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Abstract

The liquid limit test is a fundamental procedure in geotechnical engineering to determine the water content at
which fine-grained soils transform into a plastic state from the liquid phase. According to ASTM D4318, the liquid
limit is defined as the water content required to close a 0.5-inch groove in a soil pat at 25 blows using Casagrande’s
apparatus. Conventionally, this test involves manually counting the blows needed for groove closure, which is
challenging and can lead to inaccuracies, affecting the flow curve and key soil parameters such as the flow index
and toughness index. This paper introduces an automated, user-friendly, and cost-effective approach for liquid
limit determination using smartphone-based video and acoustic analysis. During testing, a smartphone placed
perpendicular to the Casagrande’s apparatus was used to record the video and tapping sounds. The fourth-
generation programming language Python was used to analyze each video frame and acoustic tap for the detection
of groove closure and counting of the corresponding blow numbers. The gathered data were used to generate
precise flow curves from which the liquid limit, flow index, and toughness index were calculated. Individual results
from Python and laboratory experiments were obtained separately and compared to validate the accuracy of this
automated method. The comparison revealed negligible deviations of 1% to 11% among the automated analyses
and traditional laboratory methods, likely attributed to inherent limitations of manual procedures rather than
inaccuracies in the proposed automated approach. This innovative method is expected to improve the consistency,
reduce human errors, and offer significant support to future full automation efforts in soil consistency testing.
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1 Introduction

Liquid limit is a significant property of cohesive soil for soil classification and predicting soil behavior under
various loading conditions and environmental factors (Sivapullaiah & Sridharan, 1985). This property along with
the concept of 4 other plasticity limits — cohesion limit, sticky limit, plastic limit, and shrinkage limit was first
established in the literature by Atterberg where liquid limit is defined as the moisture content at which soil particles
change from plastic state to a liquid state, reaching to the verge of becoming a viscous fluid (Atterberg, 1911).
Later on, the concept of liquid limit was standardized with an experimental procedure by Casagrande, who
recommended a brass-made liquid limit device with a grooving tool where the cam uplifts a cup, known as the
Casagrande cup, and drops it from a height of 10 mm onto a hard rubber base. A groove is introduced in the soil
sample placed in the cup, having the following measurements: 8 mm depth, 11 mm width at the top, and 2 mm
width at the bottom, resulting in gradient angles of 60.6°. Based on this apparatus, Casagrande defined liquid limit
as the moisture content at which the groove closes within an interval of 0.5 inch (12.5 mm -12.7 mm) upon 25
blows of the liquid limit cup at a dropping speed of two drops/sec (Casagrande, 1932). This definition and
experimental procedure are currently adopted in the modern standards, such as ASTM D4318-10 and AASHTO
T89-07 (AASHTO 2007; ASTM, 2010). However, this experimental procedure, especially counting the number
of blows up to the instant of time exactly when the 0.5-inch groove closure occurs, is so dependent on human
intervention and judgement that skilled technicians are indispensable for reproducible and reliable test results
(Crevelin & Bicalho, 2019). Consequently, the objective of this study is to develop a less manual operation-based
method of the Casagrande cup test for liquid limit determination, leveraging digital video processing and acoustic
analysis techniques. Digital Image Processing (DIP) is widely used in numerous geotechnical experiments. For
example, DIP is explored with a novel method of liquid limit determination based on the video processing of
cohesive soil column vibration utilizing phase-based motion estimation (Sands et al., 2023). Apart from developing
new experimental procedures, an effort to enhance the current testing method is also found in the case of the fall
cone test, a more operator-independent penetrometer-based method of liquid limit determination popular in the
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UK and its neighboring countries. Also for this purpose, DIP is utilized for the acquisition of displacement data
with reference to timeseries from USB camera-captured video at a low cost (Evans & Simpson, 2015). Despite the
use of DIP in the fall-cone test method and other geotechnical experiments, there is a research gap regarding the
application of a similar approach for the Casagrande cup test in the existing literature. The current study adopts
DIP techniques for the accurate determination of the time instant when the specified groove closure is obtained,
along with sound signal processing to obtain the number of blows with respect to time series by processing
smartphone-recorded experimental video at negligible additional cost.

