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In order to study the distribution of strain in concrete at different times and positions under internal 
expansion pressure, experiments with a soundless chemical demolition agent (SCDA) were conducted 
on cubic concrete with one hole, and Distributed Optic Fiber Sensing (DOFS) technology, in comparison 
to a static strain tester, was used to measure the expansion strain of concrete, evaluate its cracking 
time, and theoretically calculate the expansion tensile stress at the cracking time. The test results 
show that there was a linear correlation between strain with time but a negative correlation with 
distance from the hole. Additionally, the strain-position peak shapes at different times aligned with 
classical mechanics principles. Under pressure from SCDA in the central hole (40 mm in diameter), the 
cracking time of a 150-mm C40 cubic concrete was evaluated as 73.3 min. DOFS technology exhibits 
higher accuracy and sensitivity than the static strain tester in evaluating the strain and cracking time 
of concrete.It can also reflect the spatial distribution information of strain, which can be applied to 
research on various expansion materials and structures.

Soundless chemical demolition, also known as static blasting1, is a construction techonique that uses a soundless 
chemical demolition agent (SCDA) to apply expansion pressure to the interior of concrete or rock, gradually 
causing it to crack, with the aim of removing the concrete or rock. SCDA is a kind of powdery material primarily 
composed of calcium oxide (CaO), anhydrite (CaSO4), and some silicate solids. SCDA is mixed with water to 
form a slurry, then is placed into drilled holes. As SCDA hydrates, the slurry hardens, the temperature rises, and 
the volume expands. The maximum expansion stress of calcium oxide can reach 30 MPa to 80 MPa2. When the 
expansion force reaches a certain level, micro-cracks first appear at the stress concentration points inside the 
material. These micro-cracks typically occur in the weakest parts of the material or where defects are present. 
Once the crack is triggered, it begins to expand gradually under the continuous expansion force. The propagation 
direction of cracks is influenced by multiple factors, such as the mechanical properties of the material, the micro-
pore structure, mineral heterogeneity, mass defects, etc3,4. As the cracks continue to expand, they eventually 
penetrate each other, forming a macroscopic fracture. Soundless chemical demolition technology has obvious 
technological advantages in fields such as flood prevention, earthquake disaster relief, and military engineering, 
as it avoids hazards such as vibration, noise, dust, air shock waves, and flying rocks5,6.

Zhang, H.7 defined the ratio of the concrete area within the circumcircle of the specimen to the area of 
the expansion agent as the constraint ratio and used it to represent the degree of constraint of concrete on 
the expansion agent. The constraint ratio is an indicator to measure the degree of constraint of concrete on 
the expansion agent. As the constraint ratio increases, the volume expansion rate of the expansion agent 
decreases, and the crushing effect weakens. When the constraint ratio is relatively large, the constraint ratio has 
a major influence on the cracking time. The larger the constraint ratio, the longer the cracking time. Li R.S.8 has 
found that the cracking time of concrete is shortened with increased internal expansion or decreased external 
constraint. The size of the pore diameter has a significant influence on the expansion rate and crushing effect 
of the expansion agent. As the hole diameter increases, the volume expansion rate of the expansion agent also 
increases, and the crushing impact becomes better9. Wang, L.10 found that the maximum expansion pressure 
approximately increases linearly with the increase of the inner diameter. Li R.S.11 has found that the expansive 
pressure increased with the increment of hole diameter and showed a linear relationship within 2 days. The 
development regularity of the expansive pressure is not linear with the constraint coefficient. After the cracks 
develop stably, their distribution patterns include three types: “Y” shape, “T” shape, and “X” shape12. Wang J.L.13 
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found that the crack first initiated at the top surface and then expanded to the depth of the boreholes with time. 
When the hole depth is less than 70% of the plate thickness, the cracks caused by the hardening and expansion 
of the expansion agent slurry can no longer extend downward to the bottom of the thick plate. When the hole 
depth increases from 70% of the plate thickness to 90%, the crushing effect gradually improves. When the hole 
depth is 80% of the plate thickness, the number of blocks formed after crushing is the largest14. Habib, K.M.15 
has found that fracturing time decreases with increasing borehole size, and the uniaxial compression reaches 5 
MPa as early as 7 hours when the borehole spacing to borehole diameter ratio of 12.8 to 14.6. Jiang Z.S.16 found 
that the increased hole diameter corresponded to advanced cracking and improved crushing effect, and the 
increased concrete strength and hole spacing corresponded to delayed cracking and weakened crushing effect. 
Cho, H.5 has estimated the minimum expansion pressure required to form cracks connecting. Zhang, W.17 found 
that when the lateral pressure is less than 10% uniaxial strength, the peak stress and elastic modulus increase 
with the increase of lateral pressure; but when the lateral pressure is larger than 10% uniaxial strength, the two 
parameters decrease slightly or remain steady. Kyeongjin Kim18 found that the minimum required pressure for 
forming cracks was considered either linearly or non-linearly proportional to the concrete strength.

