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 Use of Hollow-Core Members in the Construction of Arch Culverts 

to Improve Aquatic Organism Passage 

Thesis Abstract – Idaho State University 2020 

Experimental tests on half-scale, hollow-core and cast-in-place concrete arch culvert models were 

completed along with finite element and STAAD analyses for each. The main objectives were: to 

evaluate if a hollow-core culvert was able to sustain a 9.03-kip applied load without failure; to 

assess if hollow-core structure responses were comparable to cast-in-place ones; and to develop 

computer simulations capable of predicting hollow-core culvert responses of different 

configurations.  

Based on experimental test results, neither concrete culvert is expected to reach its elastic limit in 

a full-scale application since the soil cover fails in bearing prior to the traffic load reaching the 

arch. When the load is applied on top of the culverts, both models can sustain the 9.03 kips 

without undergoing failure. Regarding finite element analyses, simulations developed were unable 

to be calibrated with experimental data since the program did not appear to include forces acting 

between the top adjacent segments or the soil bearing failure above the arch.   
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Chapter 1: Introduction 

1.1. Background 

Culverts serve as important underground structures throughout the world as they provide natural 

drainage, allow for traffic to flow over waterways, prevent erosion and in many cases allow for 

fish passage. Due to the important role that they play within our communities, providing a proper 

design, construction and operation throughout the structure’s life is of utmost importance.  

Currently, the State of Washington is under a federal court order that requires the state to repair 

or replace culvert structures that are impeding fish and aquatic organism passage. This court ruling 

was the outcome of legal complaints that 21 northwest Washington tribes submitted to the U.S. 

District Court in which they stated that the State of Washington had a treaty -based duty to 

preserve fish runs. The court ruling declared that “the right of taking fish, secured to the tribes in 

the Stevens Treaties, imposes a duty upon the state to refrain from building or operating culverts 

under state-maintained roads that hinder fish passage and thereby reduce the number of fish that 

would otherwise be available for tribal harvest” (Washington State Department of Transportation, 

2019). As a result of this ruling, the Washington State Department of Transportation needs to 

replace approximately 1,012 culverts that are impeding the passage of salmon and steelhead by 

2030.  

1.2. Purpose and Significance of Study 

In an effort to evaluate an efficient and cost-effective solution that could result in rapid culvert 

construction and that would also provide appropriate Aquatic Organism Passage (AOP), this 

project evaluated how a precast culvert would perform under a design truck load. The precast 
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culvert used in this study consisted of hollow-core panels with joints bonded by grout. Figure 1 

presents a schematic of the model evaluated for this project.  

 

Figure 1 - Hollow-Core Culvert Schematic 

An arch-type structure was selected with an open bottom for this project to resemble an 

“ecological design” in which natural stream conditions are maintained upstream, downstream and 

within the culvert (Bates et al., 2003). By having an open bottom, the natural streambed is 

preserved and the impact of the culvert on natural stream conditions and ecological processes is 

minimized (U.S. General Accounting Office, 2001). This, in turn, is intended to improve aquatic 

organism passage.   

Model dimensions were determined primarily based on tributary width and stress distribution 

calculations as well as on the geometry that hollow-core panels are typically fabricated in precast 

plants. To obtain an arch geometry, five panels were used in the hollow-core model (the cast-in-

place (CIP) model replicated this design) as this was concluded to be the minimum number of 

panels needed to obtain a span to height ratio of approximately 2:1. This ratio is typically used for 

the construction of arch-type structures since they tend to be circular in shape.  

The purpose behind utilizing hollow-core panels in the construction of the precast arch culvert 

was related to the advantages that these members bring in terms of cost and efficiency. The 
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continuous open tubes present in these elements reduce the total weight of the precast slabs 

making the panels much easier to handle and place. In addition, transportation costs are lowered 

since more panels can be transported at a time when compared to full sections. Furthermore, in 

the installation process, the lower weight allows for a shorter set-up time, a smaller number of 

workers needed and an easier in-situ placement of the precast members, all resulting in overall 

lower project costs. From a production stand-point, reduction in costs results from the use of 

uniform cross sections in large production volumes, a decrease in the amount of raw material 

needed, and an easier handling of the pieces in the production plant.  

From an efficiency perspective, opting for precast hollow-core members assures a certifiable 

quality, a quick and easy installation when compared to CIP elements, high load capacity and 

durability, and the possibility of utilizing the longitudinal open tubes for other operations (such 

as post tensioning the slabs). Structurally, hollow-core members have been proven to provide the 

same efficiency of non-hollow slabs for characteristics such as load capacity, span range and 

deflection control. The assembly of slabs through keyway grouts can create a basic diaphragm 

system that is also able to resist lateral loads (PCI Manual for the Design of Hollow Core Slabs 

and Walls, 2015).  

Based on these advantages it seems that, if a precast arch-culvert is able to sustain the design 

wheel loads imposed on the system, this construction alternative is potentially the most efficient 

and effective way to construct concrete culverts.  

1.3. Project Scope 

This project had three main objectives: first, to evaluate if a hollow-core culvert was able to sustain 

an applied truck load, reduced to a half-size scale model, without failure; second, assess if the 
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response of the precast structure is comparable to that of a monolithic CIP culvert; and third, to 

develop a FEM simulation, calibrated with experimental data, that would be able to predict the 

structural responses of different hollow-core culvert configurations.  

To achieve the first and second objectives, experimental tests on hollow-core and CIP culvert 

models were performed. The cast-in-place model served as the basis of comparison of the hollow-

core culvert and enabled a performance assessment of the two structures. Both constructed 

culverts characterized half-scale models and followed the same geometry to obtain comparable 

designs. Since the inclusion of pre-tensioned or post-tensioned strands within the hollow-core 

members was not feasible, neither model was reinforced. In order to replicate the conditions 

around a culvert, both models made use of a soil box. Information obtained from experimental 

test results was post-processed so that different load and displacement relationships were 

developed and an assessment of the structural responses of each model were made .  

For the third objective, a finite element software (ANSYS Mechanical APDL) was used to develop 

2-dimensional and 3-dimensional simulations of the two models. Laboratory tests on the different 

structural and soil components were performed to obtain the material properties. Results obtained 

from the finite element (FEM) simulations were compared to those obtained during experimental 

tests to assess the closeness of the two methods of analysis; and subsequently, the FEM models 

were refined to yield similar responses to those observed in the laboratory. The ultimate goal of 

the FEM models was to provide a “calibrated” simulation that could be used in the future for 

predicting culvert behavior without the need to perform experimental testing.   
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1.4. Thesis Overview 

This research project describes and presents the results of experimental testing performed on a 

hollow-core and a CIP half-scale model; as well as the numerical computer simulations developed 

for each. This report is divided into five chapters: 

▪ Chapter 1: Introduction gives a brief overview of the project background as well as an 

explanation of the purpose and significance of this study, along with a description of the 

scope and objectives of this research project.  

