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Extended abstract

Introduction

Gully erosion is one of the most important and destructive forms of soil degradation in arid and semi-arid
regions of the world, playing a significant role in reducing agricultural land productivity, increasing
sediment load in watersheds, and decreasing the useful life of dam reservoirs. Among the different stages
of gully evolution, tensile cracks in the gully wall act as early indicators of instability and play a key role
in initiating wall collapse, lateral gully expansion, and accelerating erosion processes. Despite the high
importance of this phenomenon in geomorphology and erosion management, quantitative and multivariate
investigations of the factors controlling the occurrence and location of these cracks at the gully wall scale
remain limited, and few field studies have specifically addressed the development of tensile cracks. The
aim of this study is to identify the factors affecting the formation of tensile cracks and to determine the
critical slope threshold in the gullies of the Kaloocheh Bijar watershed.

Materials and methods

In this study, 47 gullies (including 25 gullies with longitudinal cracks and 22 gullies without cracks) were
surveyed and analyzed using UAV imagery with a vertical accuracy of 2 cm. The measured variables
included wall slope, bank height, crack distance from the gully edge, bottom and top channel width, channel
bed slope, gully planform curvature (outer, straight, inner), and vegetation cover status. The statistical
analyses included independent t-test, Mann—Whitney U test, Kruskal-Wallis test, Fisher’s exact test,
Spearman’s correlation, cluster analysis, and ROC curve analysis, all of which were performed using R and
SPSS software.

Results and discussion

The results showed that wall slope is the most important factor controlling the occurrence of tensile cracks,
such that the mean slope in cracked gullies (86.7 degrees) was significantly higher than in non-cracked
gullies (50 degrees). Furthermore, outer curvature and lack of vegetation cover, with odds ratios of 4.2 and
4.57 respectively, were identified as the most important factors increasing the likelihood of crack
occurrence. The crack distance from the gully edge (mean: 2.67 m) was mainly influenced by the geometric
dimensions of the gully and showed a statistically significant positive correlation only with the bottom
channel width. ROC analysis determined the critical wall slope threshold as 78.4 degrees (AUC = 0.835),
with model sensitivity and specificity of 80% and 86.4%, respectively. Additionally, cluster analysis
revealed three distinct patterns of cracked gullies, indicating different stages of instability evolution.

Conclusions

The findings of this study have direct implications for gully erosion management. First, wall slope can be
used as a rapid and field-measurable indicator for prioritizing conservation measures. Gullies with a slope
exceeding the critical threshold of 78.4 degrees should be prioritized for stabilization, as the probability of
crack formation and failure propagation is significantly higher in these gullies. Second, volumetric
measures without attention to slope reduction or stress concentration control have limited stability effects;
therefore, engineering interventions should focus on reducing the effective wall slope or dissipating flow
energy in outer curves. Third, although the role of vegetation cover was statistically weaker, mechanical
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evidence suggests that its removal can accelerate the failure threshold; thus, biological stabilization of walls
should be considered as a complementary tool in gully management.
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Table 2. Statistical characteristics of the studied gullies

Crack Statistic Crack(r(;i)s tance Wall slope (°) Banlznt:;a ight Botto(r;]n)w idth Top width (m) Cr;iiggsl(ged
Mean - 50.04 5.26 15.39 34.18 4.59
Median - 42.67 5.2 11 32 1.08
Mode - 100 5 25 35 0.89
0 Minimum - 21.25 1.6 1 6.5 0.565
Maximum - 100 9.2 45 63 33.44
Std. deviation - 22.98 1.96 12.63 16.64 9.16
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Crack Statistic Crack(g]l)s tance Wall slope (°) Banlznf:;e ight Botto(mm;/v idth Top width (m) Cf:\g;:l(?)ed
Mean 2.67 86.68 5.87 12.76 27.24 4.28
Median 2.00 99.94 6.14 10.00 26.00 0.95
Mode 1.30 100.00 5.00 14.00 35.00 1.0
! Minimum 0.98 26.50 1.30 2.00 5.30 0.56
Maximum 9.03 100.00 9.30 45.00 85.00 40.53
Std. deviation 1.89 22.05 2.09 10.78 19.31 10.35
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Table 3. Test for normality of variables

Wall slope (°) Bank height (m) Bottom width (m) Top width (m) Channel bed slope (°)
Z index 0.191 0.093 0.169 0.128 0.414
Sig. (2-tailed) .000c .200c,d .002c .053c .000c
Distribiotion UnNormal Normal UnNormal Normal UnNormal
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Table 4. Comparison of mean variables between cracked and non-cracked gully groups