2 Materials and Methods

2.1 Materials

Three soil samples of different colors — light brown, brown, and red (Figure 1) were collected for the experiment to ensure
that the developed automated method is independent of soil type. The grain size distribution (Figure 2) was obtained by
performing sieve analysis and ASTM 152H hydrometer test in accordance with ASTM D422 (ASTM, 2007). Table 1
shows the classification of soil samples according to the Unified Soil Classification System (USCS). However, in the case
of independent reproduction of the experiment, any cohesive soil can be selected according to the requirement.
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Figure 2. Gradation curves of the soil samples: (a) Sample no. 1, (b) Sample no. 2, and (¢) Sample no. 3.

Table 1. Properties of the soil samples.

Sample No. Color LL PL USCS Classification
1 Light Brown 41 20 CL (Lean Clay)
2 Brown 43 23 CL (Lean Clay)
3 Red 62 26 CH (Fat Clay)

2.2 Experimental Setup

The prepared soil sample was placed in the Casagrande cup, and a groove was cut with the ASTM grooving tool
as specified in the ASTM D4318-10 (ASTM, 2010). Before starting to apply the blow, the smartphone camera was
set up on a tripod so that the viewport of the camera was positioned normal to the elliptical top view of the
Casagrande cup, and the center point of the camera viewport and the Casagrande cup were vertically aligned as
shown in Figure 3. To ensure accurate measurement of groove closure by image processing technique, visual
distinction between the color of the Casagrande cup and the soil sample is a must. Consequently, the soil sample
and the Casagrande cup are illuminated using the flashlight of the smartphone so that the shiny appearance of the
cup due to the metallic luster property of brass makes the Casagrande cup visually distinguishable from the soil
sample, especially for the brown one.
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Figure 3. Experimental setup for the automated liquid limit determination.

The smartphone's microphone was also enabled to record the sound of the blow when the Casagrande cup hits the
base. For each of the three soil samples (Figure 1), the Casagrande cup test was performed for five different
moisture contents, requiring several blows ranging from 15 to 35 according to ASTM D4318-10. The data obtained
by performing the conventional method were recorded for comparison with the results from the acoustic analysis
of the recorded blow sound and processing of the captured experimental video.

2.3 Acoustic Analysis

A Python-based algorithm (Figure 4) was utilized to count the number of blows from the extracted audio of the
experimental video with reference to the timeseries. The audio was extracted in “.wav” format with a resampling
rate of 44.1 kHz using the “FFMPEG” command line tool from the Python module entitled “Subprocess”. Next,
the audio file was filtered to ensure mono audio (i.e., single audio channel), and the amplitude was normalized to
a range of -1 to 1 using the Python module “scipy.io.wavfile” under the SciPy Python library (Virtanen et al.,
2020). Then the median filter was used to reduce the unexpected noise in the audio signal utilizing the
“scipy.ndimage” submodule. To detect the peak amplitudes based on a minimum normalized height threshold of
0.4, the signal submodule was leveraged. According to ASTM D4318-10, the dropping speed of the Casagrande
cup is two drops per second, and so the required time threshold must be less than 0.5 seconds. Considering the
operator’s human error, the threshold was set to 0.1 seconds to be conservative after a series of trial-and-error
processes. Finally, the cumulative number of blows was calculated based on the detected peak amplitude and
plotted against the corresponding timestamps. Thus, the blow count can be obtained without the hassle of manual
counting.
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Figure 4. Flowchart of the developed Python-based algorithm for acoustic analysis

2.4 Video Processing

A Python-based workflow (Figure 5) was also leveraged for digital image processing. After splitting the video into
image frames, the color space is converted from “BGR” to “CIE Lab Color” because of its numerical similarity to
human-eye visualization of any color. For binary masking, color segmentation with K-means clustering was
utilized. The standard diameter of the Casagrande cup (55 mm) was used to prepare the pixel-to-inch conversion
scale. As the cup is inclined along one direction, the cross section is elliptical. Consequently, the 70% bottom
portion was filtered to fit a circle using the least squares regression. To reduce noise in the binary mask, a 100-
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pixel vertical strip was cropped along the center of the cup. In the cropped strip, the region of interest (ROI) was
selected based on an object detection library in Python. To avoid obtaining a blurry image, a delay of 100
milliseconds from the blow was incorporated after a series of trial-and-error processes. Groove closure was
determined as the distance between two white clusters (corresponding to the cup surface) with a minimum area of
30 pixels within the ROI. The image processing ends with the detection of a 0.5-inch (12.5 mm — 12.7 mm) groove

closure. In case of not obtaining exactly 0.5-inch closure, the nearest blow between 2 bounding blows was reported
as the number of blows required for 0.5-inch groove closure.

