 1 
4 42 15 8 3 5 
5 21 10 4 4 2 
6 27 11 4 2 2 
7 15 11 8 3 3 
8 14 8 12 3 5 
9 21 16 5 8 2 
10 36 10 3 8 4 
Max 56 16 12 8 5 
Min 14 7 3 2 1 
Mean 28.4 10.4 6.8 4.2 2.7 
Standard Deviation 12.98 3.03 3.08 2.15 1.49 

     All groups had their data filtered by the statistical criteria shown in section 2.4.1. There were practically no values outside 
the upper and lower limits for each load group. The only exception was specimen number 9, from the 4% YBL group 
(highlighted in red, in Table 4). As a result, all the filtered averages remain unchanged, except for the 4% YBL group, where 
the filtered average is 9.78, replacing the unfiltered average of 10.40. Table 5 shows all the filtering statistical quantities and 
the graphical constructions of all boxplots (Appendix A). 
Table 5. Statistical quantities for data filtering by boxplot 

 3% YBL 4% YBL 5% YBL 6% YBL 7% YBL 
𝑄𝑄1 21 8 4 3 2 
𝑄𝑄3 36 11 8 5 4 
𝐼𝐼𝐼𝐼𝐼𝐼 15 3 4 2 2 
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚 -1.5 3.5 -2 0 -1 
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚 58.5 15.5 14 8 7 
Outliers - 16 - - - 
Average Filtering 28.40 9.78 6.80 4.20 2.70 
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     With the filtered data and the averages established for the resistance in the impact cycles in polyamide multifilaments 
submitted to hydrolysis conditions, it is possible to compare with literature results made for polyamide in normal conditions 
under the same free-fall masses (Cruz et al., 2023). Table 6 presents the average results for both conditions, where the 
deleterious effect on the mechanical behavior of the hydrolysis process is evident. 
Table 6. Resistance to impact cycles in polyamide fibers: hydrolysis and virgin condition 

Impact Load Normal (Cruz et al., 2023) Hydrolysis (present work) Relation Hydrolysis 
/Reference [%YBL] [kg] 

3 0.644 330.4 28.4 0.086 
4 0.858 48.8 9.78 0.2 
5 1.073 30 6.8 0.227 
6 1.288 22.2 4.2 0.189 
7 1.502 6.6 2.7 0.409 
8 1.717 4.2 - - 
9 1.932 2.2 - - 

 
     It is noteworthy how the group with the lowest impact mass (3%YBL) significantly differs, showing a cycling amount 11 
times greater for virgin polyamide than for polyamide in hydrolysis conditions. While the other groups present a less 
discrepant difference, of up to 5 times the impact cycle value for virgin polyamide when compared to hydrolysis. It is worth 
highlighting that the 8% and 9% YBL groups, although presented in the reference for virgin polyamide, were not submitted 
for the hydrolysis condition as all 10 specimens ruptured after just one cycle, and it would not be possible to state which is 
the limiting condition factor for rupture in a single cycle. For visualization, Fig. 6 presents the data compiled in a bar graph, 
comparing the virgin and hydrolysis conditions of the five load groups in the present study. 

 
Fig. 6. Comparative graph of impact cycle in virgin condition and hydrolysis 

     With the data filtered for the hydrolysis condition, it is natural to build mathematical models that describe the relationship 
between the two variables (impact cycle versus load). Applying the methodology described in topic 2.4.2, the data is adjusted 
for 5 different models, with the results shown in Table 7. 

Table 7. Curves adjustment for different models, impact cycles on polyamide with hydrolysis 
Model 𝐴𝐴 𝐵𝐵 𝑅𝑅2 Equation Form 

Linear -5.698 38.866 0.746 𝑦𝑦 = 𝐵𝐵 + 𝐴𝐴𝐴𝐴 

Power -2.664 476.867 0.984 𝑦𝑦 = 𝐵𝐵𝑥𝑥𝐴𝐴 

Exponential -0.555 117.938 0.954 𝑦𝑦 = 𝐵𝐵𝑒𝑒𝐴𝐴𝐴𝐴 

Reciprocal 0.081 -0.225 0.960 𝑦𝑦 =
1

𝐵𝐵 + 𝐴𝐴𝐴𝐴
 

Michaelis-Menten 1.921 -3.006 0.829 𝑦𝑦 =
𝐴𝐴𝐴𝐴
𝐵𝐵 + 𝑥𝑥
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     Using the best determination coefficient criteria, the adjustment that best represents the impact cycle data in polyamide 
under hydrolysis is the power model, Eq. (8). 