) Test Raw P-  Bonferroni )
Variable Group Mean = SD statistic value Pvalue Effect size (95% CI)
No crack 50.04 + 22.98
Wall slope (°) U=905 0 0 r=0.63 (Cl: -42.8 to -30.5)*
Crack 86.68 + 22.05
) No crack 5.26 +1.96
Bank height (m) t=-1.01 0.32 1 d =-0.29 (ClI: -1.65 to 0.55)
Crack 5.87 +2.09
i No crack 15.39 £ 12.63 U=
Bottom width (m) 0.685 1 r=0.07 (Cl: -5.84 t0 9.12)*
Crack 12.76 +10.78 256.0
. No crack 34.18 +16.64
Top width (m) t=1.28 0.21 1 d =0.37 (Cl: -3.87 t0 17.42)
Crack 27.24 £19.31
No crack 4.59+£9.16 U=
Channel bed slope (°) 0.475 1 r=0.11 (CI: -5.55 to 6.15)*
Crack 4.28 +10.35 2415

*Cl for difference in medians (for Mann-Whitney) or difference in means (for t-test). d: Cohen's d, r: rank-biserial correlation. Bonf.: Bonferroni-
corrected alpha = 0.01
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Fig. 3. Comparison of the frequency of gullies with and without cracks based on the presence or absence of vegetation cover
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Fig. 4. Frequency of gullies with and without cracks based on gully planform curvature
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Table 5. Odds ratios (OR), 95% confidence intervals (Cl), and P-values for qualitative variables (planform curvature and vegetation
cover) associated with tensile crack occurrence

Comparison Reference Category OR Cl 95% P-value Interpretation
Outer Straight 4.2 (1.04 - 16.89) 0.018 Meaningful
Inner Straight 0.2 (0.02 - 1.95) 0.09 Non-meaningful*

No Vegetation Vegetation 4.57 (1.31 - 15.95) 0.028 Meaningful
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Table 6. Spearman correlation between crack distance from gully edge and measured guantitative variables and VIF Factor

Channel bed slope

Wall slope (°) Bank height (m) Bottom width (m) Top width (m) ©)
Spearman's ho 0.02 0.392 490% 0.31 -0.326
Sig. (2-tailed) 0.925 0.053 0.013 0.132 0.112
VIF 153 2.464 2.883 2513 1527
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Fig. 5. Hierarchical clustering dendrogram of gullies with tensile cracks based on morphometric and geometric characteristics
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Table 7. Cluster characteristics of gullies with cracks

Crack . Channel

Cluster Statistic distance Slope (°) Height (m) W?C(i)ttftlo(rr?]) TOp(r‘T’]V)'dth bed solope
(m) (@]
Mean 2.18 92.48 5.86 5.04 11.55 1.92
1 Std. Deviation 1.16 8.02 1.34 3.83 4.18 1.01
Variance 1.34 64.34 1.78 14.66 17.51 1.02
Mean 1.95 38.42 3.27 8.67 29.90 1.10
2 Std. Deviation 0.25 19.97 1.70 5.13 4.62 0.63
Variance 0.07 398.86 2.90 26.33 21.33 0.40
Mean 2.86 93.20 6.84 18.23 36.64 0.83
3 Std. Deviation 1.81 16.81 1.73 8.27 13.83 0.31
Variance 3.28 282.51 3.00 68.37 191.26 0.10
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Table 8. Kruskal-Wallis test results for assessing differences in geometric characteristics of longitudinally fissured gullies among
three clusters

Crack distance Slope (°) Height (m) Bottom width ~ Top width (m)  Channel bed
(m) (m) slope¢®)
Kruskal-Wallis H 1.04 9.58 7.96 12.05 14.38 11.69
Asymp. Sig. 0.59 0.01 0.02 0.00 0.00 0.00
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Fig. 6. ROC curve for predicting the occurrence of tensile cracking based on morphometric variables
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Table 9. Diagnostic performance of critical wall slope threshold for predicting tensile crack occurrence

Asymptotic 95% Confidence

Test Result Variable(s) Area Std. Errora Asymptotic Sig.b Interval
Lower Bound Upper Bound
Slope (°) 0.835 0.065 0.000 0.708 0.963
Height (m) 0.571 0.085 0.406 0.404 0.738
Bottom width (m) 0.465 0.089 0.696 0.292 0.639
Top width (m) 0.371 0.082 0.114 0.211 0.531
(°) Channel bed slope 0.439 0.086 0.477 0.271 0.607
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