▪ Chapter 2: Literature Review presents the relevant sources of information used to develop 

this project. These sources were divided into six main sections which included: aquatic 

organism passage, culvert structures, cast-in-place concrete in culvert construction, precast 

concrete in culvert construction, soil-structure interaction, and concrete culvert studies.  

▪ Chapter 3: Cast-in-Place Concrete Culvert Model provides information related to the 

loading configuration; model design; construction, laboratory and experimental 

methodologies and results; and FEM simulations developed for the CIP culvert.  

▪ Chapter 4: Precast Hollow-Core Culvert Model presents the same basic information as 

that in Chapter 3 for the cast-in-place culvert. 

▪ Chapter 5: Conclusions and Recommendations summarizes the experimental and FEM 

results obtained for each model and provides conclusions drawn from each. In addition, 

recommendations for future studies are given here.  
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Chapter 2: Literature Review  

2.1. Aquatic Organism Passage (AOP) 

2.1.1. Definition of Aquatic Connectivity 

Aquatic connectivity can be considered as a continuous biological corridor through which aquatic 

organisms move, join and interact to fulfill their life cycles. Activities such as acquiring resources, 

reproducing, rearing and refuging from disturbances and predators are examples of interactions 

that occur within these water bodies. Movement along this corridor can happen in both the 

upstream and/or downstream directions, which results in travels through different spatial and 

temporal frames (U.S. EPA, 2015; Hoffman, Dunham & Hansen, 2012; Evans & Johnston, 1972). 

Due to the importance of maintaining connectivity throughout water corridors to ensure the 

necessary life cycle process, it is imperative that structures constructed within the corridors 

provide adequate aquatic organism passage (AOP).  

2.1.2. Effect on AOP 

As examined by the U.S. EPA (2015), modifications to naturally existing processes and fluxes 

within a watershed habitat and between its system components becomes evident and measurable 

only when human activities and construction are involved. Stream structures (i.e. artificial barriers) 

are obstacles that do not allow an uninterrupted passage of organisms either up- or downstream. 

These artificial interventions alter the hydrologic connectivity at different levels (biologi cal, 

physical and chemical) and dimensions (longitudinal, lateral, vertical and temporal) in water 

networks; and can ultimately affect organism’s population on either side of the barrier. 
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2.1.3. Examples of Culvert Structures with Good AOP 

Natural and artificial passages (i.e. roads and rivers) need a good connectivity in order to be 

successful. The ultimate goal is to improve the human-built infrastructure in order not to fragment 

or destabilize the natural ecological levels and dimensions. Culvert structures should maintain 

habitats, processes and populations, and should never impede the movement of local organisms 

either up or downstream. In an effort to provide a means of designing crossing structures above 

a water body, stream simulation design was developed. Stream simulation aims to design a 

structurally and functionally similar environment to the natural channel, with the objective of 

creating a passage that presents no further obstacle for organisms, when compared to the one 

present before human intervention. Open-bottom structures with a continuous streambed type, 

width, slope and composition along the culvert are good examples of stream simulation designs 

(Forest Service Stream-Simulation Working Group, 2008). Proper culvert structures should be 

designed to ensure fish passage 95% of the time within a 1-year period, or 90% of the time within 

a 6-month period (Evans & Johnston, 1972). 

2.1.4. Detrimental Effects of Inadequate AOPs 

As per the U.S. EPA (2015), human-related activities and structures distress the connections 

between streams. Because biological, chemical and physical connections within water networks 

are directly related, the restrictions to any (or all) of these connections consistently bring about 

the extinction of one or more aquatic populations throughout the network. These populations 

refer to “aquatic and semiaquatic organisms that include fish, amphibians, plants, microorganisms 

and invertebrates” (U.S. EPA, 2015). For instance, a connectivity impediment can cause 

populations to be fragmented and homogenized, resulting in a reduction of available habitats 

necessary for their natural life cycles and, hence, an eventual extirpation of the local population. 
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It is therefore of outmost importance to maintain hydrologic connectivity by creating an 

appropriate and efficient AOP, as it directly affects the health of all systems present in the stream.  

Directly related discoveries of stream modification impacts were found by Hoffman, Dunham 

and Hansen (2012). Their analysis of the level of potential impacts on different taxa groups and, 

within these, diverse type of migration behaviors from each group, showed that migratory fish are 

the most susceptible to the negative effects related to a marginal or total impediment of movement 

within the stream. Other taxa groups analyzed included amphibians, aquatic insects, crayfish and 

mussels, whilst other migration behaviors included permanent residents, explorers and dispersers. 

Regardless of the type of population or their movement habits, it was found they all suffer higher 

or lower levels of survival when the AOP at water crossings are limited or totally restricted as a 

result of poor culvert design. Because a poor connectivity can result in a fragmented or reduced 

habitat and isolated or extinct populations, the work in this study highlights the importance of 

preserving the processes and connections of water systems.  

Migratory barriers, which include human-induced or construction activities and structures, can 

have both positive and negative impacts on the local species of an aquatic habitat. However, the 

detrimental effects tend to be higher than the beneficial ones, as stated by Gubernick and others 

(2008).  

These barriers tend to modify and weaken the ability of naturally existing populations to procreate 

and/or survive by blocking the organisms’ movement, delaying their migration and causing them 

physiological distress (Forest Service Stream-Simulation Working Group, 2008).   These effects 

might be enhanced due to changes in hydraulic and velocity forces that crea te a substrate 

displacement that, in turn, have a negative impact on local aquatic organisms, reducing its numbers 

(Khan & Colbo, 2008). 
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As culverts create barriers that limit the movement of organisms, if improperly designed they can 

block their access to essential habitats, possibly having an effect on their genetic diversity and 

survival. Unfortunately, the main objective of many culvert designs is to provide a maximum 

hydraulic capacity and not to ensure adequate aquatic organisms’ passage (Gregory, McEnroe, 

Klingeman, & Wyrick, 2004). 

2.1.5. Requirements for Properly Designed AOPs 

As early as 1956, McKinley and Webb (1956), and Shoemaker (1956) proposed considerations 

that could create an adequate culvert design, by reducing water flow and augmenting the depth 

that could increase passage. Considered factors for an effective AOP should take into account the 

preservation of the entire range of connectivity levels and dimensions, as well as all organisms and 

their entire cycle of life (Hoffman, Dunham, & Hansen, 2012). Because human-built stream 

crossings entail a varied range of conditions that can affect AOP, there is a challenge on selecting 

an adequate design and control method. As such, different culvert construction methods could be 

compared in one specific site, so as to assess which mechanism or type of construction is more 

adequate and promotes efficient AOP. 

