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Abstract 

Rapid infrastructure development in Wolaita Sodo City, Ethiopia, relies extensively on locally available tropical red clay, whose 

high plasticity and compressibility result in complex mechanical behavior. However, the sensitivity of this residual soil to 

shearing rate under rapid and transient loading conditions remains poorly understood. This study investigates the effects of 

shearing rate on the stress-strain response, peak deviator stress, and shear strength of Wolaita Sodo red clay. Disturbed and 

undisturbed samples were collected from eight test pits distributed across four sub-cities at depths of 2.5-3.0 m. The experimental 

program included index-property characterization, Modified Proctor compaction, and Unconsolidated Undrained (UU) and 

Consolidated Undrained (CU) triaxial compression tests conducted at axial displacement rates of 0.01, 0.1, and 1.0 mm/min. The 

results demonstrate pronounced rate-dependent behavior. Increasing the displacement rate from 0.01 to 1.0 mm/min increased 

the peak deviator stress and undrained shear strength, while reducing the axial strain at failure, indicating a transition from more 

ductile to more brittle deformation. The CU tests also showed increases in the derived effective strength parameters, (c') and ϕ', 

with increasing shearing rate, although the magnitude of this response varied among test pits and confining pressures. Higher 

confining pressures generally increased the overall shear resistance. These findings provide site-specific experimental parameters 

for evaluating foundations, slopes, and other geotechnical structures constructed on tropical red clay deposits. 
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1. Introduction 

In geotechnical engineering, understanding the rate-de-

pendent behavior of cohesive soils is essential for evaluating 

the stability and deformation response of civil infrastructure 

under dynamic and transient loading conditions. The strain 

rate, defined as the rate of mechanical deformation, can sig-

nificantly influence the stress-strain response, pore-water-

pressure development, and shear strength of clayey soils [1, 2]. 

In practice, subsoils are subjected to a wide range of loading 

rates, from slow, quasi-static consolidation during embank-

ment construction to rapid shearing associated with traffic 

loading, slope failures, pile driving, and seismic events. Ne-
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glecting rate-dependent behavior may lead to inaccurate esti-

mates of bearing capacity, slope stability, and foundation set-

tlement, thereby compromising the safety and serviceability 

of geotechnical structures [3, 4]. 

Cohesive soils, particularly fine-grained residual clays with 

high plasticity and compressibility, exhibit complex and non-

linear mechanical responses that depend strongly on loading 

rate. Changes in shearing rate can affect clay-particle reorien-

tation, viscous resistance, and drainage conditions during de-

formation [5, 6] Under undrained conditions, high strain rates 

may restrict pore-water-pressure dissipation, modify effec-

tive-stress paths, and produce an apparent increase in shear 

strength because of viscous resistance. In contrast, low strain 

rates provide more time for pore-pressure redistribution and 

creep deformation, which may contribute to progressive fail-

ure. Therefore, quantifying the rate dependence of stress-

strain behavior and shear strength parameters, including effec-

tive cohesion ((c')) and effective friction angle (ϕ'), is im-

portant for reliable constitutive modeling and geotechnical de-

sign in cohesive soil deposits [7, 8]. 

Tropical red clays are widely distributed across the Main 

Ethiopian Rift and the East African Plateau and commonly 

serve as foundation soils and construction materials in rapidly 

developing urban centers such as Wolaita Sodo City, Ethiopia. 

These soils are derived predominantly from the intense weath-

ering of volcanic parent rocks and may exhibit distinctive 

mineralogical compositions, high fines contents, and struc-

tured particle arrangements that contribute to complex geome-

chanical behavior [9, 10]. Despite rapid infrastructure devel-

opment in Wolaita Sodo City, including buildings, highway 

embankments, and excavations, geotechnical design com-

monly relies on conventional soil parameters obtained at a sin-

gle standard laboratory loading rate. Consequently, limited in-

formation is available on the effects of loading rate on the 

stress-strain response, failure characteristics, and shear 

strength of Wolaita Sodo red clay. 

