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Abstract. Understanding shrinkage behaviour in soft soils is essential for assessing structural and hydraulic 

stability under environmental stress. This study applies a shrinkage-curve-based method to evaluate soil 

behaviour before and after cyclic wetting-drying. The main objective is to identify how structural integrity 

influences shrinkage response and hydraulic sensitivity. Shrinkage curves were generated using a novel 

high-resolution optical volume measurement system, enabling continuous monitoring of volumetric changes 

during drying. Hydraulic conductivity and shrinkage tests were performed on representative fine-grained 

soils exhibiting varying fines contents both prior to and after controlled wetting-drying cycles. The wetting 

was performed using a capillary suction method, while drying occurred under controlled room temperature 

conditions, replicating the natural wetting and evaporation processes observed in the field. Derived 

shrinkage parameters were correlated with hydraulic conductivity before and after 5 wetting-drying cycles. 

This correlation provides a quantitative link between mechanical deformation and hydraulic evolution across 

different soil conditions. If changes occur during the residual shrinkage phase, results suggest these may be 

reflected in more pronounced increases in hydraulic conductivity following consecutive wetting-drying 

cycles. The post-cyclic shrinkage curves are used to validate these observations, indicating the link between 

structural degradation and the rise in hydraulic conductivity. These findings emphasize that cyclic wetting-

drying induces irreversible changes in density and microstructure. The proposed methodology provides an 

efficient way to predict post-cyclic soil behaviour, eliminating the need for resource-intensive repeated long-

term testing, contributing to improved evaluation and design of hydraulic barriers and other soft soil 

infrastructures.

1 Introduction 

Earthen sealing layers in levees, dams, and 

embankments constitute critical hydraulic barriers that 

ensure structural safety and prevent uncontrolled 

seepage. Projected climate-change scenarios across 

multiple regions indicate increasingly severe 

hydrological extremes, characterized by prolonged 

drought periods alternating with intense precipitation 

events [1-2]. These conditions subject fine-grained 

barrier materials to more frequent and more extreme 

cyclic wetting-drying (W-D) loading, intensifying 

structural and hydraulic degradation even when 

protective surface layers are present. 

Laboratory investigations have consistently 

documented substantial increases in saturated hydraulic 

conductivity following repeated W-D cycles. Some 

reported changes of one to two orders of magnitude after 

only a few cycles [2-4]. More recent studies have 

confirmed these findings [5-7], with some cases 

showing increases up to three orders of magnitude, 

representing a 1000-fold change in permeability.  The 

underlying mechanisms driving this degradation include 

progressive aggregate loosening, micro-crack 

formation, and attendant reductions in bulk density [6,8-
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10]. Microstructural analyses utilizing porosimetry and 

nuclear magnetic resonance confirm that these processes 

irreversibly alter the pore size distribution, expanding 

interconnected macropore networks at the expense of 

smaller pores [11,12]. These structural modifications are 

influenced by soil-specific factors such as initial fabric 

[13-15], mineralogy [9,15] and clay content, as well as 

external conditions including stress state and 

environmental factors such as root growth [15]. 

Current German design standards for mineral sealing 

layers typically prescribe maximum hydraulic 

conductivity thresholds, commonly 𝑘𝑓 ≤ 1 × 10−9 m/s 

and target compaction levels, such as 97% of Standard 

Proctor density (DWA-M 512-1, 2012). These criteria 

implicitly assume that material properties remain 

constant throughout the service life of the structure. 

However, this static design philosophy does not account 

for the time-dependent evolution of hydraulic and 

mechanical properties under recurring hydrological 

stress. Dense, highly compacted specimens tend to 

loosen as fissures reopen and aggregate fabric relaxes, 

whereas initially loose specimens may densify [6]. 

Consequently, design values derived from static 

laboratory tests cannot guarantee long-term sealing 

performance if soil properties evolve under cyclic 
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moisture stress. To transition toward performance-based 

design frameworks, robust and efficient test methods are 

required that can characterize the sensitivity of barrier 

soils to W-D loading and predict their long-term 

behaviour.  

1.1 State of the art in shrinkage testing 

Volumetric shrinkage during desiccation represents a 

fundamental hydro-mechanical process that integrates 

multiple degradation mechanisms, including structural 

rearrangement, density loss, and crack initiation [16]. 