As noted by Gubernick and others (2008), culverts with narrower sections than the natural channel 

results in higher water velocities inside the culverts, as well as upstream backwater conditions 

when high flows arrive. On one hand, higher stream velocities might prevent organisms from 

swimming back upstream. On the other, backwatering during high flows can lead to sediment and 

debris deposition at the pipe inlet, which in turn become an additional barrier for organism 

movement. A number of items should be taken into consideration when designing a culvert, these 

include: eliminating elevation drops at inlets or outlets, removing clogs, maintaining the stream 

velocity and turbulence within the culvert, considering the existence of bank-edge habitats (for 
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weak-swimming and crawling species), ensuring a sufficient water depth, maintaining water depth 

and providing a continuous channel substrate. Furthermore, Gubernick (2008) recommends 

guidelines for culvert designs, including considerations of the stream and road changes over time, 

suggestions on a minor obstacle introduction to the stream, and advise of avoiding fragmentation 

of aquatic habitats.  

Evans and Johnston (1972) consider that an artificial structure with an adequate passage for 

upstream moving organisms should include en-route and upstream resting areas, small sized 

individual jumps, in-range water depths and velocities. The authors also state that the design 

details should be based on the organism with the lowest swimming ability. Moreover, the selection 

of the crossing site is of particular importance. For the location selection, the following aspects 

should be considered: maintaining the water gradient and velocity for at least 100 feet below, 

above and at the crossing point; the gradient throughout should be as close to zero as possible; 

and should follow the alignment of the natural channel for at least 100 feet above and below the 

culvert inlet and outlet. Evans and Johnston opine that “Culverts in fish streams should be 

designed to pass a 50-year flood at static head and a 100-year flood with ponding head.”  

Evans and Johnston (1972) conclude that “many fish biologists believe that the arch should be 

the only acceptable type of culvert to use where any significant fish passage is required. Preferably, 

the arch culvert has the same bottom width as the natural channel”. In addition, due to the high 

cost of replacing all environmentally inadequate culverts, it is of great importance to examine 

lower cost alternatives for the creation and construction of culverts that ensure proper organism 

passage, but that are equally financially attractive to managers (Gregory, McEnroe, Klingeman, & 

Wyrick, 2004). Thus, the use of hollow-core culverts proposed in this research merit such 

consideration. 
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2.1.6. AOP Considerations for Current Project 

In an effort to provide proper AOP, this project followed the design considerations to develop 

culvert structures that would aim to diminish the impact that such barriers have on aquatic 

organisms. Since arch structures with open-bottoms were considered to be the ideal types of 

structures for use in water corridors, both the CIP and hollow-core models followed this 

configuration. Even though the structures were not placed in a natural environment for testing, 

the design intent was to provide the same width of a natural channel and a continuous open stream 

bottom with the same width and slope throughout the span.   

2.2. Culvert Structures 

2.2.1.  Definition 

Culverts are structures that enable water to flow under roads or trails. For the most part, culverts 

are embedded structures with an important hydraulic design component, aimed at increasing the 

water carrying capacity at the crossing point. Culvert design is of outmost importance, and it 

should not only consider the hydraulic design factor but also comply with the adequate load 

carrying capacity requirements. Loads affecting culverts are of two types, permanent and transient, 

each one with several sub-categories need to be considered in the design process.  

Depending on the construction material, culverts are classified as either rigid or flexible. Concrete 

and stone masonry culverts represent the former category, while steel, aluminum and composite 

materials make up the latter. Rigid culverts have limited deflection allowance, such that their 

capacities rely primarily on the material itself to resist the culvert loads. On the other hand, flexible 

culverts depend on the backfill composition and compaction to prevent buckling failure.  Both 

models in this study are rigid culverts.   
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2.2.2. Culvert Shapes 

Culverts come in various sizes and shapes. The selection of a particular design is driven by factors 

such as depth of cover, headwater elevation, AOP, and structural/ hydraulic requirements and 

not necessarily by the construction material itself. Figure 2  presents some common culvert shapes.  

 

Figure 2 - Closed-bottom culvert shapes (left) and open-bottom culvert shapes (right) (U.S. 

Department of Transportation, 2012) 

▪ Circular Culverts 

Circular culverts are considered hydraulically and structurally efficient under most 

conditions, making it the most common shape used in culvert design. However, this shape 

can result in a limited stream width when low flows occur and it may be more likely to 

clog, when compared to other culvert shapes. For flexible culverts, special attention needs 

to be given during backfill placement to properly compact the soil under the haunch and 

to prevent excessive inward movement of the pipe above the springline.  

▪ Pipe and Elliptical Culverts 

Pipe arch and elliptical culverts are preferred over circular geometries when the distance 

between the invert and the pavement surface is limited or when low flow levels require a 
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wider section. Pipe arch and elliptical pipes are also likely to clog and have a lower 

structural efficiency than circular shapes.   

▪ Arch Culverts 

These shapes allow for a better passage of the water and can also provide a natural and 

erosion-resistant stream bottom. For this shape, special attention must be given to footing 

support.  

▪ Box-Section Culverts 

Culverts with a rectangular cross-section are also extensively used as they can easily be 

adapted to a varied range of site conditions, even though they do not have the same 

structural efficiency of other shapes.  

▪ Multiple-Barrel Culverts 

These shapes are ideal when good hydraulic capacity is needed for low embankments, as 

well as when waterways are wide. However, they might be likely to clog in areas between 

the barrels where debris and sediment accumulate.  

2.2.3. Culvert Materials 

▪ Precast Concrete 

Precast concrete is used for circular, elliptical (long axis is horizontal or vertical), 

rectangular and arch culverts.  

▪ Cast-in-place Concrete  

Cast-in-place concrete is used for rectangular and arch-shaped culverts, although the 

former is more widely used in practice. Cast-in-place construction is ideal when the culvert 
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needs very specific site requirements, but because of the typically long construction times, 

pre-cast concrete or corrugated metal culverts are preferred.  

▪ Metal 

Aluminum and steel are typically used in construction of flexible culverts. The most 

common types of metal culverts are corrugated metal pipes produced in factories or 

structural plates assembled in the field. The shape selection of flexible culverts depends 

on span length, clearance distances (horizontal and vertical), peak stream flow and type of 

terrain.  

▪ Masonry 

Even though stone and brick were widely used in the past, the present practice is to only 

use stone if the terrain has very acidic runoff. In some cases, stone is selected based on 

aesthetic requirements, rather than structural considerations.  

▪ Timber 

Timber is used for the construction of box culverts built from individual members. 

Inspection for construction of a timber structure should be the same than that for a timber 

bridge.  

▪ Other Materials 

Materials such as iron, stainless steel, terracotta or plastic are very rarely used in culvert 

construction, as they are considered to be relatively new (in the case of plastic), labor-

intensive (if terracotta is considered) or needed only in very specific conditions (iron and 

stainless steel).  
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2.3. Cast-in-Place Concrete Culverts 

2.3.1. Design Guidelines 

2.3.1.1. Design Loads 

2.3.1.1.1. Self-Weight (DC):  

For self-weight calculations, the unit weight of the concrete should be taken as 150 lb/ft3. 

