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Motivation and Objective: Soil Conditions in Montana

Results from more than 188 
geotechnical investigation reports

Gravelly Soils 
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Motivation and Objective: Soil Conditions in Montana

Gravelly soil

~45%

Gravelly soil

~32%

Gravelly soil

~52%

The average soil profiles in different regions have been frequently observed to 
contain Gravelly soils with Silt and Clay contents
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Challenge With Gravelly Soils: Conventional in-situ Penetration Tests 

SPT 

SPT 

CPT 

CPT 

BPT or iBPT 

BPT or iBPT 

DPT

DPT

(Jana 2021, Dejong 2021, Athanasopoulos-Zekkos 2022) 4



Particle size to Penetrometer Scaling

Medium Sand Coarse Sand       Fine Gravel Coarse Gravel

CPT (10 cm2)       CPT (15 cm2)             SPT                       Becker (closed ended)

35 mm 43 mm 35 mm 168 mm

➢The characterization of coarse-grained gravelly soils is 

difficult (Dejong 2021).

▪ Sampling and laboratory testing difficult due to 

particle size, disturbance, and sample 

reconstitution issues.

▪ In-situ characterization difficult due to particle-to-
probe size effects.

Dejong 2021
Dejong 2021



In-situ Strength Estimation of Gravelly Soils

• Conventional in-situ penetration tests do not 

perform reliably.

• The presence of large particles can 

compromise the penetration mechanism of 

the SPT and CPT, resulting in artificially 

elevated measures of penetration 

resistance.

• Percent gravel, maximum particle size,  

GSD, and particle hardness all influence  

SPT N value.

• Estimated strength parameters for 

foundation design will be overestimated.

Artificially 

elevated

Artificially 

elevated

Dejong 2021
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’ = 𝟐𝟕. 𝟓 + 𝟗. 𝟐 𝒍𝒐𝒈[(𝑵𝟏)𝟔𝟎]

Kulhawy and Chen (2007)
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In-situ Strength Estimation of Gravelly Soils

• Conventional in-situ penetration tests do not 

perform reliably.

• The presence of large particles can 

compromise the penetration mechanism of 

the SPT and CPT, resulting in artificially 

elevated measures of penetration 

resistance.

• Percent gravel, maximum particle size,  

GSD, and particle hardness all influence  

SPT N value.

• Estimated strength parameters for 

foundation design will be overestimated.
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Kulhawy and Chen (2007) Ching et al. (2016)
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Why do we care?
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Aging Infrastructure

▪ Montana has 5,200 bridges and culverts maintained by the Montana Department of Transportation (MDT).

▪ On average, state-owned bridges are 50 years old with locally owned bridges averaging 45 years old.

▪ As old bridges are repaired and new bridges are being built, it is important to consider challenges with 

Gravelly soils which are often used as bearing layer for foundation design. 
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Seismicity In Montana

Major Quaternary fault database for 

western Montana (MBBG)

***Only Mission Fault is Included in National 

Seismic Hazard Model (NSHM)

Ratio (g) new model by previous model (USGS 2024)
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Can Gravelly Soil Liquefy During an Earthquake?

???

RWTH Aachen University

Liquefaction: Loss of strength and stiffness of Soil
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Gravel Liquefaction and Its Effects on Infrastructure

Bulge and cracks

Ejected gravelly soils
Minjiang river

40 cm

Silty clay

(a) (b) (c)

Inertia forceBaihua bridge

Minjiang River

Girder falling

Tilt and cracks
Fractures

(d) (f)

Gap 

up to20cm
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Gravel Liquefaction and Its Effects on Infrastructure

2014 Cephalonia EQ (Nikolaou et al. GEER 2014) 2016 Kaikoura EQ (Nikolaou et al. GEER (2014)

Bulge and cracks

Ejected gravelly soils
Minjiang river

2016 Muisne EQ (Consultola 2016)

Liquefaction-induced 

lateral spreading

2008 Wenchuan EQ (Zhou et al. 2020)

Mw = 6.1 

Mw = 7.9,  

Mw = 7.8 

Mw = 7.8, 
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Gravel Liquefaction and Its Effects on Infrastructure

2014 Cephalonia EQ (Nikolaou et al. GEER 2014) 2016 Kaikoura EQ (Nikolaou et al. GEER (2014)

Bulge and cracks

Ejected gravelly soils
Minjiang river

2016 Muisne EQ (Consultola 2016)

Liquefaction-induced 

lateral spreading

2008 Wenchuan EQ (Zhou et al. 2020)

Mw = 6.1 

Mw = 7.9,  

Mw = 7.8 

Mw = 7.8, 

Mw = 5.8 to 9.2

Case histories involving liquefaction of gravelly soil 

(Rollins et al. 2022)

