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Similarity of Geomorphic Physical Modeling and Its Application in Tectonic Geomorphology: A Review
Bing YAN

School of Earth Sciences and Engineering, Xi’an Shiyou University, 710065, Xi’an, Shaanxi Province, China

Abstract: Objective Tectonic geomorphology physical modeling is a key tool for investigating tectonics-climate-
surface process interactions. A fundamental challenge is establishing similarity between laboratory analog experiments
and natural landscapes, which differ greatly in scale, materials, and boundary conditions. This review systematically
evaluates progress and remaining challenges in similarity research of analog modeling. Methods This paper reviewed
experimental studies using silica powder or the “MatlV” composite material under controlled rainfall and tectonic
uplift. A comparative framework based on geomorphic parameters (basin self-similarity, sinuosity, spacing ratio, Hack’s
law, hypsometric integral, slope area relationships, knickpoint migration, erosion rates, and 7 analysis) is adopted to
identify consistent findings and discrepancies between experimental and natural landscapes. Results In terms of fluvial
morphology similarity, experimental drainage basins exhibit self-similarity over a range of scales, with shape
parameters (spacing ratio, Hack exponent) falling within natural ranges. Hypsometric integrals transition from convex
to S-shaped as uplift slows, mimicking mature landscapes. The concavity index approaches natural values in
sufficiently large basins. Regarding erosion process similarity, experimental erosion rates increase nonlinearly with
slope, and a clear shift from fluvial incision to gravity-dominated erosion occurs on steeper slopes, mirroring natural
behavior. Derived time scaling has been validated across compressional, extensional, and strike-slip settings.
Knickpoint retreat follows a power law with upstream area and can migrate at a constant rate, indicating an intrinsic
landscape response. With respect to erosional dynamics similarity, experimental erosion regimes are mixed:
detachment-limited in headwaters and transport-limited downstream. The y value successfully predicts main drainage
divide migration toward higher y values, consistent with theoretical expectations and natural observations. Conclusions
Despite large scale and material differences, analog experiments reproduce key features of natural tectonic landscapes
in terms of morphology, erosion processes, and erosional dynamics, including self similarity, Hack scaling, knickpoint
dynamics, and divide migration. This “unreasonable effectiveness” arises from scale independence of landscape
dynamics. Current limitations include lower concavity indices in small basins, insufficient quantification of steepness

index, boundary effects on sinuosity, and oversimplified erosion mechanisms. Significance This review provides
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systematic synthesis of similarity criteria for tectonic geomorphology physical models, bridging analog experiments
with natural landscapes and offering a practical framework for model validation and future quantitative applications in
tectonic and climatic research.

Keywords:tectonic geomorphology; physical modeling;similarity;geomorphic parameters;erosional dynamics
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Fig. 1 Self-similarity of drainage basin (modified from Niemann and Hasbargen, 2005)

(a) Illustration of the horizontal self-similarity condition; (b) Comparison of the experimental basin shapes to natural basin shapes

(2) FEZHE (Channel Sinuosity)
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Fig. 2 Comparison of the sinuosity of the experimental channels to that of natural channels (modified from Niemann
and Hasbargen, 2005)

(3) [EFEH (Space Ratio)
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Fig.3 Schematic diagram illustrating that river basins tend to maintain a certain spacing ratio

(a) Schematic diagram of parameters for measuring spacing ratio R (Hovius, 1996; Purdie and Brook, 2006); (b)
Shaded relief map illustrating the migration process of the main drainage divide (MDD) and the fluvial geomorphic
response, and schematic diagram of the watershed segmentation process (Bonnet, 2009)
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Fig.4 Experiments in previous studies and the relationship between main channel length and drainage basin area

(a) Photographs of the main experimental process from Lague et al. (2003); (b) Relationship between main channel
length and drainage area in the experiments of Lague et al. (2003); (c) Final photographs of four experiments from
Niemann and Hasbargen (2005); (d) Relationship between main channel length and drainage area in the experiments of
Niemann and Hasbargen (2005) and two natural river channels (the “1/2” in the figure indicates the ratio of main
channel length to drainage area); (e) Final photograph of the experiment from Strak et al. (2011) (slip rate of 6 um/s);
(f) Relationship between main channel length and drainage area in the experiment of Strak et al. (2011).
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Fig. 5 Hypsometric curves for the whole footwall at several stages of the three experiments (slip rates are 3. 6. 12

um/s, respectively). The hypsometric curve for the Tunka mountain range is shown for comparison (Strak et al., 2011)
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(a) Experimental setup designed by Graveleau et al. (2011) to measure the weight of eroded materials (the tilt angle o of
the experimental box is adjustable; eroded particles fall into water tank 1, excess water overflows into tank 2; the mass
changes of the two tanks are recorded by balances; M1 and M2 denote the masses of tank 1 and tank 2, respectively).
(b) Average erosion rates of the “MatlV” material under different initial slopes (including: photographs of the final
morphology at different initial slopes (bl to b4); curves of eroded particle mass over time for different surface slopes
(b5); curves of average erosion rate as a function of slope(b6)).
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Figure 7. Knickpoint migration phenomena observed in previous modeling studies