This study presents an experimental investigation of the 

rate-dependent behavior of Wolaita Sodo red clay. Disturbed 

and undisturbed soil samples were collected from eight repre-

sentative test pits distributed across four sub-cities at depths 

of 2.5-3.0 m. The experimental program included index-prop-

erty characterization comprising particle-size distribution, At-

terberg limits, specific gravity, natural moisture content, and 

compaction characteristics, followed by Unconsolidated Un-

drained (UU) and Consolidated Undrained (CU) triaxial com-

pression tests at three axial displacement rates: 0.01, 0.1, and 

1.0 mm/min. The study evaluates the effects of loading rate 

and confining pressure on peak deviator stress, undrained 

shear strength, axial strain at failure, and effective shear 

strength parameters. The results provide site-specific evidence 

of the rate-dependent behavior of tropical residual red clay 

and establish useful parameters for the design and assessment 

of infrastructure founded on similar soils. 

2. Materials and Methods 

2.1. Study Area and Geotechnical Sampling 

The study was conducted in Wolaita Sodo City, the admin-

istrative center of Wolaita Zone in southern Ethiopia, at ap-

proximately 6°54' N and 37°45' E. The city is situated at ele-

vations ranging from approximately 1,600 to 2,100 m above 

mean sea level and has a subtropical highland climate charac-

terized by distinct wet and dry seasons [11-14] The regional 

geology is dominated by highly weathered volcanic rocks, 

which have formed thick deposits of tropical residual red clay. 

The locations and elevations of the test pits are summarized in 

Table 1, and the study-area map is presented in Figure 1. 

Table 1. Locations and field information for the test pits. 

Test pits Sample depth, m Location description Latitude (DMS) Longitude (DMS) Elevation (m) Sub-city 

TP1 3 Around city municipality 6°51'57.954” N 37°45'45.990” E 2072 Arada 

TP2 2.5 Rufael church 6°52'48.52” N 37°45'26.423” E 2110 Arada 

TP3 3 Around Isreal church 6°52'32.33” N 37°46'54.066” E 2165 Markato 

TP4 2.5 Mebrat Hail kalhiwot church 6°50'55.326” N 37°46'12.041” E 2033 Markato 

TP5 2.5 Sodo Agricultural college 6°50'25.896” N 37°45'29.754” E 1930 Fana 

TP6 2.5 Kera Meseret kirstos church 6°50'56.423” N 37°45'58.608” E 1970 Fana 

TP7 3 Dombosco primary school 6°51'40.745” N 37°44'52.607” E 1951 Mehal 

TP8 2.5 Konto full Gospel church 6°50'46.199” N 37°45'12.005” E 1952 Mehal 

DMC = Indicates Degree Minute Second. 
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Figure 1. Location map of the study area. 

To account for the spatial variability of the soil within the 

urban expansion area, purposive sampling was conducted 

across four Sub cities of Wolaita Sodo City. Eight representa-

tive test pits, designated TP1-TP8, were excavated to depths 

of 2.5-3.0 m. These depths were selected to represent the zone 

of influence of typical shallow foundations and road sub-

grades in the study area. The sampling locations and corre-

sponding field information are presented in Table 1. 

Both disturbed and undisturbed samples were collected 

from the test pits. Undisturbed samples were carefully ex-

tracted to preserve their natural structure, sealed to minimize 

moisture loss, and transported to the Geotechnical Engineer-

ing Laboratory of Wolaita Sodo University. Disturbed bulk 

samples were collected in sealed containers and subsequently 

air-dried at room temperature, gently disaggregated without 

crushing individual particles, and prepared for index-property 

and compaction tests. The undisturbed samples were retained 

in their natural condition for triaxial testing. 

2.2. Laboratory Testing Standards 

The physical index, compaction, and shear-strength proper-

ties of the red clay were determined using standard ASTM and 

AASHTO procedures. The laboratory testing program and the 

corresponding standards are summarized in Table 2. 

Table 2. Laboratory testing program and applicable standards. 