Conventional shrinkage characterization relies 

primarily on the shrinkage limit test specified in 

standards such as DIN EN 18122-2, ASTM D4943-18, 

and BS 1377. The shrinkage limit represents the water 

content below which no further bulk-volume reduction 

occurs despite continued drying. However, the standard 

calculation procedure assumes that the soil remains fully 

saturated throughout drying until reaching the shrinkage 

limit, an assumption that has been shown to be 

frequently violated in practice [17]. This leads to 

systematic overestimation of the shrinkage limit, with 

calculated values sometimes exceeding even the plastic 

limit. 

Traditional volume measurement methods present 

additional challenges. Early shrinkage studies employed 

intrusive displacement techniques using kerosene or 

petroleum, which were temperature-sensitive and 

allowed fluid to enter cracks [18]. Mercury 

displacement methods, later standardized in ASTM 

protocols, functioned only on smooth, crack-free 

specimens and posed serious toxicity hazards. Immersed 

weighing techniques with wax or saran coatings were 

safer but slow, introduced mass uncertainties, and risked 

soil loss during coating removal [19]. Geometric 

approaches using callipers suffer from irregular 

specimen shapes and edge effects, while the balloon 

technique experiences membrane creep [20]. These 

limitations have motivated the development of non-

contact optical measurement methods. 

Modern optical measurement techniques enable 

continuous, high-resolution tracking of the entire soil-

shrinkage curve (SSC) throughout the drying process. 

The SSC describes the relationship between void ratio 

and moisture ratio and can be decomposed into distinct 

phases: structural, linear (or proportional), residual, and 

zero shrinkage [21-23]. Empirical observations across 

various soil types reveal that not all soils exhibit the 

complete four-phase pattern, leading to classification of 

shrinkage curves into six distinct types (A-F) based on 

which phases are present [21]. Each phase reflects 

different dominant mechanisms governing soil-water 

interaction, ranging from air entry and capillary-driven 

volume loss in the structural and linear phases to 

physicochemical forces at low moisture contents during 

the residual phase. 

To describe the SSC mathematically, Peng and Horn 

[23] adapted the inverse of the van Genuchten equation 

[24], originally developed for soil water retention 

curves. By evaluating the first and second derivatives of 

this model, the inflection points delimiting shrinkage 

regimes can be objectively identified, and a model-

based shrinkage limit can be defined at the beginning of 

the zero-shrinkage phase. This model-based approach 

consistently yields shrinkage limits at lower water 

contents than standard methods and aligns more closely 

with the physical definition of a shrinkage limit. 

 

Fig. 1. Qualitative interpretation of shrinkage phases 

referenced as Types A-F by Peng & Horn [21]. 

Several non-contact optical techniques have been 

developed for monitoring volumetric changes during 

shrinkage. X-ray computed tomography (CT) provides 

high precision and three-dimensional internal structure 

visualization [25] but remains expensive and unsuitable 

for continuous long-term measurements. Three-

dimensional laser profilometry has been successfully 

employed in multiple studies, with rotating-specimen 

systems, traversing lasers, or hybrid setups consistently 

reporting submillimetre accuracy [26-31]. Image-based 

approaches calculate volume from planar area 

measurements combined with independent height 

readings or assumptions of isotropic contraction [30]. 

While less expensive than laser instrumentation, two-

dimensional methods generally deliver lower precision 

due to their reliance on geometric assumptions and 

limited vertical resolution.  

1.2 Linking shrinkage behaviour to cyclic W-D 
response 

Recent research has begun exploring the relationship 

between shrinkage characteristics and sensitivity to W-

D cycling. Coppola et al. (2012) suggested that 
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volumetric shrinkage integrates key phenomena such as 

structural changes, crack generation, and density loss, 

and therefore might be closely linked to effects 

occurring during W-D cycles. While conventional 

shrinkage-limit tests deliver only a single index value, 

modern optical methods can trace the entire SSC with 

submillimetre resolution and thus offer a far richer 

dataset for material characterization [26-32]. 

Preliminary correlations suggest that parameters 

derived from the complete shrinkage curve, particularly 

characteristics of the residual shrinkage phase, may 

correlate with post-cyclic changes in hydraulic 

conductivity. The residual phase represents a critical 

transition where shrinkage rate declines while mainly 

hygroscopic water evaporates [22]. During this phase, 

soils experience high suction stresses that may induce 

microstructural rearrangements persisting through 

subsequent wetting cycles. Traditional classification 

indices, such as plasticity index, grain size distribution, 

or conventional shrinkage limits, have shown limited 

predictive capability regarding sensitivity to hydraulic 

degradation under cyclic loading [33]. This observation 

is consistent with previous studies emphasizing that 

hydraulic response under cyclic moisture stress is 

largely governed by internal structural rearrangements 

and micro-cracking, which cannot be adequately 

described by conventional soil indices [34-36]. 

