The datasets used and analysed during the current study are available from the corresponding author on reasonable request.
Python code graph 17
import numpy as np
import matplotlib.pyplot as plt

# --- Parameters ---
wavelength = np.linspace(1547.0, 1551.0, 2000)

# Gaussian peak function
def bragg_peak(center, height, sigma, wavelength):
    return height * np.exp(-(wavelength - center) ** 2 / (2 * sigma ** 2))

# Convert FWHM to sigma
def fwhm_to_sigma(fwhm):
    return fwhm / (2 * np.sqrt(2 * np.log(2)))

# Baseline (no load)
center_base = 1547.4
height_base = 1.0
fwhm_base = 0.07741
sigma_base = fwhm_to_sigma(fwhm_base)

# Loaded state
center_loaded = 1550.3
height_loaded = 0.5   # amplitude reduced by 2 times
fwhm_loaded = 0.2175
sigma_loaded = fwhm_to_sigma(fwhm_loaded)

# Spectra
spectrum_base = bragg_peak(center_base, height_base, sigma_base, wavelength)
spectrum_loaded = bragg_peak(center_loaded, height_loaded, sigma_loaded, wavelength)

# --- Plot ---
fig, ax = plt.subplots(figsize=(10, 5))

ax.plot(wavelength, spectrum_base, linewidth=2, label='Baseline (no load)')
ax.plot(wavelength, spectrum_loaded, linestyle='--', linewidth=2, label='Loaded state')

# Axis labels
ax.set_xlabel('Wavelength (nm)', fontsize=14)
ax.set_ylabel('Reflected intensity (a.u.)', fontsize=14)

# Title
ax.set_title('Spectral reflection profile of the FBG sensor\nbefore and after mechanical loading',
             fontsize=15, pad=15)

# Shift annotation
shift_value = center_loaded - center_base
ax.annotate(f'Peak shift: {shift_value:.2f} nm',
            xy=(center_loaded, height_loaded * 0.8),
            xytext=(1548.6, 0.82),
            arrowprops=dict(arrowstyle='->'),
            fontsize=12)

# FWHM indication
ax.hlines(y=height_base / 2,
          xmin=center_base - fwhm_base / 2,
          xmax=center_base + fwhm_base / 2,
          linestyle=':', alpha=0.8)

ax.hlines(y=height_loaded / 2,
          xmin=center_loaded - fwhm_loaded / 2,
          xmax=center_loaded + fwhm_loaded / 2,
          linestyle=':', alpha=0.8)

# Text box
ax.text(1547.05, 0.18,
        'Baseline: λ = 1547.4 nm, FWHM = 0.07741 nm\n'
        'Loaded: λ = 1550.3 nm, FWHM = 0.2175 nm\n'
        'Amplitude reduced by 2×',
        bbox=dict(boxstyle="round,pad=0.3", facecolor="white", alpha=0.8),
        fontsize=10)

# Grid and legend
ax.grid(True, alpha=0.3)
ax.legend(fontsize=12, loc='upper right')

# Limits
ax.set_xlim(1547.0, 1551.0)
ax.set_ylim(0, 1.1)

plt.tight_layout()
plt.show()



Python code graph 14
import matplotlib.pyplot as plt

# Load scale (kN)
load = [0, 2, 4, 6, 8, 10]

# Data (proportionally adjusted)
cycle1_loading = [0, -0.6, -1.4, -2.1, -2.8, -3.5]
cycle1_unloading = [-0.2, -0.65, -1.3, -2.0, -2.7, -3.5]

cycle2_loading = [0, -0.7, -1.35, -2.05, -2.75, -3.4]
cycle2_unloading = [-0.3, -0.6, -1.35, -2.05, -2.65, -3.4]

cycle3_loading = [0, -0.65, -1.3, -1.95, -2.6, -3.2]
cycle3_unloading = [-0.35, -0.55, -1.2, -1.85, -2.5, -3.2]

plt.figure(figsize=(10, 6))

# Cycle 1
plt.plot(load, cycle1_loading, marker='o', label='Cycle 1 (loading)')
plt.plot(load, cycle1_unloading, marker='o', linestyle='--', label='Cycle 1 (unloading)')

# Cycle 2
plt.plot(load, cycle2_loading, marker='s', label='Cycle 2 (loading)')
plt.plot(load, cycle2_unloading, marker='s', linestyle='--', label='Cycle 2 (unloading)')

# Cycle 3
plt.plot(load, cycle3_loading, marker='d', label='Cycle 3 (loading)')
plt.plot(load, cycle3_unloading, marker='d', linestyle='--', label='Cycle 3 (unloading)')

# Plot formatting
plt.xlabel('Load (kN)')
plt.ylabel('Change in reflected intensity, ΔI (dB)')
plt.title('Residual shift of FBG reflected intensity after unloading')

plt.grid(True, linestyle='--', alpha=0.5)
plt.legend()
plt.tight_layout()

plt.show()


