𝑦𝑦 = 476.867𝑥𝑥−2.664 (8) 

     When comparing the curve adjustment results obtained by Cruz et al. (2023), it is noted that the power model also shows 
the best results. Eq. (9) displays the model obtained in the referenced work for impact cycles in polyamide without hydrolysis. 
Both adjustments, Eq. (8) and Eq. (9), are plotted together and also with an indication of the discrete data in Fig. 7. 

𝑦𝑦 = 29235.60𝑥𝑥−4.27 (9) 

 
Fig. 7. Adjustment curves for discrete data, impact on normal polyamide submitted to hydrolysis 

     All data are presented coherently, indicating that hydrolysis reduces the impact resistance of polyamide multifilaments. In 
a way, this was already an expected result but until then the reduction proportion still needed to be discovered. 
     A fundamental point must be explored based on this feeling of an “expected result”. This is because, for any mechanical 
test, hydrolyzed conditions naturally have a lower performance when compared to the same material under normal conditions. 
And if you look at the impact masses used, they are based on a virgin rupture of polyamide multifilaments. So perhaps, the 
reduction is not necessarily in the behavior under impact cycles, but rather for any mechanical test on the multifilament under 
hydrolysis conditions, and even more so, perhaps considering the reduction in rupture resistance caused by hydrolysis, the 
resistance to impact cycles remains similarly proportional to the condition without hydrolysis. 
     To study the possibility of this effect, rupture tests were performed for the hydrolysis condition. For the virgin condition, 
as shown in Table 1, the polyamide rupture strength (virgin) was 210.47 Newtons, and the rupture strain was 16.61%. After 
the rupture tests were carried out for polyamide with hydrolysis, the rupture resistance showed a significant drop of almost 
25%, where the rupture force presented on average was 158.55 Newtons, and the rupture deformation reduced by 
approximately 9%, recording average values of 15.12%. Fig. 8 shows the force versus deformation behavior for polyamide 
in both conditions: with hydrolysis and without hydrolysis. 
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Fig. 8. Rupture charts for polyamide multifilaments with and without hydrolysis 

     Rupture with hydrolysis presents a worse performance from the perspective of mechanical resistance, which also presents 
another characteristic curve of the fiber's constitutive behavior. Using this rupture value as a reference (158.55 N), it is possible 
to redetermine the appropriate impact percentages to which each of the used free fall masses referred for the impact cycles, 
Table 8. 
Table 8. Readjustment of free fall masses with indication of the respective percentage of YBL 

YBL without hydrolysis [%] Impact masses Equivalent Force [N] YBL with hydrolysis [%] 
3 0.644 6.31 3.98 
4 0.858 8.42 5.31 
5 1.073 10.52 6.64 
6 1.288 12.63 7.97 
7 1.502 14.73 9.29 

 
     With the new Yarn Break Load percentage correspondences in hydrolysis condition readjusted by the rupture with 
hydrolysis value, data shown again in Table 9, the curve adjustment for the new YBL percentage relation can be done again. 
The power adjustment was once again the best method for the five models, with the corresponding adjustment being presented 
in Eq. (10). 