No. Test or Parameter Governing standard Main output 

1 Natural moisture content ASTM D2216 In-situ moisture state via oven drying method 

2 Specific gravity ASTM D854 
Particle density using a calibrated water pycnome-

ter 

3 Particle size distribution ASTM D422 Wet sieve and hydrometer analysis 

4 Atterberg limits ASTM D4318 Liquid limit, plastic limit and plasticity index 

5 Soil classification ASTM D2487/AASHTO M145 
USCS (plasticity chart) and AASHTO (Group in-

dex 

6 Modified Compaction ASTM D1557 
Maximum dry density and Optimum moisture con-

tent 

7 
Unconsolidated undrained (UU) triax-

ial test 
ASTM D2850 

Total stress undrained shear strength at varying 

strain rates 

8 
Unconsolidated Drained (CU) triaxial 

test 
ASTM D4767 Effective shear strength parameters (c' and ϕ') 
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3. Results and Discussion 

3.1. Physical Index Characterization and Soil 

Classification 

The physical index properties of the red clay collected from 

eight test pits (TP1-TP8) are summarized in Table 3. The nat-

ural moisture content ranged from 32.46% at TP3 to 39.08% 

at TP2, with a mean value of 36.47%. These relatively high 

moisture contents indicate the substantial water-retention ca-

pacity of the tropical residual clay and may contribute to in-

creased compressibility and reduced shear resistance under 

saturated conditions [15, 16]. The specific gravity varied from 

2.59 at TP2 to 2.75 at TP7, with an average of 2.65. The rela-

tively high values measured at TP7 and TP8 may be associated 

with local variations in mineralogical composition, including 

the presence of iron- and aluminium-rich weathering products 

commonly found in tropical residual soils [17]. 

The particle-size analyses showed that 77.20-88.97% of the 

soil passed the No. 200 sieve (0.075mm), confirming the pre-

dominance of fine-grained particles. The Liquid Limit (LL) 

ranged from 42.16% to 49.47%, with a mean of 45.31%, 

whereas the Plastic Limit (PL) varied from 24.49% to 27.72%, 

with a mean of 25.87%. The Plasticity Index (PI) ranged from 

17.07% to 22.45%, with an average of 19.44% [18]. These re-

sults indicate a soil with intermediate plasticity and a rela-

tively high affinity for water. 

All samples plotted above the A-line on the Casagrande 

plasticity chart and within the intermediate-plasticity clay re-

gion. Accordingly, the soils were classified as CI, or inorganic 

clay of intermediate plasticity, according to the USCS. Under 

the AASHTO system, all samples were classified as A-7-6, 

with Group Index values ranging from 15 to 22. This classifi-

cation indicates a fine-grained soil with limited drainage, 

moderate-to-high compressibility, and potential for strength 

reduction and work-softening when subjected to increased 

moisture or undrained loading [19]. The grain-size distribu-

tion curves, plasticity chart, and liquid-limit curves are pre-

sented in Figures 2-4, respectively. 

 
Figure 2. Grain size distribution curves. 

Table 3. Physical index properties and classification of Wolaita Sodo red clay. 

Test 

pit 

Fines pass-

ing #200 (%) 

Liquid 

limit (%) 

Plastic 

limit (%) 

Plasticity 

index (%) 

AASHTO 

code 

USCS 

code 

Specific 

gravity 

Natural mois-

ture content 

(%) 

Soil 

color 

TP1 88.97 48.05 27.72 20.33 A-7-6 (21) CI 2.60 38.89 Red 

TP2 88.75 49.47 27.02 22.45 A-7-6 (22) CI 2.59 39.08 Red 

TP3 85.73 42.16 25.09 17.07 A-7-6 (16) CI 2.65 32.46 Red 

TP4 88.44 44.47 25.79 18.68 A-7-6 (18) CI 2.62 33.03 Red 

TP5 83.59 45.43 26.31 19.12 A-7-6 (17) CI 2.62 37.34 Red 

TP6 79.49 43.38 25.05 18.33 A-7-6 (15) CI 2.65 36.17 Red 

TP7 85.65 44.16 24.49 19.67 A-7-6 (18) CI 2.75 37.64 Red 

TP8 77.20 45.35 25.51 19.84 A-7-6 (16) CI 2.70 37.08 Red 
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Figure 3. Study area Soil classification based on Plasticity chart. 

 
Figure 4. Liquid limit curves. 

