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0B0BSI* (MODERN METRIC) CONVERSION FACTORS 

APPROXIMATE CONVERSIONS TO SI UNITS 
Symbol When You Know Multiply By To Find Symbol 

LENGTH 
in. inches 25.4 millimeters  mm 
ft feet 0.305 meters  m 
yd yards  0.914 meters  m 
mi miles  1.61 kilometers km 

AREA 
in2 square inches 645.2 square millimeters mm2 
ft2 square feet  0.093 square meters  m2 
yd2 square yard  0.836 square meters  m2 
ac acres  0.405 hectares  ha 
mi2 square miles  2.59 square kilometers  km2 

VOLUME 
fl oz fluid ounces 29.57 milliliters  mL 
gal gallons  3.785 liters  L 
ft3 cubic feet 0.028 cubic meters m3 
yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1,000 L shall be shown in m3 
MASS 

oz ounces 28.35 grams  g 
lb pounds 0.454 kilograms kg 
T short ton (2,000 lb) 0.907 megagrams (or “metric ton”) Mg (or "t")  

TEMPERATURE (exact degrees) 
°F  Fahrenheit  5(F-32)/9 

or (F-32)/1.8 Celsius  °C  

ILLUMINATION 
fc foot-candles  10.76 lux lx 
fl foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & PRESSURE or STRESS 
lbf pound-force  4.45 newtons  N 
lbf/in2 pound-force per square inch 6.89 kilopascals  kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS 
Symbol When You Know Multiply By To Find Symbol 

LENGTH 
mm millimeters  0.039 inches in. 
m meters  3.28 feet ft 
m meters  1.09 yards  yd 
km kilometers 0.621 miles  mi 

AREA 
mm2 square millimeters 0.0016 square inches in2 
m2 square meters  10.764 square feet  ft2 
m2 square meters  1.195 square yard  yd2 
ha hectares  2.47 acres  ac 
km2 square kilometers  0.386 square miles  mi2 

VOLUME 
mL milliliter  0.034 fluid ounces fl oz 
L liters  0.264 gallons  gal 
m3 cubic meters 35.314 cubic feet ft3 
m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams  0.035 ounces oz 
kg kilograms 2.202 pounds lb 
Mg (or "t")  megagrams (or “metric ton”) 1.103 short ton (2,000 lb) T 

TEMPERATURE (exact degrees) 
°C  Celsius  1.8C+32 Fahrenheit  °F  

ILLUMINATION 
lx lux 0.0929 foot-candles  fc 
cd/m2 candela per square meter  0.2919 foot-Lamberts fl 

FORCE & PRESSURE or STRESS 
N newtons  0.225 pound-force  lbf 
kPa kilopascals  0.145 pound-force per square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380. 
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Executive Summary 

The research presented herein aimed to evaluate the suitability of systems composed of 

steel light poles, frangible couplings, and soil-embedded reinforced concrete foundations 

commonly used by the Alaska Department of Transportation and Public Facilities (AK 

DOT&PF) to facilitate crashworthy performance during vehicle impacts when foundations are 

located in weak soils. Note that the analysis and testing focused exclusively on vehicle impacts, 

and did not consider other applicable considerations for light pole foundation designs, such as 

ice, wind, or earthquake loading. 

An initial review of light pole foundations used by other states in the US found that the 

foundation sizes used by AK DOT&PF are consistent with the typical range of sizes used by 

other agencies. Furthermore, little information was generally available to guide foundation 

designs in weak and/or saturated soils. Agencies tended to defer designs in such conditions to 

Geotechnical specialists. 

Physical tests included two general configurations: foundations with steel posts 

embedded in and extending above the top of the concrete foundation; foundations supporting 

steel light poles connected to concrete foundations using Transpo frangible couplings. Embedded 

steel posts did not include a breakaway mechanism, and thus produced high demands on the 

foundations and surrounding soil limited by the plastic hinging strength of the post. The steel 

post was selected to reach a peak force similar to the Transpo couplings, but the impulse and 

momentum transfer were greater for the embedded steel post due to the ductile hinging 

mechanism compared to the brittle frangible mechanism of the couplings.  

Simulations for this research were performed using LS-DYNA. Preliminary modeling of 

the embedded steel post suggested that 6-ft deep foundations, a typical depth used historically, 

but a reduction from the minimum 7-ft depth currently specified in the applicable AK DOT&PF 
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Standard Plan, may be adequate to achieve frangible coupling activation. Similarly, preliminary 

modeling of the steel light pole with frangible couplings concurred that a 6-ft foundation depth 

should be adequate to reliably achieve frangible coupling breakaway activation by relying only 

on the inertial resistance of the foundation. Permanent foundation displacements were predicted 

to be adequately small when momentum transfer was limited by frangible couplings in the 

preliminary models so that foundations should be able to be reused following an impact without 

requiring excavation, re-setting, and backfilling. 

Four tests were performed with surrogate vehicles (bogies) approximately simulating 

small cars impacting steel posts embedded in concrete foundations. Although the intent was to 

simulate lower-bound weak soil conditions consistent with soil boring logs provided by AK 

DOT&PF, targeting a Standard Penetration Test (SPT) blow count of approximately 7 

throughout the depth, achieving this soil condition was found to be challenging. For the first test, 

the SPT value was 7 for the first 18 in. of soil, but increased to 15 and 20 for the next successive 

18-in. depth increments. Soil was placed loose around the foundation for the second test, 

resulting in SPT values of 0 at the top layer of soil and values of only 2 to 9 around 48 in. of 

depth. The third and fourth tests used a modified protocol that resulted in intermediate SPT 

values between the first and second tests. The third test was also performed with an increased 

moisture content. Impact response was similar for all tests, except that the foundation 

experienced a large rotation for the test with loose soil fill. The post experienced plastic hinging 

in all four tests, confirming that foundation inertia was sufficient to achieve frangible coupling 

activation load levels, regardless of soil stiffness. 

Two tests were performed with bogies impacting steel posts mounted to foundations with 

Transpo frangible couplings, consistent with AK DOT&PF Standard Plans. Soil was placed 

loose around foundations in both tests. One test was performed with dry soil conditions, and the 
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other was performed after placing a liner to retain moisture and adding water until the soil was 

fully saturated with standing water. Results for both tests confirmed that breakaway was 

achieved despite loose soil conditions with SPT values of less than 2 throughout 6-ft soil depths, 

and regardless of dry or saturated conditions. Thus, foundations consistent with the current AK 

DOT&PF Standard Plan L-30.11, with depths of at least 6 ft, provide compliance with 

previously accepted crashworthiness standards predating the Manual for Assessing Safety 

Hardware, Second Edition (MASH 2016), regardless of surrounding soil stiffness and moisture 

content. 

Furthermore, foundation permanent set was less than 1 in. for both cases, suggesting that 

foundations would likely be reuseable by replacing the steel pole and frangible couplings after a 

vehicle impact in service. However, the results were obtained with a simulated vehicle with a 

rigid impacting head. Commuter vehicles have crushable features, such as bumpers, which will 

lengthen the impulse and may result in increased foundation displacements. 

Additional simulations were performed to investigate the capability for alternative 

modeling techniques to produce more accurate foundation response predictions than those 

obtained from preliminary models. A hybrid Finite Element Method + Arbitrary Lagrangian-

Eulerian (FEM+ALE) approach was employed and validated against bogie test data for the 

embedded steel post and steel pole-on-couplings test articles. The hybrid FEM+ALE method 

produced superior predictions compared to preliminary modeling methods, although the benefits 

were most evident for predictions with very large foundation movement in soil, which is not 

anticipated to occur nor desirable for light pole foundations subjected to impact. Nonetheless, the 

modeling methodology may offer benefits in other situations beyond the scope of the present 

project where large soil displacements are anticipated, such as soil-embedded posts intended to 

experience large displacements through soil, or deep foundations undergoing seismic excitation. 
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Simulations were also performed to provide preliminary predictions for full-scale vehicle 

crash tests according to a critical test designations required according to the Test Level 3 (TL-3) 

criteria of MASH 2016. The simulations used soil models identical to those selected for 

preliminary modeling, not the hybrid FEM+ALE refined models, and thus tended to overestimate 

soil deformations. As soil deformation does not influence crashworthiness, provided that 

breakaway activation is achieved reliably, use of the preliminary soil models was justified to 

optimize computational costs. Pole breakaway and foundation responses were similar to bogie 

tests, suggesting that foundation response would be acceptable in a physical test. However, the 

poles and foundations were not predicted to pass MASH safety criteria due to secondary impacts 

of the pole with the vehicle, which were unrelated to the foundation and breakaway components.  

Future research is recommended to (1) evaluate and develop crashworthy roadside light 

poles, (2) improve breakaway steel couplings modeling, and (3) improve soil dynamics 

modeling. Crash safety for light poles is a challenging issue for agencies throughout the US due 

to excessive occupant compartment intrusion – roof and windshield crush – during low-speed 

impacts, as confirmed in recent analytical studies and crash tests. AK DOT&PF is recommended 

to review results from other studies addressing crash safety for light poles as they become 

available, such as NCHRP Projects 03-119, 22-43, and 17-105, as well as other studies outside 

NCHRP, such as research in-progress at laboratories such as the Midwest Roadside Safety 

Facility and the Texas Transportation Institute. While research efforts through these other studies 

may address this research need for AK DOT&PF, it should be noted that frangible couplings 

represent a smaller portion of the breakaway light pole inventory throughout the United States in 

comparison to transformer bases and slip bases according to a survey performed under NCHRP 

03-119, and therefore may be a lower priority for pooled fund and nationally funded studies. 
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Chapter 1 Introduction 

1.1 Introduction 

This research project was motivated by a case study initiated by a member of the Alaska 

Department of Transportation and Public Facilities (DOT&PF) team. The objective of the case 

study was to design a light pole foundation that would be suitable for the environmental 

conditions in Alaska, using sample AK DOT&PF light pole sizing dimensions such as a 22-ft 

long mast arm mounted at a height of 37.5 ft, and a 16-ft2 sign. A 3-ft diameter by 8-ft deep 

concrete foundation was found to be sufficient for most soil conditions when considering 

American Association of State Highway and Transportation Officials (AASHTO) recommended 

design criteria [1, 2] and limiting design considerations to gravity and environmental loads. 

However, the study also found that the foundation would be deemed insufficient if evaluated 

under vehicle impact loading using available design criteria and methods (e.g., Broms’ method 

[3, 4] for soil response, vehicle loading estimated from frangible coupling capacity). 

Run-off-road crashes with light poles generate dynamic loads which are not well-

accounted for in traditional civil structural design or geotechnical design. The state of Alaska 

currently represents dynamic vehicle impact loads on light poles with a nominally equivalent 

static load corresponding to the ultimate capacity of frangible couplings. This approach neglects 

potentially beneficial aspects of dynamic behavior, such as structure and foundation inertia, short 

duration impulse loading, soil-structure interaction, nonlinear dynamic soil behavior and energy 

dissipation. Light pole foundation designs governed by vehicle impact loads are therefore likely 

to be unnecessarily overdesigned, leading to high material and labor costs, and increased worker 

exposure to traffic.   

Additionally, Alaska DOT&PF does not currently possess an approved standard light 

pole foundation design appropriate to the relatively high water table found in Southeast Alaska. 
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Standard designs have previously been available, but were either non-optimal, such as requiring 

drilled shafts socketed into bedrock, or restricted to medium to dense or stiff soils and where the 

installation would not encounter the water table.  Conditions in Southeast Alaska may not 

conform to these requirements, so an alternative design or design methodology would be 

beneficial.  

The project was focused on vehicle impact performance. Ideally, designs developed for 

considerations other than vehicle impacts will envelope the design requirements for vehicle 

impacts. Typical design procedures addressing only gravity and environmental loads may 

therefore potentially be justified to be adequate without modifications to address vehicle impacts.   

1.2 Objective 

The objective of this research effort was to develop foundation design recommendations 

to provide crashworthy performance for light poles located in critical weak soil conditions found 

in southeast Alaska. Soils may be dry or saturated. Acceptable performance required activation 

of frangible couplings commonly used by AK DOT&PF. Furthermore, a limited post-activation 

foundation set was desirable. 

1.3 Scope 

This project focused exclusively on vehicle impacts and did not consider other 

environmental design influences that do not directly influence crash performance, such as ice or 

wind loads on light pole structures. Only steel poles with frangible base connections were 

considered, which were indicated by Alaska DOT&PF to be the primary light pole and 

foundation connection types used in the state. Analytical modeling included detailed, nonlinear 

finite element analyses using LS-DYNA. However, material properties for steel light poles, 

concrete foundations, soils surrounding foundations, and connecting hardware were based only 

on information available from supplier certifications, or by estimating from property correlations 
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found in literature. The project focused on soil properties and characteristics appropriate to 

conditions found in southeast Alaska, according to documentation supplied by AK DOT&PF. 

Physical testing was limited to bogie impact tests. Full-scale crash tests were not within the 

project scope. 
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Chapter 2 Literature Review 

2.1 Overview  

Alaska DOT&PF standards and available soil data were first reviewed. Past impact tests 

on poles and on foundations embedded in soil were then examined to establish context and 

expectations for tests to be conducted under this project. A review was then performed to 

identify standards and guidelines for light pole foundation design and installation used by other 

DOTs within the United States. Finally, resources from state DOTs and other sources were 

compiled to facilitate soil property characterization from data sources readily available from 

Alaska DOT&PF for use in analytical modeling. 

2.2 Review of Alaska Standards and Soil Data 

Alaska DOT&PF light pole foundation details were available in Standard Plan L-30.11, 

shown in Figure 2.1, and a datasheet for the typical coupling used with the foundation is 

provided in Figure 2.2. Standard foundations were 30-in. average diameter formed by a 

corrugated metal pipe per Note 3 in Standard Plan L-30.11. Standard foundation depth ranged 

from 8 ft to 10 ft, depending on surface grade at the installation location. However, according to 

Note 9, the foundation depth could be reduced by 1 ft if the mast arm length did not exceed 12 ft 

or if no mast arm were used, resulting in a minimum depth of 7 ft. 

The design standard is noted as the AASHTO 2013 Standard Specifications for Structural 

Supports for Highway Signs, Luminaires and Traffic Signals with 2019 Interims, and design loads 

are noted as 1,000 lb axial, 2,000 lb shear, and 50,000 ft-lb moment. Simultaneously, the frangible 

coupling loads are noted in the Material Requirements section as 5.5 kips for ultimate shear, 

corresponding to a peak shear load of 22 kips acting from four couplings onto the foundation, more 

than 10 times the noted design shear load.  
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Figure 2.1 AK DOT&PF Light Pole Foundation Standard 
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Figure 2.2 Typical Transpo Coupling Used with AK DOT&PF Light Pole Foundations 
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Geotechnical soil characterization may include the use of in-situ and/or laboratory 

techniques. In-situ techniques are commonly used as they allow for testing soils in their natural, 

undisturbed condition. On the other hand, laboratory techniques are utilized to test soils under 

well-controlled conditions and thus provide standardized, objective, and replicable data for 

detailed characterization of soils. In this research, data was available in the form of boring logs 

provided by AK DOT&PF, thus focusing on in-situ soil characterization. These logs provide 

information along subsurface depths for general soil type categorizations, moisture contents, and 

Standard Penetration Test (SPT) blow counts. According to Note 1, the foundation standard was 

approved for installation in cohesionless soils with an SPT (N1)60 value of at least 10. Installation 

sites with the water table above the bottom of the foundation or with very loose soils, among 

other conditions, required consultation with an Engineer. 

This study focused on addressing soil conditions in the region near Juneau, AK. The 

region includes problematic soil conditions at a relatively high frequency, with loose, potentially 

saturated soil due to the high water table near the Pacific ocean. A summary of data from boring 

logs provided by AK DOT&PF is shown in Figures 2.3 and 2.4. Boring log locations included 

Angoon Airport (ANG), a Rink Creek Road Bridge Replacement (GST), Haines Airport Access 

Road (HNS), Glacier Highway Improvements in Juneau (JNU_G), Mendenhall Loop Road 

Capacity Improvements in Juneau (JNU_M), Riverside and Stephen Richards Congestion 

Mitigation in Juneau (JNU_S), Kake Keku Road Upgrade (KAE), North Tongass Highway 

Resurfacing (KTN_N), South Tongass Highway Road Improvement Project (KTN_S), South 

Mitkof Highway Upgrade-Ohmer Creek Bridge (PSG), Klondike Highway MP 4-5 Repairs 

(SGY), Sawmill Creek Resurfacing & Pedestrian Improvements (SIT) at hole locations SIT18-

TH004, SIT18-TH005, and SIT18-TH006, and Wrangell and Bennett St / Airport Rd at hole 

locations WGR17-TH001 (WRG_A1) and WGR17-TH006 (WRG_A2). 
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Boring log locations with shaded cells in Figure 2.4 indicate MPT values, obtained using 

a 340-lb hammer and a 2-ft long by 3-in. outside diameter split spoon sampler, rather than a 140-

lb hammer and a 1.5-ft long by 2-in. outside diameter split spoon sampler for SPT. Blow counts 

were extracted for the upper 10 ft from each provided boring log, consistent with the maximum 

depth noted for light pole foundations in Figure 2.1, anticipating that a foundation would not 

need to be deeper for purposes of crashworthiness. The blow counts were then correlated to a 

soil characterization schema used by the Washington State DOT (WSDOT) [5] , as shown in 

Figure 2.5 (see also Figure B.39), treating the MPT results as functionally equivalent to SPT for 

purposes of this general characterization. According to this schema, soil conditions varied from 

Very Soft to Very Hard soil.  

Documented subsurface conditions could be highly variable, both from location to 

location, and along the depth at particular locations. JUN_S, for example, appeared to exhibit 

refusal with 50 blows to advance 4 in. around 2.5 ft below the ground surface, corresponding to 

Very Hard soil. However, the soil underlying that Very Hard layer was classified as Poor. 

Bedrock was generally encountered at depths greater than typical light pole foundations would 

extend according to AK DOT&PF Standard L-30.11. Bedrock only occurred within the upper 10 

ft below grade for KAE, for which bedrock was encountered at 9 ft. 
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Figure 2.3 AK DOT&PF Boring Log USCS Classifications 
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Figure 2.4 AK DOT&PF Boring Log SPT or MPT Blow Counts 
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Figure 2.5 AK DOT&PF WSDOT Soil Characterization [5] 
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Locations such as ANG and SIT-005 were regarded as out of scope due to the presence of 

organic material (peat) with negligible geotechnical strength or stiffness. Such materials were 

expected to be removed and replaced with more competent material during foundation 

installation. Location HNS was selected as a representative, lower-bound critical case, with 

predominantly “Very Soft Soil” within the anticipated depth of the foundation corresponding to 

SPT blow counts ranging from 5 to 8. An SPT blow count of 7 was selected as the target for 

crash testing soil conditions, extending the applicability of the study findings beyond the existing 

lower bound of 10 (assuming that corrected blow counts will be approximately equal to 

uncorrected blow counts).  

2.3 Previous Pole Impact Testing Research  

Research studies including full-scale crash tests and component-level (bogie) tests on 

light and utility poles have been conducted under NCHRP Report 230 [6], NCHRP Report 350 

[7], and MASH criteria [8, 9]. This section summarizes completed research and available reports 

relevant to this project. 

A study published in 2009 investigated pedestrian street crossing signal poles used by the 

New York State Department of Transportation (NYSDOT) [10] using a pendulum system to 

impart a simulated impact load. The poles typically used frangible bases, but NYSDOT believed 

the aluminum pole itself could break away near its base if the frangible connection was 

eliminated. Compliance testing and evaluation were performed to satisfy NCHRP Report 350 

(test designation nos. 3-60 and 3-61 for low speed and high speed, respectively). Low-speed 

impact was simulated using Valmont Industries’ pendulum and impact head with a crushable 

nose (Figures 2.6 and 2.7) at Valley, NE. Occupant impact criteria satisfied NCHRP Report 350, 

but a base connection remnant was 4.5 in., too tall to satisfy the AASHTO permissible limit of 4 

in. [11]. Occupant impact criteria were determined satisfactory for high-speed impact by analysis 
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using an extrapolation method recommended by FHWA [12, 13], and the study concluded with 

recommendations offered for modifications to satisfy the remnant height limit. 

MwRSF has also used pendulum testing to evaluate alternative, non-proprietary brass 

breakaway couplings for Illinois light poles in a study published in 2011 [14]. While the focus of 

the study was to evaluate non-proprietary couplings, the testing program included one test to 

evaluate Transpo double-neck couplings, similar to those shown in Alaska DOT&PF standard 

details. Compliance testing and evaluation were performed to satisfy NCHRP Report 350 (test 

designation nos. 3-60 and 3-61 for low speed and high speed, respectively). Seven tests were 

performed at Valmont using a pendulum and impact head with a crushable nose (Figure 2.6) to 

simulate low-speed impact. Tall, heavy steel light poles were tested to evaluate maximum 

occupant impact velocities, and medium height, lighter aluminum luminaire poles were tested to 

evaluate structural adequacy and verify activation of frangible couplings. The study found that 

steel structures should be limited to 45 ft to maintain acceptable occupant impact velocity (OIV), 

but aluminum structures were acceptable from 30 to 55 ft tall.  

Both the non-proprietary brass couplings and the Transpo couplings activated reliably, as 

shown in Figures 2.8 through 2.11. Three out of four Transpo couplings fractured at the upper 

neck, leaving remnants projecting approximately 6 in. above ground, violating the 4-in. limit in 

AASHTO [11], but were deemed acceptable based on an existing FHWA eligibility letter. It 

should be noted that only a subset of luminaire configurations was tested, and configurations 

different than those tested require case-by-case evaluations. 
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Figure 2.6 NYSDOT Aluminum Sign Testing – Pendulum and Crushable Nose [10] 

 

 
Figure 2.7 NYSDOT Aluminum Sign Testing – Pre-test and Post-test Specimen Photos [10] 
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Figure 2.8 IL DOT Non-proprietary Brass Breakaway Coupling Study – Non-proprietary 

Couplings Pre-test Photos [14] 

 

   
 Luminaire Pole Foundation 

Figure 2.9 IL DOT Non-proprietary Brass Breakaway Coupling Study – Non-proprietary 
Couplings Post-test Photos [14] 
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Figure 2.10 IL DOT Non-proprietary Brass Breakaway Coupling Study – Transpo Double-neck 

Couplings Pre-test Photos [14] 

 

  
 

  
 Light pole Foundation 
Figure 2.11 IL DOT Non-proprietary Brass Breakaway Coupling Study – Transpo Double-neck 

Couplings Post-test Photos [14] 
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The test with Transpo couplings was designated test no. BBC-4 in the testing program. 

The pendulum weighed 1,849 lb for the test and was instrumented with 3 accelerometer units for 

redundancy. When the pendulum impacted the test article, its momentum was transferred as an 

impulsive force acting simultaneously and in opposing equilibrium between the pendulum head 

and the pole shaft. Force magnitudes over time can be determined from the multiplication of 

recorded accelerations and the known pendulum mass. A deceleration log recorded during the 

impact is shown in Figure 2.12. The data is similar to that shown in the appendices of the report 

[14], except that the data in Figure 2.12 was processed using a CFC 60 filter, as recommended to 

determine impact forces, rather than using a CFC 180 filter, which is recommend to determine 

velocities and displacements by integration.  

The peak deceleration in the plot is -12.9 g, which corresponds to an impulsive force of 

23.9 kips acting between the pendulum and pole. The couplings used in the test were Pole-Safe 

Model No. 4100, which are functionally identical to the Model No. 5100 used by AK DOT&PF 

(see Figure 2.2). The difference between the models is due to the base connection. Model No. 

4100 incorporates an internally threaded base for attachment to threaded extensions. Model No. 

5100 has an externally threaded base for insertion into female anchors cast into concrete. Both 

models are fabricated with 1-in. diameters and machined to provide strategically weakened 

sections and a maximum ultimate restrained shear strength of 5.5 kips. The peak value compares 

well with the maximum shear capacity of the connectors, considering that deformation of the 

pole would be required to transmit load from the impact location to the couplings. Pole 

deformation requires inertial activation and slightly increases the peak force developed against 

the pendulum. 
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Figure 2.12 Longitudinal Deceleration (DTS-BF57H), Test No. BBC-4 
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2.4 Previous Soil-Embedded Foundation Impact Testing Research  

Researchers at MwRSF have conducted foundation and anchorage studies including full-

scale crash tests and component-level (bogie) tests for sponsors including state Departments of 

Transportation and the U.S. Department of Defense. DOT-sponsored research is publicly 

accessible, and the research most relevant to the present project evaluated foundations using 

bogie tests for weak (sandy) soil, strong soil, and with asphalt paving in a study published in 

2015 [15]. “Weak” and “strong” (or “standard”) soils are defined in MASH [9], which refers to 

earlier definitions provided in NCHRP Report 350 [7]. All foundations were HSS sockets 

encased in reinforced concrete cylinders. Concrete cylinders were 12- and 15-in. diameter in 

strong soil. Only 12-in. diameter cylinders were tested in weak soil, although depths were 

increased relative to strong soil test articles.  

Images are provided in Figures 2.13 and 2.14 for test nos. HTCB-17 and HTCB-18, 

respectively, in strong soil. Previous foundation specimens with a 12-in. diameter in strong soil 

in test nos. HTCB-10 and HTCB-11 experienced concrete breakout. In test no. HTCB-17, the 

foundation diameter was increased to 15 in., and the foundation was installed with a depth of 30 

in. The specimen experienced a peak force of approximately 17.7 kips, a maximum dynamic 

deflection of approximately 1.2 in., and a permanent displacement of approximately 0.6 in. (see 

Figure 2.13). Damage to the specimen was negligible. In test no. HTCB-18, the 15-in. specimen 

depth was reduced to 24 in. The peak force was similar and slightly higher than the 30-in. depth 

specimen, at 18.7 kips. Plastic hinging in the weak post socketed into the foundation occurred in 

all strong soil tests but was less pronounced in test no. HTCB-18 due to significantly larger 

foundation displacement within the soil (see Figure 2.14). The foundation experienced a 

permanent lateral displacement of approximately 6 in. at the ground line, highlighting the 

potential sensitivity of foundation response to small changes in embedment depth. Summary 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

20 

tabulated results and bogie force-displacement plots are provided in Table 2.1 and Figure 2.15 

for all strong-soil tests. 
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Figure 2.13 Time-Sequential and Post-Impact Photographs, Test No. HTCB-17 [15] 
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Figure 2.14 Time-Sequential and Post-Impact Photographs, Test No. HTCB-18 [15] 
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Table 2.1 Dynamic Testing Summary, Foundations Installed in Strong Soil [15] 

Test                    
No. Design Diameter 

in. 

Embed. 
Depth 

in. 

Impact 
Velocity       

mph 

Average Force 
kips Peak 

Force 
kips 

Total 
Energy         
kip-in. 

Permanent 
Foundation 
Deflection 

in. 

Foundation 
Damage 

@ 10" @ 15" @ 20" 

HTCB-10 J 12 30 20.6 10.8 8.3 6.8 20.7 149.6 2.2 
Concrete 

cracking and 
fracture 

HTCB-11 K 12 36 20.0 9.3 7.1 5.5 17.9 120.0 0.8 Concrete  
shear cracking 

HTCB-17 M 15 30 20.8 8.6 6.8 5.8 17.7 141.6 0.6 None 

HTCB-18 L 15 24 20.3 11.5 9.5 8.1 18.7 172.4 6.0 None 
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Figure 2.15 Force vs. Deflection, Foundations Installed in Strong Soil [15] 
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A total of five weak soil test articles, including four designs designated D through G, 

were subjected to bogie testing in test nos. HTCB-5 through HTCB-9. Foundation designs were 

similar, varying principally with reinforcing details intended to reduce or eliminate concrete 

breakout near the ground surface. All weak-soil foundation designs were 12-in. in diameter and 

embedded 60 in. deep. Images for test no. HTCB-9 are provided as a representative sample in 

Figure 2.16. The specimen experienced a peak force of approximately 13.7 kips, a maximum 

dynamic deflection of approximately 1.2 in., and a permanent displacement of approximately 1.1 

in. (see Figure 2.13). 

Summary tabulated results and bogie force-displacement plots are provided in Table 2.2 

and Figure 2.17 for all strong weak tests. Peak forces were approximately 13 to 14 kips for weak 

soil, versus approximately 18 to 20 kips for strong soil, with the difference primarily attributed to 

the greater flexibility of the foundation due to surrounding soil deformations during impact 

events. These results suggest that a foundation will need to be proportioned with either a 

diameter greater than 12 in., a depth greater than 60 in., or both, in order to provide a resistance 

of at least 22 kips and activate frangible couplings typically used by AK DOT&PF. 
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Figure 2.16 Time-Sequential and Post-Impact Photographs, Test No. HTCB-9 [15] 
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Table 2.2 Dynamic Testing Summary, Foundations Installed in Weak Soil [15] 

Test                    
No. Design  

Impact 
Height  

in. 

Impact 
Velocity       

mph 

Average Force 
kips Peak 

Force 
kips 

Total 
Energy         
kip-in.       

Permanent 
Foundation 
Deflection 

in. 

Foundation  
Damage 

@ 10" @ 15" @ 20" 

HTCB-5 D 15 20.8 8.9 7.7 6.4 13.3 140.3 0.3 Shear 
cracking/fracture 

HTCB-6 D 11 20.0 11.3 9.4 7.6 15.8 156.2 NA 
Foundation 

fracture & socket 
bending 

HTCB-7 E 11 20.7 10.0 8.4 6.8 13.6 144.6 0.8 Shear 
cracking/fracture 

HTCB-8 F 11 20.9 9.8 8.0 6.4 13.3 143.9 0.8 Shear 
cracking/fracture 

HTCB-9 G 11 20.8 9.8 7.7 6.1 13.9 130.2 1.1 Shear 
cracking/fracture 
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Figure 2.17 Force vs. Deflection, Foundations Installed in Weak Soil [15] 
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2.5 Review of State DOT Guidelines for Light Pole Foundations 

2.5.1 Overview 

A review of relevant literature and state DOT plans was conducted to gather and compile 

available information concerning soil conditions, SPT values, and state DOT practices in the 

design of light pole foundations. The goal was to gain insight into the current knowledge and 

practices regarding soil characteristics and testing methods, as well as to examine the design 

guidelines and standards followed by state DOTs in light pole foundation design. This 

information was sought to correlate available SPT data from AK DOT&PF to preliminary 

analytical models to guide foundation designs for testing and to assist in setting practical design 

configuration bounds.  

Much of the data collection was performed by an undergraduate research assistant, Mr. 

Taylor Drahota, supported by the University of Nebraska-Lincoln Undergraduate Creative 

Activities and Research Experiences (UCARE) program. Key points are summarized in this 

chapter, but additional data collected as part of the UCARE project are provided in Appendix A 

through Appendix D. The review particularly sought to collect information regarding general 

design guidelines, characterization of soil types, foundation dimensions, and weak or saturated 

soil condition foundation design criteria.  

Information was reviewed from 33 state DOTs, identified in Figure 2.18, with an effort to 

represent each of the four AASHTO Regions, and to prioritize states where weak and/or 

saturated soils were likely to be encountered. The scope of the light poles considered in this 

review involved pole heights of 40 ft or less and mast arm lengths of 15 ft or less. States were 

categorized according to the availability of guidance, as shown in Table 2.3, according to review 

focus topics shown in Table 2.4. A check mark in Table 2.4 indicates that detailed guidance and 

discussion was provided, while a bullet point indicates areas with some information available, 
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but not as substantial as those receiving a check mark. Considerations for weak soil conditions 

were mentioned by 13 out of 33 reviewed states. Most states emphasized the need for personnel 

with expertise in foundations when encountering weak and/or saturated conditions. 

 

 
Figure 2.18 States Included in Light Pole Foundation in Weak Soil Review 

 

States categorized as having “extensive guidance” in Table 2.3 had all four search criteria 

documented or at least three out of four with a substantial amount of information. Rhode Island 

serves as an example of a state with extensive guidance. States categorized as having “some 

guidance” provided between one and three sources of relevant information. Minnesota, with two 

out of the four search criteria, is an example of a state in this category. States categorized as 

having “no found guidance” are those for which an attempt to identify pertinent information was 

performed, but returned no results. The review was limited, and a result indicating no found 
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guidance does not necessarily indicate that guidance is lacking for a particular state, but rather 

that the UCARE student was not able to locate it subject to his time constraints. 