2 Material and sample preparation 

The research utilized four lean clays (CL), one silty clay 

(CL-ML) and one silt (ML), all categorically allowed 

for surface barrier applications in levee infrastructure. In 

accordance with DIN 18122-2 standards, particles 

exceeding 0.5 mm were removed prior to testing. Six 

natural soils were selected with slight variations in clay 

and sand content. These soils are devoid of organic 

material. A summary of the tested materials is provided 

in Table 1. The corresponding particle size distribution 

is shown in Fig. 2. 

 
Fig. 2. Particle size distribution of all 6 distinct soil samples. 

Grain size > 0.5 mm was removed before. 

The Atterberg limits were determined following 

DIN EN ISO 17892-12 standards. The shrinkage limit 

was measured in accordance with DIN 18122-2, 

utilizing the calliper method to assess the volume of the 

dry sample. Particle densities were assumed at 2.68 

Mg/m³. 

For specimen preparation, the samples were oven 

dried, grinded and distilled water amounting to 1.1 times 

the liquid limit (LL) was added to achieve the prescribed 

remoulding moisture content. Samples were cast into 

acrylic-glass rings with an internal diameter of 70 mm 

and a height of 14.15 mm, positioned on an acrylic plate. 

To facilitate image processing, the ring faces were pre-

wrapped with black film, and the plate was wrapped 

with blue film. Initial mass and geometric dimensions 

were recorded, and specimens were centrally positioned 

on balances directly beneath a fixed camera-laser 

assembly for measurement. 

A total of five wetting-drying cycles were 

conducted, as the most significant microstructural 

changes typically occur within the initial cycles, after 

which the soil structure homogenizes and reaches a 

reversible equilibrium. During these cycles, the re-

wetting phase was conducted in two stages to carefully 

control the microstructural response. Initially, the dried 

specimens were pre-wetted via vapor absorption in a 

climate chamber at 35 °C and 95% relative humidity for 

three days. Following this, the specimens were placed 

on a permeable plate in a water bath to allow liquid 

water infiltration via capillary suction, leading to 

saturation and slight swelling above the ring geometry. 

Although it was not possible to determine the wetting 

rate, saturation occurred after estimated 1 to 3 hours. 

3 Methods 

3.1 Mass and volume measurements 

Fig. 3a shows the experimental setup, which included a 

Raspberry Pi camera (1/2.3-inch sensor, 12-megapixel 

resolution, 16 mm telephoto lens) mounted on a linear 

movable rig in a shaded room.  

 

Fig. 3. (a) Experimental setup, (b) image of a sample at 

beginning, after 24 hours and after 48 hours, (c) thresholded 

image and (d) 3d model. 

Digital images were captured at 30-minute intervals 

throughout the desiccation process. Surface topography 

was simultaneously acquired using a 2D laser 

profilometer (Keyence LJ-X8300) with a planar 

resolution of 0.1 mm and vertical resolution of 3 µm. 
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For estimation of the SSC, it is necessary to determine 

the sample volume and mass during the shrinkage 

process. Mass measurements were automatically 

recorded every 10 minutes. The ambient temperature 

was maintained at 22°C throughout all experiments.  

Each experimental cycle was terminated when no 

significant mass change was observed, typically after 3 

to 4 days, at which point specimens usually retained 

approximately 2% residual moisture by weight. 

Subsequently, specimens were oven-dried at 60°C until 

reaching constant mass. Final residual volume was 

assessed through laser scanning with calliper validation. 

3.2 Volume determination 

3.2.1 Data pre-processing and sample detection 

Raw sensor data were stored in HDF5 format containing 

synchronized luminance (brightness) and height arrays. 

These arrays were extracted and pre-processed through 

a parallelized pipeline. Height maps underwent 

threshold filtering with empirically determined bounds 

followed by remapping to maximize dynamic range.  

Because three samples were scanned in a single scan, 

each image sequence was partitioned into three sub-

regions. For each sub-region, cropping parameters were 

calculated based on the brightness centroid of the 

luminance image to prepare a squared and centred image 

of luminance and height each. 

 

Fig. 4. (a) Reliability display of sample masking, (b) 

luminance/brightness image result of a laser scan, (c) mask 

overlay on top of image. 