If a uniform load is applied across the top slab, the self-weight can be calculated as: 

𝑾𝑫𝑪 = 𝜸𝒄𝒐𝒏𝒄 (
𝒕

𝟏𝟐
) (U. S. Department of Transportation, 2012)  (1) 

Where: 

𝑡 = top slab thickness, in. 

 𝛾𝑐𝑜𝑛𝑐 = unit weight of concrete, pcf 

In cases where the is no fill on the top slab, the self-weight calculations should include a 

½-inch wearing surface. The thickness of the wearing surface should be considered in the 

design, but not in the section properties of the top slab.  

All relative weights for the top slab, walls and any other structure weights are included in 

the bottom slab calculations, as these result in an upward reaction from the soil with a 

corresponding uniform pressure. The weight of the bottom slab is not considered, as it is 

assumed to be directly supported by the underlying soil.  

2.3.1.1.2. Vertical Earth Pressure (EV):  

For the vertical earth pressure calculations, the unit weight of soil should be considered as 

120 lb/ft3 if data are not available for the backfill soil. Vertical earth loads include the soil 
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and pavement loads above and in areas adjacent to the culverts. These are calculated based 

on a soil-structure interaction factor (𝐹𝑒), which adjusts the vertical earth load applied to 

the culvert.  

𝑭𝒆 = 𝟏 + 𝟎. 𝟐𝟎 ∙
𝑯

𝑩𝒄
 (U.S. Department of Transportation, 2012)  (2) 

Where:  

𝐻 = depth of backfill, ft 

𝐵𝑐 = total width of top culvert, ft 

2.3.1.1.3. Horizontal Earth Pressure (EH): 

This load considers active, at-rest and passive pressures as well as the soil-structure 

interaction factor. The horizontal pressure acting on the side of the culvert is calculated 

using the equivalent fluid method. The maximum and minimum values for the fluid unit 

weights are 0.060 and 0.030 kips per cubic feet, respectively. The horizonal earth pressure 

is used to calculate shear and moment forces acting on the sidewalls, as well as the axial 

forces acting on the top and bottom slabs (State of Illinois Bureau of Bridges and 

Structures Office of Program Development, 2017). 

Per the AASHTO LRFD Bridge Design Specifications (2017), the horizonal soil pressure at 

any point that lies beneath the fill surface is calculated using the following formula:  

𝒑 = 𝒌𝒉𝒚𝒔𝒛     (3) 

Where: 

 𝑝 = lateral earth pressure, psf 

 𝑘ℎ = lateral earth pressure coefficient  
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𝑦𝑠 = unit weight of backfill, pcf 

𝑧 = distance from the surface to the reference point, ft 

The coefficient 𝑘ℎ depends on two factors: the stress history of the soil and the 

displacement of the culvert. The stress history refers to the level of consolidation of the 

soil (either normally consolidated (NC) or over consolidated (OC)); whereas the 

displacement refers to level of flexibility or stiffness of the structure, as well as of the type 

of soil loading (passive or active). 

2.3.1.1.4. Horizontal Earth Load Surcharge (ES): 

In cases where a culvert is buried, the fill above the deck level is considered an earth 

surcharge, which should be considered as a constant horizontal earth pressure addition to 

the basic existing earth pressure. This constant earth pressure surcharge is given by: 

∆𝒑= 𝒌𝒔𝒒𝒔 (AASHTO, 2017)     (4) 

Where: 

 ∆𝑝 = constant horizontal earth pressure, psf 

 𝑘𝑠 = coefficient of earth pressure due to surcharge 

𝑞𝑠 = uniform surcharge acting on upper surface of an active earth wedge, psf 

2.3.1.1.5. Horizontal Water Pressure (WA): 

Culverts should be designed assuming that a static water pressure acts on the inside of the 

walls, for the full design height. The following gives the WA relationships used at the top 

and bottom elevations: 

𝑾𝑨𝒕𝒐𝒑 = 𝟎. 𝟎𝟎       (5) 
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𝑾𝑨𝒃𝒐𝒕𝒕𝒐𝒎 =  𝒚𝒘 ∙ 𝑹𝒊𝒔𝒆 ∙ 𝒘 (AASHTO, 2017)    (6) 

Where: 

𝑊𝐴 = horizontal water pressure, pounds per linear foot 

 𝛾𝑤 = unit weight of water, pcf                       

 𝑅𝑖𝑠𝑒 = height of water column, ft                   

𝑤 = width of water column, ft                              

In addition, the design should also take into consideration groundwater pressures acting 

on the outside of the walls for the full design height. Similar relationships as those given 

in equations 5 and 6 are used to determine the corresponding groundwater pressures.  

2.3.1.1.6. Transient Live Loads (LL): 

Per the AASHTO LRFD Bridge Design Specifications (2017), box culverts should be designed 

based on calculations made for a HL-93 truck and/or tandem vehicular live loads. The 

approximate strip method is used in design with the 1-foot wide design strip oriented 

parallel with the span. For box culverts with spans of 15 feet or greater, lane loads are also 

applied to the top slabs of box culverts. 

2.3.1.1.7. Transient Live Load Surcharge (LS):  

According to AASHTO’s design guide (2017), a live load surcharge should be applied 

whenever a vehicular load is expected to act on the surface of the backfill within a distance 

equal to 1/2 the wall height behind the back face of the wall. The increase in horizontal 

pressure due to LS is given by: 

∆𝒑= 𝒌𝒂𝜸𝒔𝒉𝒆𝒒      (7) 

Where: 
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 ∆𝑝 = constant horizontal earth pressure due to live surcharge, psf 

 𝑘𝑎 = coefficient of lateral earth pressure 

 𝛾𝑠 = total unit weight of soil, pcf 

 ℎ𝑒𝑞 = equivalent height of soil from vehicular load location, ft 

2.3.1.1.8. Transient Dynamic Load Allowance (IM):  

The dynamic load allowance (IM) for culverts and other buried structures is proportional 

to the depth of fill over the culvert. AASHTO LRFD Bridge Design Specifications (2017) 

requires that IM be considered for fill heights of up to 8 ft. The equation to calculate the 

dynamic load allowance for the strength and service limit states is: 

𝑰𝑴 = 𝟑𝟑 ∙ (𝟏. 𝟎 − 𝟎. 𝟏𝟐𝟓 ∙ 𝑫𝑬) ≥ 𝟎%    (8) 

Where: 

𝐼𝑀 = dynamic load allowance 

𝐷𝐸  = minimum depth of earth cover above the structure, ft 

2.4. Precast Concrete in Culvert Construction 

2.4.1. Hollow-Core Members 

A hollow-core slab is a precast element of prestressed concrete that has longitudinal open tubes 

of different forms and sizes, whose geometry depends on the use and the loads to which the 

element is subjected to. The continuous voids reduce the total weight of the precast slabs, making 

them an economical and efficient alternative for floor and roof systems, as well as wall panels, 
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spandrel elements and bridge slabs (PCI Manual for the Design of Hollow Core Slabs and Walls, 

2015).  