 

Table 2.3 State DOT Data Availability Summary Characterization 

States with Extensive 
Guidance 

States with Some 
Guidance 

States with No Found 
Guidance States Not Reviewed 

CA AL GA KY 
CT AK ID MS 
OR AZ AR MT 
RI DE VT NE 
TX FL  NV 
MA HI  NM 

 IL  NC 
 IN  ND 
 IA  OK 
 KS  SC 
 MD  SD 
 MI  TN 
 MN  UT 
 MO  VA 
 NH  WV 
 NJ  WI 
 NY  WY 
 OH   
 WA   
 LA   
 CO   
 ME   
 PA   
6 23 4 17 
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Table 2.4 State DOT Data Availability by Focus Topic 

State General Design 
Guidelines 

Characterization 
of Soil Strength 

Foundation 
Size with Soil 

Type 

Weak or 
Saturated Soil 

Design 
AL • •   
AK ✓ ✓ ✓  
AZ ✓ • ✓ • 
AR     
CA ✓ ✓ ✓  
CO ✓ • ✓ • 
CT ✓ ✓ ✓ • 
DE ✓  ✓ • 
FL ✓ ✓  ✓ 
GA     
HI  ✓  • 
ID     
IL ✓ ✓ ✓  
IN   ✓  
IA  ✓ ✓  
KS ✓   ✓ 
LA ✓    
ME  ✓ ✓  
MD  ✓ ✓  
MA ✓ ✓ ✓ ✓ 
MI  ✓ ✓  
MN ✓  ✓  
MO   ✓  
NH ✓  ✓  
NJ ✓ • 

 
✓ 

NY •   ✓ 
OH  ✓ ✓  
OR ✓ ✓  ✓ 
PA ✓ ✓ ✓  
RI ✓ ✓ ✓ • 
TX  ✓ ✓ ✓ 
VT     
WA  ✓   
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2.5.2 General Design Guidelines 

A general design guideline is defined as a note or recommendation that was available to 

aid the understanding of criteria considered when designing or constructing a light pole and its 

foundation. Breadth and depth of detailed information varied significantly among state DOT 

guidelines. Some states, such as the Oregon DOT, provided an abundance of information. For 

example, Good, Average, and Poor soils were defined as having angles of friction at least 35 

deg., between 35 and 25 deg., and less than 25 degrees, respectively. Poor soil was additionally 

defined to provide a design strength of 1500 psf. 

For a significant proportion of states (14 out of 33), no specific recommendations or 

notes regarding weak soil conditions were identified. These states most likely design and 

construct light poles on a case-by-case basis with reliance on consulting services from 

Geotechnical specialists in each case. Alternatively, these agencies may restrict guidance for 

these conditions to internal use only and not provide standards readily accessible to public 

internet searches.  

2.5.3 Characterization of Soil Parameters 

Among the 33 reviewed states, 21 states offered soil condition categorization guidance, 

encompassing soil density or consistency, ranges for uncorrected or corrected SPT blow counts 

(N), shear strengths (tons per square foot, tsf, or kips per square foot, ksf, or lb per square foot, 

psf), angles of friction (deg.), or unit weights (lb per cubic foot, pcf). Example guidance from 

Oregon DOT to categorize cohesive and cohesionless soils is provided in Figures 2.19 and 2.20. 

Additionally, some states provided information on the friction coefficient between the soil and 

foundation interface. Recommended coefficients varied from 0.25 for silt/clay to 0.7 for bedrock. 
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Figure 2.19 Oregon DOT Characterization Guidance for Cohesionless Soil 

 

 
Figure 2.20 Oregon DOT Characterization Guidance for Cohesive Soil 

 
 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

35 

2.5.3.1 Consistency/Relative Density and SPT Ranges  

Multiple states provided a density chart for cohesive soils, generally conforming to the 

categories and corresponding SPT ranges shown in Table 2.5. Minor differences were observed 

towards the upper end of SPT values, where all states, except for Oregon and Washington, 

lacked a “Very Hard” SPT range. However, in the interest of comprehensiveness, the table 

encompasses all ranges covered in the state DOT review. AK DOT&PF is therefore consistent 

with other state DOTs by having historically adopted the categorization as presented in Table 

2.5, up to a consistency level of “Hard” for cohesive soils. 

 

Table 2.5 Common SPT Ranges and Consistency Classifications for Cohesive Soils 

SPT (Blows/ft) Consistency 

< 2 Very Soft 

2-4 Soft 

5-8 Medium Stiff 

9-15 Stiff 

16-30 Very Stiff 

31-60 Hard 

> 60 Very Hard 

 

Provisions for cohesionless soils were generally in a similar form, correlating descriptive 

terms for “consistency” with a range of SPT values, similar to Table 2.6. Except for the 

Washington DOT, which included “Medium Dense” and “Dense” ranges defined by 11-24 and 

25-50 blows respectively, the ranges and corresponding descriptions were uniform across all 

reviewed states. The uniformity observed across reviewed states for both cohesive and 
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cohesionless soil consistency characterization suggests that a majority of DOTs follow a 

common standard when categorizing soil for geotechnical design based on common in-situ data. 

 

Table 2.6 Common SPT Ranges and Density Classifications for Cohesionless Soils 

SPT (Blows/Foot) Consistency 
0-4 Very Loose 
5-10 Loose 
11-30 Medium Dense 
31-50 Dense 
> 50 Very Dense 

 

2.5.3.2 Friction Angle and SPT Ranges 

The reviewed state DOTs adopted various methods and references to relate soil friction 

angles to SPT blow counts. The California DOT, Caltrans, provided plots intended to capture 

property correlations to SPT results for various types of soils, as shown in Figure 2.21. Friction 

angle correlations to SPT blow count values collected across the reviewed DOTs ranged from 

25-35 degrees for an SPT value of 0-10, 30-40 degrees for an SPT value of 10-30, 33-45 degrees 

for an SPT value of 30-50, and 37-50 degrees for SPT values exceeding 50. 
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Figure 2.21 Correlation of SPT Values to Drained Friction Angle of Granular Soil, Caltrans 
Geotechnical Manual Guidelines - Soil Correlations 

 

2.5.3.3 Undrained Shear Strength vs. SPT Ranges 

The approximate relationship between undrained shear strength and SPT values can be 

extrapolated by utilizing data values and tables from various states. One example is shown in 

Figure 2.22 from Caltrans. It is believed that undrained shear strength is more linearly related to 

SPT than friction angle. Other agencies adopted alternate correlations, so that undrained shear 

strength for cohesive soils can be estimated to be approximately 0-0.45 tsf for SPT values of 0-4, 

0.25-0.65 tsf for SPT values of 4-8, 0.5-1.0 tsf for SPT values of 8-15, 1-2.25 tsf for SPT values 

of 15-30, and 2-4 tsf for SPT values exceeding 30.  
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Figure 2.22 Correlation of SPT Values to Unconfined Compressive Strength, Caltrans 

Geotechnical Manual Guidelines - Soil Correlations 

 

2.5.3.4 Density and SPT Ranges  

States were more sparse and less uniform in their relations of soil unit weight and SPT 

ranges. A few states, such as Maine and Oregon, provided relatively detailed information 

regarding moist unit weight values based on SPT and soil type. For cohesive soils, unit weights 

ranged from 100 to 140 pcf corresponding to blow counts of 0 to 60. In the case of cohesionless 

soils, unit weights varied from 70 to 150 pcf based on blow counts ranging from 0 to 50. Caltrans 

also provided charts for moist unit weight values based on SPT in cases of granular and cohesive 

soil, as shown in Figure 2.23. Unit weight values based on SPT for cohesive soil are shown in 

Figure 2.24.  
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Figure 2.23 California DOT SPT vs. Moist Unit Weight for Granular Soil, Caltrans Geotechnical 

Manual Guidelines - Soil Correlations 

 
Figure 2.24 California DOT SPT vs. Unit Weight for Cohesive Soil, Caltrans Geotechnical 

Manual Guidelines - Soil Correlations 
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2.5.4 Foundation Dimensions 

Typical foundation plans published by state DOTs showed varying ranges between the 

recommended minimum and maximum depths (refer to Appendix C for additional details). Some 

states, such as Delaware and New Hampshire, specified only a single depth, likely selected to 

cover a "worst-case" scenario. However, other states, such as Maryland and Texas, specified 

standard designs with minimum and maximum depths ranging 4 ft or more. These variations 

were primarily attributed to specific design considerations and field conditions, such as pole 

heights and/or mast arm lengths, environmental loading, and on-site soil characteristics. 

The most common minimum and maximum depths were 6 ft and 8 ft, respectively. 

Extreme values noted from the review were 4 ft for the smallest minimum depth and nearly 12 ft 

for the largest maximum depth. The most common minimum and maximum diameters were 24 

in. and 36 in., respectively. The extreme value for minimum diameter was 18 in., but no states in 

the review specified a maximum diameter greater than the common value of 36 in. 

2.5.5 Weak and Saturated Soil Considerations 

Saturated soil can be particularly detrimental to geotechnical designs as it lowers the 

soil’s mechanical resistance to applied load by reducing its effective shear strength. However, 

information was sparse in state DOT guidance to address weak and/or saturated soil conditions. 

Data collected from state DOTs is provided in Appendix D. Additionally, a survey of selected 

state DOTs by the AASHTO Subcommittee on Traffic Engineering in 2015 was discovered 

during the review and is provided in Appendix E. Based on the reviewed data, states tend to 

design foundations for worst acceptable field conditions, avoid placing foundations on or in poor 

soil conditions, or engage the services of geotechnical specialists when other solutions are not 

viable.  
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2.6 Recommended Correlations of SPT to Other Soil Properties  

As the primary source of information available to characterize soils was boring logs with 

SPT data, the review of property correlations in literature focused on characterizing soils 

primarily based on only this readily available information. The following key parameters related 

to soil properties are of particular interest in assessing the response of a pole foundation under 

vehicle impact load: 

• Unit weight: The unit weight or bulk density of soil is used to determine its mass and 

its ability to provide inertial resistance against impact loads. 

• Elastic modulus: The elastic modulus of the soil represents its stiffness or ability to 

deform elastically under stress. It affects the resulting deformations in the soil and 

foundation system. 

• Poisson’s ratio: Poisson’s ratio describes the ratio of unconfined lateral strain to 

imposed axial strain in soil.  

• Friction angle: The friction angle is a measure of the shear strength and internal 

frictional resistance of the soil. It affects the soil’s ability to withstand lateral loads 

and resist sliding or failure. 

• Dilation angle: The dilation angle represents the tendency of the soil to expand or 

contract under shear stress. It is relevant in assessing the soil’s response to dynamic 

loading, such as vehicle impacts. 

• Cohesion: Cohesion is the internal strength or bonding between soil particles in 

cohesive soils. It contributes to the soil’s shear strength and resistance against 

deformations. 
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The following subsections explore recommended correlations between various granular 

soil properties and SPT results. By examining existing literature and guidelines, the aim was to 

identify established relationships between SPT values and important soil properties such as 

density, shear strength, angle of friction, and cohesion, and thereby facilitate numerical 

simulation, design, and evaluation of light pole foundations. 

2.6.1 SPT Correction  

During an SPT test, a 140-lb hammer is dropped from a height of 30 in. to strike a split-

spoon sampler. The SPT sampler has an outer diameter of 2 in. and an inner diameter of 1.5 in. 

The test measures the number of blows required to drive the SPT shoe 12 in. into the ground. 

It is important to note that the SPT does not incorporate any stress or strain measurement 

mechanism, and therefore, it does not provide direct measurements of soil strength or 

deformation modulus. However, it is observed that stronger or harder soils typically exhibit 

greater penetration resistance, indicated by higher SPT blow counts. Thus, engineers have 

utilized empirical correlations based on SPT data to estimate engineering properties of soils. 

Correction factors for SPT values are commonly used to adjust the measured blow counts 

to account for various factors that can affect the test results. These correction factors help ensure 

consistency and accuracy in interpreting SPT data. An N60 value can be determined from a field-

measured, uncorrected N value using the following equation:

• Energy efficiency correction factor (𝜂𝜂𝐻𝐻): accounts for differences in energy efficiency 

between different SPT hammers and equipment.  

• Borehole diameter correction factor (𝜂𝜂𝐵𝐵): accounts for the influence of borehole size on 

the energy transferred to the soil during the test. 

• Sampler factor (𝜂𝜂𝑆𝑆): adjusts measured SPT blow counts based on the specific type of SPT 

sampler used during the test. 
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• Rod length correction factor (𝜂𝜂𝑅𝑅): accounts for additional energy losses due to longer rod 

lengths. 

These factors can be determined obtained from various sources, such as Figure 2.25. 

 

 
Figure 2.25 SPT Correction Factors 𝜂𝜂𝐻𝐻, 𝜂𝜂𝐵𝐵, 𝜂𝜂𝑆𝑆, and 𝜂𝜂𝑅𝑅 [16] 

 

An overburden correction factor (CN) is then applied to adjust blow counts based on the 

effective stress conditions at the depth of the test. In the case of sand, the corrected N60 value, 

(N1)60, can be determined using the following equation: 

(𝑁𝑁1)60 = 𝐶𝐶𝑁𝑁(𝑁𝑁60)  (2) 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

44 

CN denotes the overburden correction factor obtained from one of several equations derived from 

empirical observations. Das [16] presents a summary of available equations, including one 

equation from Liao and Whitman (1986) [17], three equations from Skempton (1986) [18], one 

equation from Seed et al. (1975) [19], one equation from Peck et al. (1974) [20], and two 

equations from Bazaraa (1967) [21]. Ultimately, the research team estimated that the 

combination of all correction factors resulted in a net aggregate correction factor of 

approximately 1.0. 

2.6.2 Elastic Modulus and SPT   

Several studies have explored the relationship between SPT blow counts and the elastic 

modulus to establish empirical correlations (e.g., [22-26]). In the current study, the elastic 

modulus of silty sand was estimated using Table C10.4.6.3-1 from the AASHTO LRFD Bridge 

Design Specifications [1]. This table provides guidance on estimating the elastic modulus based 

on soil type and SPT blow count.  



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

45 

 
 

 
Figure 2.26 Correlation of Elastic Constants and SPT Values, Table C10.4.6.3-1 from AASHTO 

LRFD Bridge Design Specifications [1] 
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2.6.3 Friction Angle and SPT   

Researchers have proposed various empirical correlations in the literature to estimate the 

friction angle based on the SPT blow count. These formulations produce estimates that varied 

significantly, an outcome mirrored in guidance adopted among DOTs. Figure 2.27 shows the 

correlations of friction angle and SPT blow count from various research studies, including Wolff 

(1989) [27], Peck et al. (1974) [20], Hatanaka and Uchida (1996) [28], Mayne et al. (2001) [29], 

and JRA (1996) [30].  

 

 
Figure 2.27 Recommended Correlations of Friction Angle and SPT Values 

 

Peck et al. (1974) conducted a study on the behavior of foundation soils under static and 

dynamic loads. As part of this study, they investigated the correlation between SPT blow count 
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and friction angle. The findings indicated a general trend of increasing friction angle with higher 

SPT blow counts. However, the correlation varied depending on the soil type and conditions. 

Wolff (1989) conducted a comprehensive study to develop correlations between SPT 

blow count and friction angle for different soil types. The study involved field investigations and 

laboratory testing of various soils. The proposed correlations considered soil properties such as 

density, grain size, and soil classification. 

Hatanaka and Uchida (1996) conducted field and laboratory tests to develop a correlation 

between SPT blow count and friction angle for sandy soils. The study focused on evaluating the 

influence of relative density and grain size on the correlation.  

Mayne et al. (2001) performed an extensive research study to investigate the correlation 

between SPT blow count and friction angle for different soil types. The study incorporated a 

large database of SPT and friction angle data from various geotechnical projects.  

Japan Road Association (JRA) (1996) conducted research to establish design guidelines 

for road structures in Japan. As part of their study, they developed correlations between SPT 

blow count and friction angle specifically for Japanese soil conditions.  

Lastly, the AASHTO LRFD Bridge Design Specifications recommend ranges of friction 

angles corresponding to corrected SPT values, as shown in Figure 2.28. The ranges 

approximately bracket the results from the various methods mentioned above, except for the JRA 

values at low SPT values. 
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Figure 2.28 Correlation of SPT (N1)60 Values to Drained Friction Angle of Granular Soil, Table 

10.4.6.2.4-1 from AASHTO LRFD Bridge Design Specifications [1] 

 

2.6.4 Unit Weight and SPT   

The unit weight or density of soil is generally expected to correlate positively with SPT 

values – i.e., denser soils with higher unit weights generally exhibit higher SPT values, 

indicating stiffer, more resistant material. The correlation between unit weight and SPT results is 

not directly proportional and is influenced by other factors such as grain size distribution, the 

presence of fines, soil structure, stress history, and moisture content. An example of 

recommended correlations for cohesionless soil that are considered fairly reliable is presented in 

Figure 2.29. This guidance was used in combination with guidance collected from the review of 

state DOTs (recall Section 2.5.3.4) to establish values for preliminary analytical modeling. 
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Figure 2.29 Recommended Correlations of Unit Weight and SPT Values [20, 26] 
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Chapter 3 Preliminary LS-DYNA Modeling 

3.1 Overview  

The evaluation and design of roadside hardware, such as breakaway light poles, often 

requires full-scale crash tests to assess their performance in impact events. However, the cost and 

complexity associated with conducting such tests imposes limitations on the extent of evaluation 

that can be performed for a system. Alternative methods of evaluation, such as finite element 

analysis, can supplement evaluation efforts and reduce the needed testing scope by identifying 

critical configurations. Although computer simulation has become more prominent over time, 

numerical modeling alone has not been deemed sufficiently robust to entirely replace testing. A 

critical challenge in modeling soil-dependent systems, including pole foundations, relates to 

accurately representing the mechanical and inertial behavior of the soil and its interaction with 

the foundation when subjected to vehicle impacts.  

In this study, a preliminary evaluation of the response of a soil-embedded foundation 

under impact was conducted using an LS-DYNA finite element analysis model. The model was 

developed using LS-DYNA Version 10.1 [31, 32] and had various components, which are 

described below. Preliminary models were developed for both a steel post embedded in a 

concrete foundation, as well as a pole and couplings connecting to the foundation. Both 

configurations modeled a soil medium surrounding the foundation. 

3.2 Model Components 

3.2.1 Post 

The post was initially modeled as an ASTM A36 steel W6x16 section. This selection was 

based on previous research by Coon and Reid (1999) [33] and Pajouh et al. (2018) [34]. These 

studies showed that this type of post does not yield when displaced through a strong soil. 

However, it was acknowledged that when embedded in a rigid concrete foundation, post yielding 
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may occur. The main objective of choosing this post was to preliminarily observe rotational 

movement during an impact event, intending to isolate the soil resistance from the resistance 

provided by the post and foundation. 

The steel post was modeled with fully integrated shell elements, with a maximum 

element size of 10 mm (0.39 in.), and assigned a *MAT_PIECEWISE_LINEAR_PLASTICITY 

material formulation with parameters as shown in Table 3.1. In these initial simulations, the yield 

strength of the steel post was set to 47 ksi, which was derived from prior research [34]. As the 

portion of the post cast into the concrete was not expected to significantly influence the 

simulation results, the post was only modeled for the length extending above the top of the 

foundation. The base of the modeled post was rigidly constrained to the top surface of the 

foundation. 

 

Table 3.1 Piecewise Linear Plasticity Material Model Input Parameters for Steel Post 

 

3.2.2 Foundation 

The foundation in the model was represented using solid elements with a fine mesh, with 

a maximum size of 25 mm (1 in.). The cylindrical foundation diameter was 30 in., matching the 

average diameter of the typical AK DOT&PF shown in Figure 2.1. Although the minimum depth 

Material parameter Value 
Density (lb/in3) 0.284 

Young’s modulus (ksi) 29007 

Poisson’s ratio 0.28 

Effective plastic strain 
ep1 ep2 ep3 ep4 ep5 ep6 ep7 ep8 

0.000 0.0152 0.0226 0.0407 0.069 0.0983 0.1345 0.7093 

Effective stress (ksi) 
es1 es2 es3 es4 es5 es6 es7 es8 

47.00 47.60 54.94 64.02 72.08 76.87 80.60 110.28 
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specified in the AK DOT&PF foundation standard was 7 ft, AK DOT&PF personnel indicated 

that a depth of 6 ft had been used successfully in the past. Considering this indicated historic 

reliability, and that this depth was also common among reviewed DOTs elsewhere in the US, a 

depth of 6 ft was selected for preliminary modeling. Since no concrete breakout was anticipated 

in the test, the foundation was modeled as rigid, and no reinforcement was included in the model. 

 

   
Figure 3.1 AK DOT&PF Foundation from L-30.11 (left), and Post and Foundation LS-DYNA 

Model (right) 

3.2.3 Soil 

A rigorous modeling method was adopted to represent soil for this study, modeling a 

discrete block of soil using solid elements, with an element size of 1.0 in. in the vicinity of the 
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foundation and increasing to 2 in. in the surrounding region. Previous studies utilizing this 

approach include those conducted by Wu and Thomson (2007), Bligh et al. (2004), and Pajouh et 

al. (2017) [35-37]. While this approach is highly dependent on input parameters and may 

introduce non-physical hourglass energies due to large deformations, it was nonetheless deemed 

the preferred method for the present study in consideration of the lack of calibrated and validated 

simplified soil models in literature to represent weak soils. 

The foundation was surrounded by solid soil elements assigned the Jointed Rock Model 

(MAT-198). The MAT-198 model was selected as it was found to be more stable compared to 

the MAT-193 model (Drucker Prager). A sensitivity analysis was conducted on the post-

foundation-soil models with 10 ft x 10 ft, 12 ft x 12 ft, and 20 ft x 20 ft soil block plan 

dimensions to determine the appropriate size of the soil block, and it was found that there were 

no significant differences in the results of models with 12-ft and 20-ft soil blocks. Therefore, the 

soil block used in the analysis had dimensions of 12 ft x 12 ft x 12 ft. The boundaries at the 

bottom and sides of the soil block were restricted to simulate the actual conditions. Automatic 

Single Surface-to-Surface contact was defined between the concrete foundation and the soil. 

The following soil parameters were considered essential for the analysis: density, elastic 

modulus, friction angle, cohesion, and Poisson’s ratio. Conservative (lower bound) and common 

values for these parameters were selected to approximate the behavior of loose silty sand in the 

study’s location of interest, based on available guidance in literature and state DOT resources, as 

discussed in Chapter 2. The soil density and elastic modulus were assumed to be 115 lb/ft³ and 

4.35 ksi, respectively, and the Poisson’s ratio was set at 0.35. The friction angle was assumed to 

be 30 degrees, and a cohesion of 0.005 ksi was assigned (maintained as a non-zero value for 

numerical stability). 
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Figure 3.2 Soil, Post, and Foundation Model 

 

3.2.4 Bogie (Surrogate Vehicle) 

In bogie tests, a rigid-frame surrogate bogie vehicle, with a weight similar to that of a 

small passenger car, was used to impact the system head-on, as shown in Figure 3.3. The weight 

of the modeled bogie was 1,730 lb in initial models to match past testing but was later increased 

to better reflect anticipated testing conditions. In the bogie test, a pickup truck with a reverse 

cable tow system was used to propel the bogie to a target impact speed.  

An impact speed of 20 mph and an impact height of 22 in. were initially considered in the 

analysis. The chosen impact speed is a common reference for evaluating the performance of 

roadside hardware, including light poles, similar to MASH test designation no. 3-60 impact 
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conditions (which has an impact speed of 19 mph). The impact height of 22 in. was selected to 

be comparable to the average height of small passenger car bumpers, which typically range from 

16 in. to 27 in. above the ground. 

 

 
(a) 

 
(b) 

Figure 3.3 Bogie Impacting Post: (a) Physical Testing, and (b) LS-DYNA Modeling 
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3.2.5 Pole and Couplings 

The modeled light pole system selected for modeling and testing was based on inventory 

recently procured by AK DOT&PF. A sample order of light poles was provided by AK 

DOT&PF, as shown in Figure 3.4. An LS-DYNA model was developed for the pole identified 

from recent AK DOT&PF procurement as a critical configuration (Pole No. 141 in Figure 3.4), 

consisting of a vertical pole, a single mast arm, a coupling base, a 6-ft deep reinforced concrete 

foundation, and soil domain. The light pole had a 10-gauge wall thickness and extended 35.5 ft 

above the ground surface. The tapered pole had top and bottom diameters of 5.53 in and 10.5 in., 

respectively. The mast arm had an 11-gauge wall thickness and a 20-ft length, rising 5.5 ft above 

the center of the connection attachment, establishing a luminaire mounting height of 40 ft. The 

light pole base was welded to a 15.5-in. square, 1⅜-in. thick steel plate. A visual representation 

of the system and connections in LS-DYNA is provided in Figure 3.5. 

The materials employed included ASTM A595 Grade A steel for both the light pole and 

the mast arm. Support was provided by a breakaway coupling base from Transpo Industries, 

incorporating four 1-in. diameter, double-neck couplings, as illustrated in Figure 3.5(b). 

The mast arm was connected to the light pole through a multi-component attachment 

featuring three ¾-in. diameter, ASTM A325 galvanized hex bolts. This attachment comprised an 

8.75-in. tall × 8-in. wide × 1-in. thick, ASTM A709 mounting plate on the light pole side and an 

8.75-in. tall × ¾-in. thick, ASTM A709 mounting plate on the mast arm side, with a width 

varying from 8-in. at the top to 6-in. at the bottom, as detailed in Figure 3.4 and shown for the 

computational model in Figure 3.5(c). 
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Figure 3.4 AK DOT&PF Sample Light Pole Order 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

 

58 

 

 

 

(a) (b) (c) 
Figure 3.5 LS-DYNA Models for Light Pole Systems: (a) Light Pole System; (b) 6-ft 

Foundation; (c) Mast Arm-to-Pole Connection 

 

The light pole and mast arm were modeled utilizing four-node, fully integrated, shell 

elements. The coupling, nut, light pole base plate, and mounting plates were represented by 

eight-node solid elements. The model incorporated hourglass control with the Flanagan-

Belytschko viscous formulation for solid elements, and a specified hourglass coefficient of 0.05 

to reduce hourglass effects. The light pole system was mounted to a 2.5-ft diameter reinforced 

concrete (RC) foundation, embedded in sand, with a depth of 6 ft. Although the physical 

concrete foundation specimen was planned to be reinforced with eight #8 longitudinal steel bars 

and #5 circular hoops for transverse reinforcing, no reinforcing was included in the preliminary 
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model as foundation damage was anticipated to be minor, so the concrete material was assigned 

only elastic material properties. The foundation concrete was modeled using eight-node solid 

elements. 

The light pole system's material response, which includes components such as the light 

pole, mast arm, mounting plates, base plate, couplings, nuts, and washers, was simulated using 

the Mat Piecewise Linear Plasticity model. The steel's elastic modulus was set at 2.9×104 ksi, 

with a Poisson's ratio of 0.3. The yield strength for ASTM A595 and ASTM A449 steel was 

specified as 55 ksi and 43.5 ksi, respectively, aligning with materials used in component tests. A 

plastic failure strain was set in the material model for couplings, to facilitate the breakaway 

mechanism during impact loading. The concrete for the foundation was simulated using Mat 

Elastic with concrete properties. The concrete elastic modulus and Poisson’s ratio were assumed 

to be 4.64 ksi and 0.2, respectively. Connections between the couplings and the foundation were 

simplified and modeled as rigid constraints.  

Soil domain dimensions, element formulation, and constitutive properties were adopted 

from the post model, as described in Section 3.2.3. In order to bound potential soil behavior, 

simulations were performed using couplings attached to a rigid base, representing very stiff soil, 

as well as with weak (SPT = 7) and very weak (SPT = 3) soil. LS-DYNA parts, element types, 

element formulations, material types, and material formulations are summarized in Table 3.2. 

. 
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Table 3.2 List of Simulation Model Parts and LS-DYNA Parameters 

Part Name Element 
Type 

Element 
Formulation Material Type Material 

Formulation 

Light pole Shell Belytschko-Tsay ASTM A595 
Grade A 

Piecewise Linear 
Plasticity 

Mast arm Shell Belytschko-Tsay ASTM A595 
Grade A 

Piecewise Linear 
Plasticity 

Light pole base 
plate Solid  Constant stress ASTM A709 Piecewise Linear 

Plasticity 

Hex nut Solid  Constant stress ASTM A563 
Grade DH Rigid 

Flat washer Solid  Constant stress ASTM A153 Rigid 

Double-neck 
light pole-safe 

coupling 
Solid  Constant stress ASTM A449 

(assumed) 
Piecewise Linear 

Plasticity 

Mounting plate Solid Constant stress ASTM A709 Piecewise Linear 
Plasticity 

Luminaire mass Shell Belytschko-Tsay ASTM A595 
Grade A Rigid 

Concrete Solid Constant stress 4,000 psi 
Concrete Elastic 

Soil Solid Constant Stress AASHTO Type 
A-3 Sand Jointed Rock 

 

3.3 Simulation Results 

3.3.1 Dynamic Bogie Impacting an Embedded Post System 

In the initial round of simulation, the impact scenario involved a 1,730-lb bogie 

impacting the post embedded in a concrete foundation at a speed of 20 mph. The post was 

assumed to have a yield strength of 47 ksi, based on past testing performed by the testing facility 

using A36 steel W-shapes.  

Foundation depth was varied from 2 to 8 ft in increments of 2 ft, as shown in Figure 3.6. 

Soil was initially modeled with parameters typically selected to represent MASH strong soil, as 

described previously. The post developed a plastic hinge in each case, and the foundation had 
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maximum displacements of 7 in., 3.4 in., 2 in., and 1.2 in. for 2-ft, 4-ft, 6-ft, and 8-ft depths, 

respectively, recorded at a node at the top surface of the foundation. AK DOT&PF did not have a 

firm limitation on foundation displacement due to vehicle impact. However, a desire was noted 

to be able to remove and replace a damaged light pole without requiring the foundation to be 

excavated and reinstalled. Note 8 in Figure 2.1 specifies that “anchors greater than 1:40 out-of-

plumb will result in foundation rejection.” Adopting this Note as a proxy limit, and assuming 

that the foundation tips from its base, the maximum acceptable displacements for the considered 

foundation depths were 0.6 in., 1.2 in., 1.8 in., and 2.4 in. 

The assumption of tipping from the base rather than rotating about a point along the 

foundation height, as well as use of MASH strong soil, were not conservative. Conversely, the 

use of a non-breakaway post was conservative due to the extended impulse imparted to the 

foundation rather than that expected with frangible couplings. Additionally, the contact force 

recorded at the impact location reached 35 kips for the post, whereas Transpo frangible 

couplings used by AK DOT&PF will limit the peak force to 22 kips. On balance, the 6-ft depth 

was deemed to have a reasonable likelihood of adequate performance, although its peak 

displacement of 2 in. exceeded the notional limit of 1.8 in. in the initial model. As this 

foundation depth had previously been noted as a desirable outcome from the project in 

discussions with the sponsor, it was selected as the focus for subsequent modeling.
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Figure 3.6 Foundations with Depths of 2, 4, 6, and 8 ft in MASH Strong Soil  

 

In the second round of simulations, soil properties were modified to represent soils with 

SPT values of 7 (loose sand) and 3 (very loose sand). Properties for these two cases were 

determined using the AASHTO and Caltrans SPT relations noted previously. Specifically, the 

density was obtained from the Caltrans graph shown in Figure 2.23, elastic modulus and 

Poisson’s ratio from Figure 2.26, and friction angle from Figure 2.28. In the case of loose sand, 

the density was selected as 103 pcf, with an elastic modulus of 1.5 ksi, a friction angle of 30 

degrees, and a Poisson’s ratio of 0.3. For very loose sand, the density was set at 85 pcf, with an 

elastic modulus of 0.3 ksi, a friction angle of 26 degrees, and a Poisson’s ratio of 0.25. These 

selected soil conditions were intended to determine the influence of weak soil in comparison to 

the strong soil conditions simulated in the 1st round, as well as the sensitivity of foundation 
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response to soil placement in physical testing. The impact force, determined from the recorded 

contact force at the impact location, and displacement of the foundation in the direction of 

impact, determined from a node at the top surface of the foundation, were compared and 

presented in Figures 3.7(a) and 3.7(b), respectively. 

Figure 3.7(a) illustrates the variation in impact force for the SPT 3 and SPT 7 soil 

conditions. This shows how the soil properties affect the magnitude of the impact force 

experienced by the post-soil-foundation system. The peak recorded contact force for the 

simulation with soil having an SPT of 3 was found to be 36 kips, and for the simulation with soil 

having an SPT of 7, the value was found to be 37.2 kips. Thus, there was not a significant 

difference in the peak impact force for loose versus very loose sandy soil conditions.  

Figure 3.7(b) shows the displacement of the foundation in the direction of impact for the 

SPT 3 and SPT 7 soil conditions. The foundation in soil with an SPT of 3 showed significantly 

greater deflection compared to the foundation in soil with an SPT of 7.
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(a) 

 

 
(b) 

Figure 3.7 Second Round of Simulation Results: (a) Impact Force, and (b) Foundation 
Displacement in Direction of Impact 
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Residual displacement, or permanent set, is another important consideration in evaluating 

the performance of a foundation. Limiting foundation permanent set may allow a foundation to 

be reused without requiring earthwork, whereas unacceptably large displacements will require 

the foundation to be excavated, re-set, and backfilled. In the simulation of a 6-ft deep foundation, 

the secondary peak for the case of involving soil with an SPT of 7 was 1.8 in., which provides a 

reasonable upper bound for the simulation permanent set.  