Sample segmentation was performed using a U-

Net++ architecture with an EfficientNet-B3 encoder 

pre-trained on ImageNet, adapted for dual-channel input 

(luminance and height). The decoder produced pixel-

wise classification into background, bottom surface, 

ring structure, and soil sample (Fig. 4c). Training was 

conducted on 114 manually annotated image pairs (70% 

training, 15% validation, 15% testing) using a combined 

focal and Dice loss function. The focal loss was 

employed to address class imbalance in the 

segmentation task, as background pixels significantly 

outnumber for example ring pixels. The overall 

accuracy of the process is shown in Fig. 4a, where the 

correlation matrix which especially matters regarding 

sample recognition performs by masking 99.53% of the 

pixels belonging to the sample correctly. 

3.2.2 Post-processing and outlier removal 

To improve segmentation robustness, a histogram-based 

statistical filter was applied to remove measurement 

artifacts. Standard deviation was estimated from the 

central 68% of the distribution to minimize influence 

from outliers. Pixels deviating beyond class-specific 

thresholds (Bottom: 2σ, Ring: 1.5σ, Sample: 2.8σ) were 

classified as outliers. 

The laser produces measurement outliers frequently 

near edge regions by design. Pixels classified as outliers 

near the edge region of the sample were removed. 

Outliers within the sample were filled with the median 

height value of the statistically validated sample region 

to preserve geometric continuity. 

3.2.3 Volume calculation and calibration 

Sample volume was determined through calibrated 

height-to-metric conversion. The median height 

difference between ring top and bottom surface 

provided internal calibration: 

𝑘𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =
ℎ𝑟𝑒𝑓

𝑧𝑟𝑖𝑛𝑔 − 𝑧𝑏𝑜𝑡𝑡𝑜𝑚

 (1) 

where ℎref = 14.15 mm is the known ring height, 

and 𝑧ring and 𝑧bottom are the respective median pixel 

intensities in 16-bit depth. Horizontal calibration was set 

to 0.05 mm/pixel based on reference geometry and 

previous calibration. Sample heights were calculated as: 

ℎsample(𝑥, 𝑦) = (𝑧sample(𝑥, 𝑦) − 𝑧bottom) ⋅ 𝑘vertical (2) 

for all pixels (𝑥, 𝑦) classified as sample. Total volume 

was obtained by: 

Vi  =   ∑  ℎ𝑠𝑎𝑚𝑝𝑙𝑒(𝑥, 𝑦)  ·  𝐴𝑝𝑖𝑥𝑒𝑙
(𝑥,𝑦) ∈ sample

 (3) 

where 𝐴pixel = 0.0025 mm² is the pixel area. The void 

ratio was determined according to: 

𝑒𝑖 = 𝑉𝑖

𝜚𝑠

𝑚𝑑

− 1 (4) 

The time-resolved void ratios were paired with the 

corresponding mass change of the samples Δ 𝑚𝑖 to 

construct shrinkage curves in the 𝑒(𝜗)space, whereas 

the moisture ratio is defined as: 
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𝜗𝑖 =
𝑉𝑤,𝑖

𝑉𝑠

=
𝜚𝑠 (𝑚𝑓,0 − Δ 𝑚𝑖)

𝜚𝑤  𝑚𝑑

 (5) 

within Equation (5) a constant density of the pore water 

of ϱ𝑤 = 1 𝑔/𝑐𝑚3 is assumed. The initial dry and wet 

mass 𝑚𝑑, 𝑚𝑤 are known due to the sample preparation. 

3.3 Saturated hydraulic conductivity: Sample 
preparation and W-D cycles 

Samples were prepared in 250 ml cylinders (Fig. 5a) at 

optimal water content using multilayer compaction to 

97% of Proctor density, following the design criteria of 

DWA-M 512-1 (2012). Saturation was achieved by 

capillary suction in a basin and considered complete 

once the mass change rate fell below 0.5 g/day. 

Although capillary suction may not fully saturate 

samples [36], it was assumed that full saturation is not 

essential, as most relevant property changes are 

expected to occur above the air entry point. 

 

Fig. 5. (a) saturation method by capillary suction, (b) 

schematic display of saturation method, (c) prepared hydraulic 

conductivity measurement sample in triaxial cell. 

After each drying cycle, samples were re-saturated 

following the same procedure, with the process repeated 

over five cycles to minimize sample disturbance. 