From a cost perspective, hollow-core members are an ideal solution in terms of production, 

transportation, and installation for culverts. First, a reduction in production costs results from the 

use of uniform cross sections in large production volumes, a decrease in the amount of raw 

material (i.e. concrete and prestressing steel) and easier handling of the pieces in the production 

plant. With a lower weight, transport costs are also reduced.  The lower weight allows for a shorter 

set-up time, a smaller number of workers and a more efficient erection process, all of which results 

in lower overall project costs (PCI Manual for the Design of Hollow Core Slabs and Walls, 2015).  

From an efficiency stand point, opting for precast hollow-core members assures a certifiable 

quality and fire resistance, a high load capacity and durability, and the possibility of utilizing the 

longitudinal void spaces for other systems (ventilation or wire concealment). Based on past 

experience, hollow-core members provide the same structural efficiency as non-hollow slabs for 

characteristics such as load capacity, span range and deflection control. Assembly of slabs using 

keyway grouts can create a basic diaphragm system that is also able to resist lateral loads  (PCI 

Manual for the Design of Hollow Core Slabs and Walls, 2015).  

Precast hollow-core members used in floor systems can be combined with top surfaces, which 

can be either prepared with feathered latex cement joints between slabs, by installing a ½- to 2-

inch thick non-structural topping or by casting a structural concrete topping.  

In practice, hollow-core members are cast on beds that range from 300 to 600 feet in length. Once 

the elements are cured, the slabs are sawcut to the desire length for each specific project. When 

evaluating different products in the design of a project, it is important to consider repetitive form 

and size slabs, since this will result in a higher efficiency, both in terms of production and 
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installation (PCI Manual for the Design of Hollow Core Slabs and Walls, 2015). Finally, the sawcut 

process allows the slabs to be cut to the appropriate lengths which minimizes the transport volume 

of the slabs to the project site. 

2.4.2. Methods of Manufacturing  

Currently, there are seven major manufacturing systems for the production of machine-cast 

hollow core slabs. The systems depend on the manufacturer’s patent allowing other producers to 

build hollow-cores as a franchise or with a license from the original manufacturer. Table 1 shows 

the seven available manufacturing systems, the types of machines used for each one, the concrete 

type and slump, and their core form.  

Table 1 - Hollow-Core Slab Systems (PCI Manual for the Design of Hollow Core Slabs and Walls, 
2015) 

Manufacturer Machine Type 
Concrete 

Type/Slump 
Core Form 

Dynaspan Slip form Dry/low Tubes 

Echo Slip form Dry/low Tubes 

Elematic Extruder Dry/low Auger/tube 

Flexicore Fixed form Wet/normal Pneumatic tubes 

Spancrete Slip form Dry/low Tubes 

SpanDeck Slip form Wet/normal Filler aggregate 

Ultra-Span Extruder Dry/low Augers 

 

Based on the above table, there are two basic manufacturing techniques: the dry-cast and the wet-

cast methods. 
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 Dry-Cast Method 

In this method, low-slump concrete is used, limiting the water content to just above that 

needed to hydrate the cement.  Water-cement ratios are around 0.30. For this technique, 

special attention needs to be given to the mixing process, as the low water content must be 

dispersed throughout the mix. The low-slump concrete is then passed through a casting 

machine that has cores around which the concrete consolidates through compaction and 

vibration. The cores can be formed using either augers or tubes.  

In this process, admixtures that reduce water content can be used to lower the water 

requirements of the mix without compromising concrete compaction by the machine. 

However, air-entraining admixtures are not ideal since low water-cement ratios combined with 

compaction placing methods do not allow for proper air dispersion and maintenance.  

In the case of zero-slump concrete, dry-cast extruded hollow-core slabs, the Commentary to the 

ACI Code I (2011) gives cautions on the existing development length equations. In this 

commentary, an explanation is given on why shear and bond strength depend on the degree 

of compaction of the concrete as well as on the concrete mix design, which also depend on 

the specific machine employed in slab production (PCI Manual for the Design of Hollow Core 

Slabs and Walls, 2015). 

 Wet-Cast Method 

This technique employs a typical slump concrete, with water-cement ratios ranging between 

0.40 and 0.45. The production of concrete depends on the mix proportions and the addition 

of admixtures and must always be stiff enough to hold its shape consistent with the forming 

technique used. In the west-cast method, the forming technique varies depending on the size 

of the slabs and the cores. For the former, it is possible to use either stationary, fixed or 
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machine-attached forms. For the latter, the form is given by “either lightweight aggregate fed 

through tubes attached to the casting machine, pneumatic tubes anchored in a fixed form, or 

long tubes attached to the casting machine that slip form the cores”  (PCI Manual for the 

Design of Hollow Core Slabs and Walls, 2015). 

2.4.3. Design Guidelines 

The design of hollow-core slabs should be made in accordance with the Building Code Requirements 

for Structural Concrete (ACI 318-11) and its Commentary (ACI 318R-11), published by the American 

Concrete Institute (ACI) (2011). Consistent with other prestressed concrete members, hollow-

core slabs must be designed to resist the different stresses that occur from production to erection. 

These stresses include: force transfer stress, handling stress, service load stress, deflections, shear 

and bending. The PCI Design Handbook: Precast and Prestress Concrete (2017) and the PCI Standard 

Design Practice (2003) present a number of charts and tables which provide useful information in 

the design of prestressed members, and also provide design practice guidelines for the precast and 

prestressed concrete industry. In addition, manufacturers usually present load tables that are useful 

when considering uniform load cases, since they have already considered the forces and stresses 

a given element can withstand for production purposes. These references aim to aid the designer 

in obtaining relevant data for slab design. For projects in which the loads are not uniform, the 

following design factors should be considered:  

2.4.3.1.      Flexural Design 

According to Chapter 18 of ACI 318-11 (2011), prestressed flexural members are classified as 

either Class U, Class T or Class C, depending on the variable 𝑓𝑡 , corresponding to the extreme 

fiber stress in tension in the pre-compressed tensile zone, and 𝑓𝑐
′

 , corresponding to the specified 

compressive strength of concrete. For Class U and Class T flexural members, the uncracked 
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section can be used to calculate the stresses at service loads. For Class C flexural members, these 

same stresses should be computed using the cracked transformed section.  The following are the 

𝑓𝑡 and 𝑓𝑐
′ relationships for the different classes of flexural members:  

▪ Class U 

𝒇𝒕 ≤ 𝟕. 𝟓√𝒇′𝒄     (9) 

▪ Class T:  

    𝟕. 𝟓√𝒇′𝒄 < 𝒇𝒕 ≤ 𝟏𝟐√𝒇′𝒄      (10) 

▪ Class C: 

𝒇𝒕 > 𝟏𝟐√𝒇′𝒄     (11) 

Sections 9 and 18 of ACI 318-11 (2011) provide further information on permissible stresses 

at transfer and service loads, loss of prestress, required strength and minimum reinforcement.  