In the third round of simulation, only the soil with SPT of 7 was considered, and 

adjustments were made to match the actual bogie test conditions. The mass of the bogie was 

adjusted to 1,850 lb, the impact speed was set to 19 mph, and the impact height was adjusted to 

25 in. Additionally, the yield strength of the post was modified to reflect the nominal material 

properties anticipated for the bogie test, which was 50 ksi for ASTM A992 steel. These 

adjustments aimed to align the simulation more closely with the real-world test conditions, 

allowing for a more accurate evaluation of the post-foundation performance and response to the 

impact. The contact force and foundation displacement are shown in Figures 3.8(a) and Figures 

3.8(b), respectively.  
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(a) 

 
(b) 

Figure 3.8 Third Round of Simulation Results: (a) Impact Force, and (b) Foundation 
Displacement in Direction of Impact 
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3.3.2 Dynamic Bogie Impacting a Light pole System 

In the simulations, the bogie vehicle model with a mass of 1,850 lb impacted the light 

pole system at an angle of 0 degrees, as shown in Figure 3.9, and at a velocity of 19 mph, similar 

to MASH test designation no. 3-60. The height of the impact was 25 in. from the ground level to 

the center of the impact head. Soil properties and related parameters were applied to the models 

replicating the analyses of lateral impacts into the post foundation assembly-soil system, for 

weak (SPT = 7) and very weak soil (SPT = 3). An additional simulation involved the bogie 

vehicle model impacting the light pole model supported by a rigid base at a velocity of 19 mph to 

compare the analysis results and evaluate the breakaway mechanism of the coupling base. In all 

simulations, the single mast arm was set perpendicular to the direction of impact. 

 

  
(a) Side view (b) Front view 

Figure 3.9 Bogie Impacting Light Pole System 
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Figures 3.10 and 3.11show sequential views of the bogie vehicle impacting the light pole 

system. Within 10 ms, the light pole was dented at the impact location. As the event progressed 

to 20 ms, all four couplings fractured at both upper and lower neck locations. By 30 ms, the 

bogie head relinquished contact with the light pole. In all three simulations, the breakaway 

mechanism was activated through the failure of all four couplings at both neck locations. 
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0 ms 0 ms 0 ms 

   
10 ms 10 ms 10 ms 

   
20 ms 20 ms 20 ms 

Figure 3.10 Sequential Views: (a) Rigid Base; (b) Weak Soil; and (c) Very Weak Soil



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

 

70 

   
30 ms 30 ms 30 ms 

   
50 ms 50 ms 50 ms 

(a) (b) (c) 
Figure 3.11 Sequential Views: (a) Rigid Base; (b) Weak Soil; and (c) Very Weak Soil, Cont. 

 

 Forces in the couplings at the lower neck location were obtained using Database Cross 

Section Plane in LS-DYNA to examine coupling response during the bogie impact, as shown in 

Figure 3.12(a). Peak horizontal forces of 31.4 kips and 32.5 kips were recorded at 0.012 s and 

0.014 s after bogie impact for weak (SPT =7) and very weak (SPT = 3) soil, respectively, as 

illustrated in Figure 3.12(b). According to Transpo Industries, Inc., product specifications shown 

in Figure 2.2, the maximum restrained shear strength of an individual steel breakaway coupling 

is 5.5 kips, resulting in a total of 22 kips shear strength of the coupling base for the light pole 

system. Although bogie or pendulum decelerations may exceed the rated strength of the 

couplings due to inertial effects from mass activation of the pole, the simulations results should 
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ideally not demonstrate such a discrepancy. The couplings may not have been adequately 

modeled with respect to material properties, geometric properties, or both. As the objective of 

the research was not to develop a robust model of proprietary Transpo products, the results were 

considered acceptable for the purposes of the project, acknowledging that the results may be 

slightly conservative due to greater than realistic impulse and momentum transfer into the 

foundation prior to frangible coupling activation. 

  



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

 

72 

 
(a) 

 
(b) 

Figure 3.12 Horizontal Force at Lower Neck Location of Couplings: (a) Cross-sectional Force 
Location; (b) Horizontal Forces 

 

Figure 3.13 shows the foundation displacement in the direction of bogie impact from the 

simulations with the weak soil (SPT =7) and the very weak soil (SPT = 3). In the weak soil 

condition, the top of the foundation attained a peak dynamic displacement of 1.0 in. When the 

light pole system was embedded in very weak soil, the dynamic peak displacement of the 
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foundation was 3.03 in. Residual displacements were not obtained as the simulation was 

computationally expensive and was not run for a duration adequate to observe predicted stable 

final conditions. As expected, the foundation in very weak soil with an SPT of 3 was predicted to 

experience greater deflection compared to the foundation in the weak soil with an SPT of 7. 

 

 
Figure 3.13 Foundation Displacement in Direction of Impact 

 

3.4 Summary 

Initial LS-DYNA models were configured to investigate the sensitivity of foundation 

depth when supporting an embedded steel post and surrounded by MASH strong soil. A depth of 

6 ft resulted in a peak displacement of 2.0 in., slightly higher than a nominal approximate 

threshold residual displacement of 1.8 in. The peak displacement should be a conservative 

indicator of residual displacement due to elastic soil rebound and foundation rock-back. 

Additionally, the load was imparted through a steel post embedded in the foundation. Plastic 
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hinging of the post results in a longer duration impulse than anticipated from frangible couplings 

present in a vehicle impact scenario. Lastly, the 6-ft depth had been used previously for 

installations by AK DOT&PF and had performed adequately in service. The 6-ft depth was 

therefore selected for further investigation. 

When the 6-ft foundation model was revised to represent weak and very weak soil 

conditions, intended to correspond approximately to SPT values of 7 and 3, respectively, 

foundation displacements increased significantly. Peak foundations displacements were 

approximately 4.2 in. and 10.0 in. for SPT of 7 and 3, respectively. Although these 

displacements were unacceptable according to the target 1.8 in. threshold, the weak (SPT = 7) 

soil exhibited a secondary peak displacement slightly less than 2.0 in., suggesting that the 

residual displacement may satisfy the target threshold as the foundation would come to rest in 

subsequent oscillations. Additionally, the force-time responses for both weak and very weak soil 

conditions were identical up to approximately 33 kips, indicating that foundation inertia was 

adequate to reach embedded post plastification, and should also be adequate to activate Transpo 

couplings having a group maximum shear strength of 22 kips. The impulsive forces exceeding 

Transpo coupling breakaway strengths also suggest that peak displacement demands were 

overestimated with an embedded steel post compared to the values that would be expected with 

frangible couplings. 

Finally, simulations were performed with 35.5-ft tapered steel poles with single 20-ft 

mast arms and mounted to breakaway couplings, similar to hardware used in-service by AK 

DOT&PF. Bogie impacts were simulated for 19 mph impact speeds at 0 deg impact angles, 

similar to MASH test designation no. 3-60. Simulation cases included couplings attached to a 

rigid base, to a concrete foundation surrounded by weak (SPT = 7) soil, and to a concrete 

foundation surrounded by very weak (SPT = 3) soil.  
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Coupling activation was observed in each model. Transpo couplings are a proprietary 

product, so modeling for these components in the preliminary models was based on assumed 

properties. Peak forces recorded in LS-DYNA for a plane passing through the couplings 

indicated that the peak shear force reached approximately 31 to 32 kips, regardless of modeled 

soil properties. This observation confirmed the expectation that foundation inertia alone was 

sufficient to activate the frangible couplings, even though they exhibited a greater strength in the 

model than would be expected for real-world installations. Additionally, the shorter duration of 

the impulse for the frangible couplings compared to the plastically hinging embedded steel post 

resulted in peak foundation displacements reducing from 4.2 in. to 1.0 in. for weak (SPT=7) soil, 

and from 10.0 in. to 3.0 in. for very weak (SPT = 3) soil.  

Although these results are based on unvalidated, estimated material parameters, they 

provided confidence to proceed with initial physical testing of 6-ft deep, 2.5-ft diameter concrete 

foundations embedded in sandy soil with SPT values of approximately 7. 
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Chapter 4 Component Testing Conditions 

4.1 Purpose 

This study employed dynamic bogie testing to evaluate peak and residual displacements 

for concrete foundations embedded in weak soils and subjected to dynamic impact loading.  

4.2 Scope 

A total of six bogie tests were conducted on foundations embedded in sandy soils to 

simulate weak soil conditions. The impact tests simulated a vehicular impact from a small car at 

19 mph with an impact angle of 0 degrees, creating a classical “head-on” or full-frontal collision. 

Impacts on test articles occurred at a height of 25 in. above the ground line to represent contact 

from a small car bumper.  

As noted in Section 3.4, a foundation depth of 6 ft was selected as the priority 

configuration for testing, with a target peak displacement of 1.8 in. Tests were conducted in two 

rounds. The first round of tests used a steel post embedded in the foundation. A second round of 

tests mounted steel light poles to foundations using Transpo breakaway couplings. All tests were 

conducted with foundations surrounded by Type A-3 sand material per AASHTO specifications 

[38]. Further details on individual tests are included at the beginning of each respective testing 

chapter. 

4.3 Test Facility 

Physical testing of the post and foundation assembly in sand was conducted at the 

Midwest Roadside Safety Facility (MwRSF) outdoor proving grounds, which is located at the 

Lincoln Air Park on the northwest side of the Lincoln Municipal Airport. The facility is 

approximately 5 miles (8 km) northwest of the University of Nebraska-Lincoln’s city campus. 
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4.4 Equipment and Instrumentation 

Equipment and instrumentation utilized to collect and record data during the dynamic 

bogie tests included a bogie vehicle, accelerometers, a retroreflective speed trap, high-speed and 

standard-speed digital video, still cameras, and a linear displacement transducer to record 

foundation displacement at the ground surface. 

4.4.1 Bogie Vehicle 

A rigid-frame bogie was used to impact the posts. A variable height, detachable impact 

head was used in the testing. The bogie head was constructed of 8-in. diameter, ½-in. thick 

standard steel pipe, with ¾-in. neoprene belting wrapped around the pipe to prevent local 

damage to the post from the impact. The impact head was bolted to the bogie vehicle, creating a 

rigid frame with an impact height of 25 in. The bogie with the impact head is shown in Figures 

4.1 and 4.2 in preparation for tests impacting an embedded steel post and a steel light pole, 

respectively. The weight of the bogie with the addition of the mountable impact head and 

accelerometers was 1,860 lb and 1,860 lb for test nos. AKLP-1 through AKLP-4 and AKLP-5 

and AKLP-6, respectively. 
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Figure 4.1 Rigid-Frame Bogie on Guidance Track Preparing to Impact Embedded Steel Post 

 

 
Figure 4.2 Rigid-Frame Bogie on Guidance Track Preparing to Impact Light Pole 

 

The tests were conducted using a steel corrugated beam guardrail to guide the tire of the 

bogie vehicle. A pickup truck with a reverse cable tow system was used to propel the bogie to 

the target impact velocity. When the bogie approached the end of the guidance system, it was 

released from the tow cable, allowing it to be free rolling when it impacted the post. A radio-
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controlled brake system was installed on the bogie, allowing it to be brought safely to rest after 

the test. 

4.4.2 Accelerometers 

An accelerometer system was mounted on the bogie vehicle near its center of gravity 

(c.g.) to measure the acceleration in the longitudinal, lateral, and vertical directions. However, 

only the longitudinal acceleration was processed and reported.  

The SLICE-1 and SLICE-2 units were modular data acquisition systems manufactured by 

Diversified Technical Systems, Inc. (DTS) of Seal Beach, California. The SLICE-1 unit was 

designated as the primary system for test nos. AKLP-1 through AKLP-4, and the SLICE-2 unit 

was designated as the primary system for AKLP-5 and AKLP-6. The acceleration sensors were 

mounted inside the bodies of custom-built, SLICE 6DX event data recorders and recorded data at 

10,000 Hz to the onboard microprocessor. Each SLICE 6DX was configured with 7 GB of non-

volatile flash memory, a range of ±500 g’s, a sample rate of 10,000 Hz, and a 1,650 Hz (CFC 

1000) anti-aliasing filter. The SLICEWare computer software program and a customized 

Microsoft Excel worksheet were used to analyze and plot the accelerometer data 

4.4.3 Retroreflective Optic Speed Trap 

A retroreflective optic speed trap was used to determine the speed of the bogie vehicle 

before impact. Three retroreflective targets, spaced at approximately 18-in. intervals, were 

applied to the side of the bogie vehicle. When the emitted beam of light was reflected by the 

targets and returned to the Emitter/Receiver, a signal was sent to the data acquisition computer, 

recording at 10,000 Hz, as well as the external LED box activating the LED flashes. The speed 

was then calculated using the spacing between the retroreflective targets and the time between 

the signals. LED lights and high-speed digital video analysis are used as a backup if vehicle 

speeds cannot be determined from the electronic data. 
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4.4.4 Digital Photography 

Two AOS high-speed digital video cameras and two Panasonic digital cameras were used 

to document each of test nos. AKLP-1 through AKLP-4. Three AOS high-speed digital video 

cameras, two GoPro digital video cameras, and three Panasonic digital cameras were used to 

document each of test nos. AKLP-5 and AKLP-6. The AOS high-speed cameras had a frame rate 

of 500 frames per second, the GoPro video camera had a frame rate of 120 frames per second, 

and the Panasonic digital video cameras had a frame rate of 120 frames per second. The cameras 

were placed laterally from the test articles, with a view perpendicular to the bogie’s direction of 

travel. A digital still camera was also used to document pre- and post-test conditions for all tests. 

4.4.5 String Potentiometer 

A linear displacement cable extension transducer, or string potentiometer or string pot, 

was installed at the edge of the sand pit to determine the displacement of the post foundation for 

each bogie test. The string pot was installed at the edge of the pit opposite the impact face of the 

test article for test nos. AKLP-1 and AKLP-2, as shown in Figure 4.3, where the impact side was 

on the left side of the test article from the camera’s perspective. The string pot was installed at 

the edge on the same side as the impact face for AKLP-3 through AKLP-6, as shown in Figure 

4.4, viewing the impact side of the test article. The string potentiometer was a UniMeasure PZ-

50 with a range of 50 in. A Micro-Measurements Group Vishay Model signal conditioning 

amplifier was used to condition and amplify the low-level signals to high-level outputs for 

multichannel, simultaneous dynamic recording in LAbVIEW software. The sampling rate of the 

string potentiometers was 1,000 Hz.  

4.5 End of Test Determination 

When the impact head initially contacts the test article, the force exerted by the bogie 

vehicle is directly perpendicular to the test article. However, for tests impacting an embedded 
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post, the post rotates and the bogie’s orientation and become oblique to the post longitudinal 

(initially vertical) axis. This introduces two sources of error: (1) the contact force between the 

impact head and the post has a vertical component and (2) the impact head slides upward along 

the test article. Therefore, only the initial portion of the accelerometer trace should be used since 

variations in the data become significant as the system rotates. Additionally, guidelines were 

established to define the end of test time using the high-speed video of the impact. The first 

occurrence of either of the following events was used to determine the end of the test: (1) the test 

article fractured or (2) the bogie overrode or lost contact with the test article. 

 

 
Figure 4.3 Typical String Potentiometer Setup, Test Nos. AKLP-1 and AKLP-2 
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Figure 4.4 Typical String Potentiometer Setup, Test Nos. AKLP-5 and AKLP-6 

 

4.6 Data Processing 

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE 

Class 60 Butterworth filter, conforming to the SAE J211/1 specification [39]. The pertinent 

acceleration signal was extracted from the bulk of the data signals. The processed acceleration 

data was then multiplied by the mass of the bogie to obtain the impact force using Newton’s 

Second Law. Next, the acceleration trace was integrated to find the change in velocity versus 

time. The initial velocity of the bogie, calculated from the retroreflective optic speed trap data, 

was then used to determine the bogie’s velocity, and the calculated velocity trace was integrated 

to find the bogie’s displacement. This displacement is also the displacement of the post at the 

impact height. Combining the previous results, a force vs. deflection curve was plotted for each 

test. These curves only illustrated the lateral resistive applied at displacements equal to the 

movement of the bogie vehicle and impact head, not the displacement of the foundation. Finally, 
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integration of the force versus displacement produced the energy versus displacement curve for 

each test. 

Similar to the accelerometer data, the pertinent data from the string potentiometer was 

extracted from the bulk signal. The extracted data signal was converted to a displacement using 

the transducer’s calibration factor. Displacement versus time plots were created to describe the 

motion of the foundation at the ground line. The exact moment of impact could not be 

determined from the string potentiometer data as the impact may have occurred a few 

milliseconds prior to foundation movement. Thus, the extracted time shown in the displacement 

versus time plots should not be taken as a precise time after impact, but rather an approximate 

time in relation to the impact event. 
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Chapter 5 Design Details – Foundations with Embedded Steel Posts 

Four bogie tests were performed to evaluate the behavior of foundations subjected to 

impact loading when surrounded by soft soil with varying conditions of compaction and 

moisture content. The test article for each test was an ASTM A992 W6x16 steel post embedded 

into a 30-in. diameter, 6-ft deep reinforced concrete foundation with a specified compressive 

strength of 4,000 psi. The post was oriented to resist impact in strong-axis flexure. Design details 

for test nos. AKLP-1 through AKLP-4 are provided in Figures 5.1 through 5.5, and sample 

representative photographs documenting the construction and installation of the foundations are 

shown in Figures 5.6 through 5.10. Material specifications, mill certifications, and certificates of 

conformity for the reinforced concrete, socketed foundations are shown in Appendix F. 

The post size was selected to provide a shear approximately equal to the Transpo 

coupling breakaway force of 22 kips. Assuming an actual yield stress equal to the nominal stress, 

50 ksi, a plastic section modulus of 11.7 in.3 for strong axis flexure resulting from impact against 

the flange face, and a moment arm equal to the impact height of 25 in., the theoretical peak 

expected shear was 23.4 kips, 6 percent higher than the target value of 22 kips. The post was 

embedded 3 ft into the 6 ft foundation. 

Each foundation was constructed with a diameter matching the average diameter in AK 

DOT&PF L-30.11 (recall Figure 2.1), but a Sonotube form was substituted for the corrugated 

steel form, as shown in Figure 5.6. Substitution of the smooth Sototube form was considered a 

conservative modification by reducing tangential engagement between the foundation and soil, 

resulting in increased foundation displacement during the impact event. Longitudinal reinforcing 

was not expected to significantly influence test results, and so was reduced from #11 to #8 bars 

to approximately the minimum allowable reinforcing ratio for a column-type concrete element. 

Similarly, spiral reinforcing would provide improved performance if the foundation was required 
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to develop its full capacity in combined axial and flexure effects, particularly if ductility was 

required such as for seismic demands. These considerations likely dictated the standard 

reinforcing used by AK DOT&PF for foundations. However, the transverse reinforcing only 

needed to resist breakout by shear from the embedded post, so the spiral reinforcing was changed 

to discrete circular hoop ties typically spaced at 12 in. but with three additional ties near the top 

of the foundation (spacing reduced to 6 in.) to ensure shear breakout at the post would not occur. 

Boring logs provided by AKDOT&PF indicated that near-surface soils were generally 

sandy soils (recall Figure 2.3). Accordingly, a test pit was excavated and fill that met the criteria 

of Type A-3 sand material as specified by the American Association of State Highway and 

Transportation Officials (AASHTO) was placed around the foundation for each test. An initial 

effort was made to experiment with various compaction protocols using small test pits to achieve 

the target unit weight and corresponding target SPT blow count of 7. The small test pits were 3-ft 

diameter, 4-ft deep excavations in the native soil at the test site. Based on that initial effort, a 

compaction protocol was initially adopted to place soil in 8-in. lifts, with three passes using a 

pneumatic piston tamper after placing each lift. Figure 5.7 shows the compaction procedure in-

progress for test no. AKLP-1. This procedure was similar to the protocol typically used when 

placing MASH strong soil, but the initial small test pits had indicated that SPT values remained 

low for sand fill regardless of this protocol. 

SPT blow counts were obtained by Drs. Chung Rak Song and Seunghee Kim for each of 

test nos. AKLP-1 to AKLP-4 using a GeoProbe 7822DT drill rig fitted with a DH103 Automatic 

Drop Hammer. Sample photos taken during SPT testing for test no. AKLP-1 are provided in 

Figure 5.8 and 5.9. SPT blow counts are shown for each of test nos. AKLP-1 to AKLP-4 in 

Figures 57. For test no. AKLP-1, SPT blow counts were 7, 15, and 20 for the successive 18-in. 

tests progressing from the ground surface. This result was not in agreement with the objective to 
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test weak soil conditions with low SPT values, likely due to overburden and repeated successive 

compaction passes with the piston tamper in the 10-ft x 10-ft x 8-ft deep foundation testing pit, 

resulting in higher SPT blow counts than had been observed previously for the 3-ft diameter x 4-

ft deep small test pits. 

After testing with a higher than desired soil stiffness for test no. AKLP-1, the foundation 

was excavated and most of the soil to the depth of the foundation was removed from the pit. A 

new test article was placed in the pit for test no. AKLP-2, sitting on a 2-ft thick base layer of 

previously compacted soil, and sand fill was placed loose around the foundation to bracket 

extreme lower bound soil stiffness conditions. The sand for test no. AKLP-2 was not subject to 

any compaction other than overburden from self-weight. SPT tests were performed at locations 

approximately midway between the test article and three of the soil pit corners for test no. 

AKLP-2. The sampler initially sank into the soil under the static weight of the 140 lb hammer at 

each location, represented by values of 0 for varying depths at different hole locations. Blow 

counts were generally less than 5 for the upper 4 ft of the soil, but increased noticeably as the 

sample depths neared previously compacted conditions from test no. AKLP-1 around 6 ft. 

In an attempt to replicate a more uniform weak soil condition similar to the HNS boring 

log from AK DOT&PF, the soil compaction protocol was modified from that used for test no. 

AKLP-1 to reduce the compaction applied at moderate depths. Instead of three passes with the 

piston tamper, a single pass was performed after each 8-in. lift, except for the top 2 ft of soil. The 

top 2 ft received three passes, as the SPT for the first sample near the ground surface for test no. 

AKLP-1 exhibited the target SPT value of 7 after being placed with three passes. This modified 

protocol was followed for both test nos. AKLP-3 and AKLP-4, and resulted in SPT blow counts 

generally closer to the target value of 7 approximately uniformly along the depth, although the 
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values were now too low at the uppermost layer and remained higher than desired at deeper 

locations.  

Blow counts at approximately 2 ft and deeper were greater for test no. AKLP-4 in 

comparison to test no. AKLP-3. The two tests differed with respect to soil moisture content. 

Some boring logs provided by AK DOT&PF reported high water table elevations and moisture 

contents around 15% to 23%. In particular, the HNS log selected as a target reference for SPT 

blow counts reported a sampled moisture content of 18.4% around 4 ft below the ground surface. 

A target of 18% moisture content was selected to represent a high moisture content condition for 

the testing program (referred to as “Saturated” on the test plans). Test no. AKLP-3 was 

performed with increased moisture content, and test no. AKLP-4 was performed with nominally 

dry soils similar to test nos. AKLP-1 and AKLP-2. “Dry” referred to in-situ conditions, typically 

with moisture contents around 1% to 3%. 1500 gallons of water were added to the soil for test 

no. AKLP-3 during the day prior to testing. Additional water was added prior to performing the 

test, reaching a total of approximately 1800 gallons, which should have produced a moisture 

content close to 18%. Laboratory testing of samples obtained from the SPT testing shortly before 

executing the impact test indicated moisture contents ranging approximately 5% to 8%, 

reflecting that a significant portion of the water had flowed out of the sand fill into the soil 

underlying the test site concrete tarmac. This observation influenced test preparation procedures 

for a subsequent specimen with a light pole mounted to the concrete foundation, discussed later 

in this report. 
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Figure 5.1 Bogie Testing Matrix and Setup, Test Nos. AKLP-1 through AKLP-4 
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Figure 5.2 Concrete Form and Post Details, Test Nos. AKLP-1 through AKLP-4 
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Figure 5.3 Base Assembly Details, Test Nos. AKLP-1 through AKLP-4 
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Figure 5.4 Rebar Details, Test Nos. AKLP-1 through AKLP-4 
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Figure 5.5 Bill of Materials, AKLP-1 through AKLP-4 
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Figure 5.6 Construction Photographs, Test No. AKLP-1 
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Figure 5.7 Sand Compaction In-Progress, Test No. AKLP-1 

 

 
Figure 5.8 GeoProbe Preparing for Soil Testing, Test No. AKLP-1 
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Figure 5.9 GeoProbe Sampler for SPT Testing, Test No. AKLP-1 
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Figure 5.10 Pre-Test Photos, Test No. AKLP-1 
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Figure 5.11 Measured SPT Blow Counts As-Installed for Test Nos. AKLP-1 through AKLP-4 
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Chapter 6 COMPONENT TESTING – FOUNDATIONS WITH EMBEDDED STEEL POSTS 

6.1 Purpose  

Tests on foundations with embedded steel posts were performed to assess the 

foundations' mechanical response during simulated impact events. Key performance 

characteristics included force versus displacement, energy versus displacement, and force versus 

lateral deflections. The intent of the tests was focused on cost-effectively investigating soil 

properties and behavior prior to performing tests on full-scale light poles, as the resistive forces 

offered by soil and the consequent displacements experienced by foundations during impact 

events were expected to be significantly influenced by soil stiffness. 

6.2 Scope 

Four bogie tests were conducted on three foundation specimens, as detailed in Chapter 5. 

Soil stiffness is correlated with soil compaction, density, and SPT blow counts. Tests varied 

compaction protocols, and included a comparative case of dry versus wetted soils. A matrix of 

test conditions is available in Chapter 5, in Figure 5.1. 

6.3 Foundations with Embedded Posts Results  

Through component testing, the performance of each foundation in varying soil 

conditions was evaluated in terms of the impact force as a function of displacement, the energy 

dissipated as a function of displacement, and the displacement of the foundation. Peak forces 

were desired to be at least as large as the Transpo breakaway couplings’ activation threshold. 

Residual displacements would ideally be less than or equal to 1.8 in., although greater 

displacements did not necessarily disqualify a foundation as a candidate for light pole testing. 

The elongated impulse imposed on the foundation by plastic hinging of the embedded post was 

expected to produce greater displacements for the embedded post than would occur with 

breakaway couplings, as observed in preliminary modeling (recall Chapter 1). 
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Accelerometer data was used to ascertain the impact force. Displacements determined 

from the accelerometer data pertain to the motion of the bogie and section of the post in contact 

with the bogie, while the displacements recorded by the string potentiometer indicate foundation 

top surface displacement. Given that these displacements correspond to distinct components, the 

magnitudes and corresponding times of initial motion are anticipated to differ, with greater 

displacement at the bogie contact location than at the top surface of the foundation, as well as 

initiating earlier due to inertial activation of the foundation delaying foundation displacement. 

The acceleration data was obtained at approximately the center of gravity of the bogie. 

This introduced a degree of error into the data, attributed to the bogie's lack of perfect rigidity 

and passages of vibratory stress waves within the bogie. Filtering procedures were applied to the 

data to mitigate errors associated with vibrations along the bogie frame. Although the bogie 

experienced slight rotations (pitching) during impact, the rotations were found to be 

insignificant. The data was deemed to be valid for representing the impact force applied between 

the bogie head and post.  
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6.3.1 Test No. AKLP-1 

During test no. AKLP-1, a 1,860-lb bogie struck the post and foundation assembly 

traveling at a velocity of 18.9 mph. The bogie impacted the post flange at 25 in. above the 

ground line, causing strong-axis bending in the post. Upon impact, post hinging and rotation 

were observed prior to visible motion of the foundation through the soil. The bogie’s forward 

momentum was arrested at approximately the 0.042-second mark following contact. The bogie 

pitched backward, sliding upward along the post flange, and losing contact with the post 

assembly at approximately the 0.100-second mark following contact. The post exhibited plastic 

deformation at its base. Cracking was observed at the top surface of the concrete, extending from 

the outer edges of the steel post flexural tension flange. Time-sequential and component damage 

photographs are provided in Figures 6.1 and 6.2. 

The contact force rose smoothly to a peak force of 38.3 kips coinciding with an 

approximately 2.5-in. displacement of the post at the impact height. Following the peak value, 

the force plateaued at approximately 37.1 kips up to a displacement of 8.0 in. Beyond this 

displacement, the bogie’s momentum was depleted and the bogie came to rest against the test 

article. Article rebound from its peak displacement was negligible. During the impact, the post, 

foundation, and soil absorbed a total energy of 266.3 kip-in., equal to the kinetic energy of the 

bogie immediately before impact, and reflecting that the bogie’s forward motion was fully 

arrested. Force versus displacement and energy versus displacement plots, derived from 

accelerometer data, are depicted in Figure 6.3. 

Data obtained via a string potentiometer indicated that the top of the reinforced concrete 

foundation attained maximum dynamic and permanent set deflections of approximately 1.5 in. 

and 0.9 in., respectively, as shown in Figure 6.4. 
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Figure 6.1 Time-Sequential and Damage Photographs, Test No. AKLP-1 
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Figure 6.2 Additional Time-Sequential and Damage Photographs, Test No. AKLP-1 
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Figure 6.3 Force vs. Displacement and Energy vs. Displacement Response, Test No. AKLP-1 

 

 
Figure 6.4 Displacement of the Foundation, Test No. AKLP-1 
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6.3.2 Test No. AKLP-2 

During test no. AKLP-2, a 1,860-lb bogie struck the post and foundation assembly 

traveling at a speed of 19.0 mph. The bogie impacted the post flange at 25 in. above the ground 

line, causing strong-axis bending in the post. Upon impact, post hinging and rotation were 

observed prior to visible motion of the foundation through the soil. The bogie’s forward 

momentum was arrested at approximately the 0.194-second mark following contact, at which 

time the foundation had undergone a large rotation in the soil. Bogie pitch was minor. Upon 

arrest of forward momentum, the bogie head slid down the face of the post until the bogie came 

to rest. The post exhibited plastic deformation at its base, evident by slight curvature of the 

compression flanges slightly above the concrete surface and flaking of the galvanizing coating. 

Plastic hinging was more clearly evident following excavation of the test article from the pit due 

to the tilt of the post when viewed in profile. Cracking was observed at the top surface of the 

concrete, extending from the outer edges of the steel post flexural tension flange. Time-

sequential and component damage photographs are included in Figures 6.5 and 6.6. 

The contact force rose smoothly to a peak force of 36.9 kips, corresponding with an 

approximately 2.3-in. displacement of the post at the impact height. The bogie lost contact with 

the post between 0.040 and 0.060 seconds, corresponding to a bogie post-impact displacement of 

about 7.1 in., due to foundation rotation through the loose sand fill. Loss of contact is evident in 

the accelerometer data with contact force dropping to zero. The bogie regained contact with the 

post and the impact force climbed to a secondary peak of 14.8 kips before falling again and 

plateauing at around 5 kips to a bogie post-impact displacement of approximately 25.2 in. before 

coming to rest. The post and foundation assembly absorbed a total energy of 267.9 kip-in. during 

the impact event, equal to the kinetic energy of the bogie immediately before impact, and 
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reflecting that the bogie’s forward motion was fully arrested. Force versus displacement and 

energy versus displacement plots obtained from accelerometer data are displayed in Figure 6.7. 

Recorded data from the string potentiometer indicated a maximum and permanent set 

displacement of 12.4 in. for the top of the reinforced concrete foundation, as depicted in Figure 

6.8. String pot displacements represent relative motion between the instrument housing, mounted 

to the tarmac at the edge of the test pit opposite the impact side of the post, and a reference 

attachment point for the string – a screw affixed to and projecting upward from the top surface of 

the concrete at the leading edge of the foundation. Notably, as shown in Figure 6.6, the 

attachment reference was subsumed in the loose sand fill. The string from the instrument housing 

to the attachment reference was also partially subsumed and went slack when the cable tension 

was not adequate to retract the cable at the same speed as the foundation top surface travel 

during the test. Therefore, the reliability of displacement data beyond about 60 ms may be 

compromised and should be viewed as approximate. 
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Figure 6.5 Time-Sequential and Damage Photographs, Test No. AKLP-2 
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Figure 6.6 Additional Time-Sequential and Damage Photographs, Test No. AKLP-2 
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Figure 6.7 Force vs. Displacement and Energy vs. Displacement Response, Test No. AKLP-2 

 

 
Figure 6.8 Displacement of the Foundation, Test No. AKLP-2 
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6.3.3 Test No. AKLP-3 

During test no. AKLP-3, a 1,871-lb bogie struck the post and foundation assembly 

traveling at a velocity of 18.9 mph. The soil had been wetted the day before and the morning 

prior to the test, resulting in a moisture content approximately 5% to 8% in the sandy soil fill. 

The bogie’s momentum was mostly arrested and the bogie pitched backward, sliding upward 

along the post flange, at approximately the 0.020-second mark following contact. The bogie head 

overrode the post and came to rest on the top of the post at approximately the 0.462-second mark 

following contact. The post exhibited plastic deformation at its base. Minor surface spalling was 

observed at the top surface of the concrete adjacent forward of the steel post flexural tension 

flange. Time-sequential and component damage photographs are provided in Figures 6.9 and 

6.10. 

The contact force rose smoothly to a peak force of 34.8 kips coinciding with an 

approximately 2.2-in. displacement of the post at the impact height. Following the peak value, 

the force plateaued at approximately 30.5 kips up to a displacement of 8.7 in. At that point, the 

bogie’s momentum had been depleted and the bogie came to rest atop the test article. During the 

impact, the post, foundation, and soil absorbed a total energy of 268.0 kip-in, equal to the kinetic 

energy of the bogie immediately before impact, and reflecting that the bogie’s forward motion 

was fully arrested. Force versus displacement and energy versus displacement plots, derived 

from accelerometer data, are depicted in Figure 6.11. 