3.2. Compaction Characteristics 

The compaction characteristics of Wolaita Sodo red clay 

were evaluated using the Modified Proctor procedure in ac-

cordance with ASTM D1557. The tests were performed to de-

termine the Maximum Dry Density (MDD) and Optimum 

Moisture Content (OMC) of samples collected from TP1-TP8. 

The MDD values ranged from 1.52 g/cm3 at TP2 to 1.66 g/cm3 

at TP7, with an average of approximately 1.58 g/cm3. The cor-

responding OMC values ranged from 18.48% at TP7 to 

28.12% at TP2, with an average of approximately 22.27%. 

The relatively high OMC values and moderate MDD values 

are consistent with the substantial fines content and water-re-

tention capacity of the clay. Samples with higher clay contents 

require greater water contents to achieve adequate lubrication 

and particle rearrangement during compaction, but generally 

attain lower dry densities. These results highlight the im-

portance of controlling both moisture content and field density 

during construction [17, 20]. For engineered fills, compaction 

should be carried out at or close to the laboratory-determined 

OMC and to the density specified in the applicable project re-

quirements. The compaction parameters are summarized in 

Table 4, and the combined moisture-density curves are shown 

in Figure 5. 

Table 4. Compaction parameters of Wolaita Sodo red clay (ASTM 

D1557). 

Test pits OMC (%) MDD (g/cm3) 

TP1 26.25 1.53 

TP2 28.12 1.52 

TP3 21.81 1.57 

TP4 20.5 1.6 

TP5 24.30 1.54 

TP6 20.14 1.58 

TP7 18.48 1.66 

TP8 18.53 1.63 

 
Figure 5. Combined moisture-density relationship curves. 

3.3. Rate-Dependent Behavior in 

Unconsolidated Undrained Triaxial Tests 

The effect of loading rate on total-stress undrained behavior 

was investigated using Unconsolidated Undrained (UU) triax-

ial compression tests on undisturbed specimens from TP1-

TP4. The tests were conducted at axial displacement rates of 

0.01, 0.1, and 1.0 mm/min under different confining pressures. 

The measured peak deviator stress, undrained shear strength, 

and axial strain at failure are summarized in Table 5. 
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Table 5. Summary of Unconsolidated Undrained (UU) triaxial test parameters under varying displacement rates. 

Sample 

pit 

Axial displacement rates 

(mm/min) 

Confining pres-

sure (kPa) 

Peak deviator 

stress (kPa) 

Undrained shear 

strength (kPa) 

Axial strain at fail-

ure (%) 

TP1 

0.01 50 123 61.5 16.02 

0.1 50 174.8 87.4 12.5 

1.0 50 226.6 113.3 9.5 

0.01 150 118.2 59.1 26 

0.1 150 170.2 85 24.84 

1.0 150 221.8 110.9 18 

0.01 200 97.4 48.7 29 

0.1 200 170 74.6 26.5 

1.0 200 201 100.5 24.94 

TP2 

0.01 80 281 140 13.12 

0.1 80 323.2 161.6 11.5 

1.0 80 365.3 182.6 10 

0.01 160 198.1 99.1 26.5 

0.1 160 233 116 24.71 

1.0 160 267.95 133.98 23 

0.01 200 352.1 176 25.5 

0.1 200 427.6 251 23.5 

1.0 200 503 251 21.23 

TP3 

0.01 40 249 125 25.5 

0.1 40 286.4 143.2 21.5 

1.0 40 311.3 155.6 18.5 

0.01 80 211.7 105.8 27.5 

0.1 80 249 125 25.05 

1.0 80 298.8 149.4 20.5 

0.01 120 368.2 184.1 29 

0.1 120 415.4 207.7 27 

1.0 120 472 236 25.02 

TP4 

0.01 45 332 166 25.13 

0.1 45 382.8 190.9 23.6 

1.0 45 431.6 215.8 22.1 

0.01 100 352 176 25.1 

0.1 100 391 200.9 22.43 

1.0 100 441.6 225.8 21.13 

0.01 150 400 200 21.5 

0.1 150 465 232.5 19.5 

1.0 150 548 274 17.92 
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3.3.1. Effect of Loading Rate on Peak Deviator 