Python code graph 19
import numpy as np
import matplotlib.pyplot as plt

# ---------- Δλ(X,Y) field ----------
Lx, Ly = 0.90, 0.50
nx, ny = 220, 120
x = np.linspace(0, Lx, nx)
y = np.linspace(0, Ly, ny)
X, Y = np.meshgrid(x, y)

rng = np.random.default_rng(33)
baseline = 80e-6 + 30e-6*(X/Lx) + 15e-6*(Y/Ly)   # baseline strain ε
xc, yc = 0.58, 0.30                              # crack center
sigma_x, sigma_y = 0.05, 0.06
crack = 250e-6 * np.exp(-0.5 * (((X-xc)/sigma_x)**2 + ((Y-yc)/sigma_y)**2))
noise = 4e-6 * rng.normal(size=X.shape)

eps = baseline + crack + noise
K = 0.0012                                        # nm/µε
Z = K * (eps * 1e6)                               # Δλ in nm

# ---------- FBG path (centerline along width) ----------
xf = np.linspace(0.05, 0.85, 300)
yf = np.full_like(xf, Ly/2)

ix = np.clip(((xf/Lx)*(nx-1)).astype(int), 0, nx-1)
iy = np.clip(((yf/Ly)*(ny-1)).astype(int), 0, ny-1)

zf = Z[iy, ix]

# ---------- Plot 1: Heatmap Δλ(X,Y) with FBG path and crack ----------
plt.figure(figsize=(8.6, 5.4))

plt.imshow(Z, origin='lower', extent=[0, Lx, 0, Ly], aspect='auto')

# FBG path
plt.plot(xf, yf, linewidth=2.0)

# Dashed line across crack zone
crack_line_x = np.linspace(xc-0.12, xc+0.12, 60)
crack_line_y = np.full_like(crack_line_x, yc)
plt.plot(crack_line_x, crack_line_y, linestyle='--', linewidth=1.8)

plt.xlabel("X (m)")
plt.ylabel("Y (m)")
plt.title("Δλ(X,Y) heatmap: reinforced concrete slab with FBG path and crack zone")

cbar = plt.colorbar()
cbar.set_label("Δλ (nm)")

plt.tight_layout()
plt.show()

# ---------- Plot 2: Δλ profile along FBG ----------
plt.figure(figsize=(8.6, 4.6))

plt.plot(xf, zf, linewidth=2.2)

plt.xlabel("X along fiber (m)")
plt.ylabel("Δλ (nm)")
plt.title("Δλ profile along FBG path (peak at crack location)")

plt.grid(True, linestyle="--", alpha=0.6)

plt.tight_layout()
plt.show()





















Python code graph 18

import numpy as np
import matplotlib.pyplot as plt

# === Axis (time/distance, arbitrary units) ===
x = np.linspace(0, 100, 5000)
rng = np.random.default_rng(7)

# === Define 10 peaks ===
centers = np.linspace(8, 92, 10)                     # peak positions
amps    = rng.uniform(1.4, 1.9, size=centers.size)   # amplitudes
sigmas  = rng.uniform(0.9, 1.3, size=centers.size)   # widths

def sum_peaks(xx, cc, aa, ss):
    y = np.zeros_like(xx)
    for m, a, s in zip(cc, aa, ss):
        y += a * np.exp(-0.5 * ((xx - m) / s) ** 2)
    return y

# === Before crack: peaks + "noisy" background ===
noise0 = 0.12 * rng.normal(size=x.size)
noise0 = np.convolve(noise0, np.ones(5)/5, mode="same")
y_before = sum_peaks(x, centers, amps, sigmas) + noise0

# === Crack formation in concrete ===
crack_x   = 56.0     # crack zone location
peak_shift = 0.6     # peak shift (to the right) after crack

# After crack: peaks shift, broaden, and decrease in amplitude
centers_after = centers.copy()
amps_after    = amps.copy()
sigmas_after  = sigmas.copy()

mask_after = centers > crack_x
centers_after[mask_after] += peak_shift     # shift
sigmas_after[mask_after]  *= 1.25           # broadening
amps_after[mask_after]    *= 0.85           # amplitude reduction

y_after = sum_peaks(x, centers_after, amps_after, sigmas_after)

# Increased noise after crack
noise1 = 0.14 * rng.normal(size=x.size)
noise1 = np.convolve(noise1, np.ones(5)/5, mode="same")
region_after = x >= crack_x
noise1[region_after] += 0.12 * rng.normal(size=region_after.sum())
y_after += noise1

# === Plot (two curves) ===
plt.figure(figsize=(9, 5))

plt.plot(x, y_before, linewidth=1.4, label="Before crack")
plt.plot(x, y_after, '--', linewidth=1.6, label="After crack")