Data obtained via a string potentiometer indicated that the top of the reinforced concrete 

foundation attained maximum dynamic and permanent set deflections of approximately 1.8 in. 

and 1.2 in., respectively, as shown in Figure 6.12. 
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Figure 6.9 Time-Sequential and Damage Photographs, Test No. AKLP-3 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

 

111 

 
Impact 

 

 
 

0.050 sec 

 
0.100 sec 

 
0.150 sec 

0.200 sec 
Figure 6.10 Additional Time-Sequential and Damage Photographs, Test No. AKLP-3 
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Figure 6.11 Force vs. Deflection and Energy vs. Deflection Responses, Test No. AKLP-3 

 

 
 

Figure 6.12 Displacement of the Foundation, Test No. AKLP-3 
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6.3.4 Test No. AKLP-4 

The test article used previously with loose fill (no compaction) in test no. AKLP-2 had 

experienced less significant plastic deformation than other tests as a result of greater foundation 

movement in the loose soil. Its reuse was therefore deemed appropriate to obtain soil 

characterization test data in test no. AKLP-4 by installing the test article rotated 180 degrees 

from the orientation used in test no. AKLP-2. Soil placement and compaction procedures were 

identical to test no. AKLP-3, except that the soil was protected from weather for test no. AKLP-4 

to ensure dry conditions, similar to test nos. AKLP-1 and AKLP-2. 

During test no. AKLP-4, a 1,860-lb bogie struck the post and foundation assembly 

traveling at a velocity of 19.8 mph. The bogie impacted the post flange at 25 in. above the 

ground line, causing strong-axis bending in the post. Upon impact, post hinging and rotation 

were observed prior to visible motion of the foundation through the soil. The bogie’s forward 

momentum was arrested at approximately the 0.044-second mark following contact. The bogie 

pitched backward, sliding upward along the post flange. The post exhibited plastic deformation 

at its base. Cracking and minor surface spalling were observed at the top surface of the concrete, 

extending from the outer edges of the steel post flexural tension flange. Time-sequential and 

component damage photographs are provided in Figures 6.13 and 6.14. 

The contact force rose smoothly to a peak force of 35.8 kips coinciding with an 

approximately 2.5-in. displacement of the post at the impact height. Following the peak value, 

the force plateaued at approximately 35.2 kips up to a displacement of 8.9 in. Beyond this 

displacement, the bogie’s momentum was depleted and the bogie came to rest against the test 

article. Article rebound from its peak displacement was minor. During the impact, the post, 

foundation, and soil absorbed a total energy of 291.7 kip-in., equal to the kinetic energy of the 

bogie immediately before impact, and reflecting that the bogie’s forward motion was fully 
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arrested. Force versus displacement and energy versus displacement plots, derived from 

accelerometer data, are depicted in Figure 6.15. 

Data obtained via a string potentiometer indicated that the top of the reinforced concrete 

foundation attained maximum dynamic and permanent set deflections of approximately 1.6 in. 

and 0.9 in., respectively, as shown in Figure 6.16. 
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Figure 6.13 Time-Sequential and Damage Photographs, Test No. AKLP-4 
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Figure 6.14 Additional Time-Sequential and Damage Photographs, Test No. AKLP-4 
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Figure 6.15 Force vs. Deflection and Energy vs. Deflection Responses, Test No. AKLP-4 

 

 
Figure 6.16 Displacement of the Foundation, Test No. AKLP-4 
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6.4 Summary of Bogie Tests on Embedded Posts 

The results of the four bogie tests are summarized in Table 6.1. Additional data is 

available in Appendix G and Appendix H. 

 

Table 6.1 Dynamic Testing Results 

Test No. Impact Velocity, 
mph 

Peak Force, 
kips 

Total Energy, 
kips-in. 

Permanent Set 
Deflection, in. 

Soil 
Condition 

AKLP-1 18.9 38.3 266.3 0.9 Dry 

AKLP-2 18.9 36.9 267.9  (±, ≥) 12.4 Dry 

AKLP-3 18.9 34.8 268.0 1.2 Partially 
Saturated 

AKLP-4 19.8 35.8 291.7 0.9 Dry 

 

These tests were executed under similar impact parameters, which included: 

• Utilization of a consistent W6x16 steel post section with an overall length of 72 

in. and embedment depth measuring 36 in. 

• Employment of an identical bogie impact head 

• A constant impact height set at 25 in. above the ground line 

• Implementation of a consistent concrete foundation having a diameter of 30 in. 

and an embedment depth of 72 in. (6 ft) 

• Use of a surrogate bogie vehicle typically weighing 1,860 lb 

• Impact velocities in close proximity to the predetermined target velocity of 19 

mph 

Test no. AKLP-1 was conducted with a 1,860-lb bogie and an impact velocity of 18.9 

mph, resulting in a peak force of 38.3 kips. The total energy absorbed by the post and foundation 

assembly was 266.3 kip-in., and the permanent set deflection recorded was 0.9 in. This test was 
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carried out under dry soil conditions with SPT blow counts ranging from 7 at 1.5 ft depth to 20 at 

4.5 ft depth. 

In test no. AKLP-2, the bogie weight was identical and impact velocity was nearly 

identical to that of test no. AKLP-1, at 1,860 lb and 19.0 mph, respectively. However, the peak 

force registered was slightly lower at 36.9 kips. The total energy absorption increased marginally 

to 267.9 kip-in., reflecting the slight increase in impact velocity, and there was a significant 

increase in the permanent set deflection, which was recorded at 12.4 in. Note that, due to 

interference from the soil, the foundation deflection should be considered approximate. Like test 

no. AKLP-1, this test was also conducted under dry soil conditions. SPT values were measured 

at three locations. Because the soil was placed loose, SPT values were much lower than in test 

no. AKLP-1, with the static hammer weight causing a penetration to almost 1.5 ft at one location, 

an SPT value of 2 at about a 4 ft depth at one location, and values of 5 and 9 at about 4.5 ft 

depths at two other locations.  

Test no. AKLP-3 was conducted with a 1,871-lb bogie and an impact velocity of 18.9 

mph. The peak force was 34.8 kips, and the total energy absorbed by the post and foundation 

assembly was 268.0 kip-in., comparable to test no. AKLP-2 with due to offsetting slightly 

increased mass and decreased impact velocity. The permanent set deflection was measured at 1.2 

in. Soil was placed in a modified protocol from that used in test no. AKLP-1, resulting in 

intermediate SPT results between test nos. AKLP-1 and AKLP-2. Additionally, this test was 

carried out after wetting the soil. SPT blow counts ranged from 2 at 1.5 ft depth to 10 at 4.5 ft 

depth. 

The final test, test no. AKLP-4, was conducted with a 1,860-lb bogie and a higher impact 

velocity of 19.8 mph compared to previous tests. The peak force recorded was 35.8 kips and the 

total energy dissipated was 291.7 kip-in, increasing in comparison to previous tests due to the 
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higher impact velocity. The permanent set deflection was similar to test no. AKLP-1, measuring 

0.9 in. Soil compaction procedures were identical to test no. AKLP-3, but the test pit was 

protected to ensure dry conditions. SPT blow counts ranged from 3 at 1.5 ft depth to an average 

of 18 at 4.5 ft depth for two hole locations. It is not known to what extent the difference in SPT 

blow counts for test nos. AKLP-3 and AKLP-4 is due to moisture conditions versus sensitivity of 

installation personnel compaction procedures. 

Summary force versus displacement and energy versus displacement plots are provided 

in Figures 6.17 and 6.19, and Figures 6.18 and 6.20, respectively. Placing soil to achieve a 

uniform SPT value along the depth proved challenging, but the results indicate that the 

foundation response was largely insensitive to the soil compactness and moisture content for 

foundation displacements up to about 8 in. Test no. AKLP-2 exhibited much greater 

displacement with loose soil fill compared to other tests, but the duration of impulse and 

momentum transfer to the foundation with an embedded steel post unrepresentatively severe in 

comparison to the foundation demands that will be imposed by breakaway couplings when a 

light pole is subjected to a full-scale vehicle impact.  

The theoretical peak shear expected for the posts was 23.4 kips based on a moment arm 

from the top of the foundation to the impact point 25 in. above. Confinement from the concrete 

surrounding the flange shifted the plastic hinge to occur about 2 in. above top of the foundation. 

Additionally, the mill certification for the steel post reported a yield stress of 57.5 ksi. 

Accounting for both of these effects, the shear corresponding to the plastic hinge increased to 

about 29.3 kips. Calculated peak forces during tests exceeding this value reflect additional 

inertial resistance from the steel post above the hinge. The testing series confirmed that the 

Transpo coupling breakaway activation maximum load of 22 kips could be developed solely by 
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the mass of a concrete foundation with a typical diameter of 30 in. and a depth of only 6 ft, 

shallower than currently allowed under AK DOT& PF Standard Plan L-30.11. 

 

 
Figure 6.17 Force vs. Deflection Comparison, All Foundations with Embedded Steel Posts 
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Figure 6.18 Energy vs. Deflection Comparison, All Foundations with Embedded Steel Posts  

 

 
Figure 6.19 Force vs. Deflection Comparison, All Foundations with Embedded Steel Posts 
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Figure 6.20 Energy vs. Deflection Comparison, All Foundations with Embedded Steel Posts  
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Chapter 7 Design Details – Foundations with Breakaway Steel Poles 

Two bogie tests were conducted to investigate breakaway activation for steel light poles 

mounted to concrete foundations. Both foundations were embedded in weak soils. One test was 

performed with dry soils and one test with saturated soils. Test no. AKLP-2 demonstrated that a 

foundation surrounded by loose soils was able to develop a peak force at least as great as the 

maximum Transpo coupling breakaway activation threshold of 22 kips by relying primarily on the 

inertia of the foundation rather than soil stiffness. Therefore, foundations supporting steel poles 

with Transpo couplings were installed with loose sandy fill for both tests. SPT blow counts were 

2 or less to depths of about 6 ft in both tests, as shown in Figure 7.1. Soil was dry for test no. 

AKLP-5 and saturated for test no. AKLP-6. 

The test article for each test comprised a light pole with a height of 35.5 ft, a mast arm 

extending 20 ft, a coupling base, and a reinforced concrete foundation with a depth of 6 ft and a 

diameter of 30 in. The light pole specifications and details conformed to a recent order by AK 

DOT&PF, ensuring representativeness for the light pole inventory in Alaska. Concrete foundations 

were identical to those used in test nos. AKLP-1 through AKLP-4, except that ties were spaced at 

12 in. throughout the height (i.e., the additional ties near the top of the foundation were not 

included for test nos. AKLP-5 and AKLP-6). Four Transpo Type B female anchors were embedded 

at the top surface of the foundations to receive Pole-Safe Model No. 5100 couplings. Soil was 

AASHTO Type A-3, identical to that used in test nos. AKLP-1 through AKLP-4. Both test nos. 

AKLP-5 and AKLP-6 were performed with a nominally 1,850-lb rigid bogie vehicle impacting 

the pole at an angle of 0 degrees, simulating a “head-on” or full-frontal collision, with a target 

velocity of 19 mph and with the bogie impact head centered at a height of 25 in. above the ground 

line. Design details for test nos. AKLP-5 and AKLP-6 are provided in Figures 7.2 through 7.19, 

and sample representative photographs documenting the construction and installation of the 
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foundations are shown in Figures 7.20 through 7.26. Material specifications, mill certifications, 

and certificates of conformity for the materials used in the tests are shown in Figures 7.18 and 

7.19. 

Recalling that a significant portion of the water added to the fill soil for test no. AKLP-3 

had partially run out into the native soil surrounding the pit, an impermeable liner was used to 

ensure saturated conditions for AKLP-6. The pit was fully excavated following test no. AKLP-5, 

then a liner was spread over the pit opening on the tarmac and the previously excavated fill was 

placed on the liner, as shown in Figure 7.23. The foundation was set level at the center of the pit 

on an initial loose fill depth of 2 ft. On the day of the test for test no. AKLP-6, a truck delivered 

water to the site and an approximate volume of 1,700 gallons of water was added to the test pit 

until saturation was achieved with visible standing water, as shown in Figure 7.24. Test no. AKLP-

6 was unique in that the GeoProbe was not available from Drs. Song and Kim. Therefore, Terracon 

was hired to perform SPT and nuclear density testing. According to test results reported by 

Terracon, the moisture contents measured at two locations were 18.6% and 21.7%, reaching the 

nominal target of 18% selected to match the HNS boring log provided by AK DOT&PF. A small 

amount of soil was added to mitigate standing water and facilitate bogie testing, as shown in the 

bottom right panel of Figure 7.24. 

Both tests employed an identical light pole system configuration. The light pole, a 

cylindrical steel structure, was constructed with a 10-gauge wall thickness and outside diameters 

that tapered from 10.5 in. at the bottom to 5.53 in. at the top along a length of 35.5 ft, as noted in 

Figure 7.5. The luminaire's nominal mounting height was set at 40 ft above ground level. The 

mounting point for the mast arm attachment was 34.5 ft above ground level. The base plate 

measured 1⅜ in. in thickness and had dimensions of 15.5 in. square, as illustrated in Figure 7.4, 

with a bolt circle spanning 15.5 in. in diameter. 
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The light pole was equipped with a single mast arm, extending 20 ft in length, as shown in 

Figure 7.5. This mast arm was attached to the light pole utilizing an attachment assembly 

comprising an 8¾-in. x 8-in. x 1-in. mounting plate on the pole side and an 8¾-in. x 6-in. x ¾-in. 

mounting plate on the mast arm side, as presented in Figure 7.8. To simulate the weight of a 

luminaire, ballast consisting of a steel plate weighing approximately 50 lb was mounted at the 

terminal end of the mast arm. The light pole system was anchored using four 1-in. diameter Model 

No. 5100 Double-Neck Pole-Safe steel breakaway couplings manufactured by Transpo Industries, 

Inc. Installed conditions for the couplings for test nos. AKLP-5 and AKLP-6 are visible in Figures 

7.22 and 7.26, respectively. 
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Figure 7.1 Measured SPT Blow Counts As-Installed for Test Nos. AKLP-5 and AKLP-6 
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Figure 7.2 Bogie Testing Layout, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.3 Luminaire Base Connection Details, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.4 Light Pole Assembly and Base Assembly Details, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.5 Luminaire Assembly, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.6 Handhole and Pole Base Details, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.7 Pole and Mast Arm Details, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.8 Mast Arm Connection Details, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.9 Anchor Insert Assembly Details, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.10 Base Component Details, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.11 Base Rebar, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.12 Light pole Components, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.13 Anchor Insert Components, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.14 Frangible Coupling and Attached Components, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.15 Mast Arm Connection Components, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.16 Mast Arm Connection Components, Test Nos. AKLP-5 and AKLP-6 



 

 

July 2, 2024  
M

w
R

SF R
eport N

o. TR
P-03-483-24 

143 

 
Figure 7.17 Pole Cap and Internal Handhole Components, Test Nos. AKLP-5 and AKLP-6 



 

 

July 2, 2024  
M

w
R

SF R
eport N

o. TR
P-03-483-24 

144 

 
Figure 7.18 Bill of Materials, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.19 Bill of Materials, Test Nos. AKLP-5 and AKLP-6 
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Figure 7.20 Construction Photographs, Test No. AKLP-5 
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Figure 7.21 Test Installation Photographs, Test No. AKLP-5 
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Figure 7.22 Test Installation Photographs, Test No. AKLP-5 
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Figure 7.23 Construction Photographs, Test No. AKLP-6  
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Figure 7.24 Construction and Soil Testing Photographs, Test No. AKLP-6 
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Figure 7.25 Test Installation Photographs, Test No. AKLP-6 
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Figure 7.26 Test Installation Photographs, Test No. AKLP-6
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Chapter 8 Component Testing – Foundations with Breakaway Steel Poles 

8.1 Purpose  

Tests on foundations with breakaway steel poles were performed to investigate frangible 

coupling activation and foundation permanent set resulting from simulated vehicle impacts. Key 

performance characteristics included force versus time, force versus displacement, energy versus 

displacement, and foundation lateral deflection. The intent of the tests was focused on verifying 

breakaway activation for light poles mounted to foundations surrounded by weak soils at a 

favorable price point compared to full-scale crash tests. 

8.2 Scope 

Two bogie tests were conducted on two foundation specimens, as detailed in Chapter 1. 

The tests represent extreme soil conditions by placing soil loose around foundations, without any 

compaction, and testing soils in dry and saturated conditions. As a rigid bogie head was used in 

testing, the scope of results is limited to peak contact forces between the bogie and pole and 

associated foundation displacements. The tests do not represent occupant risk in terms of 

Occupant Impact Velocity (OIV) or Occupant Ridedown Acceleration (ORA) due to the lack of 

a crushable nose. 

8.3 Dynamic Test No. AKLP-5 

8.3.1 Test Description 

The light pole system, comprised of a 35.5-ft tall steel pole with an attached single mast 

arm, ballasted to simulate luminaire weights, and anchored to a reinforced concrete foundation in 

dry, uncompacted sand via four 1-in. diameter Model No. 5100 Transpo couplings, was 

subjected to an impact from a 1,858-lb bogie vehicle. The bogie vehicle impacted the light pole 

at an impact height of 25 in. and a velocity of 20.4 mph. Sequential photographs for the test are 
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shown in Figures 8.1 and 8.2. A sequential description of impact events is summarized in Table 

8.1. 

 

Table 8.1 Sequential Description of Impact Events, Test No. AKLP-5 

Time (s) Event Description 

0.00 Initial contact between bogie vehicle and light pole. 

0.01 Cracking at the upper neck was observed in both rear couplings; the light pole 
sustained a dent. 

0.02 Complete fractures at neck locations manifested in all four couplings. 
Breakaway activation achieved. 

0.03  The bogie vehicle's head lost contact with the light pole. 

0.30 Light pole's base section established contact with the ground surface. 

0.51 A secondary impact occurred between the bogie vehicle and the light pole. 

 

8.3.2 System Damage 

Damage to the steel light pole and the four Transpo couplings is photographically 

documented in Figures 8.3 and 8.4. The steel pole was dented at the impact location. All four 

couplings fractured, with the left-front coupling exhibiting fracture at the upper neck section, 

resulting in a 4-in. stub height, while the remaining three couplings fractured at the lower neck 

sections, leaving 1.5-in. stub heights. Disturbance of the soil surrounding the foundation was 

negligible. 
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0.000 sec 0.010 sec 

  
0.020 sec 0.030 sec 

  
0.040 sec 0.300 sec 

  
0.400 sec 1.460 sec 

Figure 8.1 Time-Sequential Photographs, Test No. AKLP-5 
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0.000 sec 0.010 sec 

  
0.050 sec 0.100 sec 

  
0.460 sec 1.220 sec 

  
2.140 sec 3.060 sec 

Figure 8.2 Additional Time-Sequential Photographs, Test No. AKLP-5 
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Figure 8.3 System Damage Photographs, Test No. AKLP-5 
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Figure 8.4 Additional System Damage Photographs, Test No. AKLP-5 

 

8.3.3 Impact Force and Foundation Displacement 

Force versus displacement and energy versus displacement curves were determined from 

recorded accelerometer data, as depicted in Figure 8.5. The peak recorded force value was 27.8 

kips at a bogie displacement of 4.6 in. This force magnitude is similar to the maximum shear 
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strength of the Transpo couplings as a group, 22 kips, but larger due to mass activation and 

inertial resistance of the light pole system. The light pole and foundation assembly collectively 

absorbed a total energy of 115.3 kip-in. throughout the duration of the impact. Data collected 

from the string potentiometer indicated that the top of the reinforced concrete foundation 

experienced a peak dynamic deflection of 1.18 in. and slightly rebounded, coming to rest at a 

permanent deflection of 0.96 in., as illustrated in Figure 8.6. 

 

 
Figure 8.5 Force vs. Deflection and Energy vs. Deflection, Test No. AKLP-5 
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Figure 8.6 Foundation Displacement, Test No. AKLP-5 

 

8.3.4 Discussion 

The analysis of the results from test no. AKLP-5 revealed that the light pole system, 

composed of a 35.5-ft tall steel pole with a 20-ft long single mast arm, securely anchored to a 6-

ft deep, 30-in. diameter reinforced concrete foundation embedded in dry, non-compacted sandy 

soil by four Model No. 5100 Transpo breakaway couplings, exhibited a controlled and 

predictable breakaway behavior. Stub heights complied with the 4-in. threshold set by 

AASHTO’s Standard Specifications for Structural Supports for Highway Signs, Luminaires, and 

Traffic Signals. The couplings and foundation mass were able to provide crashworthy breakaway 

activation, without causing objectionable foundation displacement. Similar impacted light poles 

in service could therefore reasonably be expected activate predictably, and also to be able to be 

reinstalled on a foundation with any dry, sandy soil fill surrounding the foundation, regardless of 

soil in-situ SPT value, and without requiring removal or repair of the foundation. 
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8.4 Dynamic Test No. AKLP-6 

8.4.1 Test Description 

The light pole system, comprised of a 35.5-ft tall steel pole with an attached single mast 

arm, ballasted to simulate luminaire weights, and anchored to a reinforced concrete foundation in 

saturated, uncompacted sand via four 1-in. diameter Model No. 5100 Transpo couplings, was 

subjected to an impact from a 1,782-lb bogie vehicle. The bogie vehicle impacted the light pole 

at an impact height of 25 in. and a velocity of 20.0 mph. Sequential photographs for the test are 

shown in Figures 8.7 and 8.8. A sequential description of impact events is summarized in Table 

8.2. 

 

Table 8.2 Sequential Description of Impact Events, Test No. AKLP-6 

Time (s) Event Description 

0.00 Initial contact between bogie vehicle and light pole. 

0.01 Upper neck fractures occurred in both front couplings; the light pole sustained 
a dent. 

0.02 The breakaway mechanism was activated due to the fracture of all four 
couplings.  

0.03 The bogie vehicle’s head lost contact with the light pole. 

0.31 The base section of the light pole established contact with the ground surface. 

0.41 A secondary impact occurred between the bogie vehicle and the light pole. 

 

8.4.2 System Damage 

Damage to the steel light pole and the four Transpo couplings is photographically 

documented in Figures 8.9 and 8.10. The steel pole was dented at the impact location. All four 
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couplings fractured at lower neck sections, leaving 1.5-in. stub heights. Disturbance of the soil 

surrounding the foundation was negligible. 
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0.000 sec 0.010 sec 

  
0.020 sec 0.030 sec 

  
0.040 sec 0.400 sec 

  
0.800 sec 1.500 sec 

Figure 8.7 Time-Sequential Photographs, Test No. AKLP-6 
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0.000 sec 0.010 sec 

  
0.050 sec 0.100 sec 

  
0.460 sec 1.000 sec 

  
1.500 sec 1.920 sec 

Figure 8.8 Additional Time-Sequential Photographs, Test No. AKLP-6 
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Figure 8.9 System Damage Photographs, Test No. AKLP-6 
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Figure 8.10 Additional System Damage Photographs, Test No. AKLP-6 

 

8.4.3 Impact Force and Foundation Displacement 

Force versus displacement and energy versus displacement curves for test no. AKLP-6 

were determined from recorded accelerometer data, as depicted in Figure 8.11. The peak 

recorded force value was 27.5 kips at a bogie displacement of 2.7 in. Similar to test no. AKLP-5 

in dry soil, this force magnitude is near to and slightly greater than the 22-kip maximum shear 
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strength of the Transpo couplings as a group, with the excess recorded force attributed to mass 

activation and inertial resistance of the light pole system. The light pole and foundation assembly 

collectively absorbed a total energy of about 96.9 kip-in. Data collected from the string 

potentiometer indicated that the top of the reinforced concrete foundation experienced a peak 

dynamic deflection of 0.32 in. and slightly rebounded, coming to rest at a permanent deflection 

of 0.12 in., as illustrated in Figure 8.12. 

 

 
Figure 8.11 Force vs. Deflection and Energy vs. Deflection, Test No. AKLP-6 
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Figure 8.12 Foundation Displacement, Test No. AKLP-6 

 

8.4.4 Discussion 

The analysis of the results from test no. AKLP-6 revealed that the light pole system, 

composed of a 35.5-ft tall steel pole with a 20-ft long single mast arm, securely anchored to a 6-

ft deep, 30-in. diameter reinforced concrete foundation embedded in saturated, non-compacted 

sandy soil by four Model No. 5100 Transpo breakaway couplings, exhibited a controlled and 

predictable breakaway behavior. Stub heights complied with the 4-in. threshold set by 

AASHTO’s Standard Specifications for Structural Supports for Highway Signs, Luminaires, and 

Traffic Signals. The couplings and foundation mass were able to provide crashworthy breakaway 

activation, without causing objectionable foundation displacement. Similar impacted light poles 

in service could therefore reasonably be expected activate predictably, and also to be able to be 

reinstalled on a foundation with any sandy soil fill surrounding the foundation, regardless of soil 

in-situ SPT value or moisture content, and without requiring removal or repair of the foundation. 
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8.5 Summary of Bogie Tests on Breakaway Steel Poles 

Two simulated vehicle impact tests were performed on steel light poles fabricated 

identically to others recently ordered by AK DOT&PF, mounted to concrete foundations similar 

to the detail shown in AK DOT&PF Standard Plan L-30.11, and anchored with four Transpo 

Model No. 5100 frangible couplings, also as shown in AK DOT&PF Standard Plan L-30.11. 

Similar bogie vehicles weighing approximately 1,800 lb impacted each pole at a height of 25 in. 

and a velocity of approximately 20 mph. Exact values for each test are summarized in Table 8.3, 

and additional data is available in Appendix G and Appendix H. 

 

Table 8.3 Dynamic Testing Results, Test Nos. AKLP-5 and AKLP-6 

Test No. 
Pole 

Height 
(ft.) 

Impact 
Angle 

Bogie 
Weight 

(lb) 

Impact 
Height 

(in.) 

Impact 
Speed 
(mph) 

Soil 
Condition 

Peak 
Force 
(kips) 

Total 
Energy 
(kip-in.) 

Peak 
Foundation 

Displacement 
(in.) 

Failure 
Mechanism 

AKLP-5 35.5 0° 
(Long.) 1,858 25 20.35 Dry 27.8 115.3 1.18 Coupling 

fracture 

AKLP-6 35.5 0° 
(Long.) 1,782 25 18.96 Saturated  27.6 96.9 0.36 Coupling 

fracture 

 

In both tests, the frangible couplings activated reliably. A plot showing force versus time 

for both tests is shown in Figure 8.13. Additionally, foundation movement was minor in both 

tests, as shown in Figure 8.14. Greater peak and residual displacements were observed for the 

dry condition, potentially due to reduced interparticle friction and resulting greater density for 

the saturated condition. While elastic rebound and foundation rock-back are subject to a high 

degree of uncertainty, the results were highly favorable, considering that the peak displacement 

for both tests was only about 66% of the target threshold likely to allow impacted pole 

replacement without replacing the foundation (1.18 in. compared to 1.8 in., recall Section 3.4). 
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Figure 8.13 Force vs. Time, Test Nos. AKLP-5 and AKLP-6 

 

 
Figure 8.14 Force vs. Foundation Displacement, Test Nos. AKLP-5 and AKLP-6 
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Chapter 9 Hybrid Fem+Ale Simulation for a Laterally Impacted Light Pole Foundation in Sand 

9.1 Introduction  

Modeling soil-foundation interaction problems involving large soil deformations remains 

a crucial area of research in geotechnical engineering and geomechanics [40-42]. Applications of 

the traditional Lagrangian Finite Element Method (FEM) often encounter issues, such as mesh 

distortion and element entanglement during large deformations, which can lead to the premature 

termination of analyses. To address these challenges, advanced techniques and novel numerical 

methods have been developed, including the Arbitrary Lagrangian-Eulerian (ALE) formulation. 

The ALE has demonstrated reasonable accuracy in modeling and simulating large deformation 

geotechnical problems [41-42]. 

This study employed a hybrid FEM+ALE method to simulate dynamic soil-foundation 

interaction. This approach utilizes FEM to model the foundation and ALE to handle large soil 

deformations. This is the first application of this formulation to large-scale, dynamic impact soil-

pole foundation interaction problems documented in the literature. Additionally, this research 

represents one of the few computational efforts aimed at modeling and capturing soil-structure 

interaction under vehicle impact and large dynamic deformations in both the foundation and the 

surrounding soil. 

9.2 Material Model of Sand, Light pole Foundation, Steel Post, and Air 

Regardless of the computational method employed to simulate the impact dynamics of 

light pole foundation-soil systems subjected to vehicular impacts, the assignment of suitable soil, 

concrete, and steel constitutive models is crucial. This is particularly important for accurately 

modeling and investigating the dynamics of impact events on light pole foundations embedded in 

sand. 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

172 

9.2.1 Sand Constitutive Model 

The Soil and Crushable Foam (SCF) model within the LS-DYNA simulation platform 

was utilized for the ALE soil domain. It is important to note that, during the preliminary 

modeling discussed in Chapter 3 of this report, the Jointed Rock model was initially used to 

simulate the soil. However, the Jointed Rock model is not compatible with the ALE method in 

the LS-DYNA simulation platform. Consequently, the SCF model, being the most convenient 

soil model available in LS-DYNA for use with the ALE approach, was selected for this research. 

Conveniently, the SCF model's constitutive parameters can be tailored to align with those 

of the Drucker-Prager (D-P) model, a model noted for its successful application to the dynamic 

interaction between structures and granular media in several studies [43]. Additionally, the D-P 

model's constitutive parameters can be associated with soil properties, such as the cohesion 

coefficient and friction angle, which can be determined from conventional geotechnical 

laboratory tests or approximately correlated to SPT blow count. This section will discuss the 

determination of SCF model parameters, based on laboratory and field geotechnical tests. 

The mean stress p is expressed as: 

Here 𝜎𝜎1, 𝜎𝜎2, and 𝜎𝜎3denote the principal stress values.  

The deviator stress 𝑠𝑠𝑖𝑖𝑖𝑖is given by: 

𝑠𝑠𝑖𝑖𝑖𝑖 = 𝜎𝜎𝑖𝑖𝑖𝑖 − 𝑝𝑝𝛿𝛿𝑖𝑖𝑖𝑖  (4)

Where 𝜎𝜎𝑖𝑖𝑖𝑖signifies the Cauchy stress tensor and 𝛿𝛿𝑖𝑖𝑖𝑖is the second order identity tensor.  

The SCF model’s yield criterion is described in terms of the second invariant of the deviator stress, 

𝐽𝐽2 = 1
2
𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑖𝑖, and the mean stress, as follows: 

𝐽𝐽2 = 𝑎𝑎0 + 𝑎𝑎1𝑝𝑝 + 𝑎𝑎2𝑝𝑝2  (5)

Here 𝑎𝑎0, 𝑎𝑎1, and 𝑎𝑎2are the constitutive parameters. 
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The first invariant of the stress tensor, 𝐼𝐼1, is defined as: 

𝐼𝐼1 = 𝜎𝜎1 + 𝜎𝜎2 + 𝜎𝜎3 = −3𝑝𝑝  (6)

Introducing 1I in Equation (5) yields: 

𝐽𝐽2 = 𝑎𝑎0 −
1
3
𝑎𝑎1𝐼𝐼1 + 1

9
𝑎𝑎2𝐼𝐼12  (7)

The D-P yield criterion is expressed by:  

�𝐽𝐽2 = −𝛼𝛼𝐼𝐼1 − 𝑘𝑘  (8)

Here 𝛼𝛼 and 𝑘𝑘 represent D-P model constitutive parameters. 

Squaring both sides of Equation (8) provides: 

𝐽𝐽2 = 𝛼𝛼2𝐼𝐼12 − 2𝑘𝑘𝑘𝑘𝐼𝐼1 + 𝑘𝑘2  (9)

By equating the coefficients of Equation (7) from Equation (9), the SCF model 

parameters 𝑎𝑎0 = 𝑘𝑘2, 𝑎𝑎1 = −6𝛼𝛼𝛼𝛼, and 𝑎𝑎2 = 9𝛼𝛼2can be determined. Using the D-P model yield 

surface that circumscribes the Mohr-Coulomb (M-C) yield surface of the soil proves beneficial 

because the two surfaces match at the compression corners, an advantage when simulating 

dynamic soil compression during lateral light pole foundation impact. The circumscribed D-P 

yield surface parameters are [44]: 

𝛼𝛼 = 2𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙
√3(3−𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙)  

𝑘𝑘 = 6𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙
√3(3−𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙)  

(10) 

(11)

where c is the cohesion coefficient and φ  is the friction angle.  

The cohesion coefficient values for the compacted and uncompacted sand were 

determined based on the Standard Penetration Test (SPT) N values obtained prior to the crash 

testing program.  In the absence of specific data on the sand’s friction angle in dynamic bogie 

tests, the friction angle was assumed to be equal to the angle of repose. These cohesion and 
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friction angle values were initially utilized to compute the D-P model parameters, i.e., 𝛼𝛼 and 𝑘𝑘 

and subsequently, the SCF model parameters 𝑎𝑎0, 𝑎𝑎1, and 𝑎𝑎2were calculated based on the D-P 

model parameters using the aforementioned relations. 

The density of the uncompacted sand was set as 86.8 pcf, while the density of compacted 

sand was set at 103.1 pcf. The sand’s shear modulus 𝐺𝐺 and bulk modulus 𝐾𝐾 values were 

established based on Young’s modulus obtained using the SPT N values and from a range of 

values suggested by Wright [45] for modeling dry sand under dynamic loading environments. 

The SCF model parameters for compacted and uncompacted sand are presented in Tables 9.1 

and 9.2. 