Hydraulic conductivity was measured after the fifth 

cycle in a triaxial cell in accordance with DIN EN ISO 

17892-11 (2021), applying a backpressure of 800 kPa to 

achieve full saturation and a uniform hydraulic gradient 

across all samples. To avoid structural alteration from 

backpressure saturation, separate samples were used for 

measurements after preparation and after five W-D 

cycles. 

4 Results 

4.1 Shrinkage behaviour during cyclic wetting-
drying 

The soil-shrinkage curves (SSCs) for the first cycle, 

following sample preparation at water content at 1.1 

times of the liquid limit are displayed in Fig. 6-WD1, 

and the results for the SSCs across following wetting-

drying cycles are found in the remaining graphs of 

Fig. 6. Each soil is represented by its respective colour.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Soil Shrinkage Curves (SSC). WD1 depicts the initial 

state after sample preparation (a), followed by consecutive 

cycles for each soil (b-d). The graphs plot void ratio e versus 

moisture ratio 𝜗, with the dashed line indicating full saturation. 
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The displayed curve was fitted by applying the Peng 

& Horn model: 

𝑒(𝜐) = 𝑒𝑟 +
𝑒𝑠 − 𝑒𝑟

(1 + (
α ⋅ ϑ

𝑒𝑠 − ϑ
)

−𝑛

)
𝑚 

(6) 

within this er and es are the residual and saturated void 

ratio and 𝛼, m and n are fitting parameters. The data 

point markers are visible for each 20th measurement, 

however the curve fit along the applied model included 

all data points. 

4.1.1 Evolution of shrinkage curves across cycles 

All three soils exhibited a progressive upward shift of 

the shrinkage curves from WD2 to WD5, indicating 

systematic volumetric expansion between cycles. This 

trajectory suggests incomplete recovery during re-

saturation or residual structural loosening. 

Soil A demonstrated clear changes along wetting-

drying cycles, with shrinkage curves shifting upward 

from WD2 (initial saturated void ratio 𝑒0 ≈ 0.76) to 

WD5 (𝑒0 ≈ 0.88). The structural shrinkage phase was 

less pronounced compared to Soil B and C.  

Soil B displayed the most pronounced cyclic 

evolution, with an increase in void ratio of almost 40% 

(at dry state). However, the zero-shrinkage phase does 

not seem apparent for this soil type. The shrinkage 

curves shifted markedly upward from WD2 to WD5, 

with structural changes being particularly distinct. 

Soil C also exhibited a progressive upward shift and 

scaling of the shrinkage curves, with void ratios 

increasing from approximately 0.65 at the dry state in 

WD2 to 0.75 in WD5, while the increase at all phases 

was less pronounced. The proportional shrinkage phase 

maintained a consistent gradient across all cycles, 

followed by a smooth transition into the residual and 

zero shrinkage phase. 

4.1.2 Phase-specific characteristics 

All three soils exhibited Type E or Type F shrinkage 

behaviour according to the Peng & Horn [21] 

classification. The structural shrinkage phase, 

characterized by minimal void ratio reduction despite 

significant moisture loss was not established in any of 

the samples and the zero shrinkage is only clearly 

distinguished in soil C.  

The proportional shrinkage phase, where void ratio 

decreases equally to moisture ratio, displayed varying 

gradients across soil types. Soil B and C showed 

gradients sometimes exceeding 45 degrees.  

4.2 Hydraulic conductivity 

Fig. 7 presents the measured saturated hydraulic 

conductivity for the investigated soil samples. 

Here, 𝑘𝑓
0 denotes the initial hydraulic conductivity, 

while 𝑘𝑓
5 represents the hydraulic conductivity after five 

wetting–drying (W–D) cycles. For all soils, the initial 

conductivity is lower than the value measured after five 

consecutive W–D cycles. The magnitude of this increase 

differs markedly between soils: Soil C shows a 3.6-fold 

increase, whereas Soil A exhibits an almost 200-fold 

increase. 

 
Fig. 7. Hydraulic conductivities before and after WD-cycles, 

measured according to DIN EN ISO 17892-11 2021. 

To quantify how sensitive a given soil is to W–D-

induced changes in hydraulic conductivity, the 

following metric is used: 

Δ𝑘𝑓
𝑊−𝐷 =

𝑘𝑓
5

𝑘𝑓
0 (7) 

Equation (7) expresses the absolute change in hydraulic 

conductivity. 