# Crack marker
plt.axvline(crack_x, linestyle=":", linewidth=1.5)
plt.text(crack_x + 1, np.max(y_after)*0.9, "Crack zone", fontsize=10)

plt.grid(True, linestyle=":", alpha=0.75)

plt.xlabel("Distance / Time (a.u.)")
plt.ylabel("Reflected signal (a.u.)")
plt.title("Reflectogram: 10 peaks; peak shift and noise increase after crack")

plt.legend()
plt.tight_layout()
plt.show()



















Python code graph 13

import matplotlib.pyplot as plt
import numpy as np

# 1. Data Generation
# Create a time array from 0 to 210 seconds
time = np.linspace(0, 210, 500)

# Generate Load data (Black dashed line)
# Linearly increasing from 0 to approximately 19.5 kN
load = (19.5 / 210) * time 

# Generate Wavelength data (Red solid line)
# Base value is 1550 nm. The graph shows an offset starting at -0.10 (1549.9 nm)
base_wavelength = 1549.9  
# Linear trend: total increase of about 0.32 nm over the duration
trend = (0.32 / 210) * time 
# Superimposed sine wave to simulate the oscillations seen in the image
# Period is set to ~60 seconds with an amplitude of 0.02
oscillations = 0.02 * np.sin(2 * np.pi * time / 60) 
wavelength_data = base_wavelength + trend + oscillations

# 2. Plotting
fig, ax1 = plt.subplots(figsize=(10, 6))

# --- Configure Primary Y-Axis (Wavelength) ---
ax1.set_xlabel('Time (s)', fontsize=12)
ax1.set_ylabel('Wavelength (nm)', color='red', fontsize=12)
ax1.plot(time, wavelength_data, color='red', linewidth=2, label='Wavelength')
ax1.tick_params(axis='y', labelcolor='red')

# Set limits and specific ticks to match the image's offset labels
ax1.set_ylim(1549.9, 1550.25)
ax1.set_yticks([1549.9, 1549.95, 1550.0, 1550.05, 1550.10, 1550.15, 1550.20, 1550.25])
ax1.set_yticklabels(['-0.10', '-0.05', '0.00', '0.05', '0.10', '0.15', '0.20', '0.25'])

# Add the scientific notation offset (+1.55e3) at the top left
ax1.text(0, 1.01, '+1.55e3', color='red', transform=ax1.transAxes, ha='left', fontweight='bold')

# --- Configure Secondary Y-Axis (Load) ---
# Create a twin axis that shares the same x-axis
ax2 = ax1.twinx()
ax2.set_ylabel('Load (kN)', color='black', fontsize=12)
ax2.plot(time, load, color='black', linestyle='--', linewidth=2, label='Load')
ax2.set_ylim(0, 20)
ax2.set_yticks(np.arange(0, 22.5, 2.5))
ax2.tick_params(axis='y', labelcolor='black')

# --- Final Styling ---
# Add a light dashed grid
ax1.grid(True, which='both', linestyle='--', linewidth=0.5, alpha=0.7)

# Set the title
plt.title('Figure. Time-dependent evolution of peak wavelength and load', fontsize=14, pad=20)

# Remove the top spines for a cleaner look
ax1.spines['top'].set_visible(False)
ax2.spines['top'].set_visible(False)

plt.tight_layout()
plt.show()

























Python code graph 7

import matplotlib.pyplot as plt
import numpy as np

# Data
load = np.array([0, 2, 4, 6, 8, 10])
delta_mech = np.array([0, 6, 12, 18, 25, 31])
delta_adh  = np.array([0, 4, 8, 12, 17, 21])

# Linear approximation (sensitivity)
coef_mech = np.polyfit(load, delta_mech, 1)
coef_adh  = np.polyfit(load, delta_adh, 1)

fit_mech = np.polyval(coef_mech, load)
fit_adh  = np.polyval(coef_adh, load)

# Plot
plt.figure(figsize=(8,5))

# Experimental points
plt.plot(load, delta_mech, marker='o', label='Mechanical mounting')
plt.plot(load, delta_adh, marker='s', linestyle='--', label='Adhesive mounting')

# Linear fits
plt.plot(load, fit_mech, linestyle=':', label=f'Mech fit (k={coef_mech[0]:.2f} pm/kN)')
plt.plot(load, fit_adh, linestyle=':', label=f'Adh fit (k={coef_adh[0]:.2f} pm/kN)')

# Labels
plt.xlabel('Load (kN)')
plt.ylabel('Wavelength shift Δλ (pm)')
plt.title('FBG wavelength shift vs applied load for different mounting methods')

plt.grid(True, linestyle='--', alpha=0.6)
plt.legend()

plt.tight_layout()
plt.show()