Stress and Undrained Shear Strength 

The UU test results generally demonstrate pronounced rate-

dependent behavior. For most test conditions, increasing the 

axial displacement rate from 0.01 to 1.0 mm/min increased 

both Peak deviator stress and Undrained shear strength. For 

example, for TP1 at a confining pressure of 50 kPa, Peak de-

viator stress increased from 123.0 kPa at 0.01 mm/min to 

174.8 kPa at 0.1 mm/min and 226.6 kPa at 1.0 mm/min. The 

corresponding undrained shear strength increased from 61.5 

to 87.4 and 113.3 kPa, respectively. Relative to the lowest rate, 

the peak deviator stress increased by approximately 42.1% at 

0.1 mm/min and 84.2% at 1.0 mm/min. This increase may be 

attributed to viscous resistance, restricted creep, and insuffi-

cient time for particle rearrangement and pore-pressure redis-

tribution during rapid shearing [6, 21]. 

3.3.2. Effect of Loading Rate on Failure Strain 

The axial strain at failure generally decreased as the dis-

placement rate increased. For example, in TP1 at a confining 

pressure of 50 kPa, axial strain at failure decreased from 

16.02% at 0.01 mm/min to 12.50% at 0.1 mm/min and 9.50% 

at 1.0 mm/min. This trend suggests a transition from relatively 

ductile behavior at low loading rates to more brittle behavior 

at high rates. Under slow shearing, creep and progressive par-

ticle rearrangement allow greater deformation before peak 

strength is reached. In contrast, rapid loading limits structural 

relaxation and promotes earlier localization of deformation 

and shear failure [22, 23]. 

3.4. Rate-Dependent Behavior in Consolidated 

Undrained Triaxial Tests 

Consolidated Undrained (CU) triaxial tests with pore-wa-

ter-pressure measurement were conducted to evaluate the ef-

fective-stress response of the red clay. The effective confining 

pressure (σ3’), major effective principal stress at failure (σ1’), 

peak deviator stress, effective cohesion (c'), and effective fric-

tion angle (ϕ') are summarized in Table 6. 

Table 6. Summary of Consolidated Undrained (CU) triaxial test parameters under varying displacement rates. 

Sample 

pit 

Strain rate 

(mm/min) 

Effective Confining 

pressure (kPa) 

Major effective prin-

cipal stress (kPa) 

Peak deviator 

stress (kPa) 

Effective cohe-

sion, c' (kPa) 

Effective friction 

angle, ϕ’ (º) 

TP1 

0.01 78.6 318.9 240.3 42.9 24 

0.1 78.6 342.9 264.3 44 26 

1.0 78.6 367 288.4 44.8 28 

0.01 158.1 555 396.9 44.59 25 

0.1 158.1 575.5 417.4 44.65 26 

1.0 158.1 596 437.9 45.61 28 

0.01 196.3 520.3 324 50.1 23.03 

0.1 196.3 539.8 343.5 63.27 24.38 

1.0 196.3 559.3 363 64.62 25.67 

TP2 

0.01 85.6 348.5 262.9 35.2 23.6 

0.1 85.6 367.7 282.1 41.4 25.4 

1.0 85.6 387.7 302.1 48.2 27.2 

0.01 170 522.4 340 35.51 23.1 

0.1 170 542.4 360 42.76 24.3 

1.0 170 562.4 380 49.81 25 

0.01 255 670 415 40.1 23.03 

0.1 255 685 430 53.27 24.38 

1.0 255 715 460 56.62 25.67 

TP3 0.01 45.9 301.5 255.6 55 20 
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Sample 

pit 

Strain rate 

(mm/min) 

Effective Confining 

pressure (kPa) 

Major effective prin-

cipal stress (kPa) 

Peak deviator 

stress (kPa) 

Effective cohe-

sion, c' (kPa) 

Effective friction 

angle, ϕ’ (º) 