Table 9. Resistance to impact cycles readjusted by rupture with hydrolysis 
Impact Load Impact cycles for rupture [%YBL] [kg] 

3.98 0.644 28.4 
5.31 0.858 9.78 
6.64 1.073 6.8 
7.97 1.288 4.2 
9.29 1.502 2.7 

 

𝑦𝑦 = 1010.563 ∙ 𝑥𝑥−2.662 (10) 
 

     Thus, it is possible to replot the adjustment curves with the discrete data, Fig. 9, now adding the model and the values 
readjusted by the rupture value with hydrolysis. 
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Fig. 9. Fitting curves for discrete data, impact on normal polyamide (blue), with hydrolysis (red), and readjusted through 

rupture with hydrolysis (green) 
     At first, it may seem like a graphical reconstruction and a disjointed data interpretation, especially placing the percentages 
of rupture loads in a way that does not coincide with the reference work studied for polyamide without hydrolysis (Cruz et 
al., 2023). However important understandings can be drawn from the graphic reconstruction presented in Fig. 9. Therefore, 
if by reducing the rupture mechanical resistance through hydrolysis, and by readjusting the model to the new data, if the green 
curve is very close to the blue curve, this would mean that even with a decrease in rupture, the impact cycle resistance 
characteristics would not change if a proportional scale to the rupture value of the tested condition is considered. 

     Thus, the fact that the readjusted curve (green and dotted curve in Fig. 9) is visibly not coincident with the other curves, 
and it is also between the other two curves, demonstrates that: 

• Using the virgin polyamide rupture reference for impact cycles with hydrolysis creates an instantaneous decrease in 
the impact cycle resistance versus the load (dotted curve in green above the dash-dot curve in red); 

• There is a natural reduction in mechanical resistance resulting from the depolymerization of the hydrolysis process 
(both in terms of rupture and impact cycle resistance), but the hydrolysis condition also presents a worsening, 
proportionally speaking, in the impact cycle resistance (curve dotted in green below the solid curve in blue); 

     Thus, it is clear that hydrolysis reduces impact cycle resistance, both when it is placed absolutely (dash-dot curve in red) 
and when placed relatively (dotted curve in green). This indicates that the impact cycle resistance is not only modified by the 
hydrolyzed conditions but also by other effects of dynamic loads such as cycling loads. A behavior that reinforces this is the 
change in the constitutive response in rupture with and without hydrolysis, Fig. 8. 
     For the results acquired by the load cell, in terms of time and force, it should be noted that they are noisy data, sensitive to 
the data acquisition frequency, and sensitive mainly to the test execution itself (parallax error related to the operator). 
Therefore, the graphical analysis was avoided for the loads that came to rupture with fewer cycles. This is so that the changes 
in behavior can be perceived and understood throughout the cycles. 
     As it is unfeasible to make an average in each impact cycle with the entire sample, it was decided to determine the closest 
characteristic specimen to the average group. For impact cycles at 4% YBL, the established filtered average was 9.78, with 
the characteristic specimen being specimen 5 (10 cycles to rupture). The 10 cycles for rupture by impact with a load of 4% 
YBL are represented in Fig. 10, in this figure, the cycles are slightly out of phase, so that the load peaks are graphically non-
coincident and arranged side by side to facilitate the visualization of their variations throughout the cycles. 
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Fig. 10. Impact cycles to rupture, force versus time, 4% YBL specimen 5 

     It can be seen that the maximum force captured tends to increase, although for this group there is some inconsistency when 
comparing cycle 4 (in light yellow) with cycle 5 (in magenta). But what draws attention is the low force value in the rupture 
cycle of cycle 10 (in black), because, in the same graph shown in Fig. 10, the maximum force in the tenth cycle resembles the 
same force value in the first ricochet of cycle 8, which is approximately half the scale magnitude of the other force peaks in 
the other cycles. 
     This mentioned behavior was particularly observed in other samples from the same load group, and for other load groups. 
This means that impact cycles increase the material tenacity, up to a limit condition, which does not always coincide exactly 
with a theoretical maximum force peak, depending on the cycling, the load history can leave the sample in its penultimate 
cycle in a very tenuous condition where virtually any impact stress will cause the specimen to rupture. 
     Aiming for an overview of the behavior that occurs throughout the cycles, it is interesting to analyze specimen 1 with a 
load condition of 3% of the YBL, this is because, among the entire sample set, it is the specimen that most resists impact 
cycles (reaching rupture in the 56th cycle). Graphing all 56 cycles would be very confusing, precisely because of the data 
concentration and its noise, so Fig. 11, which presents the data, is constructed with cycles 1, 10, 19, 33, 51, and 55. 