Traditional methods for testing material expansion performance predominantly rely on resistive strain 
gauges15. However, strain gauges measure at a single point and can only reflect the strain conditions on one 
surface. Distributed optical fiber sensing (DOFS) technology is becoming increasingly mature. DOFS based 
on backward Rayleigh scattering have already shown the potential to replace traditional resistive strain gauges 
and fiber Bragg grating (FBG) sensors in many fields. DOFS feature extremely high measurement point 
density, controllable spacing, lightweight, corrosion resistance, electrical insulation, high precision, and good 
repeatability19. Additionally, due to their relatively soft and tough texture, DOFS exhibit good adaptability to the 
shape of structural surfaces. DOFS technology can accurately measure the strain distribution within a certain 
range. It not only realizes quantitative strain measurement but also reflects the spatial distribution information 
of strain, achieving the strain positioning function20,21. Applying this technology to measure the expansion 
performance during static blasting can accurately determine the stress-strain conditions at different positions 
and the changes of strain over time, providing precise theoretical guidance for the design of hole spacing, hole 
depth, and the amount of expansion agent used in static blasting technology.

The cracking of materials such as concrete under expansion pressure is not only the key mechanism of static 
blasting technology but also critical for assessing the safety of engineering structures affected by expansion 
cracks. In order to study the distribution of strain in concrete at different times and positions under internal 
expansion pressure, this paper designs an experiment on cubic concrete with a single hole, using DOFS 
technology to measure the expansion strain and evaluate the cracking time of the concrete under SCDA pressure, 
with comparisons to the results obtained by a static strain tester.

Experimental
Materials
HSCA-Ⅲ SCDA was produced by Shijiazhuang Functional Building Materials Co., Ltd, and the contents of CaO, 
SO3, Al2O3 and MgO are 51–53%, 25–28%, 8–10% and 2–4% respectively.

The size of the cubic concrete specimen is 150 × 150 × 150 mm; the depth of the reserved central hole exceeds 
117 mm, and the hole diameter is 40 mm.

BMB120-80AA(11)-P300-D strain gauges produced by Chengdu Electric Sensing Technology Co., Ltd. were 
used. The strain gauge has a length of 90 mm and a gage factor of 2.11±%, which were attached to the center of 
the outer surface of the concrete blocks, parallel to the surface. DH3818Y static strain tester (24 channels) was 
used to measure the strain, with a strain range of ± 60,000µε and a static sampling rate of 5 Hz.

Preparation of test specimens
Two strain gauges were placed on each of the four sides of the concrete, with an average distance of 20 mm 
and 75 mm from the upper surface. To ensure the adhesive layer was free of air bubbles, wrinkles, or cracks, a 
thin layer of cyanoacrylate glue (≤ 0.1 mm thick) was applied to the base of the strain gauge and the surface to 
be measured. The strain gauge was then covered with a polytetrafluoroethylene film and pressed for 1–2 min. 
Subsequently, it was heated with a hot air gun at 60–80 °C for 3–5 min to accelerate the curing process. Finally, it 
was allowed to cool naturally to room temperature to prevent cracking of the adhesive layer. The upper and lower 
sets of four strain gauges were numbered sequentially as U1-U4 and D1-D4, respectively.

Optical fibers were arranged on the concrete surfaces as shown in Fig. 1, with 3 cm reserved at the tail and 
10 cm at the head. To prevent the optical fibers from being damaged during the test, yellow sheaths were used 
to protect the exposed optical fibers. A high-shear-modulus epoxy adhesive was used to enhance strain transfer 
efficiency.