4.3 Implications for cyclic sensitivity 

The systematic upward shift of shrinkage curves with 

increasing cycle number suggests structural 

modifications. Fig. 8 illustrates the evolution of the 

residual phase dimensions in moisture ratio, and 

moisture ratio at ws at 
𝑑𝑒

𝑑𝜗
 =  0.2 across five cycles for 

three soil compositions. The residual phase provides 

constant results regarding its length but shifts along the 

moisture ratio range.  The values for ws at 
𝑑𝑒

𝑑𝜗
 =  0.2 

display an upward trend for soil B but constant for the 

other soils. 

 

 
Fig. 8. Correlation overview, length of residual phase on the 

left side, shrinkage limit at characteristic 𝑤𝑠  𝑎𝑡 
𝑑𝑒

𝑑𝜗
= 0.2 on 

the right side. 
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5 Discussion 

The upward shift of shrinkage curves with increasing 

cycle number confirms progressive and irreversible 

structural modifications in fine-grained soils. Each 

successive wetting-drying cycle increased void ratios at 

both saturated and dry states, indicating incomplete 

volumetric recovery during rewetting and accumulation 

of structural damage. This systematic increase in void 

ratio at both saturated and dry states can be physically 

interpreted as the progressive generation of macropores 

and inter-aggregate fissures. This interpretation is 

supported by studies, which demonstrate that cyclic 

moisture variations irreversibly shift the internal pore-

size distribution toward a macropore-dominated state 

[11, 12]. This behaviour also aligns with established 

mechanisms where W-D cycling causes aggregate 

loosening, microcrack formation, pore network 

reorganization and bulk density reduction [6, 8-10]. 

Consequently, the massive increases in saturated 

hydraulic conductivity observed in this study (up to a 

200-fold increase in Soil A) are likely a direct 

macroscopic consequence of this enhanced macropore 

volume and connectivity. 

The residual shrinkage phase may induce particle 

rearrangement and interaggregate bonding changes 

through high suction stresses that persist through 

subsequent cycles [31-32]. Shrinkage-curve descriptors 

including residual-phase width and overall curve shape 

demonstrated consistent, soil-specific signatures across 

specimens, confirming their reliability as intrinsic 

material characteristics. While these differences might 

visually suggest a correlation with the varying clay 

content of this limited subset, particle size distribution 

alone is insufficient to fully govern the cyclic shrinkage 

sensitivity, which is heavily superimposed by initial 

fabric and mineralogy. However, correlations between 

these descriptors and post-cyclic hydraulic conductivity 

changes weakened over successive wetting–drying 

cycles, suggesting that macrostructural processes such 

as fissure formation and crack network development 

under unconfined free-swelling conditions increasingly 

dominate hydraulic response. 

6 Conclusion 

This study presents an optical framework for 

characterising shrinkage behaviour of fine-grained soils 

under cyclic wetting–drying, combining laser 

profilometry, image-based area detection and machine-

learning segmentation to obtain continuous, non-

destructive volume data throughout drying. The method 

generates complete soil shrinkage curves with high 

temporal resolution, enabling observation of curve 

evolution after repeated environmental loading. With a 

total test duration of approximately four to five days for 

three specimen and a fully automated data acquisition 

pipeline, the method enables systematic studies across 

multiple soil types and influencing factors, allowing 

large numbers of shrinkage curves to be evaluated in a 

shorter time than similar approaches. 

The experimental results show a systematic upward 

shift of shrinkage curves with increasing cycle number, 

indicating progressive and irreversible structural 

alteration consistent with porosity increase and fabric 

loosening.  

The consistent shape of the residual shrinkage phase 

across cycles demonstrates it as being a robust soil-

specific characteristic, reflecting stable microstructural 

retention behaviour even under repeated wetting–

drying.  

Furthermore, while macrostructural crack 

development and pore reorganization dominate the 

hydraulic degradation under unconstrained laboratory 

conditions, establishing reliable predictions for field 

applications like levee cores requires future testing 

under representative confining stresses to restrict lateral 

swelling. 

From an application perspective, the approach may 

complement time-consuming cyclic hydraulic testing by 

providing shrinkage descriptors with higher information 

density per test. Development of a robust framework for 

continued assessment requires several further steps: 

reducing uncertainty from the underside assumption 

(e.g., dual-side measurement), systematic testing under 

surcharge to simulate levee stress conditions, and 

integration of suction-controlled measurements with 

microstructural methods (ESEM/MIP) to establish links 

between shrinkage-curve features, pore-network 

changes and flow-relevant defects. 
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