2.4.3.2. Shear Design 

In dry-cast systems, if the applied shear is greater than the shear strength, the use of stirrups 

is not recommended since their placement in these systems is very difficult. Stirrups could be 

considered a viable method to improve shear capacity in wet-cast systems, since it is easier to 

place them than in a dry-cast member. Shear strength can also be increased by reducing the 

number of cores in a slab, which can be achieved by removing a full-length core from the slab, 

or by breaking into the cores locally and filling them while the slab concrete is still fresh. 

According to ACI (2011), it is possible to assume that the “prestressing force increases linearly 

from zero at the member end to full effective prestress in a length equal to 50 strand diameters. 
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If de-bonded strands are used, transfer of prestress for the de-bonded strands must also be 

considered” (PCI Manual for the Design of Hollow Core Slabs and Walls, 2015). 

Chapter 11 of ACI 318-11 (2011) presents additional guidelines for shear design. 

2.4.3.3. Camber and Deflection 

Camber is defined as the upward deflection of a prestressed concrete member. Because camber 

depends on prestressing forces and eccentricity, both of which are defined by the design loads 

and the span length, camber will change depending on the design, and should not be 

considered a design parameter. Deflections, although also defined by prestressing forces, can 

be independent of the prestress level if the tensile stresses are smaller than the cracking stress.  

Both, cambers and deflections are susceptible to changes in time, as a result of creep in the 

concrete, and loss of prestress in the members. Instantaneous cambers and deflections, as well 

as their changes over time need to be considered when designing the hollow-core members. 

The instantaneous values are easy to calculate when the properties of the materials are known. 

However, time-dependent changes are not easily and accurately calculated, as such the values 

are only estimates. Based on experience, producers typically have a more accurate knowledge 

of long-term deflections, but final calculations and approximates should be carried out in order 

to correlate manufacturer experience with design needs.  

Chapter 9 of ACI 318-11 presents in-depth information and calculations regarding camber 

and deflection parameters and design considerations.  

2.4.3.4. Strand Developments 

In the precast industry, particularly related to prestressed hollow-core members, each slab is 

given a number of prestressing strands which provide structural reinforcement to the entire 
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member. Strands can vary in size and length and can be arranged in various strand patterns. 

Prestressing strands play a huge role in determining the load carrying capacity of a hollow-

core member. In fact, the moment capacity of a member is a function of the maximum 

strength of the prestressing strands. It is therefore important to consider strand development, 

which analyses the strengths and stresses along the prestressing strands within a hollow-core 

member (PCI Manual for the Design of Hollow Core Slabs and Walls, 2015). 

Per Section 12.9 of ACI 318-11, the development lengths of the prestressed strands are 

calculated using the following formula: 

𝒍𝒅 = (
𝒇𝒔𝒆

𝟑𝟎𝟎𝟎
) 𝒅𝒃 + (

𝒇𝒑𝒔−𝒇𝒔𝒆

𝟏𝟎𝟎𝟎
) 𝒅𝒃 = (𝒇𝒑𝒔 − 𝟐 𝟑𝒇𝒔𝒆⁄ )𝒅𝒃   (12) 

where, 

𝑙𝑑 = development length, in. 

𝑓𝑠𝑒 = effective stress in prestressing steel, psi 

𝑓𝑝𝑠 = stress in prestressing steel at nominal flexural strength, psi 

𝑑𝑏 = nominal diameter of bar, wire, or prestressing strand, in. 

 

Equation 12 covers two bond mechanisms in the calculation. The first, 𝑙𝑡 or strand transfer 

length, is the bond length needed to transfer 𝑓𝑠𝑒 (the effective stress after all prestress losses) 

to the concrete. This term is represented in the first part of the equation as: 

𝒍𝒕 = (
𝒇𝒔𝒆

𝟑𝟎𝟎𝟎
) 𝒅𝒃      (13) 

The second bond mechanism that must be considered is the flexural bond length (𝑙𝑓), which 

corresponds to the bond length once the steel stress exceeds the effective stress 𝑓𝑠𝑒. The 
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flexural bond length considers the full stress in the strand that corresponds to  𝑓𝑝𝑠 (stress in 

prestressed reinforcement at the nominal strength of the component), from which the 

additional bond length is calculated using: 

𝒍𝒇 = (
𝒇𝒑𝒔−𝒇𝒔𝒆

𝟏𝟎𝟎𝟎
) 𝒅𝒃     (14) 

This analysis is depicted in Figure 3: 

 

Figure 3 - Steel Stress vs. Strand Development (PCI Manual for the Design of Hollow Core 

Slabs and Walls, 2015) 

Although ACI 318-11 references the development length analysis only at maximum moment 

sections where the element needs to have full strength under the considered loads, there are 

cases in which a steep rate of moment increases within 𝑙𝑡 which can produce critical sections 

at locations other than at the maximum moments. This might result in flexural cracking within 

𝑙𝑡, if the required strand strength is higher than 𝑓𝑠𝑒 in a section where the strand cannot accept 

additional stress without causing bond failure. Thus, within 𝑙𝑡, the maximum flexural strength 

that can be sustained is directly related to the cracking moment.  
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This is not the case for 𝑙𝑓, where the strand stress can exceed 𝑓𝑠𝑒, but never to full 𝑓𝑝𝑠. This 

means that there exists additional flexural capacity beyond the cracking moment but the stress 

level cannot reach full nominal strength. When flexural cracking occurs in the 𝑙𝑓 interval, the 

maximum value of 𝑓𝑝𝑠 is calculated as follows:  

𝒇𝒑𝒙 = 𝒇𝒔𝒆 +
(𝒙−𝒍𝒕)

𝒍𝒇
 (𝒇𝒑𝒔 − 𝒇𝒔𝒆) =

𝒙

𝒅𝒃
+

𝟐

𝟑
𝒇𝒔𝒆    (15) 

Where 𝑥 is the distance from the end of the element to the section of interest.  

Nominal capacity should be calculated based on the above maximum strand stress.  

2.4.3.5. Diaphragm Action 

Lateral loads act on hollow-core slabs as lateral earth pressures. The function of the diaphragm 

is to receive loads from places where they originate and transmit them to resisting elements. 

Lateral earth pressures are determined by the type of the soil, which also determines the lateral 

movement needed to obtain a minimum active earth pressure or a maximum passive earth 

pressure (Withiam, 2003). 