The grating area must be in full contact with the surface of the object to be measured to avoid strain 
transmission loss caused by the suspension or excessive adhesive layer (the adhesive layer thickness was less 
than 0.1 mm). A spectrometer was used to locate the wavelength reflection point at the center of the grating 
(in the 1550 nm band), and mark the grating area (5–20 mm in length). Although the adhesive’s shear strength 
and shear modulus decrease with increasing temperature, temperature compensation was not performed for the 
installed fiber optic sensors. This was because measurement time was only 2–3 h and the indoor environmental 
temperature showed minimal variation.

The surface temperature of SCDA was recorded using an infrared thermal imager (UNI-T UNi-32, 32 × 32 
pixels, resolution of 0.1  °C, thermal sensitivity of 0.15  °C). The ambient room temperature was 14.5℃. The 
width and depth of surface cracks in concrete samples were tested using an HC-F900 concrete Crack Defect 
Comprehensive Tester. The depth measurement range was 5 mm to 500 mm, and the width measurement range 
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was 0.01  mm to 10  mm. The optical distributed sensor interrogator DOFS system was produced by LUNA 
Company (Luna A50, USA).

Concrete is prepared using medium sand, 5–20 mm crushed stone, with a sand ratio of 0.31. The compressive 
strength of the concrete is 42 MPa, and the splitting tensile strength is 2.93 MPa. SCDA was mixed with water at 
a ratio of 1:2.9, then filled into the reserved holes. The micromorphology of SCDA slurry was investigated using 
a JSM-5900 Scanning Electron Microscope (SEM) at 15 kV (JEOL, Japan).

Results and discussion
Morphology and temperature change of slurry and concrete
The morphology changes of the SCDA slurry and concrete over time are shown in Fig. 2.

As observed in Fig. 2, the slurry surface declined slightly after approximately 30 min, then began to expand, 
forming bulges and a network of craze cracks after 60  min. Visible cracks on the concrete appeared first at 
84 min, detectable with the naked eye. Because the reserved hole depth was less than the height of the concrete, 
cracking was initiated at the top, and gradually widened, finally propagated to the base of the concrete block.

The measured crack widths are presented in Fig. 3.
At 84 min, the crack width near the central hole was 0.22 mm, and the crack width far from the hole was 0.16 

mm. It took approximately 10 min from the appearance of the crack to its penetration. Digital Image Correlation 

Fig. 3.  Record of the cracks development of concrete. (a) Near the central hole at 84 min., (b) Far from the 
central hole at 84 min.

 

Fig. 2.  The morphology changes of SCDA slurry and concrete over time. (a) 33 min, (b) 47 min, (c) 79 min, 
(d) 84 min, (e) 88 min.

 

Fig. 1.  Cubic concrete sample and schematic diagram of the DOFS. (a) Cubic concrete sample, (b) Front view, 
(c) Top view, (d) Perspective view.
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(DIC) technology provides continuous, accurate, and full-field monitoring of surface strain and crack 
propagation under non-contact conditions. This technique can be used to obtain the full-field strain distribution 
and track the variation of the crack tip opening displacement22,23. To enable more accurate determination of 
crack performance, future work will combine DIC and DOFS technologies.

The temperature-time curve of the slurry is shown in Fig. 4.
Figure 4 shows that the temperature remains at 20℃ for the first 30 min, and then increases gradually to 

the first peak temperature of 43.7℃ at 78 min, and the second peak temperature of 82.3℃ at 88 min. When 
the concrete first exhibited visible cracking at 84 min, the SCDA slurry’s surface temperature was 43.5℃. At 
this stage, the temperature remained stable for a period of time, so the cracking time cannot be determined 
from thermal data alone. As the crack propagated, the hydration of the expansion agent accelerated, causing the 
temperature to rise rapidly and then gradually dropped.

Although a rise in temperature can lead to volumetric expansion, crack formation does not correlate with 
peak temperatures, which suggests that concrete cracking primarily results from internal crystallization-induced 
expansion within the slurry components, rather than thermal expansion alone.

Chemical mechanism of expansion
The SCDA contained a large amount of active CaO, Al2O3, and 25–28% SO3, while the SO3 content in ordinary 
cement is less than 3.5%. When encountering water, CaO particles immediately begin to hydrate to form 
Ca(OH)2 crystals, releasing a lot of heat. When most of the calcium oxide has completely hydrated, the slurry 
temperature gradually drops to room temperature. CaO hydration requires a large amount of water, resulting in 
the initial slurry surface decline. The hexagonal sheets of Ca(OH)2 crystals fill the pore space as the solid volume 
increases by approximately 97%, leading to gradual volume expansion.