 

Table 9.1 SCF Model Input Parameters for Compacted Sand Utilized in Test No. AKLP-1 

            Item                                         Soil Parameter Value  
(SI Unit) 

Value 
(US Unit) 

Basic parameter Density of soil, 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  1.65e-06 kg/mm3 103.10 pcf 
Elasticity 

parameters 
Bulk modulus, K   11.64 1.68 ksi 
Shear modulus,G   5.24 MPa 0.76 ksi 

Yield surface 
parameters 

Yield surface parameter, a0        2.19e-09 2.19e-09 
Yield surface parameter, a1        7.66e-05 7.66e-05 
Yield surface parameter, a2        0.671 0.671 

 

Table 9.2 SFC Model Parameters for Uncompacted Sand Used in Test No. AKLP-2 

          Item                                          Soil Parameter Value  
(SI Unit) 

Value 
(US Unit) 

Basic parameter Density of soil, soilρ  1.39e-06 
kg/mm3 86.80 pcf 

Elasticity 
parameters 

Bulk modulus, K  9.47 MPa 1.37 ksi 
Shear modulus,G  2.62 MPa 0.38 ksi 

Yield surface 
parameters 

Yield surface parameter, a0 8.5e-10 8.5e-10 
Yield surface parameter, a1 4.78e-6 4.78e-6 
Yield surface parameter, a2 0.671 0.671 
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9.2.2 Reinforced Concrete Foundation Model 

In this study, the Continuous Surface Cap Model (CSCM), a standard model in LS-

DYNA, was utilized to simulate the concrete foundation. This isotropic, elasto-plastic material 

model employs a yield surface to distinguish between elastic and plastic domains. Extensive 

information regarding the theoretical underpinnings and numerical implementation of the CSCM 

is accessible in prior works [46-47]. 

The CSCM's efficacy in accurately replicating experimental outcomes and predicting the 

performance of reinforced concrete (RC) structural components under impact or blast loading 

has been verified by numerous researchers [48-50]. This model enables the definition of concrete 

properties via a parameter initialization function grounded on the concrete's compressive strength 

and maximum aggregate size, which is particularly useful when detailed data is unavailable. 

For the purpose of this research, the compressive strength of the concrete was set at 4.1 

ksi, and the maximum aggregate size was specified to be 0.75 in., enabling the derivation of the 

CSCM parameter sets. In the CSCM, a parameter 'd' is introduced to quantify damage 

accumulation, applicable to concrete damage in both tension and compression. 

𝑑𝑑(𝜏𝜏𝑏𝑏) = 0.999
𝐷𝐷𝑐𝑐

� 1+𝐷𝐷𝑐𝑐
1+𝐷𝐷𝑐𝑐 𝑒𝑒𝑒𝑒𝑒𝑒−𝐶𝐶𝑐𝑐(𝜏𝜏𝑏𝑏−𝑟𝑟0𝑏𝑏) ⬚

− 1�  

𝑑𝑑(𝜏𝜏𝑏𝑏) = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝐷𝐷𝑐𝑐�
1+𝐵𝐵𝑐𝑐

1+𝐵𝐵𝑐𝑐 𝑒𝑒𝑒𝑒𝑒𝑒
−𝐴𝐴𝑐𝑐(𝜏𝜏𝑑𝑑−𝑟𝑟0𝑑𝑑)⬚

−1�
  

(12) 

(13)

Equations (12) and (13) determine the tensile damage accumulation from the maximum 

principal strain and the compressive damage accumulation from the total strain components. 

Parameters Ac, Bc, Cc, and Dc define the softening curve shape, whereas τb and τd correspond to 

the brittle and ductile energy terms, respectively, defined from the total strain's accumulation. r0b 

and r0d represent the initial tensile and compressive thresholds, while dmax denotes the maximum 

damage level as a function of confining pressure. 
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Concrete damage is thus represented by the damage parameter, ranging from 0 to 1. As 

the damage parameter approaches 1, a reduction in the strength and stiffness of the concrete 

element occurs, eventually leading to concrete cracking. Furthermore, the CSCM considers rate 

effects, which simulate an increase in the strength of concrete corresponding with an increase in 

strain rate. The specific concrete properties used in deriving the CSCM material parameter sets 

for simulating concrete under impact loading are outlined in Table 9.3. 

 

Table 9.3 CSCM Parameter for Concrete Used in Test Nos. AKLP-1 and AKLP-2 

Parameters Value (SI Unit) Value (US Unit) 

Mass density (kg/mm3) 2.380 e-06 kg/mm3 148.62 pcf 

Compressive strength (MPa) 28 MPa 4.10 ksi 

Aggregate size (mm) 19 mm 0.75 in. 

 

9.2.3 Steel Post and Reinforcement Bars Model 

The Piecewise-Linear Plasticity model, a commonly selected material model in LS-

DYNA for simulating metals in dynamic impact environments, was employed to model the 

stress-strain response of the steel post [51-52]. The deviator stress in the piecewise-linear 

plasticity model is determined to satisfy the yield function as follows: 

𝑓𝑓 = 1
2
𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑖𝑖 − �𝜎𝜎𝑦𝑦

√3
�
2
≤ 0  (14)

Where ijs represents the deviator stress tensor and  

𝜎𝜎𝑦𝑦 = 𝛽𝛽�𝜎𝜎0 + 𝑓𝑓ℎ�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 ��  (15)

In this equation, 𝛽𝛽 signifies a strain rate factor accounting for strain-rate effects, 0σ  

represents the initial yield stress, and 𝑓𝑓ℎ�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 � is the post-yield hardening stress increase as a 
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function of 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 , the effective plastic strain. The hardening function can be specified either in a 

tabular form or as linear hardening of the form 𝑓𝑓ℎ�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 � = 𝐸𝐸𝑃𝑃(𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒

𝑝𝑝 ) with 𝐸𝐸𝑃𝑃 as the plastic 

hardening modulus. 

In this elastoplastic model, the deviator stresses are updated elastically, and the yield 

function is evaluated. If the yield function is satisfied, the deviator stresses are accepted. 

Otherwise, the plastic strain increment is computed using Equation (16): 

𝛥𝛥𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝 =

�32𝑠̃𝑠𝑖𝑖𝑖𝑖𝑠̃𝑠𝑖𝑖𝑖𝑖�
1
2−𝜎𝜎𝑦𝑦

𝐸𝐸𝑃𝑃+3𝐺𝐺
  

(16)

Here 𝐸𝐸𝑃𝑃 stands for the current hardening modulus, and 𝐺𝐺represents the shear modulus. The 

trial deviator stress state, 𝑠̃𝑠𝑖𝑖𝑖𝑖is scaled back as illustrated in Equation (17): 

𝑠𝑠𝑖𝑖𝑖𝑖𝑛𝑛+1 = 𝜎𝜎𝑦𝑦

�32𝑠̃𝑠𝑖𝑖𝑖𝑖𝑠̃𝑠𝑖𝑖𝑖𝑖�
1
2
𝑠̃𝑠𝑖𝑖𝑖𝑖  (17)

The Cowper-Symonds model [53] scales the yield stress using a factor β , calculated via 

Equation (18): 

𝛽𝛽 = 1 + �𝜀̇𝜀𝑝𝑝
𝑐𝑐
�
1
𝑝𝑝  

(18)

In this equation, pε represents the effective plastic strain rate, and 𝑐𝑐 and 𝑝𝑝are Cowper-Symonds 

strain rate parameters. These parameters cannot be determined from tensile tests, but values of 

40.4 and 5 for c  and p , respectively, have demonstrated reasonable agreement with 

experimental data for mild steel [54]. 

Material properties for the steel post were derived from tensile tests conducted at 

MwRSF-UNL and reported by Schrum et al. [55]. The specific material input parameters for the 

steel post are tabulated in Tables 9.4 and 9.5. 
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Table 9.4 Piecewise Linear Plasticity Material Model Input Parameters for Steel (SI units) [55] 

 

Table 9.5 Piecewise Linear Plasticity Material Model Input Parameters for Steel (US units) [55]  

 

Reinforcement of the concrete foundation was achieved through eight #8 longitudinal 

steel reinforcing bars and #5 circular hoops at 6-in. intervals. The reinforcement was comprised 

of American Society of Testing Materials (ASTM) A615 material, with a yield strength of 60 ksi 

(413.7 MPa).  Reinforcing bar material behavior was simulated with a computationally efficient 

elasto-plastic model, using MAT Plastic Kinematic. This model is suitable for modeling isotropic 

and kinematic hardening plasticity, incorporating strain rate effects. The yield strength of steel 

reinforcement was set to 60 ksi, consistent with nominal properties of material used in the 

physical impact tests. The specific material input parameters utilized for modeling the 

reinforcement bars are presented in Table 9.6. 

Material parameter Value 
Density (kg/mm3) 7.86e-06 

Young's modulus (GPa) 200 
Poisson’s ratio 0.30 

Effective plastic strain 
ep1 ep2 ep3 ep4 ep5 ep6 ep7 ep8 

0.000 0.0160 0.0470 0.0890 0.1170 0.1410 0.1850 2.0000 

Effective stress (GPa) 
es1 es2 es3 es4 es5 es6 es7 es8 

0.439 0.4730 0.5200 0.5610 0.5860 0.6010 0.6210 1.8000 

Material parameter Value 
Density (pcf) 490.7 

Young’s modulus (ksi) 29007 
Poisson’s ratio 0.30 

Effective plastic strain 
ep1 ep2 ep3 ep4 ep5 ep6 ep7 ep8 

0.000 0.0160 0.0470 0.0890 0.1170 0.1410 0.1850 2.0000 

Effective stress (ksi) 
es1 es2 es3 es4 es5 es6 es7 es8 

63.67 68.60 75.42 81.37 84.99 87.17 90.07 261.07 
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Table 9.6 Material Properties for Reinforcement Bars within the MAT Plastic Kinematic Model 

Material Property Value (SI Unit) Value (US Unit) 
Density  7.86e-06 (kg/mm3) 490.7 (pcf) 

Young’s modulus  200 (GPa) 29007.5 (ksi) 
Poisson’s ratio 0.30 0.30 
Yield strength  0.4137 (GPa) 60.0 (ksi) 

Tangent modulus  20 (GPa) 2900.7 (ksi) 
Cowper-Symonds Strain rate parameter, C 40 (-) 40 (-) 
Cowper-Symonds Strain rate parameter, p 5 (-) 5 (-) 

 

9.2.4 Constitutive Model and Equation of State for Air Material 

The implemented hybrid FEM and ALE computational model for the light pole 

foundation-soil encompasses three components: (1) the air domain; (2) the soil domain; and (3) 

the light pole foundation. Prior research often simulated the air domain within coupled fluid-

structure interaction (FSI) impact and contact problems using "void materials." However, the use 

of "void materials" to represent air may not accurately reflect the physics of FSI impact 

scenarios, potentially resulting in excessive impact forces [56].  

In this study, MwRSF researchers modeled the air domain using material properties and a 

governing equation of state (EOS), specifically utilizing the Null material model. This model 

accommodates minimal shear strength and necessitates an EOS. Consequently, the air domain 

elements were assigned the null hydrodynamic material type with a Linear Polynomial type 

EOS. 

In the Linear Polynomial EOS, the initial thermodynamic state of the material and 

pressure are defined by Equation (19): 

𝑝𝑝 = 𝐶𝐶0 + 𝐶𝐶1𝜁𝜁 + 𝐶𝐶2𝜁𝜁2 + 𝐶𝐶3𝜁𝜁3 + (𝐶𝐶4 + 𝐶𝐶5𝜁𝜁 + 𝐶𝐶6𝜁𝜁2)𝐸𝐸�   (19)
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In this equation 𝐶𝐶0, 𝐶𝐶1, 𝐶𝐶2, 𝐶𝐶3, 𝐶𝐶4, 𝐶𝐶5and 𝐶𝐶6 are user defined constants, 𝐸𝐸�  signifies the 

initial energy per volume, and ζ  is a volumetric variable, which can be expressed as follows: 

𝜁𝜁 = 1−𝑉𝑉𝑜𝑜
𝑉𝑉𝑜𝑜

  (20)

Here 𝑉𝑉𝑜𝑜 denotes the relative volume as described by Equation (21): 

𝑉𝑉𝑜𝑜 = 𝜌𝜌0
𝜌𝜌

  (21)

In this equation 0ρ represents the reference or initial mass density, and ρ is the current mass 

density of the material. 

Air material and EOS properties were determined from the previous studies [57-58] and 

are summarized in Table 9.7. 

 

Table 9.7 Input Data: ALE Air Material and EOS (kg, mm, ms) [57-58] 

 

9.3 Numerical Modeling 

9.3.1 Model Configuration 

A hybrid FEM and ALE model was constructed in LS-DYNA [51] with to simulate the 

lateral impact response of a light pole foundation and embedded steel post assembly, with the 

foundation surrounded by sand, and subjected to a bogie (surrogate vehicle) collision. The LS-

DYNA hydrocode was specifically chosen for its proven effectiveness in solving transient 

MAT_NULL 

Mass density 
[ 0ρ ] Pressure cutoff  [PC] Dynamic viscosity  

[µ ] 
1.23e-09 0 0 

EOS_LINEAR_ 
POLYNOMINAL 

0C  1C  2C  3C  4C  5C  6C  E  

-1e-04 0 0 0 0.4 0.4 0 2.5e-4 
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dynamic events characterized by intricate contact interactions and nonlinear material behavior, 

such as large strains and deformations. 

The overall geometric model of this system was partitioned into three distinct regions, 

each representing the light pole foundation, the soil, and the surrounding air materials. The 

various model elements are depicted in Figure 9.1. This figure illustrates the domain where the 

ALE soil mesh size varies from 100 mm to 335 mm in the circumferential direction, and 100 mm 

to 115 mm in the radial direction. Throughout the Z-direction, the mesh size remains consistently 

at 100 mm.  

 

 
Figure 9.1 Hybrid ALE+ FEM Model Setup and Geometry of a Laterally Impacted Light pole 

Foundation in Sand 

 

The ALE soil domain was configured as 3h in plan and 1.5h in depth to ensure that the 

boundaries of the soil domain were situated outside the region of significant deformation or the 
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plastic zone, where h represents the embedment depth of the light pole foundation. The light pole 

foundation itself was embedded at a depth, h, of 72 in. and had a diameter of 30 in. 

Both soil and air domains were modeled with one-point quadrature hexahedral ALE 

elements. The mesh size of the soil varied in the X-Y plane, contingent on the distance from the 

light pole foundation, as illustrated in Figure 9.1. Noting that large deformation and plastic flow 

of the soil occur in the vicinity of the foundation, a fine soil mesh size was adopted in the 

adjacent area (i.e., the near-field soil domain) of the foundation to precisely model the rapid and 

large deformation of the soil during post impact. 

The near-field soil domain spanned a diameter of 100 in. and a depth of 90 in., 

dimensions that were deduced from observations gleaned from high-speed video footage of 

numerous soil-foundation system physical impact tests conducted at the Midwest Roadside 

Safety Facility (MwRSF) at the University of Nebraska-Lincoln (UNL). 

Lagrangian meshes were employed to model the reinforced concrete foundation and the 

post. The W6x16 post was simulated using fully integrated shell elements. A constant-stress 

solid element with an incorporated Flanagan-Belytschko stiffness-based hourglass control was 

used to simulate foundation concrete. This hourglass control, which had an hourglass coefficient 

set to 0.1 [51-52], was chosen to curtail non-physical modes of deformation during impact 

loading. Both longitudinal and hoop reinforcement bars were represented using a two-node 

Hughes-Liu beam element. 

Sand and air materials were defined using LS-DYNA's multi-material functionality, 

specifically through the adoption of the ALE_Multi-Material_Group. A requisite for the ALE 

formulation is an advection scheme, which serves to facilitate material transport. Given the array 

of advection schemes available in LS-DYNA, we elected to utilize the second-order accurate 
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Van Leer technique in the current study. This choice was driven by the technique's capacity to 

mitigate nonphysical energy dissipation, enhancing the accuracy of the simulation [51-52]. 

The surrogate vehicle model, or bogie, as depicted in Figure 9.2, was created by 

researchers at MwRSF-UNL to approximately represent the mass of a small car as a near-rigid, 

robust, and reuseable impact testing device. MwRSF's extensive research and development have 

culminated in the development of numerous surrogate vehicle models designed to simulate 

physical impact testing [59]. Rigid material assigned to Belytschko-Tsay shell elements was used 

to simulate all steel components of the surrogate vehicle, including the two longitudinal frame 

tubes, frame gussets and frame plate, and both the front and rear frame tubes, as well as the 

impact head. 

The rear neoprene pad was modeled with solid elements and rigidly constrained to the 

bogie vehicle since it does not contact the post. Deformable solid elements with 

CRUSHABLE_FOAM material definition was utilized to model the neoprene pad. The frame 

tubes and impact head were rigidly secured to the frame tubes via the 

*Constrained_Rigid_Bodies command. 

The surrogate vehicle tires were defined using elastic material and incorporated an 

internal airbag definition to simulate tire pressure. The interaction between the surrogate vehicle 

and the ground was simulated using a friction coefficient of 0.05. More extensive details 

regarding the surrogate vehicle model can be referenced in [59-61]. 

For this study, modifications to the bogie vehicle model consisted of updating the impact 

velocity and mass to what was used in actual dynamic impact testing and changing the height of 

the impact head. 
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Figure 9.2 A Bogie (Surrogate) Vehicle Simulation Model 

 

9.3.2 Dynamic Contacts and Couplings  

9.3.2.1 Modeling Bogie Vehicle and Steel Post Contact  

The Automatic Node to Surface contact mechanism was used to model the dynamic 

interaction between the surrogate vehicle's neoprene impact head and the steel post. This 

particular contact method facilitates the transfer of compressive and tangential loads between the 

slave nodes (of the post) and master segments (of the bogie vehicle's impact head). The 

Automatic Node to Surface contact is a penalty-based algorithm which restricts penetration 

between the interacting parts by exerting a force proportionate to the penetration depth whenever 

such penetration is detected [51]. 

Moreover, to account for the friction interaction at the interfaces, a Coulomb friction 

formulation is incorporated in the sliding contact. A static and dynamic friction coefficient of 0.1 

was adopted in our study to model the friction interaction between the neoprene impact head and 
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the post, drawing from the values ascertained from friction tests performed on rubber and steel 

materials in the research of Deladi [62]. In dynamic impact simulations, it is generally preferable 

to equalize the static and dynamic friction coefficients to circumvent potential numerical 

instabilities and higher frequency contact [51-52]. 

9.3.2.2 Concrete and reinforcement bars coupling  

The concrete and reinforcement bars were modeled distinctly, necessitating a coupling 

mechanism to represent the interaction between the steel reinforcement and surrounding 

concrete. To achieve this, we employed the Constrained-Beam-in-Solid keyword available in 

LS-DYNA, facilitating the coupling of reinforcement bars with the concrete matrix. 

In this formulation, beam node velocity and accelerations are compelled to equate with 

those of the concrete solid elements housing them. The application of the Constrained-Beam-in-

Solid formulation in this study successfully rectified energy imbalances that were observed in the 

previously favored Constrained-Lagrange-in-Solid formulation, which had been typically used 

for constraining rebar in concrete [63]. 

9.3.2.3 ALE soil and Lagrangian light pole foundation coupling  

A critical component of coupled soil-light pole foundation impact analysis is the 

successful interaction of the foundation with the soil. This dynamic soil-foundation interaction is 

facilitated by a coupling algorithm, which enables a suitable connection between the ALE soil 

and the Lagrangian light pole foundation, thus accurately capturing the dynamic soil-light pole 

foundation interaction during lateral impact loading. 

We used a penalty-based coupling algorithm, Constrained-Lagrangian-in-Solid [51-52], 

to achieve dynamic soil-light pole foundation interaction. In this method, the foundation is 

embedded within the ALE (soil) mesh, which includes both the foundation and the ALE soil that 
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flows through the fixed mesh as the advection scheme updates the history variables and velocity. 

This coupling algorithm ensures the conservation of momentum and energy [51-52]. 

Several key parameters within the Constrained-Lagrangian-in-Solid coupling algorithm 

were essential for modeling the foundation-soil impact interaction: Multi-material Coupling 

(MCOUP), Number of Coupling Points (NQUAD), Constraint Type (CTYPE), Coupling 

Direction (DIREC), and Penalty Factor (PFAC). MCOUP determines the Lagrangian component 

(i.e., the post) that interacts with the ALE material (i.e., the soil). NQUAD signifies the number 

of coupling points in the foundation; for instance, when NQUAD=2 is defined, there will be 4 

coupling points on the foundation. As specifying a larger value of NQUAD could lead to a 

computationally costly coupling and excessively large contact forces, NQUAD=2 was used for 

coupling the foundation and soil in this study.  

CTYPE was set to 4, in line with use of a penalty-based algorithm for coupling the 

foundation and soil. For this study, we used DIREC=2, considering only normal direction 

coupling as it offers robustness and stability [52]. The segment normals of the Lagrangian (post) 

shell segments, used in the slave side for the soil and foundation (structure) coupling, were 

directed towards the soil (ALE) material with which they are coupled. When using a penalty-

based coupling algorithm (i.e., CTYPE=4), defining an appropriate coupling stiffness is crucial 

for achieving satisfactory post-soil coupling. Therefore, we used the default penalty stiffness, 

PFAC=0.1. This default value yields accurate simulations and serves as an appropriate starting 

point [64]. 

9.3.3 Boundary Condition  

The dynamic impact loading of the soil-light pole foundation interaction problem 

involves shocks and dynamic waves generated by the vehicle's impact on the soil-foundation 

system. Given these conditions, the most suitable boundary condition to be applied to the four 
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exterior faces and the bottom surface of the baseline model is the Boundary Non-Reflecting 

(BNR) boundary condition. 

In contrast to standard boundary constraints, where rotations and displacements are fixed, 

the BNR condition does not restrict rotations and displacements. Rather, the solver internally 

defines conditions and equations to depict the computational domain as an infinite medium [51-

52]. Consequently, we used the BNR boundary condition on the computational domain for the 

baseline model simulation. 

9.3.4 Impact Load Application 

In this study, the process of load application to the computational model of the soil-light 

pole foundation system was split into two stages to simultaneously address the static geo-stress 

in the soil due to gravity and the transient load from impact. In the first stage, we implemented 

the explicit dynamic relaxation feature to gradually introduce gravity to the soil-foundation 

system prior to the initiation of transient loading. Following this dynamic relaxation or 

initialization phase, the soil-foundation systems were brought to an appropriate initial state of 

stress. 

Once the dynamic relaxation or initialization stage was completed, the model attained 

stability, and we proceeded to apply the transient impact load to the computational model of the 

soil-foundation system. This approach facilitated an effective coupling of static and dynamic 

forces acting on the soil-light pole foundation system. 

9.4 Validation of the Numerical Model 

The validation of the computational model entailed comparing the outcomes from its 

simulations against empirical data obtained from impact tests on a light pole foundation 

embedded in both compacted and uncompacted sand. The experiments designated test no. 

AKLP-1 and test no. AKLP-2 were selected for this comparative analysis. For both tests, a  72-
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in. long ASTM A992 W6x16 steel post was embedded 36 in. into a 6-ft deep, 30-in. diameter 

reinforced concrete light pole foundation. The foundation was impacted at a point 25 in. above 

ground level.  

The sand fill around the concrete foundation conformed to the American Association of 

State Highway and Transportation Officials (AASHTO) Type A-3 soil. In test no. AKLP-1, sand 

was layered in 8-inch lifts throughout the full depth of the excavation, and each layer was 

subjected to three rounds of compaction with a piston tamper. In test no. AKLP-2, sand was 

placed loose around the foundation, with no compaction other than the natural influence of self-

weight overburden. 

The dynamic impact evaluations were performed using a bogie vehicle fitted with 

accelerometers and a mountable head, weighing a total of 1,876 pounds, at an impact velocity of 

19 mph. High-speed video recording equipment was employed to capture the impact tests, and an 

accelerometer attached to the central point of gravity on the bogie vehicle frame recorded lateral 

accelerations during the collision. The time-history of the impact force was computed by 

multiplying the measured lateral accelerations by the bogie vehicle's mass. The displacement of 

the post at the point of impact was calculated using the bogie vehicle's speed and integrated 

accelerations and velocity changes. The energy absorbed by the post and light pole foundation 

assembly-soil system was ascertained by integrating the area under the force versus displacement 

curve. 

The acquisition of acceleration data from the computational model was critical to permit 

a direct comparison with the dynamic impact test data. Accordingly, model acceleration data was 

gathered from a node situated at the bogie vehicle model's center of gravity and processed in an 

analogous manner to the physical impact test data. Quantitative comparisons focused on the 

force versus displacement, and energy versus displacement responses, with displacements 
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measured at the point of impact. Qualitative assessments were also undertaken, concentrating on 

damage and plastic deformation of the light pole foundation system ascertained from the 

simulated and physical impact tests. 

This comparative approach facilitated the evaluation of the accuracy and robustness of 

the proposed modeling methodology, specifically, the hybrid FEM and ALE method as a 

practical tool for engineering design and analysis of foundation systems under impact loading. 

Of greater significance, the stress distribution in the sand during lateral impacts on the light pole 

foundation was examined. The stress distribution in the soil along the light pole foundation 

during lateral post impact incidents, utilizing the hybrid FEM and ALE method, was a novel 

contribution to domain knowledge for soil-embedded articles subject to dynamic loads. 

9.4.1 Comparison to Dynamic Bogie Test No. AKLP-1 

9.4.1.1 Force vs. Displacement and Energy vs. Displacement Responses 

Figures 9.3 and 9.4 present a comparison between the impact force versus displacement 

and energy versus displacement responses, respectively, as obtained from both the hybrid FEM 

and ALE numerical analysis and test no. AKLP-1. The post and light pole foundation assembly 

cross-section, the embedment depth, and other impact variables such as the velocity and mass of 

the bogie vehicle were kept consistent between test no. AKLP-1 and the numerical model. 

As depicted in Figure 9.3, the force versus displacement curves from both the simulated 

and physical impact tests exhibited similarities in shape and magnitude. A minor discrepancy 

was noted with the simulated test recording slightly lower impact forces than the experimentally 

measured values. Despite this, the peak force derived from the simulation correlated well with 

the peak force from the dynamic test. The simulated peak force was within 8.7% of the 

experimentally determined peak force. 
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Furthermore, the energy versus displacement curves for the simulation and the physical 

impact test demonstrated similar patterns in shape and magnitude. Differences were negligible 

(less than 5.3%) for the first four-inch bogie displacement following contact. Between 4 and 8 in. 

of post displacement, the energy absorbed by the post and light pole foundation assembly-soil 

system in the simulated test was marginally lower than that of the physical impact test. However, 

the total absorbed energies were similar, with the simulation's total energy deviating by only 

2.1% compared to the dynamic impact test's total energy. 

Considering that simulated dynamic impact results within 20% of test results are 

generally accepted as reasonable [65], these outcomes can be considered satisfactory according 

to the accepted standards in this field of research and testing. The favorable outcome for this 

particular test was expected, as the peak force and accumulated energy were primarily dictated 

by plastic deformation of the embedded steel post.  

The soil modeling resulted in a slight overprediction of the peak displacement during 

unloading, but ultimately predicted the final position of the foundation at rest with negligible 

error.  
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Figure 9.3 Comparison Force vs. Displacement Response of Simulated and Test No. AKLP-1 

Results 

 

 
Figure 9.4 Comparison of Energy vs. Displacement Plots from Simulated and Test No. AKLP-1 

Results 
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9.4.1.2 Foundation Displacement  

A comparative analysis of the lateral displacement at the top of the reinforced concrete 

foundation was performed, as obtained from a linear displacement transducer, otherwise known 

as a string potentiometer, in test no. AKLP-1. Time was referenced to the initiation of foundation 

motion, which was slightly delayed from bogie contact on the steel post, as transmitted forces 

needed to achieve sufficient momentum transfer to overcome foundation inertia. This analysis 

was compared with the hybrid FEM+ALE simulation result, as illustrated in Figure 9.5.  

The general shape of the response curve is similar for simulated and physical test results, 

although the simulation appears to predict more rapid foundation movement than was recorded 

in the physical test. It is important to note that the simulated results are tracking the motion of a 

particular node in the model, whereas the physical test data represent recorded rotation of a wire 

spool at a string potentiometer. Although the string potentiometer was a high-tension model 

intended for use during dynamic testing, the placement of the sensor on the opposite side of the 

test article from the impact side may have resulted in slack in the wire during the impact event, 

and so may not have perfectly measured the velocity of the test article. 

The simulation slightly overpredicted peak displacement and underpredicted post-peak 

displacements and permanent set. The test recorded a peak displacement of 1.55 in., whereas the 

simulation predicted a peak displacement of 1.62 in., a difference of +4.52%. The plot in Figure 

9.5 is truncated at the end of the simulation, but additional data for physical test displacement 

was recorded beyond that shown. The test displacement ultimately settled at 0.91 in., while the 

simulation predicted a permanent set of 0.73 in., a difference of -19.78%. The simulated 

permanent set displacement was underpredicted. However, it was believed that potential errors 

arising from displacement transducer vibrations during the impact event could contribute to this 

discrepancy.  
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Figure 9.5 Foundation Lateral Displacement Comparison Between Simulated Test and Test No. 
AKLP-1 

 

9.4.1.3 Qualitative Comparisons 

The qualitative analysis focused on the deformation patterns of the light pole foundation 

during the bogie vehicle's impact and the damage observed post test no. AKLP-1. High-speed 

video footage was compared with simulation images for comparison. As illustrated in Figure 9.5, 

the computational model was found to offer a qualitatively accurate prediction of the global 

behavior. When the final deformed shape of the post and foundation assembly was compared 

with the model's predictions, similarities were noted in terms of damage and localized plastic 

deformations. 

As shown in Figure 9.6, the inertial resistance generated by the light pole foundation-soil 

system during the lateral impact event surpassed the post's yield capacity. As depicted in Figure 
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9.7, a plastic hinge formed due to the bogie impact. Therefore, the lateral impact force resistance 

of the light pole foundation embedded in compacted sand was primarily governed by the 

mechanical properties of the post. 
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Time = Impact 

  
Time = 40 ms 

  
Time = 80 ms 

  
Time = 100 ms 

Figure 9.6 Comparison of Time Sequential Images Between Dynamic Impact Test (i.e., test no. 
AKLP-1) and Simulated Impact Test Using the Hybrid FEM+ALE Method for a Post and Light 

Pole Foundation Assembly Embedded in Compacted Sand 
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Test No. AKLP-1 

 
W6x16 Post Damage  

Concrete Foundation Damage 
Simulation: Hybrid ALE+FEM 

Figure 9.7 Post-Impact Photographs of Post and Light Pole Foundation Assembly Simulation 
Using Hybrid FEM+ALE Method and Test No. AKLP-1 

 

9.4.1.4 Soil Response during Lateral Impact  

Figure 9.8 reveals that the soil's compressive and shear resistance exceeded the post 

section's yield moment. Consequently, the lateral impact capacity of the light pole foundation 

system, embedded in compacted sand, was primarily dictated by the post's properties rather than 

soil behavior. As demonstrated in Figure 9.7, the formation of a plastic hinge further suggests that 

the impact resistance of the light pole foundation-soil system is dependent on the post's dynamic 

yield moment. This yield moment is typically achieved prior to full mobilization of dynamic soil 

resistance. 
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The von Mises stress contours within the soil at various time points, as illustrated in Figure 

9.8, indicate that soil plastic deformation predominantly occurs near the ground surface. Additional 

plastic deformation was observed at the base of the light pole foundation, correlating with slight 

rotations of the light pole foundation within the compacted sand. This suggests that the soil below 

provides substantial impact resistance, inhibiting any substantial rotation of the light pole 

foundation. Despite the deformation of the upper W6x16 post, as shown in Figure 9.8, the light 

pole foundation remained vertical. 

 

 
Time = Impact 

 
Time = 20 ms 

 

 
Time = 40 ms 

 
Time = 60 ms 

 
Time = 80 ms 

 
Time = 100 ms 

Figure 9.8 Von Mises Stress Distribution Within Compacted Sand/Soil in Laterally Impacted 
Post and Light pole Foundation Assembly in Compacted Sand  
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9.4.2 Comparison to Dynamic Bogie Test No. AKLP-2 

9.4.2.1 Force vs. Displacement and Energy vs. Displacement Responses 

Figures 9.9 and 9.10 present a comparison between the impact force versus displacement 

and energy versus displacement responses, respectively, as obtained from both the Hybrid 

ALE+FEM numerical analysis and test no. AKLP-2, which was conducted with loose, non-

compacted sand fill surrounding the concrete foundation. As depicted in Figure 9.9, the force 

versus displacement curves from both the simulated and physical impact tests exhibited similarities 

in shape and magnitude through a total bogie post-impact displacement of more than 20 in., despite 

large rotation of the foundation through the soil. The simulated force results were within 10% of 

the experimentally determined forces for a significant portion of the performance range. The 

largest relative discrepancies between simulated and physical test results occurred when 

approaching the maximum displacement, in the range of 23 to 25 in. The root cause of this minor 

discrepancy remains unclear due to the dynamic complexity of the impact process, but the 

discrepancy itself is insignificant with respect to the modeling objectives focused on peak forces 

and primary energy dissipation that occurred in the range of 0 to 7 in. 