(a) First frame extracted from the (b) Binary mask of the Casagrande cup (c) Least squares regression to fit a
video

circle
Blow | Blow | Blow || Blow || Blow | Blow || Blow || Blow
no. 10 | no. 11 || no. 12 || no. 13 || no. 10
Closure:(Closure:||Closure]|Closure:{|Closure:|Closure] [Closurej|Closure:
58 px = {160 px =|[61 px =[[345 px~]| 58 px =[[60 px =||61 px =|[345 px 5
3 mm 3.12 3.16 18 3 3.12 3.16 18

mm mm mm mm mm mm mm

no. 11 no. 12 || no. 13

(d) Cropped vertical strip and  (e) Detected groo
ROI detected within the strip

ve closure for each (f) Binary mask of vertical strip for
blow no. of 10 to 13 each blow no. of 10 to 13

Figure 5: Python-based workflow of digital image processing of experimental video

3 Results and Discussions

3.1 Result from Acoustic Analysis: Number of Blow vs. Time Plot

The amplitude vs. time diagram of the extracted audio signal is generated using Audacity version 3.5.1 (The
Audacity Team, 2024). The peaks in the amplitude after a regular time interval corresponding to each blow were
visible from the waveform. These peak amplitudes were plotted against the time series as shown in Figure 6. The
slope of the least-squares regression equation signifies the number of blows per second. According to ASTM
D4318-10, the value should be 2. In the current experiment, the magnitude varies from 2.4 to 2.8. Thus, the
effectiveness of the operator in maintaining the specified dropping rate was somewhat satisfactory.
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Figure 6. Number of blows vs. time plot from the acoustic analysis: (a) Sample no. 1, (b) Sample no. 2, and (c)
Sample no. 3.

3.2 Result from Video Processing: Groove Closure vs. Time Plot

The maximum length of groove closure in each frame of the video was plotted against the timeseries as shown in
Figure 7. The positive slope of the straight line ensures the validity of the frame-by-frame image processing
algorithm, as groove closure should increase over time due to an increase in blow count.
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Figure 7. Groove closure vs time plot from the video analysis: (a) Sample no. 1, (b) Sample no. 2, and (c¢) Sample no. 3.

3.3 Flow Curve and Liquid Limit

From the groove closure vs. time plot, the timestamp corresponding to the groove closure of 0.5 inch was recorded.
The same timestamp was observed for each of the three soil samples with each of the three moisture contents. Then
the number of blows corresponding to each time stamp was attained from the number of blows vs. time plot. The
results are summarized in Table 2.

Table 2. Summary of the results obtained from acoustic analysis, video processing, and conventional method

Sample no. Moisture Number of blows Number of blows
content (%) (automated method) (conventional method)
46.73 16 15
1 39.83 26 25
36.99 28 30
48.23 13 15
2 44.86 28 26
42.10 40 36
62.36 10 10
3 58.24 15 15
54.21 24 25

Thus, combining the number of blows vs. time plot and groove closure vs. time plot, Table 2 yields the number of
blows corresponding to each moisture content for each soil, which are the two required variables to plot the flow
curve. Finally, the flow curve obtained from the automated method for each of the three soil samples was plotted
as shown in Figure 8. From this curve, the liquid limits for sample no. 1, 2, and 3 were found as 40, 45, and 54
respectively.
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3.4 Comparison of Automated Method with Conventional Method

The variation of the automated method from the conventional method ranges from 4%, 11%, and 1% for sample
numbers 1, 2, and 3, respectively. This variation is demonstrated in Table 2 and Figure 8. Evidently, the variation
is maximum for the brown-colored sample due to the highest similarity with the color of the Casagrande cup.
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Figure 8. Flow curves of the soil samples: (a) Sample no. 1, (b) Sample no. 2, and (c) Sample no. 3.

4 Conclusion

This research utilized a Python-based acoustic and video analysis algorithm to develop an automated method of
liquid limit determination with significantly less human intervention. The outcomes ensure that there is a prominent
source of error in manual blow count, which can be resolved by this automated method. This method also offers
closer insight into the drop rate from the acoustic analysis, which can be considered a key metric to evaluate the
effectiveness of the operator in adhering to the ASTM standard procedure. Moreover, the variation in speed and
behavior of groove closure with time due to the variation in soil type can also be explored from this automated

method. Future studies should focus on the intricate relationship between soil type and groove closure attainment,
leveraging this automated method.
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