In the presence of sufficient SO3 and CaO, 3CaO·Al2O3·6H2O participated in the chemical reaction to 
produce high-sulfur hydrated calcium sulfoaluminate (ettringite), the volume of which increased by 1.5 times1. 
T﻿here was a sustained exothermic peak, and the temperature began to rise rapidly to 43.7℃, as shown in Fig. 4.

	 3CaO · Al2O3 · 6 H2O + 3CaSO4 · 2H2O → 3CaO · Al2O3 · 3CaSO4 · 31H2O (Ettringite)� (1)

Based on Eq. 1, sufficient water and SO3 are beneficial for the formation and stability of the ettringite.
Under rigid confinement conditions such as concrete or rock, these crystallizations expand, squeezing each 

other and reducing porosity, thereby generating expansion pressure24. The mechanical properties of SCDA 
hydration products such as calcium hydroxide and ettringite depend on the confinement provided during SCDA 
volume expansion25. When ettringite begins to form in quantities that cause volume expansion, the constrained 
expansion pressure gradually increases. SEM images of SCDA at 6 h are shown in Fig. 5, depicting numerous 
needle-like ettringite crystals. A temperature rise can accelerate the SCDA hydration process, promoting the 
formation of dense ettringite and increasing expansion pressure26–28.

Fig. 5.  SEM image of SCDA slurry at 6 h. (a)× 5000, (b)× 20,000.

 

Fig. 4.  Temperature-time curve of SCDA slurry.
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SCDA slurry expands slowly, causing initial micro-fracturing within the concrete. As expansion increases, 
internal micro-fracturing planes connect to form a macro-fracture, which finally propagates to the sample’s 
surface29. From this point onward, although the chemical reaction persists, the expansion agent expands freely 
without concrete constraint.

Expansion performance of cubic concrete tested by strain gauge
The curve of strain-time of strain gauge in different positions is shown in Fig. 6.

As shown in Fig. 6, it can be seen that the strain of the upper group strain gauge increased to 120µε before 
4,740 s, then decreased suddenly. The strain of the D1-3 strain gauge increased slowly before 4,700 s. The strain 
of the D1 suddenly increased to 60,000µε at 4,778 s before the strain gauge failed. The strain of the D2 suddenly 
increased to 23,054.137µε at 4,838 s, after that the strain decreased to 7,000µε.

The strain of the D4 is negative, which indicates that this surface has been under compressive stress all the 
time. When expansion occurs at one location, squeezing stress is generated at the opposite location, causing the 
strain gauge show a negative value. The strain of the D4 remained negative throughout, indicating that position 
2 underwent continuous expansion stress.

According to the engineering judgment criterion30: when the strain of the strain gauge exceeds 150µε and the 
difference between adjacent measurement points is greater than 50µε, concrete cracking can be judged.

Based on this judgment criterion, the cracking time of position D1 is judged as 4,736 s (78.9 min) at the strain 
of 644.597 µε.

The compressive strength of concrete was 42.07 MPa, so the concrete strength grade can be regarded as C40, 
and the elastic modulus of concrete can be selected as Es = 3.3 × 104 N/mm2.

If the concrete is in the elastic stage (without cracking), the calculated stress can be used directly. However, if 
the concrete develops micro-cracks or the strain gauge fails, the concrete has undergone nonlinear deformation. 
This causes the measured strain value to no longer accurately reflect the actual strain of the concrete. To 
more accurately estimate the internal stress state and prevent errors in structural safety judgment caused by 
overestimation, the elastic modulus needs to be corrected to a deformation modulus by multiplying a coefficient 
of 0.8531. So deformation modulus E’s = 0.85 × 3.3 × 104 N/mm2 = 2.81 × 104 N/mm2.

Based on σtm = εm E’s, the tensile stress at the break critical point can be calculated.

	 S = σtm=ϵmE′s = 644.597µϵ × 2.81 × 104N/mm2 = 18.08MPa� (2)

Thus, the tensile stress in the concrete induced by expansion pressure at this time can be calculated as 18.08 MPa, 
which is significantly greater than the concrete’s splitting tensile strength of 2.93 MPa.