We cannot rule out the possibility of liquefaction of Gravelly soil
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In-situ Strength Estimation of Gravelly Soils: Earthquake and Dynamic Loading 

Dejong 2021

Uncertainty,

Elevated SPT
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MDT Geotechnical Manual: Liquefaction Evaluation
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Difference in Cyclic Strength between Gravels and Sand

MASW Shear Wave Velocity, Vs

Measurements (Hubler 2017)

Based on the updated literature, Gravelly soils has lower cyclic 

resistance than Sandy soils for the same normalized shear wave 

velocity. 
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Permeability of Gravelly soils Controls Cyclic Strength

Liquefaction case history sites (Rollins et al. 2022) 
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Example Case Study: Borah Peak Earthquake 1983, Idaho, Magnitude Mw= 6.9 

SC (%)GC (%) PGACu No of 

DPT

Site Name

66340.44224Pence ranch 

55450.4437.34Larter Ranch 

36640.52472Whiskey spring 
16
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Methodology (Jana and Stuedlein 2025)

Determination of  critical shear strain to initiate liquefaction 

𝐶𝑅𝑅 = exp⁡(
3.88 ∙ 10−7 ∙ 𝑉𝑠1

3 − 1.6 ∙ 𝑀𝑤  − ln⁡(
1 − 𝑃𝐿

𝑃𝐿
)

4.95
 1 

Rollins et al. (2022; REA22) developed a 𝐶𝑅𝑅 model using 174 case histories of gravelly 

soils 

𝛾𝑐𝑙 = 𝑒𝑥𝑝(
3.88∙10−7∙𝑉𝑠1

3  − 1.6∙𝑀𝑤 − 𝑙𝑛(
1−𝑃𝐿

𝑃𝐿
)

4.95
) ∙ [

𝜎𝑣0
′

0.1∙𝜌∙𝑉𝑠1
2

1 + {
𝛾𝑐𝑙

0.0046∙ 𝐶𝑢
−0.197∙ 𝜎0

′ 0.52}0.84

] 

CRR- Cyclic Resistance Ratio

𝑉𝑠1 - over burden corrected 

Shear wave velocity 

𝛾𝑐𝑙- critical shear strain 

 
𝑃𝐿- probability of liquefaction

𝜎𝑣0
′ - Effective stress

𝑀𝑤 - Magnitude of earthquake

𝐶𝑢 - Coefficient of uniformity of soil  
𝛾𝑐 = 0.65 ∙

𝑎𝑚𝑎𝑥

𝑔
∙

𝜎𝑣0 ∙ 𝑟𝑑

𝐺𝑚𝑎𝑥 ∙
𝐺𝑐

𝐺𝑚𝑎𝑥

𝛾𝑚𝑎𝑥 =
𝑎𝑚𝑎𝑥

𝑔
∙

𝜎𝑣0 ∙ 𝑟𝑑

𝐺𝑚𝑎𝑥 ∙
𝐺𝑐

𝐺𝑚𝑎𝑥

𝑟𝑢 =
𝑝 ∙ 𝑓 ∙ 𝑁𝑒𝑞 ∙ 𝐹 ∙ 𝛾𝑐 − 𝛾𝑡𝑝

𝑠

1 + 𝑓 ∙ 𝑁𝑒𝑞∙ 𝐹 ∙ 𝛾𝑐 − 𝛾𝑡𝑝
𝑠

P, f, s = Fitting parameters 

f        = Dimensionality of loading 

𝑁𝑒𝑞 = Number of equivalent cycle 

𝛾𝑡𝑝 = Threshold shear strain

𝐹 = Controls the rate of ru

𝐹𝐶     = Fineness content
17



Borah Peak Earthquake 1983, Idaho

Site: Larter Ranch, Idaho, Mw= 6.9, PGA = 0.44
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Concluding Remarks

➢Conventional in-situ penetration tests do not perform reliably for Gravelly soils.

➢ If using SPT, suggest using N per inch reading.

➢Shear wave velocity could provide insight of static and dynamic response of Gravelly Soils.

➢Suggest using Dynamic Penetration Test (DPT) for Gravelly soils.

➢Our newly developed method could provide simplified system response of deposit. 

DPT DPT BPT BPT

DPT: Less Expensive BPT: Very Expensive



Questions?



Extra Slides



Standard Penetration Test (SPT)

Important Notes

• Advantages:

• Relatively quick Test, simple, 

inexpensive, widely used

• Provides a sample!!

• Can use in dense materials

• Disadvantages

• Result are affected by many variables

• Inaccurate in Gravels (Do not use “N”)

• For Gravels use ITBP (Instrumented 

Becker Penetration Test)

Large Gravel Particles 

cannot be sampled 

using SPT and N value 

will be affected by 

Gravel.

If SPT is the only 

option measure N 

value for every inch 

penetration.
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