Figure 9.10 demonstrates that the energy versus displacement response predicted by the 

computational model exhibited excellent accuracy both in shape and magnitude. The maximum 

relative error was 5.6% and occurred in the range of approximately 7 to 12 in. of bogie 

displacement. The computational model thus successfully represented the experimentally observed 

responses in terms of both force and energy with respect to displacement, for a post and light pole 

foundation assembly embedded in loose, uncompacted sandy soil. Modeling accuracy was 

demonstrated despite large soil displacement with SPT values approximately 5 or less. The 

discrepancies between the simulation and the physical impact test data fell well within the expected 

variation range observed across similar post-soil impact tests. 
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Figure 9.9 Comparison Force vs. Displacement Response of Simulated and Test No. AKLP-2 

Results 

 

 
Figure 9.10 Comparison of Energy vs. Displacement Plots from Simulated and Test No. AKLP-2 

Results 
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9.4.2.2 Comparative Analysis of Foundation Displacement  

Similar to Section 9.4.1.2, a comparative analysis of the lateral displacement at the top of 

the reinforced concrete foundation was performed, as obtained from a linear displacement 

transducer, otherwise known as a string potentiometer, in test no. AKLP-2. Time was referenced 

to the initiation of foundation motion, which was slightly delayed from bogie contact on the steel 

post, as transmitted forces needed to achieve sufficient momentum transfer to overcome 

foundation inertia. This analysis was compared with the hybrid FEM+ALE simulation result, as 

illustrated in Figure 9.12. 

The analysis considered only the initial 60 ms of the impact event, as the potentiometer 

string (physically a metal wire) became fully immersed in displaced sand as a direct result of the 

impact event. This immersion raised concerns regarding the accuracy and reliability of 

displacement data beyond this timeframe. The results demonstrate a significant level of agreement 

between the two distinct data sets, with a maximum error of 16.21%. Furthermore, quantitative 

discrepancies do not necessarily indicate errors in the simulation, as the physical test data may be 

influenced by slackening of the potentiometer string during retraction. 

 

 
Impact 

 
0.050 sec 

Figure 9.11 Test No. AKLP-2 Photos at Beginning and End of Simulation Displacement 
Comparison 
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Figure 9.12 Foundation Lateral Displacement Comparison Between Simulated Test and Test No. 

AKLP-2 

 

9.4.2.3 Qualitative comparisons 

Figures 9.13 and 9.14 illustrate the lateral impact response of the post and foundation 

assembly-soil system. These figures provide a comparative analysis, comparing simulation 

sequential and post displacement contours with high-speed video footage obtained from the 

physical test no. AKLP-2. The presented data show that the numerical model was qualitatively 

able to predict the global impact behavior of the post and foundation assembly-soil system. The 

simulation accurately reflects both the formation of plastic hinging in the steel post prior to 

significant foundation movement, and also the induced soil wave and foundation movement at the 

top of the soil following momentum transfer from the bogie. 
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Time = 20 ms 

 
 

 

Time = 40 ms 

  
Time = 60 ms 

Figure 9.13 Comparison of Time Sequential Images Between Dynamic Impact Test (i.e., Test 
No. AKLP-2) and Simulated Impact Test Using the Hybrid FEM+ALE Method for a Post and 

Light pole Foundation Assembly Embedded in Loose, Uncompacted Sand 
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Time = 80 ms 

  
Time = 100 ms 

  
Time = 120 ms 

  
Time =140 ms 

Figure 9.14 Comparison of Time Sequential Images Between Dynamic Impact Test (i.e., Test 
No. AKLP-2) and Simulated Impact Test Using the Hybrid FEM+ALE Method for a Post and 

Light pole Foundation Assembly Embedded in Loose, Uncompacted Sand 
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Figure 9.15 presents the post-impact condition of the post and foundation assembly, 

acquired from both the physical impact test and the hybrid FEM+ALE method simulation. The 

images confirm that plastic hinging occurred in both the physical test and simulation, despite 

extreme soil deformations due to loose, uncompacted soil. 

 

  

Test No. AKLP-2 

  
Simulation: Hybrid FEM+ALE 

Figure 9.15 Post-Impact Photographs of Post and Light pole Foundation Assembly Simulation 
Using Hybrid FEM+ALE Method and Test No. AKLP-2 
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9.4.2.4 Soil Response to Lateral Impact on Post and Foundation Assembly 

Figure 9.16 provides a visual representation of the von Mises stress distribution within the 

soil. This illustration elucidates the particular geometry of the post and foundation assembly 

rotation, which necessitates the largest deflection at both the ground line and the base of the 

reinforced concrete foundation. Consequentially, this prompts observable plastic soil deformation 

in the vicinity of the ground line and the foundation base. The evolution of von Mises stress within 

the soil, depicted in Figure 9.16, further illuminates these observations. 

Despite the soil strength parameters – such as internal friction angle and cohesion – being 

assumed as constants with respect to depth, it is noteworthy that dynamic soil resistance exhibits 

an increasing trend with depth. Additionally, the soil resistance exhibits a shear component acting 

at the foundation base. This shear-induced von Mises stress is markedly pronounced at the 

foundation base and remains salient throughout the majority of the impact event, as evident in 

Figure 9.16. This finding underlines the significance of the shear component at the foundation base 

for light pole foundation systems embedded in extremely weak soil conditions, suggesting its 

necessary incorporation in future analytical studies of laterally impacted light pole foundations 

embedded in weak soil. 

As shown in Figure 9.16, the rotation resistance of the post and foundation assembly is 

solely dictated by the strength and stiffness properties of the soil adjacent to the embedded portion 

of the foundation. This adjacent soil essentially governs the behavior of post and foundation 

assemblies embedded in loose, non-compacted sand. The impact performance and behavior of 

these assemblies are predominantly contingent on the lateral dynamic soil resistance. 

Soil failure is occurred when the ultimate lateral dynamic resistance of the soil along the 

length of the foundation is surpassed, as depicted in Figure 9.16. This leads to the post and 

foundation assembly rotating around a rotation point, thereby creating dynamic soil resistance in 
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front of the foundation below the pivot point, and behind the foundation above the rotation point. 

This process culminates in the failure of the post and foundation assembly by rotation, once the 

dynamic impact resistance of the soil above and below the rotation point is exceeded. 
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Time = 40 ms Time = 60 ms 

  
Time = 80 ms Time = 100 ms 

  
Time = 120 ms Time = 140 ms 

Figure 9.16 Von Mises Stress Distribution Within Compacted Sand Soil in Laterally Impacted 
Light pole Foundation in Loose, Uncompacted Sand 
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9.5 ALE Mesh Density Study  

9.5.1 Methodology  

This study evaluated the influence of mesh sizes on the dynamic interaction between post 

and light pole foundation assemblies and soil when subjected to impact loading, using test no. 

AKLP-2 as a reference case to represent extremely loose soil conditions. More specifically, the 

study examined the implications of ALE soil mesh density surrounding the light pole foundation, 

representing the large deformation region, during lateral vehicular impacts. To our current 

knowledge, no previous research has been conducted to explore the effects of ALE soil mesh 

density on the simulation outcomes concerning dynamic impact soil-structure interaction. 

The primary goal was to illuminate the role of ALE soil mesh density on the dynamic 

performance and behaviors of the post and light pole foundation assembly-soil system, with a 

focus on resistive force versus displacement and energy versus displacement responses. To analyze 

the effect of mesh density, soil mesh size was varied while maintaining constant soil, post, and 

light pole foundation constitutive laws, input parameters, and soil domain size. The broader aim 

was to establish guidelines for appropriate soil mesh sizes for use in LS-DYNA hybrid FEM+ALE 

foundation-soil impact simulations, significantly contributing to existing knowledge and practice 

in this field. 

Five distinct ALE models were configured, each characterized by varying soil mesh sizes: 

(1) 15 mm (0.6 in.); (2) 20 mm (0.8 in.); (3) 25 mm (1 in.); (4) 50 mm (2 in.); and (5) 100 mm (4 

in.). These models are illustrated in Figures 9.17 through 9.21. The study focused on a laterally 

impacted post and light pole foundation assembly embedded within loose, non-compacted sand. 

Particular attention was paid to the large deformation soil zone (near-field soil domain) 

surrounding the light pole foundation, a decision driven by observations from physical impact test 

no. AKLP-2. 
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Figure 9.17 Representation of the 100 mm ALE Mesh Size 

 

This figure illustrates the domain where the ALE mesh size varies from 100 mm to 335 

mm in the circumferential direction, and 100 mm to 115 mm in the radial direction. Throughout 

the Z-direction, the mesh size remains consistently at 100 mm. This domain, defined by these mesh 

sizes, is designated as the 100 mm mesh size domain. 

 

       
Figure 9.18 Depiction of the 50 mm ALE Mesh Domain 

 

This figure displays the region where the ALE mesh size extends from 50 mm to 170 mm 

in the circumferential direction and from 50 mm to 58 mm in the radial direction. In the Z-

direction, a consistent mesh size of 100 mm is maintained. This region, delineated by these mesh 

dimensions, is termed as the 50 mm mesh size domain. 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

210 

    
Figure 9.19 Illustration of the 25 mm ALE Mesh Domain 

 

The figure delineates a domain in which the ALE mesh size ranges from 25 mm to 85 mm 

in the radial direction, while maintaining a consistent size of 25 mm in both the circumferential 

and Z-directions. This defined area, characterized by these particular mesh dimensions, is 

identified as the 25 mm mesh size domain. 

 

      
Figure 9.20 Description of the 20 mm ALE Mesh Domain 

 

The figure presents a domain where the ALE mesh size extends from 20 mm to 65 mm in 

the radial direction, while remaining uniform at 20 mm in both the circumferential and Z-

directions. This specifically outlined region, defined by these mesh sizes, is recognized as the 20 

mm mesh size domain. 
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Figure 9.21 Representation of the 15 mm ALE Mesh Domain 

 

The figure illustrates a domain where the ALE mesh size ranges from 15 mm to 50 mm in 

the radial direction, while maintaining a consistent size of 15 mm in the circumferential and Z-

directions. This region, demarcated by these specific mesh dimensions, is designated as the 15 mm 

mesh size domain. 

9.5.2 Results and Discussion  

The effect of soil mesh size was investigated by observing the sensitivities of predicted 

forces versus bogie displacement at the point of impact, as well as the correlation between 

predicted energy dissipated and bogie displacement. Figures 9.22 and 9.23 present a comparison 

between force versus displacement and energy versus displacement curves derived from five 

distinct hybrid FEM+ALE soil-foundation system models, and those obtained from test no. AKLP-

2. Simulation results were practically identical among mesh refinement options for displacements 

up to approximately 11 in. At larger displacements, force response progressively drifted farther 

from the physical test results with increasing mesh resolution. Thus, the optimal resolution among 

those considered was the coarsest option in terms of force versus displacement response.  
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Figure 9.22 Comparison of Force vs. Displacement Curves Between Simulated Test for Various 

ALE Soil Mesh Sizes and Physical Impact Test Result 

 

Similarly, Figure 9.23 illustrates that the energy versus displacement responses displayed 

essentially no sensitivity to mesh refinement among the considered cases. The maximum percent 

differences relative to the baseline physical test data were 3.6%, 6.9%, 7.9%, 8.1%, 8.2% for meh 

sizes of 100 mm, 50 mm, 25 mm, 20 mm, and 15 mm, respectively, occurring within the 

displacement range of 6 to 13 inches. 
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Figure 9.23 Comparison of Energy vs. Displacement Curves Between Simulated Test for 

Various ALE Soil Mesh Sizes and Physical Impact Test Result 

 

A computational efficiency analysis was conducted on the aforementioned post and light 

pole foundation assembly-soil systems, each featuring different soil mesh sizes. The researchers 

posit that this performance analysis, combined with the mesh sensitivity studies discussed earlier, 

equips roadside safety researchers and engineers with the insights necessary to strike a balance in 

selecting an optimum mesh size for precise and efficient hybrid FEM+ALE soil-foundation impact 

simulations. 

All simulations in this study were conducted utilizing the MMP LS-DYNA hydrocode, 

version R13.1.0, on the University of Nebraska's Crane supercomputer cluster, equipped with Intel 

Xeon E5-2670 2.6GHz processors and utilizing 32 cores per simulation. Figure 9.24 depicts the 

CPU execution time for the post and light pole foundation assembly-soil impact simulation, 

varying the ALE mesh sizes. 
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Figure 9.24 shows that, as anticipated, the hybrid FEM+ALE method computational time 

demand increased significantly with the number of elements or finer spatial discretization. 

Computational time ratios between different mesh sizes were: 15 mm (0.6 in.) and 20 mm (0.8 in.) 

at 1.65, 20 mm (0.8 in.) and 25 mm (1.0 in.) at 1.40, 25 mm (1.0 in.) and 50 mm (2.0 in.) at 1.24, 

and 50 mm (2.0 in.) and 100 mm (4 in.) at 1.52, respectively. These ratios provide practical insights 

into the performance trade-offs associated with different mesh sizes. 

 

 
Figure 9.24 Performance Comparison of ALE Post-Soil Impact Simulation using 32 Cores Per 

Simulation  
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Chapter 10 Numerical Simulation of Light Pole-Foundation Systems 

10.1 Introduction 

Models were developed to simulate the bogie tests impacting steel light poles mounted to 

concrete foundations in loose soils with Transpo couplings. Validating models with respect to 

observed test behaviors facilitates extended modeling efforts with full-scale vehicle impacts. 

10.2 Light pole System LS-DYNA Model 

Models were developed and results compared to physical test data from test nos. AKLP-5 

and AKLP-6. The modeling effort investigated the hybrid FEM+ALE method’s capability to 

capture results from these breakaway tests and develop models which could provide preliminary 

predictions for MASH full-scale crash test outcomes. Both models included a 35.5-ft high light 

pole, frangible couplings, and a concrete foundation embedded in uncompacted sand, consistent 

with the bogie crash test articles. The comparisons of simulated to physical test results included 

force versus time histories, impulse versus time histories, damage, and displacement of the top of 

the reinforced concrete foundation. 

10.2.1 System Geometry and Element Formulation 

The modeled light pole system was composed of a light pole, a 20-ft long mast arm, a 

coupling base, a 6-ft deep reinforced concrete (RC) foundation, soil domain, and an air volume. A 

visual representation of these computer models can be found in Figure 10.1. 
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(a) (b) (c) 
Figure 10.1 Computer Models for Light pole Systems: (a) Light pole System; (b) RC 

Foundation; (c) Mast Arm-to-Pole Connection 

 

The light pole system was anchored by a 2.5-ft diameter reinforced concrete (RC) 

foundation, embedded in sand, with a depth of 6 ft. The concrete foundation was reinforced with 

eight #8 longitudinal steel reinforcing bars and #5 circular hoops at 6-in. intervals. Steel 

reinforcement was ASTM A615 steel, with a minimum yield strength of 60 ksi. Concrete strength 

was set at 4 ksi, per material specifications. Concrete was modeled using eight-node solid 

elements, while the steel reinforcement was simulated employing two-node, Hughes-Liu beam 

elements. The interaction between the reinforcements and the enveloping concrete was simulated 

using the Constrained Beam in the Solid option in LS-DYNA. 

In order to simulate the large deformation and dynamics of the soil-foundation system 

during vehicle impact, the hybrid FEM+ALE approach was used. The model also included a 16.5-

ft soil domain constructed to replicate the interactions between the soil and the RC foundation, 
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with a soil depth of 11.5 ft. An air volume with a depth of 1.5 ft was placed above the soil domain. 

The soil and air were simulated using one-node, ALE multi-material, solid elements. The hourglass 

coefficient for the ALE solid element was set to 1×10-6, in line with the LS-DYNA manual and 

precedent studies. Table 10.1 details the simulation model parts and corresponding LS-DYNA 

modeling parameters. 

 

Table 10.1 List of Simulation Model Parts and LS-DYNA Parameters 

Part Name Element 
Type 

Element 
Formulation Material Type Material 

Formulation 

Light pole Shell Belytschko-Tsay ASTM A595 
Grade A 

Piecewise Linear 
Plasticity 

Mast arm Shell Belytschko-Tsay ASTM A595 
Grade A 

Piecewise Linear 
Plasticity 

Light pole base 
plate Solid  Constant stress ASTM A709 Piecewise Linear 

Plasticity 

Hex nut Solid  Constant stress ASTM A563 
Grade DH Rigid 

Flat washer Solid  Constant stress ASTM A153 Rigid 

Double-neck 
light pole-safe 

coupling 
Solid  Constant stress ASTM A449 

(approximate) 
Piecewise Linear 

Plasticity 

Mounting plate Solid Constant stress ASTM A709 Piecewise Linear 
Plasticity 

Luminaire mass Shell Belytschko-Tsay ASTM A595 
Grade A Rigid 

Concrete Solid Constant stress 4, 000 psi 
Concrete CSCM Concrete 

Reinforcement Beam Hughes-Liu ASTM A615 Plastic Kinematic 

Soil Solid ALE Dry & Saturated Soil and Foam 

Air Solid ALE Air Null 
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10.2.2 Material Properties and Models  

The light pole system's material response, which includes components such as the light 

pole, mast arm, mounting plates, base plate, couplings, nuts, and washers, was simulated using the 

MAT Piecewise Linear Plasticity model. This model accommodates elasto-plastic behaviors, 

accounting for yielding, hardening, plastic-strain-based failure, and strain-rate effects. The steel's 

elastic modulus was set at 2.9×104 ksi, with a Poisson's ratio of 0.3. The yield strength for ASTM 

A595 and ASTM A449 steel was specified as 55 ksi and 43.5 ksi, respectively, consistent with 

materials used in component test nos. AKLP-5 and AKLP-6. The Cowper and Symonds model 

was used to incorporate strain-rate-dependent strength increase, scaling the yield stress with 

coefficients C = 40.4 and p = 5. A plastic failure strain was set in the material model for couplings, 

to facilitate the breakaway mechanism during impact loading. This enabled elements to be deleted 

from the simulation to mimic steel fracture when the plastic strain reached a predetermined value. 

After considering prior studies and systematic simulation trials, the plastic failure strain was set at 

0.2 to achieve an accurate representation of coupling fractures’ locations and timing. 

Cohesion coefficients for dry, noncompacted sand (test no. AKLP-5) and saturated 

noncompacted sand (test no. AKLP-6) were derived from Standard Penetration Test (SPT) N 

values, acquired in the preliminary stages of the crash testing program. Given the lack of detailed 

data regarding the sand’s dynamic friction angle during bogie testing, an equivalence was posited 

between the friction angle and the angle of repose. The initial computational steps involved the 

determination of Drucker-Prager (D-P) model parameters using the cohesion and friction angle 

values. In subsequent calculations, the Soil and Crushable Foam (SCF) model parameters were 

derived from the D-P parameters through established relations (as explained in the preceding 

chapter). 
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For test no. AKLP-5, the dry noncompacted sand, was characterized by a density of 86.8 

pcf. Conversely, the saturated noncompacted sand in test no. AKLP-6 was assigned a density of 

124.1 pcf,. Additionally, values for the shear modulus and bulk modulus were determined with 

reliance on Young’s modulus—derived from SPT N values—and a range of values suggested by 

Wright [45] and Lee [66] tailored to the modeling of dry and saturated sands, respectively, under 

dynamic loading conditions. SCF model parameters corresponding to the dry (noncompacted) and 

saturated (noncompacted) sands are documented in Tables 9.1 and 9.2. 

For a comprehensive understanding of the constitutive models and input parameters 

pertaining to soil, concrete, and reinforcement bars, readers are encouraged to refer to the previous 

chapter, where these aspects are extensively discussed, or to technical documentation available for 

LS-DYNA. Additionally, the previous chapter provides a detailed exploration of the material 

properties and governing equation of state for the air material. 

10.2.3 Contact Models and Boundary Conditions 

The Automatic General contact type was employed to model the interaction between the 

bogie vehicle and the light pole. The Contact Automatic General, a penalty-based contact 

algorithm, counters penetration among interacting parts by exerting a force proportional to the 

depth of penetration. The algorithm was adjusted to use a soft constraint penalty formulation 

(SOFT = 1), an approach particularly effective when materials of different mesh densities and 

stiffness come into contact. A Coulomb friction formulation was used to account for the frictional 

interaction during sliding contact. Static and dynamic friction was implemented with a coefficient 

of 0.1 to simulate the frictional interaction between the impact head and the light pole. 

The light pole system components, including the light pole, mast arm, couplings, nuts, 

washers, and base plate, were assigned a segment-based contact algorithm via the Contact 

Automatic Single Surface, with static and dynamic friction coefficients set to 0.1. A penalty-based 
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contact algorithm was used to model the interaction between the couplings and the concrete 

foundation using the Contact Automatic Surface to Surface, with both static and dynamic friction 

coefficients set at 0.57, values derived from relevant literature [67-68]. 

The connections between the light pole and attachment complex and between the mast arm 

and attachment complex were simulated as rigid constraints to save computational time. In this 

model, the soil and air were represented using an MM-ALE mesh, while a Lagrangian mesh was 

used for the RC foundation. The dynamic soil and foundation interaction was achieved using a 

penalty-based coupling algorithm via the Constrained Lagrangian in Solid keyword. 

The boundaries of the soil domain and air volume were restrained to prevent the movement 

of exterior surfaces during the impact event. A Boundary Non-Reflecting (BNR) boundary 

condition was applied to the four exterior faces and the bottom surface of the models. Bolt preload 

of 15.5 kips was applied to the couplings using the Initial Stress Section keyword in LS-DYNA to 

simulate the effect of installation torque. 

10.3 Baseline Simulation and Validation 

Baseline simulations corresponding to test nos. AKLP-5 and AKLP-6 involved a bogie 

vehicle model of 1,850 lb mass impacting the light pole model at a velocity of 20.4 mph and 20.0 

mph, respectively, maintaining an impact angle of 0 degrees. The simulated initial impact mirrored 

the physical impact tests, occurring 25 in. above the ground. In both simulations, the single mast 

arm was set perpendicular to the direction of impact to match test conditions. 

10.3.1 Simulation of Test No. AKLP-5 

The evaluation of the test no. AKLP-5 simulation incorporated both qualitative and 

quantitative considerations. Quantitative considerations included impact force versus time 

histories, impulse versus time histories, and foundation displacement relative to the experimental 
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data from test no. AKLP-5. Impulse time histories were computed by integrating force versus time 

curves.  

Figures 10.2 and 10.3 show that the simulation results accurately represented physical test 

no. AKLP-5 behavior and events, including light pole release, light pole rotation, light pole-bogie 

interaction, and concrete foundation response. Simulated breakaway coupling base fractures 

initiated in the two rear couplings at 10 ms, followed by a full breakaway mechanism at 20 ms, 

with fractures observed in all four couplings at both neck locations. Post-impact analyses identified 

light pole buckling and coupling fracture, with the MM-ALE computational model accurately 

capturing both global behavior and local outcomes, such as deformed shapes and areas of local 

buckling and plastic material response. 

The simulation predicted the peak impact force with an error margin of 9.4% relative to 

the physical impact test, as illustrated in Figure 10.4. This tolerance was deemed acceptable 

considering the inherent complexities of dynamic impact simulations involving a light pole-

foundation-soil system. However, the model overpredicted the force for initial softening by 9.4%, 

potentially due to lack of detailed material data for the proprietary couplings, and/or limitations of 

the steel material model and associated parameters in accurately predicting the shear-based 

fracture of the couplings. The simulation generated an impulse versus time history that closely 

aligned with the experimental data, exhibiting a maximum 8.9% difference in the maximum 

impulse. 

The baseline test no. AKLP-5 simulation also produced an acceptably accurate 

representation of the dynamic soil-foundation interaction and the foundation's response during the 

impact event. The peak lateral displacement at the foundation top was slightly lower  (12%) in the 

simulation than in test no. AKLP-5 (Figure 10.5). 
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Despite minor impact force and foundation displacement discrepancies, the baseline 

simulation corresponding to test no. AKLP-5 offered reasonable predictions of light pole system 

behavior and damage under impact loading. These differences were within an acceptable range, 

thus justifying the model’s validity for other analyses, such as full-scale MASH test simulations. 
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t = 0 ms 

  
t = 10 ms 

  
t = 20 ms 

  
t = 40 ms 

  
t = 80 ms 

Figure 10.2 Sequential Views, Test No. AKLP-5 and Simulation 
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(a) Light Pole Damage 

  
(b)  Coupling Breakaway 

Figure 10.3 Test No. AKLP-5 Test versus Simulation Damage: (a) Light pole and (b) 
Foundation and Couplings 
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(a) Impact Force Time Histories 
 

 
 

(b) Impulse Time Histories 
Figure 10.4 Impact Force and Impulse, Test No. AKLP-5 and Simulation: (a) Impact Force 

Time Histories and (b) Impulse Time Histories 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

226 

 
 

Figure 10.5 Foundation Displacement, Test No. AKLP-5 and Simulation 

 

10.3.2 Simulation of Test No. AKLP-6 

A numerical simulation was additionally performed to assess the fidelity of the developed 

models in replicating and evaluating the dynamic response of a 35.5-ft steel light pole system under 

impact loading with saturated, loose sand conditions. The simulation modeled a bogie vehicle 

impacting the system at a speed of 19.98 mph. The soil moisture content was maintained at 26%. 

Qualitative and quantitative comparisons were conducted against the data from test no. AKLP-6, 

concentrating on post-impact crash analysis and metrics such as impact force versus time histories, 

impulse versus time histories, and lateral foundation displacement. 

Graphical representations of the results from the simulation and test no. AKLP-6, as 

illustrated in Figure 10.6, displayed similar light pole release timing, light pole rotation, and 

coupling breakaway behavior. The initial impact in both scenarios occurred with the light pole 

centerline aligned with the bogie center point. The two front couplings on the impact side first 
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exhibited cracking at t = 10 ms, with a full coupling breakaway ensuing at t = 15 ms due to the 

failure of all four couplings at both neck locations. The light pole rotated around its center of 

gravity and translated with the bogie in the direction of impact before losing contact at t = 40 ms.  

Qualitative assessments involved post-impact analysis of light pole plastic deformation and 

fracturing of couplings. A comparison between the simulation and test no. AKLP-6, presented in 

Figure 10.7, suggested that the computational model accurately predicts locations of plastic 

behavior by examining deformed shapes. The light pole was dented similarly for both the physical 

test and the model at the impact height, as shown in Figure 10.7(a). Furthermore, all four couplings 

fractured at both neck locations during the impact event, achieving the desired breakaway 

mechanism for the light pole system in both the simulation and test no. AKLP-6. 

Figure 10.8 illustrates the comparison between the simulation and test no. AKLP-6 for 

impact force-time histories and impulse-time histories. The simulation accurately captured the 

initial loading branch and the peak load experienced between the bogie and pole, which primarily 

reflected the Transpo couplings’ resistance. The simulation predicted a similar maximum force of 

27.1 kips at 7.2 ms, compared to the test peak force of 27.8 kips at 7.5 ms, a difference in the 

simulation of 2.5%. Following this local peak in the force versus time simulation response, the 

simulation reached a second local peak, also the maximum peak in the simulation, of 27.6 kips at 

12.7 ms, which approximately corresponded to a short leveling of the recorded forces in the 

physical test data. This difference in simulated and physical test responses is likely due to the 

fracture mechanism of the proprietary, double-neck, frangible Transpo couplings, with brittle 

fracture at necked sections of couplings in the test represented by a more ductile loss of strength 

in the simulation. As the objective was to reasonably approximate the activation of the proprietary 

components, the simulation exhibited excellent agreement with the physical test in general, only 
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excepting an overestimated impulse of approximately 17% due to the precise nature of the Transpo 

couplings’ fracture mechanics. 

A comparison of lateral displacements at the foundation top in the simulation and test no. 

AKLP-6 is presented in Figure 10.9. The peak displacements, corresponding to the activation of 

the breakaway mechanism for the coupling base, were 0.34 in. in the simulation and 0.30 in. in the 

test. This 13% discrepancy is within the acceptable margin, which could result from the simplified 

representation of saturated soil conditions and the model's inability to accurately predict the 

coupling fracture under bogie impact.  

In conclusion, the simulation provided satisfactory predictions of light pole system 

behavior, coupling base breakaway mechanism, dynamic soil-foundation interaction, and bogie 

behavior under impact conditions. The model can be expected to produce approximately accurate 

but slightly conservative outcomes for other potential simulations, such as slightly overestimated 

occupant risk and foundation displacement if simulated for full-scale vehicle impacts.
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t = 0 ms 

  
t = 10 ms 

  
t = 20 ms 

  
t = 40 ms 

  
t = 100 ms 

Figure 10.6 Sequential Views, Test No. AKLP-6 and Simulation 
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(a) Light pole Damage 

  
(b)  Coupling Breakaway 

Figure 10.7 Test No. AKLP-6 Test versus Simulation Damage: (a) Light pole and (b) 
Foundation and Couplings 
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(a) Impact Force Time Histories 

 
(b) Impulse Time Histories 

Figure 10.8 Impact Force and Impulse, Test No. AKLP-6 and Simulation 
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Figure 10.9 Foundation Displacement, Test No. AKLP-6 and Simulation 
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Chapter 11 Mash Evaluation of Light Pole-Foundation System 

11.1 Overview  

Simulations were performed to investigate the potential outcomes for full-scale vehicle 

impacts as an extension to the previous modeling performed to simulate weak soil conditions. 

Transpo Model 5100 couplings activated as intended in physical impact test nos. AKLP-5 and 

AKLP-6, and foundation permanent sets were within target thresholds to allow reusing foundations 

for pole replacements after impacts. While these results are encouraging, crash safety requires 

additional considerations to ensure adequate safety for motorists. LS-DYNA computational 

simulations, replicating the conditions of for a portion of Manual for Assessing Safety Hardware 

(MASH) Test Level 3 (TL-3) [9], were conducted to preliminarily confirm anticipated breakaway 

activation and investigate occupant risk metrics. 

11.2 MASH TL-3 Requirements and Evaluation Criteria 

MASH TL-3 prescribes three distinct full-scale crash tests for breakaway luminaire support 

systems: test designation nos. 3-60, 3-61, and 3-62. Test designation no. 3-60 involves an 1100C 

test vehicle impacting the pole at 19 mph, primarily assessing the kinetic energy needed for 

breakaway mechanism activation, the reliability of breakaway activation for low-speed impacts, 

and the potential risks of occupant interaction with the vehicle (Occupant Impact Velocity (OIV), 

Occupant Ridedown Acceleration (ORA)), and occupant compartment intrusion (roof and 

windshield crush) resulting from vehicle interaction with the pole during and after breakaway 

occurs and potential vehicle instability such as uncontrolled yaw and rollover. Test designation 

nos. 3-61 and 3-62 focus on high-speed impacts with similar metrics. Table 11.1 summarizes the 

parameters for MASH TL-3 tests. 
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Table 11.1 MASH Test Matrices for Breakaway Luminaire Supports [9] 

Test 
Article 

Test 
Designation 

No. 

Test 
Vehicle 

Vehicle 
Weight 

(lb) 

Impact 
Conditions Impact  

Point 
Evaluation 
Criteria 1 Speed 

(mph) 
Angle 
(deg) 

Luminaire 
Support 

Structures 

3-60 1100C 2,425 19 CIA CIP  B, D, F, 
H, I, N 

3-61 1100C 2,425 62 CIA CIP B, D, F, 
H, I, N 

3-62 2270P 5,000 62 CIA CIP B, D, F, 
H, I, N 

1Evaluation criteria explained in Table 11.2. 

 

Prior research [69-71] indicated the heightened criticality of tests 3-60 and 3-61 with 

1100C small cars over 3-62 with a 2270P pickup truck, given the risks of occupant compartment 

intrusion and longitudinal OIV breaches. Consequently, this study focused on evaluating the 

crashworthiness of the light pole supported by a concrete foundation through breakaway couplings 

in alignment with MASH test designation nos. 3-60 and 3-61. 

MASH requires that safety be evaluated by impacting at a Critical Impact Angle (CIA), to 

be determined for each test system. Generally, roadside devices should be tested at a CIA selected 

between 0 and 25 degrees. For crash testing, critical angles may be determined from analyses or 

engineering judgement with reference to past testing practices and outcomes for similar systems. 

Ideally, simulations such as those described in this section would be performed to examine 

multiple test conditions, so that physical testing can be limited to investigate only the most critical 

conditions.  

In addition to CIP, MASH requires that a Critical Impact Point (CIP) be selected, and 

recommends testing single support structures like light poles with the support centerline aligned 

with either the left-front or right-front quarter point of the impacting vehicle. This historical 

recommendation was based on potential risk of vehicle instability. However, recent findings from 
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NCHRP Project 03-119 [72] highlighted center impacts as more critical due to increased severity 

of occupant compartment intrusion from pole contact with the vehicle roof. Accordingly, the 

vehicle was simulated as centered on the pole at impact. 

Full-scale crash testing evaluation criteria encompass three key areas: structural adequacy, 

occupant risk, and post-collision vehicle trajectory. Structural adequacy requires predictable 

activation of the test article through breakaway, fracturing, or yielding. Occupant risk assessment 

evaluates hazards to vehicle occupants, while post-impact vehicle trajectory considers the 

likelihood of secondary collisions. These criteria are detailed in Table 11.2. 
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Table 11.2 MASH 2016 Evaluation Criteria for Support Structures [9] 

Structural 
Adequacy 

B. Test article should readily activate in a predictable manner by 
breaking away, fracturing, or yield. 

Occupant 
Risk 

D. Detached elements, fragments or other debris from the test article 
should not penetrate or show potential for penetrating the occupant 
compartment, or present an undue hazard to other traffic, 
pedestrians, or personnel in a work zone. Deformations of, or 
intrusions into, the occupant compartment should not exceed limits 
set forth in Section 5.2.2 and Appendix E of MASH 2016. 