Fig. 6.  The curve of strain-time of strain gauge at different positions. (a) Positions U1234, (b) Positions D1, (c) 
Positions D2, (d) Positions D3-4.
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Based on this judgment criterion, the cracking time of position D2 is 4,739 s (79 min) at the strain of 260.128 
µε. The calculated tensile stress at the cracking time is 7.29 MPa which is greater than the concrete’s splitting 
tensile strength.

Expansion performance of cubic concrete tested by DOFS
The strains at different times and positions, as measured by DOFS, are shown in Fig. 7. Because the Origin 
processing software can handle a maximum of 40 columns of data, and the expansion pressure did not appear 
significantly in the initial period of time, the strain at different positions at 37 time points before the crack 
appeared is used for plotting. The time interval between two adjacent curves is 100 s. Peak 9 corresponds the 
strain of upper optical fiber loop; Peaks 1–4 represent the strain of four sides of the waist, while Peaks 5–8 
represent the strain of four corresponding positions of the upper surface.

Figure 7(a) shows the strain distribution measured by the nine-segment optical fibers on the concrete surface 
at different times. The first 4 peaks represent the strain of the four outer linear optical fibers, the next 4 peaks 
represent the strain of the four upper linear optical fibers, and the last one represents the strain of the upper 
optical fiber loop.

Figure 7(b) shows that when the distance between the loop optical fiber and the hole is the same, the strain 
is essentially consistent, and the early curve being nearly linear with a fluctuation range of approximately 30µε.

Figure 7(b)-(j) show that the strain at the middle position is the greatest and gradually decreases toward both 
ends. The strain distributions of Peak 1 and Peak 6 exhibit standard triangular peak patterns, which align with 
classical structural mechanics principles. Fluctuations exist among the four peaks of the waist or upper surface, 
with some showing bifurcations or asymmetry. These variations are attributed to unevenness in the concrete 
surface or unequal distances from SCDA slurry. By comparing peak1 with peak 5, peak 2 with peak6, peak 3 with 
peak 7, and peak 4 with peak 8, it can be seen that the strain distribution in the optical fibers at the four positions 
on the upper surface is greater than that at the four corresponding positions on the outer surfaces.

The location of the cracking on any of the four surfaces is related not only to the stress distribution but is also 
significantly influenced by the quality of the concrete on that surface. If there are micro-pores or micro-cracks 
in the concrete on a given side, cracking may occur on that side even if the expansion tensile stress is lower than 
that on the other three sides. When the first surface cracked, the other surfaces crack sequentially, and their 
expansion tensile stress are all lower than that of the first surface, because the cracking of the first surface led to 
the partial stress release in the other surfaces.

According to the engineering judgment criterion, the cracking time of 9-segment optical fiber are judged and 
their corresponding strains, as listed in Table 1.

Therefore, the cracking times are determined as follows: 4500 s for the optical fiber on outer surface, 4,400 s 
for the optical fiber on upper surface, and 4,700 s for loop optical fiber. Accordingly, the minimum cracking time 
of a 150-mm cubic concrete is evaluated as 4,400 s (73.3 min), and its corresponding strain is 400.43µε, which 
shows the tensile stress on the concrete’s outer surface is calculated to be 11.25 MPa.

From the upper surface, only the trend of strain variation with distance can be obtained. There is a discrepancy 
between the surface strain and the actual internal strain because the expansion pressure propagates from the 
center to the periphery. However, to calculate the actual internal expansion force, the external expansion must 
have a clear physical meaning32. Therefore, it is more reasonable to perform calculations based on the average 
expansion strain of the four surfaces.

Comparison of cracking time judged by three test methods
The comparison of cracking time on concretes judged by DOFS, strain gauge and crack width were 4,400 s, 
4,736 s and 5,040 s, respectively.

The cracking time judged by DOFS was 336 s earlier than that by the strain gauge, and 640 s earlier than 
that by the crack width. This is because some strain gauges are not positioned along the crack path and can only 
reflect the conditions of an entire surface, whereas DOFS can detect deformation at specific points on whole 
surface, offering higher accuracy and the ability to locate the cracks precisely. In addition, the elastic modulus of 
optical fiber (Polyimide coating) is 72 GPa, while the strain gauge is made of alloy steel with an elastic modulus 
of approximately 200 GPa, which is about three times that of optical fiber. Consequently, the deformation 
sensitivity of DOFS is much higher than that of the strain gauge. The width of a crack visible to the naked eye is 
typically 0.1 mm33, so it is hard to monitor the concrete to observe this crack, with significant judgement errors.