(a) 3D perspective view of continuous river incision, showing ridge lines and river longitudinal profiles. a knickpoint
formed at t = 232 min and migrated upstream; by t = 298 min, the channel erosion rate balanced the relative uplift rate
of 0.21 mm/min, and this reach of the river reached steady state; E is erosion rate, U is uplift rate (modified from
Viaplana-Muzas et al., 2015). (b) Evolution of river longitudinal profiles during a precipitation decrease (from
steady-state stage SS1 to steady-state stage SS2) in experiments MOD2, MOD23, and MOD4 (consecutive profiles are
20 min apart), together with a schematic diagram illustrating the evolution of the river longitudinal profile and
knickpoint migration. Tp denotes the experimental time at which the red river longitudinal profile was recorded

(modified from Moussirou and Bonnet, 2018).

3 RUzh A
3.1 RARER

oy 32 1 S5 FRASE S0 K S R AR il RR A O B R AR R B R — WU . R R, KOs
PeAE S R R S A, (H NI R R AR A LR, AR ANy i =58 ). I s AL )
SR s 77 VI ER MBI 2 Fhim oAl v, —My) iR R IE B B0 B Rk, BURTRLIT
B s /N oK (HER gz )8 T3 , lHE RN HIZ R HI#5 8 (transport limited model) ;5 55 —Ffik
MR — B PRl R 2P KR IE B e O T8 ikz) , @ FFRARIPRHIBAY (detachment
limited model)  (Tucker and Whipple, 2002; Whipple and Tucker, 2002) . —f%iAA, &1L i & 48 50 #%
IR PR BB, PRI T, ISR (SRR T EE) 510G FHE RS

Lague etal. (2003) Z5&EEAEL AT 7 BB R R R, S50 EoR, IR RS Mgt T
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Figure 8. Analysis of erosion patterns in previous modeling studies

(a) Comparison of erosion process results between physical experiments and numerical simulations in the study of Lague et al. (2003). (al)
Average topographic profile from the central area of experiment RE1 (using a 7-cm-wide strip profile); (a2) to (a4) Topographic profiles
from numerical experiments with transport distances of 10,000 mm, 1 mm, and 200 mm, respectively; (b) Four slope-area curves for a
steady-state landscape, with a time interval of 5 minutes in the modeling by Tejedor et al. (2017). Note that these curves show averages over

logarithmic area bins. The vertical light blue bars depict the transitions between different erosion types
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Figure 9. Slope-area relationship in previous modeling studies

(a) The upper panel shows the slope-area relationship at the final stage of selected experiments; the lower panel shows the slope-area



relationship for experiment CR2 and a natural catchment from the Siwaliks Hills (modified from Lague et al., 2003). (b) Slope-area
relationship for experimental and natural catchments, where slopes are calculated using a parameter k = 0.2 (modified from Niemann and
Hasbargen, 2005). (c) Slope-area relationship for two experiments of different sizes that reached steady state under the same uplift and
rainfall rates. Data points are logarithmic bin averages of the raw data from the entire model surface (modified from Bonnet and Crave,
2006). (d) Slope-area relationship for two experiments. Both experiments yield the same m/n ratio of 0.2. Note that this study used “MatIV”
water-saturated clay (modified from Guerit et al., 2018). (e) Slope-area relationship for selected stages during the evolution of experiment
MOD4 (solid symbols) and for intermediate stages (open symbols) between TEmin (Emin is the minimum erosion rate under
non-steady-state conditions; TEmin is the time at which Emin is reached) and SS2 (SS stands for steady state) (modified from Moussirou

and Bonnet, 2018).
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Fig. 10 Channel y values and their relationship with drainage divide migration in the modeling study of Guerit et al.
(2018)

(a) A representative y-map extracted from an experimental DEM. (b) Statistical analysis of the relationship between
y-values and basin morphology for large and small basins. (bl) Orientation of Ay at time T,. (b2) The migration
direction of the divide between T, and T, and its relationship with Ay values. (c) Examples of divide migration between
To and T, for large basins (left two) and small basins (right one). (d) Clockwise rotation of drainage basins and x-value

trends in response to distributed oblique strain bounded by two strike-slip faults.
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Table 1 Experimental materials and setup used in previous studies
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Lague etal., 2003 i+ 45 30x20 100+ 15
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