F. The vehicle should remain upright during and after collision. The 
maximum roll and pitch angles are not to exceed 75 degrees. 

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2 
of MASH 2016 for calculation procedure) should satisfy the 
following limits: 

 Occupant Impact Velocity Limits 
Component Preferred Maximum 

Longitudinal and Lateral 10 ft/s 
(3.0 m/s) 

16 ft/s 
(4.9 m/s) 

I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, 
Section A5.2.2 of MASH 2016 for calculation procedure) should 
satisfy the following limits: 

 Occupant Ridedown Acceleration Limits  
Component Preferred Maximum 

Longitudinal and Lateral 15.0 g’s 20.49 g’s 

 N. Vehicle trajectory behind the test article is acceptable. 

 

11.3 1100C Vehicle Model 

Simulations were performed using a modified 1100C Toyota Yaris vehicle model, 

developed by the Center for Collision Safety and Analysis (CCSA) and further refined by Midwest 

Roadside Safety Facility (MwRSF) researchers [59]. It should be noted that this model omits 

failure mechanisms in suspension parts and lacks tire deflation and windshield failure capabilities. 

Figure 11.1 presents the 1100C Toyota Yaris vehicle model for full-scale simulations. 
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Figure 11.1 1100C Toyota Yaris Vehicle Model 

 

11.4 MASH TL-3 Evaluation of Light pole – Concrete Foundation System 

The simulation findings were analyzed to assess the impact safety performance of the light 

pole and foundation system against MASH safety criteria. This evaluation examined occupant 

compartment deformation, occupant risk measures (OIVs and ORAs), and vehicle instability 

indicators such as roll, pitch, or yaw angles. 

11.4.1 Full-Scale Crash Simulation: MASH Test Designation No. 3-60 Evaluation 

To simulate MASH test designation no. 3-60, an 1100C vehicle was modeled to collide 

with a light pole-concrete foundation system at 19 mph. The simulations consistently demonstrated 

that the light pole disengaged from its couplings within 0.1 seconds of impact, regardless of soil 

stiffness or impact angle. Following detachment, the pole exhibited rotation about its center of 

mass, leading to subsequent contact with the vehicle's windshield and roof, as illustrated in Figure 

11.2. All four frangible couplings exhibited fractures at their lower necked sections, producing a 

residual stub height of approximately 1.5 in. 

The vehicular damage, detailed in Figure 11.3, revealed significant deformations within 

the occupant compartment for each simulated scenario. Note that the color map has been 
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configured so that red corresponds to a deformation of 4 in., the maximum permissible roof 

deformation according to MASH. Any red regions therefore indicate expected MASH violations. 

Occupant compartment deformation results are tabulated in Table 11.3. The damage was 

predominantly localized at the vehicle's front and roof, corresponding with the impact regions. In 

simulations involving the light pole foundation embedded in soft soil (SPT = 7), the maximum 

roof deformation reached 11.5 in. and 8.6 in. for 0-degree and 25-degree impacts, respectively. In 

contrast, for foundations in very soft soil conditions (SPT = 3), the maximum roof deformations 

reached 6.1 in. and 9.8 in. for the respective impact angles. Furthermore, the simulations predicted 

windshield deformations surpassing the MASH limit of 3 in., indicating a high likelihood of 

windshield shattering upon impact. These deformations notably exceeded the MASH deformation 

thresholds, indicating unlikelihood of full-scale tests to satisfy established safety criteria for light 

poles and foundations in both soft and very soft soil conditions. 

In terms of occupant safety metrics, the OIVs and the maximum 0.010-second average 

ORAs in both longitudinal and lateral directions were within the acceptable limits as stipulated in 

MASH 2016. These findings are presented in Table 11.3. 
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0.0 s 0.10 s 1.00 s 1.50 s 

(a) SPT = 7, 0-degree impact 

    
0.0 s 0.10 s 1.00 s 1.50 s 

(b) SPT = 7, 25-degree impact 

    
0.0 s 0.10 s 1.00 s 1.50 s 

(c) SPT = 3, 0-degree impact 

    
0.0 s 0.10 s 1.00 s 1.50 s 

(d) SPT = 3, 25-degree impact 
Figure 11.2 Sequential Views, MASH Test Designation No. 3-60 
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(a) SPT = 7, 0-degree impact (b) SPT = 7, 25-degree impact 

  
(c) SPT = 3, 0-degree impact (d) SPT = 3, 25-degree impact 

Figure 11.3 Occupant Compartment Deformations, MASH Test Designation No. 3-60 

 

Table 11.3 Summary of OIV, ORA, Maximum Angular Displacement, and Occupant 
Deformation Results from MASH 3-60 Impact Simulations 

MASH Evaluation Criteria Soft Soil (SPT = 7) Very Soft Soil (SPT = 3) 

MASH 
limit 

Impact Vehicle 1100C  1100C 

Impact Velocity 19 mph 19 mph 

Impact Angle 0° 25° 0° 25° 

OIV (ft/s) 
Longitudinal 12.25 10.4 10.7 9.73 ±16  

Lateral 0.28 0.23 0.11 0.07 not 
required 

ORA (g’s) 
Longitudinal 0.59 0.74 0.82 0.70 ±20.49  

Lateral 0.55 0.52 0.77 0.44 ±20.49  
Maximum 
Angular 

Displacement 
(degree) 

Roll 1.89 0.70 4.54 0.36 ±75° 

Pitch 2.12 2.83 2.13 2.71 ±75° 

Occupant 
Compartment 
Deformation 

(in.) 

Roof  11.5 8.6 6.1 9.8 4.0 

Front 
windshield 8.6 7.9 5.3 8.9 3.0  
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11.4.2 Full-Scale Crash Simulation: MASH Test Designation No. 3-61 Evaluation 

For MASH test designation no. 3-61, simulation parameters were identical to test 

designation no. 3-60, except that the 1100C small vehicle was initialized with a higher-velocity in 

accordance with MASH criteria. The systems under examination were embedded in varying soil 

conditions: soft (SPT = 3) and very soft (SPT = 7), and with the vehicle traveling at 62 mph upon 

impact. The light pole rapidly disengaged from its couplings consistently in all simulations, 

occurring within a mere 0.02 seconds post-impact. Subsequently, the pole underwent rotational 

motion around its center of mass, and the vehicle traversed underneath the airborne pole, as 

depicted in Figure 11.4. The fracturing of all four couplings resulted in a uniform stub height of 

1.5 in. 

An analysis of vehicular damage is presented in Figure 11.5, delineating the occupant 

compartment deformations for each simulated case. Table 11.4 compares these maximum 

deformations against the MASH-prescribed limits for occupant compartment deformation. The 

damage was primarily localized to the vehicle's front, correlating with the impact zone. It should 

be noted that none of the deformations breached the MASH criteria for occupant compartment 

deformation, as evidenced in Figure 11.5 and summarized in Table 11.4. Furthermore, the vehicle's 

roll and pitch angular displacements were observed to be within safe limits, not exacerbating 

occupant risk nor leading to vehicular rollover. Vehicle yaws were similarly deemed unlikely to 

result in instability. OIVs and ORAs were calculated, and while OIVs were higher than for test 3-

60, the results still fell safely with the thresholds established in MASH 2016. 

The simulations thus indicated that the light pole and concrete foundation system, when 

embedded in soft and very soft soil conditions, exhibited a high likelihood of satisfying MASH 

safety criteria with test designation no. 3-61.  
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0.0 s 0.02 s 0.30 s 0.80 s 

(a) SPT = 7, 0-degree impact 

    
0.0 s 0.02 s 0.30 s 0.80 s 

(b) SPT = 7, 25-degree impact 

    
0.0 s 0.02 s 0.30 s 0.80 s 

(c) SPT = 3, 0-degree impact 

    
0.0 s 0.02 s 0.30 s 0.80 s 

(d) SPT = 3, 25-degree impact 
Figure 11.4 Sequential Views, MASH Test Designation No. 3-61 
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(a) SPT = 7, 0-degree impact (b) SPT = 7, 25-degree impact 

  
(c) SPT = 3, 0-degree impact (d) SPT = 3, 25-degree impact 

Figure 11.5 Occupant Compartment Deformations, MASH Test Designation No. 3-61 
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Table 11.4 Summary of OIV, ORA, Maximum Angular Displacement, and Occupant 
Deformation Results from MASH 3-61 Impact Simulations 

MASH Evaluation Criteria Soft soil (SPT = 7) Very soft soil (SPT = 3) 

MASH 
limit 

Impact Vehicle 1100C  1100C 

Impact Velocity 62 mph 62 mph 

Impact Angle 0° 25° 0° 25° 

OIV (ft/s) 
Longitudinal -14.7 -13.9 -14.5 -13.8 ±16  

Lateral 0.39 0.19 0.31 0.19 not 
required 

ORA (g’s) 
Longitudinal -1.03 -0.85 -1.21 -0.85 ±20.49  

Lateral 0.74 0.70 1.10 0.67 ±20.49  
Maximum 
Angular 

Displacement 
(degree) 

Roll 0.39 0.79 0.47 0.79 ±75° 

Pitch -1.96 -1.51 -1.87 -1.51 ±75° 

Occupant 
Compartment 
Deformation 

(in.) 

Roof  0 0 0 0 4.0  

Front 
windshield 0 0 0 0 3.0  

 

11.4.3 Discussion of Results 

Full-scale simulations of MASH test designation nos. 3-60 and 3-61 were conducted using 

the LS-DYNA simulation platform. Similar to test nos. AKLP-5 and AKLP-6, the simulated 

approximate Transpo couplings provided predictable breakaway activation in all simulations of 

35.5-ft tall light poles, supported by 6-ft deep foundations with 30-in. diameters, in soft and very 

soft soil conditions. Frangible coupling activation was achieved primarily through inertial 

foundation resistance and therefore insensitive to modeled soft to very soft soil conditions. 

Simulation results should be interpreted with consideration of their preliminary nature and 

the related potential implications for full-scale physical testing. The simulations predicted a higher 

breakaway activation force and resulting impulse compared to data recorded from test nos. AKLP-
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5 and AKLP-6. Therefore, it is conceivable that the model used in these simulations might 

conservatively overestimate foundation displacements, OIVs, and ORAs. The simulations 

indicated minimal damage to the concrete foundation, which was also observed in physical testing, 

suggesting that foundations may be reused when poles and frangible couplings are replaced post-

impact. 

Despite the successful demonstration of breakaway activation in both bogie tests and full-

scale simulations, a significant concern was the interaction of the light pole with the vehicle post-

activation. The pole's contact with the vehicle roof and front windshield led to excessive 

deformations within the occupant compartment. The crashworthiness of the light pole, thus, was 

largely influenced by factors such as the impact angle, vehicle type, pole configuration, geometric 

properties, and the type of breakaway support. In the context of MASH safety requirements, this 

interaction predicted a low potential for test designation no 3-60 to meet MASH impact safety 

performance criteria due to substantial occupant compartment deformations caused by the pole 

collapsing onto the vehicle post-activation.  
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Chapter 12 Conclusions 

Four tests were performed with surrogate vehicles (bogies) approximately simulating small 

cars impacting steel posts embedded in concrete foundations, and two subsequent tests were 

performed with bogies impacting steel posts mounted to foundations with Transpo frangible 

couplings, consistent with AK DOT&PF Standard Plans. The bogie impacts on embedded steel 

posts demonstrated that foundation inertia alone, regardless of surrounding soil stiffness, was 

adequate to develop shear forces sufficient to activate typical breakaway couplings used by AK 

DOT & PF. 

Although the displacement was unacceptably large for the foundation with an embedded 

steel post and surrounded by loose soil, the displacement was significantly less and within the 

desirable range for permanent set when the foundation supported a steel pole connected by 

frangible couplings. This difference in behavior illustrates the significance of loading duration, 

and highlights the inapplicability and unnecessary overconservativism of static methods such as 

Broms’ Method for addressing vehicle impacts. 

Furthermore, small foundation permanent sets were observed for foundations with 

frangible couplings in both dry and fully saturated conditions. Thus, foundations consistent with 

the current AK DOT&PF Standard Plan L-30.11, using Transpo Pole-Safe Model No. 5100 

couplings, with depths of at least 6 ft, provide compliance with previously accepted 

crashworthiness standards predating the Manual for Assessing Safety Hardware, Second Edition 

(MASH 2016), regardless of surrounding soil stiffness and moisture content.  

MASH compliance differs from predating standards by including additional requirements 

restricting occupant compartment deformation. Preliminary LS-DYNA simulations for full-scale 

MASH testing with small cars impacting poles commonly used by AK DOT&PF indicate that the 

poles are unlikely to demonstrate acceptable crashworthiness, regardless of the favorable 



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

247 

breakaway mechanism and insensitivity to soil conditions surrounding foundations, due to 

excessive roof and windshield deformations. 
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Chapter 13 Recommendations for Future Research 

13.1 Breakaway Steel Couplings Modeling  

The present study utilized a representative steel material model, specifically, the MAT 

Piecewise Linear Plasticity model in LS-DYNA, to simulate the fracture dynamics and overall 

behavior of the couplings under impact loading conditions. This model accommodates a range of 

steel properties, encompassing yielding, plastic hardening, failure based on plastic strain, and 

strain-rate effects, while offering the capacity to incorporate a stress versus strain curve. 

A complex interplay of factors, including nonlinear material properties, inertial effects, and 

the interaction of stress waves, contribute to fracture initiation and propagation in the steel 

couplings under impact conditions. These complexities may not be entirely encapsulated by the 

Piecewise Linear Plasticity constitutive model adopted for simulating steel fracture in this study. 

The couplings were proprietary products, so it is unsurprising that detailed data was not 

readily available from the manufacturer. If detailed material data is deemed necessary, research 

efforts should anticipate needing to perform material tests on supplied couplings to obtain 

additional characterization data, as needed. For the study presented herein, the research team 

estimated the stress versus strain curve for the couplings from previous studies and the team’s 

collective experience. Furthermore, a plastic failure strain was defined within the Piecewise Linear 

Plasticity material model to simulate coupling fracture. Upon reaching this predefined plastic strain, 

the associated element was removed from the numerical simulation to emulate a steel fracture. 

This plastic failure strain value was ascertained via a series of systematic numerical experiments. 

The Extended Finite Element Method (XFEM) has shown promising potential for fracture 

modeling, encompassing both initiation and propagation. This approach has been specifically 

executed for modeling shell elements in LS-DYNA. Upon functionalization of the explicit version 
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of XFEM in LS-DYNA for solid elements, it is recommended to explore its utility for simulating 

the fracture of breakaway steel couplings. 

13.2 Soil Dynamics Modeling  

The dynamic behavior of light pole foundations is primarily governed by soil properties, 

notably compaction and moisture content, significantly influencing soil behavior. Consequently, 

two parameters emerge as pivotal: the void ratio and degree of saturation, both playing a crucial 

role in modulating the impact of soil moisture content on deformation characteristics. Importantly, 

compaction is directly linked to the void ratio, while moisture content correlates strongly with 

excess pore water pressure. 

Our investigation employed the Soil and Crushable Foam (SCF) model to simulate 

dynamic soil-foundation interaction. However, it is noteworthy that this model does not 

intrinsically consider the generation of excess pore water pressure or a biphasic (solid-liquid) soil 

system. This underlines the necessity for future studies to integrate soil models capable of 

accommodating both excess pore water pressure and moisture effects. Such models could enable 

a more thorough analysis of the dynamic impact response and overall performance of light pole 

foundations within saturated granular soils. Using such soil constitutive models could also pave 

the way for evaluating potential soil liquefaction under dynamic impact loading conditions. 
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72. Application of MASH Test Criteria to Breakaway Sign and Luminaire Supports and 
Crashworthy Work-Zone Traffic Control Devices, Interim Report No. 2, NCHRP 03-119. 
George Mason University and University of Nebraska-Lincoln, January 2021. 
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Appendix A General Design Guidelines State DOT Review 

The data provided in this appendix was compiled by Mr. Taylor Drahota in partial 

fulfillment of his appointment in the University of Nebraska-Lincoln Undergraduate Creative 

Activities and Research Experiences (UCARE) program, and is supplementary to Sections 2.5.1 

and 2.5.2.   
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Connecticut Data Source: 

https://portal.ct.gov/DOT/CONNDOT/SECTION-M15#M.15.04  

 
Figure A.1 Connecticut DOT Light Standards

https://portal.ct.gov/DOT/CONNDOT/SECTION-M15#M.15.04
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Delaware Data Source: 

https://deldot.gov/Business/drc/pdfs/traffic/LightingPolicy.pdf?cache=1599176213610 

 
Figure A.2 Delaware DOT Type 6 Pole Base 

  

https://deldot.gov/Business/drc/pdfs/traffic/LightingPolicy.pdf?cache=1599176213610
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Florida Data Source: 

https://fdotwww.blob.core.windows.net/sitefinity/docs/default-

source/roadway/ds/18/ids/ids-21200.pdf?sfvrsn=29e0f9eb_2  

 
Figure A.3 Florida DOT Light Pole Design Assumptions 

 
  

https://fdotwww.blob.core.windows.net/sitefinity/docs/default-source/roadway/ds/18/ids/ids-21200.pdf?sfvrsn=29e0f9eb_2
https://fdotwww.blob.core.windows.net/sitefinity/docs/default-source/roadway/ds/18/ids/ids-21200.pdf?sfvrsn=29e0f9eb_2
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Illinois Data Source: 

http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Manuals-Split/Design-

And-Environment/BDE-Manual/Chapter%2056%20Highway%20Lighting.pdf  

 
Figure A.4 Illinois DOT Foundations and Mounting General Notes 

 

http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Manuals-Split/Design-And-Environment/BDE-Manual/Chapter%2056%20Highway%20Lighting.pdf
http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Manuals-Split/Design-And-Environment/BDE-Manual/Chapter%2056%20Highway%20Lighting.pdf
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Figure A.5 Illinois DOT Grade and Dimension Considerations 
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Kansas Data Source: 

https://www.bpu.com/SearchResults.aspx?Search=Unified+Government+%26+Board+of

+Public+Utilities+Street+Lighting+Equipment+%26+Material+Specifications  

 

 
Figure A.6 Kansas DOT Luminaire on Concrete Foundation 

https://www.bpu.com/SearchResults.aspx?Search=Unified+Government+%26+Board+of+Public+Utilities+Street+Lighting+Equipment+%26+Material+Specifications
https://www.bpu.com/SearchResults.aspx?Search=Unified+Government+%26+Board+of+Public+Utilities+Street+Lighting+Equipment+%26+Material+Specifications
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Louisiana Data Source: 

http://wwwsp.dotd.la.gov/Inside_LaDOTD/Divisions/Engineering/Bridge_Design/BDE

M_Guidelines/Guide%20to%20Constructing,%20Operating,%20and%20Maintaining%20Highw

ay%20Lighting%20Systems.pdf  

 
Figure A.7 LaDOTD General Design Notes 

http://wwwsp.dotd.la.gov/Inside_LaDOTD/Divisions/Engineering/Bridge_Design/BDEM_Guidelines/Guide%20to%20Constructing,%20Operating,%20and%20Maintaining%20Highway%20Lighting%20Systems.pdf
http://wwwsp.dotd.la.gov/Inside_LaDOTD/Divisions/Engineering/Bridge_Design/BDEM_Guidelines/Guide%20to%20Constructing,%20Operating,%20and%20Maintaining%20Highway%20Lighting%20Systems.pdf
http://wwwsp.dotd.la.gov/Inside_LaDOTD/Divisions/Engineering/Bridge_Design/BDEM_Guidelines/Guide%20to%20Constructing,%20Operating,%20and%20Maintaining%20Highway%20Lighting%20Systems.pdf
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Maine Data Source: 

https://www.maine.gov/mdot/contractors/publications/standardspec/docs/2014/StandardS

pecification-full.pdf  

 
Figure A.8 Maine DOT General Foundation Guidelines 

https://www.maine.gov/mdot/contractors/publications/standardspec/docs/2014/StandardSpecification-full.pdf
https://www.maine.gov/mdot/contractors/publications/standardspec/docs/2014/StandardSpecification-full.pdf
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Figure A.9 Maine DOT Light Standard Notes 
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Minnesota Data Source: 

http://www.dot.state.mn.us/trafficeng/lighting/2010_Roadway%20Lighting_Design_Man

ual2.pdf  

 
Figure A.10 Minnesota DOT Standard Foundation Types 

http://www.dot.state.mn.us/trafficeng/lighting/2010_Roadway%20Lighting_Design_Manual2.pdf
http://www.dot.state.mn.us/trafficeng/lighting/2010_Roadway%20Lighting_Design_Manual2.pdf
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New Hampshire Data Source: 

https://www.nh.gov/dot/org/projectdevelopment/highwaydesign/specifications/document

s/2016NHDOTSpecBookWeb.pdf  

 
Figure A.11 New Hampshire DOT Light Pole Base Considerations 

https://www.nh.gov/dot/org/projectdevelopment/highwaydesign/specifications/documents/2016NHDOTSpecBookWeb.pdf
https://www.nh.gov/dot/org/projectdevelopment/highwaydesign/specifications/documents/2016NHDOTSpecBookWeb.pdf
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New Jersey Data Source: 

https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualfor

BridgesandStructures20180604.pdf  

 

 
Figure A.12 New Jersey DOT Foundation General Notes 

  

https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualforBridgesandStructures20180604.pdf
https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualforBridgesandStructures20180604.pdf
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New York Data Source: 

https://www.dot.ny.gov/divisions/engineering/technical-services/geotechnical-

engineering-bureau/geotech-eng-repository/GDM_Ch-19_Culverts.pdf  

 
Figure A.13 New York DOT Luminaire Note 

https://www.dot.ny.gov/divisions/engineering/technical-services/geotechnical-engineering-bureau/geotech-eng-repository/GDM_Ch-19_Culverts.pdf
https://www.dot.ny.gov/divisions/engineering/technical-services/geotechnical-engineering-bureau/geotech-eng-repository/GDM_Ch-19_Culverts.pdf
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Oregon Data Source: 

https://www.oregon.gov/ODOT/Engineering/BaselineReport/TM653.pdf  

 

 
Figure A.14 Oregon DOT Design Parameters and Considerations 

  

https://www.oregon.gov/ODOT/Engineering/BaselineReport/TM653.pdf
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Rhode Island Data Sources: 

http://www.dot.ri.gov/documents/about/research/Geotechnical.pdf  

 

 
Figure A.15 Rhode Island DOT design procedure values

http://www.dot.ri.gov/documents/about/research/Geotechnical.pdf
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Rhode Island Data Sources (continued): 

http://www.dot.ri.gov/documents/doingbusiness/Compilation_of_Approved_Specificatio

ns_2016.pdf 

 

 
 

Figure A.16 Rhode Island Light Standard Foundation Notes 

http://www.dot.ri.gov/documents/doingbusiness/Compilation_of_Approved_Specifications_2016.pdf
http://www.dot.ri.gov/documents/doingbusiness/Compilation_of_Approved_Specifications_2016.pdf
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Vermont Data Source: 

https://outside.vermont.gov/agency/VTRANS/external/docs/construction/02ConstrServ/P

reContract/2018SpecBook/2018%20Standard%20Specifications%20for%20Construction.pdf  

  
 

Figure A.17 Vermont DOT Design Notes 

https://outside.vermont.gov/agency/VTRANS/external/docs/construction/02ConstrServ/PreContract/2018SpecBook/2018%20Standard%20Specifications%20for%20Construction.pdf
https://outside.vermont.gov/agency/VTRANS/external/docs/construction/02ConstrServ/PreContract/2018SpecBook/2018%20Standard%20Specifications%20for%20Construction.pdf
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Appendix B Characterization of Soil Parameters State DOT Review 

The data provided in this appendix was compiled by Mr. Taylor Drahota in partial 

fulfillment of his appointment in the University of Nebraska-Lincoln Undergraduate Creative 

Activities and Research Experiences (UCARE) program, and is supplementary to Sections 2.5.1 

and 2.5.3. Figure B-1 graphically summarizes the general ranges of friction angles versus SPT 

blow count values observed across state DOTs with boxes having different edge colors. Similarly, 

Figure B-2 graphically summarizes the general ranges of undrained shear strength versus SPT 

blow count values. 
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Figure B.1 DOT Recommended Friction Angle vs. SPT Ranges 
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Figure B.2 DOT Recommended Undrained Shear Strength vs. SPT Ranges 
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Alaska Data Source: 

http://stsp.alaska.gov/stwddes/desmaterials/assets/pdf/geo_man/geotechmanual_all_07.pd

f  

 

 
Figure B.3 Alaska DOT Soil Consistency Criteria 

http://stsp.alaska.gov/stwddes/desmaterials/assets/pdf/geo_man/geotechmanual_all_07.pdf
http://stsp.alaska.gov/stwddes/desmaterials/assets/pdf/geo_man/geotechmanual_all_07.pdf
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Figure B.4 Alaska DOT SPT Correlations 
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California Data Sources: 

https://dot.ca.gov/-/media/dot-media/programs/engineering/documents/geotechnical-

services/soil-correlations-mar2013-a11y.pdf  

 
Figure B.5 California DOT SPT vs. Angle of Friction for Granular Soils 

 

 
Figure B.6 California DOT SPT vs. Unit Weight Cohesionless Soil 

https://dot.ca.gov/-/media/dot-media/programs/engineering/documents/geotechnical-services/soil-correlations-mar2013-a11y.pdf
https://dot.ca.gov/-/media/dot-media/programs/engineering/documents/geotechnical-services/soil-correlations-mar2013-a11y.pdf
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Figure B.7 California DOT SPT vs. Unit Weight Cohesive Soil
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Connecticut Data Source: 

https://portal.ct.gov/-/media/DAS/OEDM/2016-CD-

HO/2016_sp_cd_soils_and_foundations_2_slide.pdf?la=en  

  
Figure B.8 Connecticut DOT Lateral and Axial Soil Strength Conditions 

  

https://portal.ct.gov/-/media/DAS/OEDM/2016-CD-HO/2016_sp_cd_soils_and_foundations_2_slide.pdf?la=en
https://portal.ct.gov/-/media/DAS/OEDM/2016-CD-HO/2016_sp_cd_soils_and_foundations_2_slide.pdf?la=en
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Florida Data Source: 

https://www.fdot.gov/docs/default-source/structures/manuals/SFH.pdf  

 
Figure B.9 Florida DOT SPT vs. Internal Angle of Friction 

  

https://www.fdot.gov/docs/default-source/structures/manuals/SFH.pdf
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Hawaii Data Source: 

https://hidot.hawaii.gov/?s=geotechnical+manual&type=usa  

 
Figure B.10 Hawaii DOT SPT and Soil Density/Consistency

https://hidot.hawaii.gov/?s=geotechnical+manual&type=usa
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Illinois Data Sources: 

http://idot.illinois.gov/Assets/uploads/files/Doing-Business/Manuals-Guides-&-

Handbooks/Highways/Materials/Geotechnical%20Manual.pdf  

 
Figure B.11 Illinois DOT SPT and Friction Angle/Compressive Strength Correlation 

  

http://idot.illinois.gov/Assets/uploads/files/Doing-Business/Manuals-Guides-&-Handbooks/Highways/Materials/Geotechnical%20Manual.pdf
http://idot.illinois.gov/Assets/uploads/files/Doing-Business/Manuals-Guides-&-Handbooks/Highways/Materials/Geotechnical%20Manual.pdf
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Illinois Data Sources (continued): 

http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Standards/Highway-

Standards/216%20Highway%20Standards%20Complete%20Set.pdf  

 
Figure B.12 Illinois DOT Average Soil Strength and Shaft Length

http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Standards/Highway-Standards/216%20Highway%20Standards%20Complete%20Set.pdf
http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Standards/Highway-Standards/216%20Highway%20Standards%20Complete%20Set.pdf
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Iowa Data Source: 

https://www.iowadot.gov/research/reports/Year/2004/fullreports/tr486vol2.pdf  

 
Figure B.13 Iowa DOT Angle of Friction and SPT Blow Count Graph 

 
Figure B.14 Iowa DOT Angle of Friction and SPT Blow Count Equation
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Figure B.15 Iowa DOT Undrained Shear Strength and SPT Blow Count Graph at STP 

 

 
Figure B.16 Iowa DOT Undrained Shear Strength and SPT Blow Count Equation 
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Maine Data Sources: 

https://www.maine.gov/mdot/contractors/projects/2015/016705.00-howland-

enfield/gr016705.00.pdf  

http://mainegov-images.informe.org/mdot/bdg/docs/Complete2003BDG.pdf  

 
Figure B.17 Maine DOT Soil Types and Parameters 

https://www.maine.gov/mdot/contractors/projects/2015/016705.00-howland-enfield/gr016705.00.pdf
https://www.maine.gov/mdot/contractors/projects/2015/016705.00-howland-enfield/gr016705.00.pdf
http://mainegov-images.informe.org/mdot/bdg/docs/Complete2003BDG.pdf
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Figure B.18 Maine DOT Boring Log Sample for Soil Parameters 
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Figure B.19 Maine DOT Coarse Grained Soil Parameters 

 
Figure B.20 Maine DOT Fine Grained Soil Parameters
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Maryland Data Sources: 

https://www.roads.maryland.gov/OPR_Research/MD-02-SP007B49-Updating-Bearing-

Capacity-SPT-Graphs-Report.pdf  

 
Figure B.21 Maryland DOT N60 Correction Equation 

 

 
Figure B.22 Maryland DOT SPT Correlations with Angle of Friction for Granular Soil 

https://www.roads.maryland.gov/OPR_Research/MD-02-SP007B49-Updating-Bearing-Capacity-SPT-Graphs-Report.pdf
https://www.roads.maryland.gov/OPR_Research/MD-02-SP007B49-Updating-Bearing-Capacity-SPT-Graphs-Report.pdf
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Figure B.23 Maryland DOT SPT vs Angle of Friction for Granular Soils 
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Figure B.24 Maryland DOT SPT Correlations for Cohesive Soils 
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Figure B.25 Maryland DOT Undrained Shear Strength vs. SPT for Cohesive Soils 
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Michigan Data Source: 

https://www.michigan.gov/documents/mdot/MDOT_Geotechnical_Manual_642589_7.pd

f 

 
Figure B.26 Michigan DOT SPT vs. Angle of Friction 

 

 
Figure B.27 Michigan DOT Relative Density for Cohesionless Soils

https://www.michigan.gov/documents/mdot/MDOT_Geotechnical_Manual_642589_7.pdf
https://www.michigan.gov/documents/mdot/MDOT_Geotechnical_Manual_642589_7.pdf


 
July 2, 2024  

MwRSF Report No. TRP-03-483-24 

297 

 

 
Figure B.28 Michigan DOT Consistency for Cohesive Soils
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New Jersey Data Source: 

https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualfor

BridgesandStructures20180604.pdf 

 
Figure B.29 New Jersey DOT Foundation Soil and Concrete Assumptions 

https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualforBridgesandStructures20180604.pdf
https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualforBridgesandStructures20180604.pdf
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Ohio Data Source: 

http://www.dot.state.oh.us/Divisions/Engineering/Geotechnical/Geotechnical_Documents

/ODOT_SGE_2020-07-17.pdf 

 
Figure B.30 Ohio DOT N60 Calibration

http://www.dot.state.oh.us/Divisions/Engineering/Geotechnical/Geotechnical_Documents/ODOT_SGE_2020-07-17.pdf
http://www.dot.state.oh.us/Divisions/Engineering/Geotechnical/Geotechnical_Documents/ODOT_SGE_2020-07-17.pdf
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Oregon Data Source: 

https://www.oregon.gov/ODOT/GeoEnvironmental/Docs_GeologyGeotech/GDM-

16_2019.pdf 

 
Figure B.31 Oregon DOT Cohesionless Soil Parameters 

 

 

 
Figure B.32 Oregon DOT Cohesive Soil Parameters

https://www.oregon.gov/ODOT/GeoEnvironmental/Docs_GeologyGeotech/GDM-16_2019.pdf
https://www.oregon.gov/ODOT/GeoEnvironmental/Docs_GeologyGeotech/GDM-16_2019.pdf
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Rhode Island Data Source: 

http://www.dot.ri.gov/documents/about/research/Geotechnical.pdf 

 
Figure B.33 Rhode Island DOT undrained shear strength based on SPT blow count 

 

 
Figure B.34 Rhode Island DOT SPT blow count vs. Unconfined Compressive Strength 

http://www.dot.ri.gov/documents/about/research/Geotechnical.pdf
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Figure B.35 Rhode Island DOT SPT vs. Angle of shearing resistance 

 

 
Figure B.36 Rhode Island DOT Vertical Effective Stress vs. SPT 
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Figure B.37 Rhode Island Internal Friction and Relative Density for Sands and Gravels
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Texas Data Source: 

http://onlinemanuals.txdot.gov/txdotmanuals/geo/geo.pdf 

 

 
Figure B.38 Texas DOT Soil Consistency Based on TCP

http://onlinemanuals.txdot.gov/txdotmanuals/geo/geo.pdf
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Washington Data Source: 

https://www.wsdot.wa.gov/publications/manuals/fulltext/M46-03/Geotech.pdf 

 
Figure B.39 Washington DOT SPT and Lateral Soil Strength 

 

 
Figure B.40 Washington DOT Soil Consistency 

https://www.wsdot.wa.gov/publications/manuals/fulltext/M46-03/Geotech.pdf
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Figure B.41 Washington DOT Corrected SPT Value and Angle of Friction 

 

 
Figure B.42 Washington DOT Shear Modulus Equation 
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Appendix C Pole Foundation Dimensions State DOT Review 

The data provided in this appendix was compiled by Mr. Taylor Drahota in partial 

fulfillment of his appointment in the University of Nebraska-Lincoln Undergraduate Creative 

Activities and Research Experiences (UCARE) program, and is supplementary to Sections 2.5.1 

and 2.5.4.  