Analysis of the relationship between expansion strain with time and distance from the hole
Based on data of the positions judged as crack initiation, the strain-time curves are plotted in Fig. 8, which 
demonstrate a good correlation between the strain development and the time.

As shown in Fig.  8, based on the strain data within the range of 1,000  s to 4,300  s before cracking, the 
relationships between strain (S) and time (T) of Peak 2, Peak 5, and Peak 9 are fitted as follows:

Peak 2: S = 0.0881T − 101.38; R2 = 0.945 (Distance = 55 mm).
Peak 5: S = 0.1034T − 120.94; R2 = 0.9136 (Distance = 30 mm).
Peak 9: S = 0.0826T − 93.429; R2 = 0.9474 (Distance = 20 mm).
All R2 are more than 0.91, which indicates that they all have linear relationships between the strain and time 

at different distances from the hole. The slope of the line represents the strain growth rate of the peak, with units 
per 100 s.

The hydration of SCDA causes expansion. Under the constraints of concrete, this expansion leads to strain of 
the concrete. The expansion pressure generated by SCDA is affected by factors such as the crystallization process, 
internal porosity, and temperature9; therefore, it is a variable value that initially increases and subsequently 
decreases. If the expansion pressure of SCDA at different times is simulated by controlling water pressure34, 
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Fig. 7.  The curve of the strain-location of 9-segment optical fiber. (a) The overall curve of the nine peaks, (b) 
Peak 9, (c) Peak 1, (d) Peak 5, (e) Peak 2, (f) Peak 6, (g) Peak 3, (h) Peak 7, (i) Peak 4, (j) Peak 8.
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it would not only verify the accuracy of DOFS strain testing but also improve the study of concrete cracking 
behavior induced by SCDA.

When the optical fiber is annular, the average strain at 3,000 s is calculated as 153.56µε; and its calculated 
expansion tensile stress is 4.32 MPa. When optical fibers are straight, the average strain of 10 measurement 
points at the midspan position at 3,000 s is calculated for Peak 5 and Peak 7 as 97.59µε and 125.49µε, respectively, 
and their calculated expansion tensile stresses are 3.52  MPa and 4.31  MPa. All calculated expansion tensile 
stresses exceed the concrete splitting tensile strength of 2.93 MPa.

On the same top surface, at 3,000  s before concrete cracks, the average strain of the cubic concrete are 
153.56µε and 125.49µε at two distances (20 mm and 30 mm). The relationship between strain (S) and distance 
(D) is fitted as:

	 S = 658.72 (D)−0.5� (3)

Based on Eq.  3, there is a negative correlation between the strain with the distance from the hole, which is 
consistent with the conclusion obtained in Fig. 3.

According to the thin-wall theory35–37, when the average expansion tensile stress generated by the expansion 
pressure on the surface of a concrete ring specimen exceeds the concrete’s tensile strength, the concrete will 
crack. The average expansion tensile stress is related to concrete strength, pore size ratio, and other factors. 
Therefore, with known concrete strength and size, effective cracking and crushing can be achieved by optimizing 
the borehole spacing.

Conclusions

	(1)	 As SCDA hydrates, the temperature of slurry rises to a peak and then gradually decreases.
	(2)	 To evaluate the strain and cracking time of concrete, DOFS exhibits greater accuracy and sensitivity than 

both static strain testers and naked-eye crack defect testers.
	(3)	 Using DOFS technology, the cracking time of a 150 mm C40 cubic concrete under pressure from SCDA in 

the central hole (40 mm in diameter) is evaluated as 73.3 min. The strain-position peak shapes at different 
times align with classical structural mechanics principles, and there is a linear correlation between strain 
and time, but a negative correlation with distance from the hole.

Fig. 8.  The curve of strain-time of 9 maximum peaks.

 

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9

Strain values /µε 223.4 387.7 266.9 180.8 400.4 379.1 329.5 251.6 422.9

Cracking time/second 4,800 4,500 4,800 4,800 4,400 4,600 4,800 4,800 4,700

Calculated expansion stress/MPa 6.28 10.89 7.50 5.08 11.25 10.65 9.26 7.07 11.88

Table 1.  The judged cracking time of the 9-segment optical fiber and its corresponding strain and calculated 
expansion stress.
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Data availability
All data generated or analysed during this study are included in this published article.
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