The horizonal earth pressures are used to calculate shear and moment forces acting on the 

sidewalls, as well as the axial forces acting on the top and bottom slabs (State of Illinois Bureau 

of Bridges and Structures Office of Program Development, 2017) . Per the AASHTO LRFD 

Bridge Design Specifications (2017), the horizonal soil pressure on any point below the fill surface 

is determined using the following equation: 

𝒑 = 𝒌𝒉𝒚𝒔𝒛      (16) 

where: 

𝑝 = lateral earth pressure; 
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𝑘ℎ = lateral earth pressure coefficient;  

𝑦𝑠 = unit weight of backfill soil; 

𝑧 = distance from the surface to the reference point. 

The coefficient 𝑘ℎ depends on two factors: the stress history of the soil and the displacement 

of the culvert. The stress history refers to the level of consolidation of the soil (either normally 

consolidated (NC) or over consolidated (OC)); whereas the displacement refers to level of 

flexibility or stiffness of the structure, as well as to the nature of soil load (passive or active) 

(Withiam, 2003). 

Horizontal earth pressures on the sidewalls should be calculated considering an initial or at 

rest value (𝑘𝑜) of 0.5 and an estimated unit weight of 𝒚𝒔 depending on the type of backfill soil 

placed against the wall. Per Article 3.11. of the AASHTO LRFD Bridge Design Specifications 

(2017), the minimum horizontal earth pressures should be equal to 50% of the maximum 

pressure (State of Illinois Bureau of Bridges and Structures Office of Program Development, 

2017). 

2.5. Soil-Structure Interaction  

2.5.1. Fundamental Concepts and Background 

Soil-structure interaction (SSI), according to Katona and others (1976), can be understood as the 

way in which a buried culvert deforms when earth-load distributions are applied. This means that 

there is a continuous interaction between the response of the soil to the motion of the structure, 

and the influence of that motion on the structural response. Models that analyze specific SSIs help 
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in calculating the loads that act on buried structures, and also aid in determining the level of 

distress and deformation in the structure (Katona, 2018).  

In order to use an adequate methodology for calculation and design of buried culverts, a number 

of researchers have developed a variety of approaches, solutions and methods. The first SSI 

models were developed by Marston and Spangler in the 1920s, followed by Burns and Richard, 

and, subsequently, by the more recent Finite Element Method (FEM) approach (Katona 2018). 

Computer programs such as Culvert Analysis Design (CANDE), introduced in the 1970s, have 

enabled a more detailed analysis of any type and geometry of culvert and, as a result, have often 

been used in buried culvert design (McGrath, 2018; Katona, 2018). 

When analyzing culvert behavior and performance, it is important to consider adequate soil 

support of the structure. Because it is difficult to know beforehand the earth pressure and shear 

traction acting on a buried culvert, an SSI analysis can be used to determine the load distribution 

on a given structure. With the implementation of SSI analysis, it is possible to determine whether 

the loads acting on the structure will result in negative or positive arching. In the first case, which 

occurs in rigid structures, the culvert stiffness is greater than the soil stiffness and, consequently, 

the pipe attracts the soil load. Conversely, in the second case, the culvert stiffness is less than the 

soil stiffness, as is the case of flexible pipes (Katona, 2018) 

Appropriate installation of buried culverts has always been difficult due to factors including a lack 

of contractor knowledge and time and cost-related issues of a project including the additional 

expense for installation inspection (McGrath, 2018). It is therefore important to have efficient 

and realistic methods for calculating and designing these structures, inviting contractors to 

understand and make use of them, thus ensuring proper culvert performance.  
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2.5.2. Analytical Methodologies  

2.5.2.1. Marston-Spangler Approach 

The Marston-Spangler approach is a traditional conceptual method created in the 1920s, which 

is an empirical approach based on one-dimensional sliding soil columns (see Figure 4). 

 

Figure 4 - Marston-Spangler Model (Katona, 2018) 

The method is a combination of “Marston's estimation of effective vertical load acting on the 

structure and Spangler's assumption for the load distribution around the culvert” (Katona, 

Smith, Odello, & Allgood, 1976). 

In this method, the net vertical load, W, acting at the crown of the conduit is the weight of 

the soil column with the addition or subtraction of the shear traction, S, that acts on both 

sides of the column. The magnitude and direction of the shear traction are determined by a 

settlement ratio parameter, which in turn depends on the relative stiffness of the culvert 

compared to that of the soil. In flexible structures, S will act upwards, whereas in rigid pipes 

the traction acts in a downward direction. The final calculated soil weight, W, is equivalent to 

the net vertical load acting on the conduct crown.   
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Once the load W is calculated, the Marston-Spangler approach becomes dependent on the 

rigidness or flexibility of the culvert. Depending on the type of culvert, the analysis is extended 

to include other conditions needed to finalize the specifics of the culvert design. For rigid 

buried structures, the Marston-Spangler ‘equivalent’ D-load (load capacity of the structure) is 

calculated, from which the wall section is then designed to satisfy the corresponding load at 

the top of the conduit. For flexible conduits, the load distribution around the structure and 

the corresponding deflection or flattening are estimated. The culvert is designed to counteract 

the bending stresses by having sufficient stiffness in the same plane to limit the total deflection 

to 5% or less than the diameter of the pipe (Katona, 2018). 

2.5.2.2. Burns and Richard Solution 

The Burns and Richard approach is a closed-form analytical elastic solution (Katona et al 

1976). As an analytical method, it is based on classic elasticity and shell theory  and thus 

generates more exact solutions (when compared with numerical methods that use 

approximation techniques). Moreover, the Burns and Richard’s method is a “closed-form 

solution for a thin shell encased in an infinite elastic medium with overburden loading” 

(Katona, Smith, Odello, & Allgood, 1976).  

For this model, basic assumptions in four main elements are key. First, the soil is analyzed 

using “continuum theory with an infinite soil expanse in plane strain and characterized by two 

elastic parameters” (Young’s modulus and Poisson ratio) (Katona, 2018). Second, the structure 

is analyzed through a cylindrical shell theory, including plain strain formulation with hoop 

stiffness (EA) and bending stiffness (EI). Third, the structure-soil interface is assumed to be 

frictionless and perfectly bonded solution alternatives are obtained. Finally, the soil gravity 

loading is estimated by “applying the free field soil pressure (γH) as a uniform surface 
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pressure” (Katona, 2018). Regardless of some simplifying assumptions, it is considered a quite 

accurate prediction of soil-structure interaction (Katona, Smith, Odello, & Allgood, 1976). 

2.5.2.3. Finite Element Method (FEM) 

The Finite Element Method (FEM) is a numerical method, which has become the preferred 

method in present culvert analysis. Because the analysis includes a wide array of variables such 

as the type of embankment, incremental soil loading, variable bedding configurations and 

complex structure shapes, it is the main method for design of both rigid and flexible culverts . 

In addition, this method is appropriate when considering incremental construction and non-

linear behavior. However, the time required for mesh preparation and code debugging along 

with the need for trained analysts are downsides for use of the FEM technique in culvert 

design (Katona, Smith, Odello, & Allgood, 1976; Katona, 2018). 