Typical foundation plans published by state DOTs showed varying ranges between the 

recommended minimum and maximum depths, as illustrated in Figure C.1. Variations were 

primarily attributed to specific design considerations and field conditions, such as pole heights 

and/or mast arm lengths, environmental loading, and on-site soil characteristics. Note that Mr. 

Drahota’s review used past standards from Alaska, but the current standard includes depths up to 

10 ft, exceeding the 8 ft value shown in the figure. 

Most states demonstrated a moderate level of variation, with a standard deviation of 0.9 ft 

for the minimum depth and 1.5 ft for the maximum depth. Discrepancies in design procedures, 

analysis techniques, climate conditions, and personnel contributed to the variations in 

recommended depths across different states. 

Approximately two-thirds of the reviewed states (20 out of 33) provided foundation 

dimension information through standard drawings. These drawings included dimensions for 

various depths and featured different diameter sizes for concrete luminaire foundations. Minimum 

and maximum foundation diameters for state DOTs are shown in Figure C.2. Among the state 

DOTs considered, there was a standard deviation of 4.3 in. for minimum diameters and 5.9 in. for 

maximum diameters. 

The average values for the state DOT foundation diameters are shown in Table C.1. 

Notable variations were found in the minimum (4 ft) and maximum (11.5 ft) design depths 

obtained from Maryland DOT standard drawings. These differences were primarily attributed to 
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variations in luminaire geometric conditions within standard foundation plans. Design parameters 

such as pole height and mast arm length had a significant impact on the design.  

Most foundation depths fell within the range of 6 to 8 ft, with some states including poor 

soil conditions in their design considerations. Diameter size exhibited less variability as a number 

of states adopted a uniform diameter across all depths. The data set range supported the consistency 

of the minimum and maximum diameter values at 18 and 36 in., respectively. The average diameter 

obtained from this survey ranged between 2 to 2.5 ft, which was similar to the current Alaska 

DOT&PF average diameter of 2.5 ft from a corrugated metal form. 

 

Table C.1 Average Values for DOT Foundation Sizes  

 

Average Minimum Diameter (in) 25.5 

Average Maximum Diameter (in) 29.8 

Average Minimum Foundation Depth (ft) 5.9 

Average Maximum Foundation Depth (ft) 7.6 
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Figure C.1 Minimum and Maximum State DOT Foundation Depths
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Figure C.2 Minimum and Maximum State DOT Foundation Diameters
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The following sources were used to compile foundation size data. 

Alaska: 

L-30.11 Concrete Street Light Pole Foundation 

http://www.dot.state.ak.us/stwddes/dcsprecon/assets/pdf/stddwgs/eng/l3011.pdf 

 

Arizona: 

T-SL 4.02 Type S Pole 

https://apps.azdot.gov/files/Traffic/SignalLighting/current/etsl-4.02.pdf 

T-SL 4.02 Type T Pole 

https://apps.azdot.gov/files/Traffic/SignalLighting/current/etsl-4.03.pdf 

 

California: 

ES-6A Electrical Systems (Lighting Standard, Types 15 and 21) 

https://dot.ca.gov/-/media/dot-media/programs/design/documents/2018-std-plns-for-web-

a11y.pdf 

 

Colorado: 

Roadway Lighting Standard Plan No. M-613-1, Sheet No. 3 of 4 

https://www.codot.gov/business/designsupport/standard-plans/copy_of_2012-m-

standards-plans/2012-m-standards-pdfs/45-roadway-lighting/m-613-1-roadway-lighting 

 

  

http://www.dot.state.ak.us/stwddes/dcsprecon/assets/pdf/stddwgs/eng/l3011.pdf
https://apps.azdot.gov/files/Traffic/SignalLighting/current/etsl-4.02.pdf
https://apps.azdot.gov/files/Traffic/SignalLighting/current/etsl-4.03.pdf
https://dot.ca.gov/-/media/dot-media/programs/design/documents/2018-std-plns-for-web-a11y.pdf
https://dot.ca.gov/-/media/dot-media/programs/design/documents/2018-std-plns-for-web-a11y.pdf
https://www.codot.gov/business/designsupport/standard-plans/copy_of_2012-m-standards-plans/2012-m-standards-pdfs/45-roadway-lighting/m-613-1-roadway-lighting
https://www.codot.gov/business/designsupport/standard-plans/copy_of_2012-m-standards-plans/2012-m-standards-pdfs/45-roadway-lighting/m-613-1-roadway-lighting
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Connecticut: 

Light Standard & Foundation for Vehicle Detection 

https://portal.ct.gov/-/media/DOT/documents/dtrafficdesign/ctdot_traffic_gs-

ls_and_found.pdf?la=en 

Foundation Class Dimensions 

https://portal.ct.gov/-/media/DAS/OEDM/2016-CD-

HO/2016_sp_cd_soils_and_foundations_2_slide.pdf?la=en 

 

Delaware: 

Standard No. T-5(2017), Sheet 3 of 4, Pole Bases 

https://deldot.gov/Publications/manuals/const_details/pdfs/2017/sd_t05-

3.pdf?cache=1599175110493 

Table IV-11 Pole Base Type Selection for Varying Soil Condition 

https://deldot.gov/Publications/manuals/traffic_design/pdfs/2015/2015_complete_with_a

ppendices.pdf?cache=1601920115874 

 

Illinois: 

Standard 836001-02, Light Pole Foundation 

http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Standards/Highway-

Standards/216%20Highway%20Standards%20Complete%20Set.pdf 

 

  

https://portal.ct.gov/-/media/DOT/documents/dtrafficdesign/ctdot_traffic_gs-ls_and_found.pdf?la=en
https://portal.ct.gov/-/media/DOT/documents/dtrafficdesign/ctdot_traffic_gs-ls_and_found.pdf?la=en
https://portal.ct.gov/-/media/DAS/OEDM/2016-CD-HO/2016_sp_cd_soils_and_foundations_2_slide.pdf?la=en
https://portal.ct.gov/-/media/DAS/OEDM/2016-CD-HO/2016_sp_cd_soils_and_foundations_2_slide.pdf?la=en
https://deldot.gov/Publications/manuals/const_details/pdfs/2017/sd_t05-3.pdf?cache=1599175110493
https://deldot.gov/Publications/manuals/const_details/pdfs/2017/sd_t05-3.pdf?cache=1599175110493
https://deldot.gov/Publications/manuals/traffic_design/pdfs/2015/2015_complete_with_appendices.pdf?cache=1601920115874
https://deldot.gov/Publications/manuals/traffic_design/pdfs/2015/2015_complete_with_appendices.pdf?cache=1601920115874
http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Standards/Highway-Standards/216%20Highway%20Standards%20Complete%20Set.pdf
http://www.idot.illinois.gov/Assets/uploads/files/Doing-Business/Standards/Highway-Standards/216%20Highway%20Standards%20Complete%20Set.pdf
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Indiana: 

Standard Drawing No. E 807-LTFD-05, Light Foundation 

https://www.in.gov/dot/div/contracts/standards/drawings/sep19/e/800e/e800%20combine

d%20pdfs/E807-LTFD.pdf 

 

Iowa: 

LI-201 Light Pole Foundation 

https://www.iowadot.gov/design/SRP/IndividualStandards/eli201.pdf 

 

Maine: 

SKE-03 Light Pole Base Detail 

https://www1.maine.gov/mdot/comprehensive-list-projects/ba011623.00a.pdf 

 

Maryland: 

Standard No. MD 801.02 Lighting Structure Foundation 

http://apps.roads.maryland.gov/businesswithsha/bizstdsspecs/desmanualstdpub/publicatio

nsonline/ohd/bookstd/pdf/category8.pdf 

 

Massachusetts: 

Overhead Signal Structure & Foundation Mast Arm Cored Pier Foundations 

https://www.mass.gov/doc/overhead-signal-structure-foundation-standard-

drawings/download 

 

  

https://www.in.gov/dot/div/contracts/standards/drawings/sep19/e/800e/e800%20combined%20pdfs/E807-LTFD.pdf
https://www.in.gov/dot/div/contracts/standards/drawings/sep19/e/800e/e800%20combined%20pdfs/E807-LTFD.pdf
https://www.iowadot.gov/design/SRP/IndividualStandards/eli201.pdf
https://www1.maine.gov/mdot/comprehensive-list-projects/ba011623.00a.pdf
http://apps.roads.maryland.gov/businesswithsha/bizstdsspecs/desmanualstdpub/publicationsonline/ohd/bookstd/pdf/category8.pdf
http://apps.roads.maryland.gov/businesswithsha/bizstdsspecs/desmanualstdpub/publicationsonline/ohd/bookstd/pdf/category8.pdf
https://www.mass.gov/doc/overhead-signal-structure-foundation-standard-drawings/download
https://www.mass.gov/doc/overhead-signal-structure-foundation-standard-drawings/download
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Michigan: 

SIGN-230-A Foundation (Break-away) 

https://mdotjboss.state.mi.us/TSSD/getCategoryDocuments.htm?categoryPrjNumbers=14

03886,2028779,1403887,1403888,1403889,1403890,1797786&category=Traffic%20Signing 

 

Minnesota: 

Standard Plate No. 8127D Light Foundation – Design E, Precast, 40 ft Pole or less 

https://standardplates.dot.state.mn.us 

 

Missouri: 

901.00AB Highway Lighting – Poles, Foundations and Appurtenances for 30’ Mounting 

Height 

https://www.modot.org/sites/default/files/documents/90100.pdf 

901.01AJ Highway Lighting – Poles, Foundations and Appurtenances for 45’ Mounting 

Height 

https://www.modot.org/sites/default/files/documents/90101.pdf 

 

New Hampshire: 

Standard No. SL-2 Concrete Foundations & Light Pole Base, Type B 

https://www.nh.gov/dot/org/projectdevelopment/highwaydesign/standardplans/document

s/sl-2.pdf 

CCTV Foundation Item, 677.41001 Drilled Shaft 

https://www.nh.gov/dot/projects/derrylondonderry13065/documents/13065-cds-

020620.pdf 

https://mdotjboss.state.mi.us/TSSD/getCategoryDocuments.htm?categoryPrjNumbers=1403886,2028779,1403887,1403888,1403889,1403890,1797786&category=Traffic%20Signing
https://mdotjboss.state.mi.us/TSSD/getCategoryDocuments.htm?categoryPrjNumbers=1403886,2028779,1403887,1403888,1403889,1403890,1797786&category=Traffic%20Signing
https://standardplates.dot.state.mn.us/
https://www.modot.org/sites/default/files/documents/90100.pdf
https://www.modot.org/sites/default/files/documents/90101.pdf
https://www.nh.gov/dot/org/projectdevelopment/highwaydesign/standardplans/documents/sl-2.pdf
https://www.nh.gov/dot/org/projectdevelopment/highwaydesign/standardplans/documents/sl-2.pdf
https://www.nh.gov/dot/projects/derrylondonderry13065/documents/13065-cds-020620.pdf
https://www.nh.gov/dot/projects/derrylondonderry13065/documents/13065-cds-020620.pdf


July 2, 2024  
MwRSF Report No. TRP-03-483-24 

 

315 

Ohio: 

HL-20.11 Misc. Light Pole Foundation & Trench Details 

http://www.dot.state.oh.us/Divisions/Engineering/Roadway/DesignStandards/traffic/SCD

/Documents/HL_02011_2020-07-17.pdf 

 

Pennsylvania: 

TC-8801 Traffic Signal Support Foundation Notes and Anchor Bolt Details 

https://www.dot.state.pa.us/public/PubsForms/Publications/PUB%20148.pdf 

 

Rhode Island: 

Standard 18.1.0 Concrete Light Standard Base 

http://www.dot.ri.gov/documents/doingbusiness/RIDOT_Std_Details.pdf 

 

Texas: 

RID(FND)-11 Roadway Illumination Details (Rdwy Illum Foundations) 

ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/traffic/ridfn11.pdf 

 

 

http://www.dot.state.oh.us/Divisions/Engineering/Roadway/DesignStandards/traffic/SCD/Documents/HL_02011_2020-07-17.pdf
http://www.dot.state.oh.us/Divisions/Engineering/Roadway/DesignStandards/traffic/SCD/Documents/HL_02011_2020-07-17.pdf
https://www.dot.state.pa.us/public/PubsForms/Publications/PUB%20148.pdf
http://www.dot.ri.gov/documents/doingbusiness/RIDOT_Std_Details.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/traffic/ridfn11.pdf
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Appendix D Weak Soil Considerations State DOT Review 

The data provided in this appendix was compiled by Mr. Taylor Drahota in partial 

fulfillment of his appointment in the University of Nebraska-Lincoln Undergraduate Creative 

Activities and Research Experiences (UCARE) program, and is supplementary to Sections 2.5.1 

and 2.5.5.  

Geotechnical engineers can conduct analyses to identify groundwater table depths within 

specific regions of a state. This information should include seasonal fluctuations, precipitation 

events, and time-dependent variations. The Rhode Island Department of Transportation (RIDOT) 

recognizes that significant design challenges arise from the presence of groundwater. These 

challenges include variations in the effective strength of soil, consolidation of compressible 

organic soils, hydrostatic loads on structures, and long-term drainage issues. 

In addition, several other factors highlighted by various DOTs deserve attention. These 

include liquefaction susceptibility, which refers to the soil’s instability under seismic activity, the 

presence of soft clay or organic soil beneath the foundation location, slopes with gradients greater 

than 2:1, exposure to aggressive environments (including those extending through water), and 

potential problems encountered during drilled shaft casing installation. Further measures must be 

taken to ensure appropriate solutions are developed to address these specific cases. 
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Florida Data Source: 

https://www.fdot.gov/docs/default-source/structures/manuals/SFH.pdf  

 
Figure D.1 Florida DOT Shaft Design Soil Types

https://www.fdot.gov/docs/default-source/structures/manuals/SFH.pdf
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Hawaii Data Source: 

https://hidot.hawaii.gov/?s=geotechnical+manual&type=usa  

 
Figure D.2 Hawaii DOT Liquefaction Factors

https://hidot.hawaii.gov/?s=geotechnical+manual&type=usa
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Kansas Data Source: 

https://www.wycokck.org/WycoKCK/media/Public-

Works/Engineering/Documents/Technical-Provisions-2008-Edition.pdf  

 
Figure D.3 Kansas DOT Unsuitable Foundation Recommendations 

 

New Jersey Data Source: 

https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualfor

BridgesandStructures20180604.pdf  

 

Figure D.4 New Jersey DOT Weak Soil Adjustments 

https://www.wycokck.org/WycoKCK/media/Public-Works/Engineering/Documents/Technical-Provisions-2008-Edition.pdf
https://www.wycokck.org/WycoKCK/media/Public-Works/Engineering/Documents/Technical-Provisions-2008-Edition.pdf
https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualforBridgesandStructures20180604.pdf
https://www.state.nj.us/transportation/eng/documents/BSDM/pdf/2016DesignManualforBridgesandStructures20180604.pdf


July 2, 2024  
MwRSF Report No. TRP-03-483-24 

 

320 

New York Data Source: 

https://www.dot.ny.gov/divisions/engineering/technical-services/geotechnical-

engineering-bureau/geotech-eng-repository/GDM_Ch-19_Culverts.pdf  

 
Figure D.5 New York DOT Poor Soil Conditions 

 

Oregon Data Source: 

https://www.oregon.gov/ODOT/Engineering/Documents_TrafficStandards/Traffic-

Structures-Design-Manual.pdf  

 
Figure D.6 Oregon DOT water considerations 

 

https://www.dot.ny.gov/divisions/engineering/technical-services/geotechnical-engineering-bureau/geotech-eng-repository/GDM_Ch-19_Culverts.pdf
https://www.dot.ny.gov/divisions/engineering/technical-services/geotechnical-engineering-bureau/geotech-eng-repository/GDM_Ch-19_Culverts.pdf
https://www.oregon.gov/ODOT/Engineering/Documents_TrafficStandards/Traffic-Structures-Design-Manual.pdf
https://www.oregon.gov/ODOT/Engineering/Documents_TrafficStandards/Traffic-Structures-Design-Manual.pdf
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Rhode Island Data Source: 

http://www.dot.ri.gov/documents/about/research/Geotechnical.pdf  

 
Figure D.7 Rhode Island DOT Saturated Soil Issues and Identification 

 

Texas Data Source: 

Refer to Appendix E (AASHTO ScoTE 2015 Survey) 

When in the field, bad soils or rock may be observed. If so, Texas decides whether a pole should 
be placed at that location. The soil conditions are evaluated with penetrometer measurements. 
For extremely poor conditions, geotechnical engineers may have to design a special foundation 
for the location. If options have been exhausted, a different location will need to be selected. 
 
Figure D.8 Texas DOT Paraphrased from 2015 AASHTO SCoTE Luminaire Foundation Survey 

Results 

http://www.dot.ri.gov/documents/about/research/Geotechnical.pdf
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Appendix E AASHTO Subcommittee on Traffic Engineering Survey: Luminaire Foundations in 
Poor Soil Conditions 

In the course of the literature search, the research team discovered a survey performed in 

2015 by the AASHTO Subcommittee on Traffic Engineering (ScoTE), collecting information 

from states on their practices for installing luminaire foundations in poor soil conditions. These 

survey responses complement and supplement the review compiled by Mr. Taylor Drahota 

provided in other Appendices, and are supplementary to Sections 2.5.1 and 2.5.5. 



 

 

July 2, 2024  
M

w
R

SF R
eport N

o. TR
P-03-483-24 

323 

 
Figure E.1 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey 
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Figure E.2 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.3 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.4 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.5 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.6 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.7 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.8 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.9 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont. 
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Figure E.10 AASHTO ScoTE Luminaire Foundation Installation in Poor Soils Survey, Cont.
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Appendix F Material Specifications 

Table F.1 Bill of Materials, AKLP-1 through AKPL-6 

Item  
No. Description Material Specification Reference 

a1 30" Diameter Sonotube - N/A 

a2 W6x16, 72" Long Steel Post ASTM A992 H#58050412-03 

b1 #5 Bar, 1036 3/8" Long ASTM A615 Gr. 60 H#7019522 

b2 #8 Bar, 67" Long ASTM A615 Gr. 60 H#7019919 

c1 Concrete AKDOT & PF Class A or 
Equivalent, f'c=4000 psi Ticket# 4251447 

d1 Clean, Fine Sand AASHTO Type A-3 N/A 

- Coupling - Transpo COC 
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Figure F.1 72-in. Long Steel Post, Test Nos. AKLP-1, AKLP-2, AKLP-3, and AKLP-4 (Item 
No. a2) 
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Figure F.2 #5 Bar, Test Nos. AKLP-1, AKLP-2, AKLP-3, and AKLP-4 (Item No. b1) 
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Figure F.3 #8 Bar, Test Nos. AKLP-1, AKLP-2, AKLP-3, and AKLP-4 (Item No. b2)  
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Figure F.4 Concrete, Test Nos. AKLP-1, AKLP-2, AKLP-3, and AKLP-4 (Item No. c1) 
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Figure F.5 Coupling COC, Test Nos. AKLP-5 and AKLP-6 
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Appendix G Bogie Test Results 

The results of the recorded data from each accelerometer for every dynamic bogie test are 

provided in the summary sheets found in this appendix. Summary sheets include acceleration, 

velocity, and deflection vs. time plots as well as force vs. deflection and energy vs. deflection plots. 

Note that SLICE-2 data for test no. AKLP-4 was not recorded due to technical difficulties. 
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Figure G.1 Test No. AKLP-1 Results (SLICE-1) 

 

Test Results Summary
Test Description: Event Duration: 0.0647  sec
Test Number: AKLP-1 Max. Deflection: 8.1  in.
Test Date: 5/16/2022 Peak Force: 42.8  k
Failure Type: Initial Linear Stiffness: 19.0  k/in.

Total Energy: 266.6  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 31.14 NA NA NA
Post Length: 155.7 NA NA NA
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 18.9 mph (27.73 ft/s)
Impact Height:
Bogie Mass: 1860 lb

Accelerometer:
Camera Data: AOS-11, AOS-12
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Figure G.2 Test No. AKLP-1 Results (SLICE-2) 

 

Test Results Summary
Test Description: Event Duration: 0.0647  sec
Test Number: AKLP-1 Max. Deflection: 8.3  in.
Test Date: 5/16/2022 Peak Force: 38.5  k
Failure Type: Initial Linear Stiffness: 16.2  k/in.

Total Energy: 266.6  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 29.84 NA NA NA
Post Length: 149.2 NA NA NA
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 18.9 mph (27.73 ft/s)
Impact Height:
Bogie Mass: 1860 lb

Accelerometer:
Camera Data: AOS-11, AOS-12
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Figure G.3 Test No. AKLP-2 Results (SLICE-1) 

 

Test Results Summary
Test Description: Event Duration: 0.2469  sec
Test Number: AKLP-2 Max. Deflection: 25.8  in.
Test Date: 5/19/2022 Peak Force: 37.6  k
Failure Type: Initial Linear Stiffness: 17.1  k/in.

Total Energy: 268.1  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 27.41 18.58 14.25 11.86
Post Length: 137.0 185.8 213.8 237.2
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 18.96 mph (27.8 ft/s)
Impact Height:
Bogie Mass: 1860 lb

Accelerometer:
Camera Data:

Data Acquired

Average Force (k)
Energy (k-in.)

Dry Sand
3.00%
None

AOS-11, AOS-12
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Figure G.4 Test No. AKLP-2 Results (SLICE-2) 

Test Results Summary
Test Description: Event Duration: 0.2469  sec
Test Number: AKLP-2 Max. Deflection: 26.1  in.
Test Date: 5/19/2022 Peak Force: 34.9  k
Failure Type: Initial Linear Stiffness: 15.2  k/in.

Total Energy: 268.1  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 26.56 18.34 14.02 11.73
Post Length: 132.8 183.4 210.3 234.6
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 18.96 mph (27.8 ft/s)
Impact Height:
Bogie Mass: 1860 lb

Accelerometer:
Camera Data: AOS-11, AOS-12

25
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Bogie Test Summary
MIDWEST ROADSIDE SAFETY FACILITY

Test Information
AK Evaluation of Light Pole Foundation Embedmen

Post hinging at foundation, foundation rotation

Long Steel Post
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Strong Axis

Bogie Properties
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Figure G.5 Test No. AKLP-3 Results (SLICE-1) 

Test Results Summary
Test Description: Event Duration: 0.0680  sec
Test Number: AKLP-3 Max. Deflection: 9.6  in.
Test Date: 7/28/2022 Peak Force: 35.0  k
Failure Type: Initial Linear Stiffness: 16.1  k/in.

Total Energy: 268.0  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 25.75 NA NA NA
Post Length: 128.7 NA NA NA
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 18.9 mph (27.73 ft/s)
Impact Height:
Bogie Mass: 1871 lb

Accelerometer:
Camera Data: AOS-11, AOS-12

25

SLICE-1

Bogie Test Summary
MIDWEST ROADSIDE SAFETY FACILITY

Test Information
AK Evaluation of Light Pole Foundation Embedmen

Post hinging at foundation

Bogie Properties

Data Acquired

Average Force (k)
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Figure G.6 Test No. AKLP-4 Results (SLICE-1) 

 

Test Results Summary
Test Description: Event Duration: 0.0679  sec
Test Number: AKLP-4 Max. Deflection: 9.5  in.
Test Date: 8/5/2022 Peak Force: 37.9  k
Failure Type: Initial Linear Stiffness: 6.5  k/in.

Total Energy: 291.9  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 26.90 NA NA NA
Post Length: 134.5 NA NA NA
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 19.78 mph (29.01 ft/s)
Impact Height:
Bogie Mass: 1860 lb

Accelerometer:
Camera Data:

Data Acquired

Average Force (k)
Energy (k-in.)

Sand
Dry sand

AOS-11, AOS-12
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SLICE-1

Bogie Test Summary
MIDWEST ROADSIDE SAFETY FACILITY

Test Information
AK Evaluation of Light Pole Foundation Embedmen
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Bogie Properties
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Figure G.7 Test No. AKLP-5 Results (SLICE-1) 

 

Test Results Summary
Test Description: Event Duration: 0.2401  sec
Test Number: AKLP-5 Max. Deflection: 68.2  in.
Test Date: 11/1/2022 Peak Force: 27.8  k
Failure Type: Initial Linear Stiffness: 6.1  k/in.

Total Energy: 126.5  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 16.59 12.40 8.40 6.22
Post Length: 83.0 124.0 126.0 124.3
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 20.35 mph (29.85 ft/s)
Impact Height:
Bogie Mass: 1858 lb

Accelerometer:
Camera Data: AOS-8, AOS-11, AOS-12
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Bogie Test Summary
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Test Information
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Figure G.8 Test No. AKLP-5 Results (SLICE-2) 

Test Results Summary
Test Description: Event Duration: 0.2401  sec
Test Number: AKLP-5 Max. Deflection: 68.3  in.
Test Date: 11/1/2022 Peak Force: 26.8  k
Failure Type: Initial Linear Stiffness: 6.1  k/in.

Total Energy: 123.3  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 16.64 12.14 8.18 6.08
Post Length: 83.2 121.4 122.8 121.7
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 20.35 mph (29.85 ft/s)
Impact Height:
Bogie Mass: 1858 lb

Accelerometer:
Camera Data: AOS-8, AOS-11, AOS-12
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Test Information
AK Evaluation of Light Pole in non-compacted dry 
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Figure G.9 Test No. AKLP-6 Results (SLICE-1) 

 

Test Results Summary
Test Description: Event Duration: 0.5000  sec
Test Number: AKLP-6 Max. Deflection: 134.0  in.
Test Date: 12/1/2022 Peak Force: 27.5  k
Failure Type: Initial Linear Stiffness: 10.8  k/in.

Total Energy: 188.3  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 17.57 9.52 6.39 4.85
Post Length: 87.9 95.2 95.8 97.0
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 19.98 mph (29.3 ft/s)
Impact Height:
Bogie Mass: 1782 lb

Accelerometer:
Camera Data:

Data Acquired

Average Force (k)
Energy (k-in.)

Sand
Saturated
none
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25

SLICE-1

Bogie Test Summary
MIDWEST ROADSIDE SAFETY FACILITY

Test Information
AK Evaluation of Light Pole in non-compounded sa  

Broke away at couplings

N/A
N/A
N/A
N/A
N/A

Bogie Properties

-5

0

5

10

15

20

25

30

0 20 40 60 80 100 120 140 160

Fo
rc

e 
(k

)

Deflection (in.)

Force vs. Deflection At Impact Location

0
20
40
60
80

100
120
140
160
180
200

0 20 40 60 80 100 120 140 160

En
er

gy
 (k

-in
.)

Deflection (in.)

Energy vs. Deflection At Impact Location

-4
-2
0
2
4
6
8

10
12
14
16
18

0 0.2 0.4 0.6
Ac

ce
le

ra
tio

n 
(g

's)

Time (s)

Bogie Acceleration vs. Time

-5

0

5

10

15

20

25

30

35

0 0.2 0.4 0.6

Ve
lo

cit
y 

(ft
/s

)

Time (s)

Bogie Velocity vs. Time

0

20

40

60

80

100

120

140

160

0 0.2 0.4 0.6

De
fle

ct
io

n 
(in

.)

Time (s)

Deflection at Impact Location vs. Time



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

349 

 
Figure G.10 Test No. AKLP-6 Results (SLICE-2) 

Test Results Summary
Test Description: Event Duration: 0.5000  sec
Test Number: AKLP-6 Max. Deflection: 133.1  in.
Test Date: 12/1/2022 Peak Force: 26.9  k
Failure Type: Initial Linear Stiffness: 10.8  k/in.

Total Energy: 189.3  k-in.
Post Properties

Post Type: @ 5" @ 10" @ 15" @20"
Post Size: 17.62 9.53 6.38 4.82
Post Length: 88.1 95.3 95.6 96.4
Embedment Depth:
Orientation:

Soil Properties
Gradation:
Moisture Content:
Compaction Method:

Impact Velocity: 19.98 mph (29.3 ft/s)
Impact Height:
Bogie Mass: 1782 lb

Accelerometer:
Camera Data:

Data Acquired

Average Force (k)
Energy (k-in.)

Sand
Saturated
none
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Figure H.1 String Potentiometer Data, Test No. AKLP-1 

Test Information:
Test No: AKLP-1

Date: 5/16/2022
System / Test Article: AK Evaluation of Light Pole Foundation Embedment

SP Location / Component: 0
Additional Notes:

String Potentiometer Information: Results:
String Pot No.: 25023706 Max. Displacement: 1.55 in.

Calibration Factor: 12.40002 mV/V/in. Time of Max. Displacement: 0.0502 sec
Input Voltage (excitation): 10.01 Volts Event Duration: 0.1893 sec

Gain: 1 Final Displacement: 0.91 in.
Full Scale Load: 1

Sample Rate: 10000 Hz
Cutoff Frequency: 100 Hz
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Figure H.2 String Potentiometer Data, Test No. AKLP-2 

Test Information:
Test No: AKLP-2

Date: 5/19/2022
System / Test Article: AK Evaluation of Light Pole Foundation Embedment

SP Location / Component: 0
Additional Notes:

String Potentiometer Information: Results:
String Pot No.: 25023706 Max. Displacement: 12.86 in.

Calibration Factor: 12.40002 mV/V/in. Time of Max. Displacement: 0.4392 sec
Input Voltage (excitation): 10 Volts Event Duration: 0.5 sec

Gain: 1 Final Displacement: 12.85 in.
Full Scale Load: 1

Sample Rate: 10000 Hz
Cutoff Frequency: 100 Hz
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String Potentiometer Summary

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 0.1 0.2 0.3 0.4 0.5 0.6

O
ut

pu
t V

ol
ta

ge
 (V

)

Time (sec)

Ouput Voltage vs. Time

-2

0

2

4

6

8

10

12

14

0 0.1 0.2 0.3 0.4 0.5 0.6

Di
sp

la
ce

m
en

t  
(in

.)

Time (sec)

Displacement vs. Time



July 2, 2024  
MwRSF Report No. TRP-03-483-24 

353 

 
 

  
 

 
 

 
 

 
 

 

 
Figure H.3 String Potentiometer Data, Test No. AKLP-3 

Test Information:
Test No: AKLP-3

Date: 7/28/2022
System / Test Article: AK Evaluation of Light Pole Foundation Embedment

SP Location / Component: 0
Additional Notes:

String Potentiometer Information: Results:
String Pot No.: 27039202 Max. Displacement: 1.77 in.

Calibration Factor: 18.82133 mV/V/in. Time of Max. Displacement: 0.0465 sec
Input Voltage (excitation): 10 Volts Event Duration: 0.184 sec

Gain: 1 Final Displacement: 1.21 in.
Full Scale Load: 1

Sample Rate: 10000 Hz
Cutoff Frequency: 100 Hz
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Figure H.4 String Potentiometer Data, Test No. AKLP-4 

Test Information:
Test No: AKLP-4

Date: 8/5/2022
System / Test Article: AK Evaluation of Light Pole Foundation Embedment

SP Location / Component: 0
Additional Notes:

String Potentiometer Information: Results:
String Pot No.: 27039202 Max. Displacement: 1.56 in.

Calibration Factor: 18.82133 mV/V/in. Time of Max. Displacement: 0.0522 sec
Input Voltage (excitation): 10.02 Volts Event Duration: 0.1814 sec

Gain: 1 Final Displacement: 0.93 in.
Full Scale Load: 1

Sample Rate: 10000 Hz
Cutoff Frequency: 100 Hz
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Figure H.5 String Potentiometer Data, Test No. AKLP-5 

Test Information:
Test No: AKLP-5

Date: 11/1/2022
System / Test Article: AK Evaluation of Light Pole in non-componded dry sand

SP Location / Component: 0
Additional Notes:

String Potentiometer Information: Results:
String Pot No.: 27039202 Max. Displacement: 1.18 in.

Calibration Factor: 18.82133 mV/V/in. Time of Max. Displacement: 0.0489 sec
Input Voltage (excitation): 10 Volts Event Duration: 0.1814 sec

Gain: 1 Final Displacement: 0.96 in.
Full Scale Load: 1

Sample Rate: 10000 Hz
Cutoff Frequency: 100 Hz
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Figure H.6 String Potentiometer Data, Test No. AKLP-6 

Test Information:
Test No: AKLP-6

Date: 12/1/2022
System / Test Article: AK Evaluation of Light Pole in non-componded saturated sand

SP Location / Component: 0
Additional Notes:

String Potentiometer Information: Results:
String Pot No.: 27039202 Max. Displacement: 0.32 in.

Calibration Factor: 18.82133 mV/V/in. Time of Max. Displacement: 0.0465 sec
Input Voltage (excitation): 10 Volts Event Duration: 0.7022 sec

Gain: 1 Final Displacement: 0.12 in.
Full Scale Load: 1

Sample Rate: 10000 Hz
Cutoff Frequency: 100 Hz
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String Potentiometer Summary
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