0.1 45.9 342.9 268.3 60 24 

1.0 45.9 367 288.4 70 27 

0.01 89.1 264.6 178.5 55 20 

0.1 89.1 265.3 191 60 24 

1.0 89.1 292.7 203.6 70 27 

0.01 118.4 336.2 217.8 51.15 25.5 

0.1 118.4 352.4 234 59.25 26 

1.0 118.4 363.9 250.3 67.4 28 

TP4 

0.01 76.7 447.6 370.9 41.9 22.3 

0.1 76.7 468.2 392 44.5 24.2 

1.0 76.7 491.7 415 45 25 

0.01 154 678.5 524.5 43.9 25 

0.1 154 689 535 44.6 26 

1.0 154 706 552 45.8 28.6 

0.01 230 872 534 42.1 21.3 

0.1 230 1000.4 560 46.8 23.2 

1.0 230 1129 575 50.3 24.2 

 

The CU results generally show that increasing the axial dis-

placement rate increased the peak deviator stress. For example, 

for TP1 at σ3’=78.6 kPa, Peak deviator stress increased from 

240.3 kPa at 0.01 mm/min to 264.3 kPa at 0.1 mm/min and 

288.4 kPa at 1.0 mm/min. Similar trends were observed for 

most of the tested specimens. The increase in strength with 

loading rate is consistent with the limited time available for 

pore-pressure redistribution and microstructural relaxation 

during rapid shearing. 

3.5. Rate-Dependent Variation of Effective 

Strength Parameters 

The effective strength parameters derived from the CU tests 

generally increased with increasing axial displacement rate, 

although the magnitude of the increase varied with test pit and 

confining pressure. For TP1 at σ3’=78.6 kPa, (c') increased 

from 42.90 kPa at 0.01 mm/min to 44.80 kPa at 1.0 mm/min, 

while ϕ' increased from 24.0° to 28.0°. For TP2 at σ3’=85.6 

kPa, (c') increased from 35.20 to 48.20 kPa and ϕ' increased 

from 23.6° to 27.2° over the same rate range. These apparent 

increases may reflect enhanced viscous resistance, restricted 

pore-pressure dissipation, and reduced time for particle rear-

rangement during rapid shearing [1, 7, 14]. 

 

3.6. Comparison of CU and UU Strengths 

The CU and UU results should be compared cautiously be-

cause the tests were conducted under different stress histories 

and, in some cases, different confining pressures. For example, 

TP1 produced a CU peak deviator stress of 240.3 kPa at an 

effective confining pressure of 78.6 kPa and a displacement 

rate of 0.01 mm/min, whereas the UU test produced 123.0 kPa 

at a total confining pressure of 50 kPa and the same nominal 

displacement rate. The higher CU strength is consistent with 

the preceding consolidation stage, which reduces the void ra-

tio and changes the soil fabric before undrained shearing. 

Therefore, the difference cannot be attributed solely to the test 

type, it also reflects differences in consolidation history, ef-

fective stress, and confining pressure. 

4. Conclusions 

This study investigated the physical properties, compaction 

behavior, and rate-dependent shear response of tropical resid-

ual red clay from Wolaita Sodo City, Ethiopia. The soil con-

tained a high fines fraction, ranging from 77.20% to 88.97%, 

and exhibited average values of 36.47% for natural moisture 

content, 2.65 for specific gravity, 45.31% for Liquid Limit, 

and 19.44% for Plasticity Index. The samples were classified 
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as inorganic clay of intermediate plasticity (CI) under the 

USCS and A-7-6 under the AASHTO system. Modified Proc-

tor tests produced MDD values of 1.52-1.66 g/cm3 and OMC 

values of 18.48-28.12%. The UU and CU triaxial tests demon-

strated that increasing the axial displacement rate from 0.01 to 

1.0 mm/min generally increased peak deviator stress and un-

drained shear strength, while reducing axial strain at failure. 

This behavior indicates increased apparent resistance and a 

transition from more ductile to more brittle deformation under 

rapid shearing. The CU tests also showed rate-dependent var-

iations in the derived effective strength parameters, (c') and ϕ', 

although the magnitude of these changes varied with confin-

ing pressure and test location. The results confirm that load-

ing-rate effects should be considered when selecting design 

parameters for foundations, excavations, embankments, and 

other infrastructure constructed on Wolaita Sodo red clay. 
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