 
Fig. 11. Impact cycles for rupture, force versus time, 3% YBL specimen 1 
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     Note that the last curve (55th cycle, in black) is not the cycle in which the rupture occurs. This is because the rupture occurs 
in the following cycle, the 56th cycle, but when the data is captured, it does not present a significant peak of force, being 
confused with noise, which is a confirmation of the same finding obtained in Fig. 10, that the limit condition of tenacity 
imposed on the sample is in most cases determined by the penultimate impact cycle. 
     In Fig. 11, the gradual increase in the maximum force acquired throughout the cycles can be seen. Polyamide is naturally 
a material with high elongation compared to other synthetic fibers, when submitted to a certain mechanical load, depending 
on the loads, even if there is an elastic recovery (understood in impact cycling as ricochet), a portion of the permanent 
deformation (plastic deformation) remains in the sample. When the impact cycles are re-executed, the free fall height becomes 
the same 300 mm (as in the first cycle) added to the plastic deformation cycle by cycle. It is very difficult to measure the 
specimen plastic deformation, as it is still an incipient aspect of this determination, but the progressive behavior of the 
maximum imposed force, as well as its stabilization throughout the test, and the maximum peak value close to the limit 
condition for rupture by impact demonstrates precisely this progression of plastic deformation in concomitance with an 
increase in the sample stiffness, up to the failure condition. 
4. Conclusion 
     This study investigated the hydrolysis effects on the resistance of impact cycles in polyamide multifilaments. The results 
indicate a clear reduction in the mechanical resistance of materials subjected to hydrolysis compared to materials under normal 
conditions. This decrease is evident in all load groups tested, with an average reduction in the resistance to impact cycles of 
up to five times compared to a virgin polyamide multifilament. 

     Comparison with previous studies also highlights the harmful effect of hydrolysis on the mechanical behavior of polyamide 
multifilaments. The analysis of the rupture data revealed a significant drop in the tensile strength of the hydrolyzed materials 
(approximately 25% at rupture). 
     When adjusting the resistance data from the impact cycles to consider the reduction in tensile strength due to hydrolysis, 
it was observed that the ratio between the hydrolyzed and non-hydrolyzed conditions did not remain relatively proportional. 
This suggests that in addition to the hydrolysis causing an absolute reduction in mechanical resistance, it also causes a relative 
reduction in the impact cycle performance. This is an indication of the need to investigate these effects for other types of 
dynamic loads. 

     The data also revealed interesting patterns in the materials' behavior throughout impact cycles. Notably, the sample reaches 
its tenacity limit condition frequently in its penultimate impact cycle, before the rupture occurs. Furthermore, a gradual 
progression in the material stiffness was observed throughout the cycles, accompanied by a stabilization in the maximum 
imposed force. 

     These results highlight the importance of considering not only the material absolute mechanical resistance but also its 
behavior under dynamic conditions, such as the impact cycles. Future research may benefit from further analysis of the 
interactions between hydrolysis and other aspects of the mechanical behavior of polyamide multifilaments, as well as the 
development of more accurate test methods to assess plastic deformation over impact cycles. Furthermore, improving both 
the testing methodology and the analysis of the results by coupling analytical modeling to experimentally acquired data would 
be a promising possibility for study. 
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Appendix A 
     In this Appendix A, the respective boxplots of the statistical filtering performed on the impact cycle rupture data for 
polyamide under hydrolysis conditions are presented. Fig. A1 corresponds to the loading condition of 3% of the YBL, Fig. 
A2 to the loading condition of 4% of the YBL, Fig. A3 to the loading condition of 5% of the YBL, Fig. A4 to the loading 
condition of 6% of the YBL, and Fig. A5 to the loading condition of 7% of the YBL. 

  
Fig. A1. Box plot with original and filtered data, 3% YBL Fig. A2. Box plot with original and filtered data, 4% YBL 

 

  
Fig. A3. Box plot with original and filtered data, 5% YBL Fig. A4. Box plot with original and filtered data, 6% YBL 

 

 
Fig. A5. Box plot with original and filtered data, 7% YBL 
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