FEM includes two- and three- dimensional analysis. Two-dimensional analysis that can be 

either linear or non-linear include small or large deformation theory. When additional forces, 

other than stresses and deformations on transverse sections are considered, a linear three-

dimensional approach can be implemented (Allgood & Takahashi, 1978). 

2.6. Concrete Culvert Studies  

The following sections provide overviews on experimental and numerical culvert studies.  



34 

2.6.1. Numerically Modeling of the Structural Behavior of Precast Three-Sided Arch 

Bridges for Analysis and Design (Jensen, 2012)  

This work involved laboratory testing and design validation of a three-sided, bottomless precast 

concrete structure manufactured by Foley Products Company. Both field and laboratory tests were 

carried out on the structure.  

▪ Field testing: the field tests were conducted in Midland, NC on an active project in 

which a 42-foot clear span arch structure was constructed. The service load level tests 

were done by backfilling around the structure and driving a known-weight truck over 

the culvert while stopping at different points.  

▪ Laboratory testing: the laboratory tests were performed on a 20-foot and 36-foot clear 

span structures. The lab tests were performed at the Auburn University Structural 

Research Laboratory, with pre-installed gauges for data collection. Both structures were 

loaded to failure using hydraulic load actuators. Upon testing completion, the computer 

program SAP2000 was used to develop two structural models which were then 

correlated with the structural analyses and the results obtained in the laboratory. 

Nonlinear behavior was accounted for in the analytical phase, and moment hinges were 

incorporated in the structural model to match the deflection magnitudes calculated in 

the analysis with the deflection measurements made in the laboratory tests.  

After developing and correlating the SAP2000 structural models, the design methodology for the 

Foley Arch was evaluated. The designers used a RISA 3-D program to develop a structural 

computer model to predict the point of maximum moment. The RISA 3-D and the SAP2000 

models were compared to assess the extent of correspondence between the two programs. The 
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results indicated that the structure strength was adequate and that the design methodology was 

reasonable and safe (Jensen, 2012). 

2.6.2. Finite-Element Modeling of Reinforced Concrete Arch Under Live Load (McGrath 

and Mastroianni, 2002) 

This study used two, 28-foot span, reinforced concrete arch culverts to conduct full-scale field 

tests. The tests included subjecting the structures to service live loads, meeting AASHTO design 

criteria for strength and serviceability with depths of cover ranging from 1 to 3 feet. At a 1-foot 

fill level, the culverts were loaded with a simulated single-axle live load greater than 980kN 

(220,000 lb). Computer models were developed based on the cover depth. The field data included 

arch deflection, interface pressure, concrete strain and strain in the reinforcing steel. Two and 

three-dimensional finite element analyses were conducted in which non-linear material models for 

the backfill soil and the reinforced concrete were included.  

Results from the finite element analysis were then compared to the field data. The comparison 

indicated that the two-dimensional models were limited in their ability to predict longitudinal 

spreading of the live load forces, as well as to predict maximum moments larger than those 

experienced by the actual structure. The three-dimensional deflection predictions were dependent 

on the properties used to characterize the concrete material model; however, the design 

parameters (moment, thrust, and shear) did not show the same level of sensitivity. Results suggest 

that, for a typical structural design, material parameters may be approximated without seriously 

degrading the accuracy of predicted design parameters (McGrath & Mastroianni, 2002). 
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2.6.3. Predicting the Ultimate Load Carrying Capacity of Long-Span Precast Concrete 

Arch Culverts (Zoghi and Hastings, 2000)  

This study was conducted on the second phase of a full-scale, live load test research project 

conducted on a 36-foot precast reinforced concrete arch culvert. The project had two main 

objectives: investigate the failure mode of the test culvert using a modified CANDE finite-element 

computer program; and analyze the soil-structure interaction characteristics of long-span precast 

concrete culverts.  The results of the first phase were used as a baseline.  

In the finite-element model, beam-column elements were used to simulate the actual structure, 

whereas rectangular or triangular elements were used to model the backfill and cover soil, as well 

as foundation footings and bedding. The first simulation considered the foundation with no 

backfill and, subsequently, soil lifts were added until backfill was completed around and over the 

culvert. Vehicular traffic loads were replicated by applying loads on the surface of the top layer of 

soil.  

This study revealed that the ultimate load capacity of the arch culvert was approximately 340 kips. 

It was also determined that high quality soil compaction was paramount in the overall structural 

integrity and soil-structure interaction (Zoghi & Hastings, 2000). 

2.6.4. Structural Behavior of Three-Sided Arch Span Bridge (McGrath, Selig and Beach, 

1996)  

This study aimed to evaluate the methodology used in the structural design of three-sided culverts 

with arched top slabs. In order to perform the assessment, a three-sided arch structure was 

constructed and tests were conducted during initial installation and after 6 months, 1 year, 18 

months and 2 years of construction. The test structure consisted of a 3.4-meter (11-foot) high and 
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11-meter (36-foot) span bridge, composed of ten 1.6-meter (5.2-foot) wide precast concrete 

segments. Field tests were conducted by imposing an HS-25 +30% live load on soil covers ranging 

between 0.3 and 0.9 meters (1 and 3 feet).  In three of the ten segments, soil stress cells and anchor 

pins were mounted on the legs of the bridge. A tape extensometer was used to measure changes 

in the shape of the structure. Survey data was collected on the instrumented segments during each 

test. In addition, visual observations were made for crack development.  

Results from this study indicated that the bridge underwent smaller movement when subjected to 

the HS-25 +30% live load than when subjected to the 0.9-meter soil cover earth pressure. Data 

collected throughout the 2-year time period showed that soil stress and span width had increased, 

but the overall structural performance was within acceptable limits. In addition, correlation 

between the experimental and analytical results indicated that, even though the actual live load 

effects were much smaller than anticipated in the design phase, the use of finite -element analysis 

to design these types of structures was beneficial (McGrath, Selig, & Beach, 1996). 

2.6.5. Load Test Report and Evaluation of a Precast Concrete Arch Culvert (Beach, 1988) 

Extensive field tests and theoretical analyses were performed on a three-sided box-arch shaped 

precast concrete culvert as part of this study. A field load test was conducted to compare the 

actual performance and predicted structural behavior of the culvert. In addition, the finite element 

computer program CANDE, was used to perform an in-depth analysis of the effects of existing 

field conditions on the performance of the structure.   

Results of the study showed a good correlation between the predicted behavior using finite 

element analysis and actual performance of the culvert. The capacity of the culvert in extreme 

overload conditions exceeded expectations (Beach, 1988). 
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2.6.6. Observed Behavior of a Concrete Arch Culvert (Oswald and Furlong, 1993) 

During a 5-year period, measurements of soil pressures and strains were made in arch of a concrete 

culvert. The outcomes of study were synthesized in this publication which supported six different 

conclusions. First, the methods used to design the arch segments were successful in supporting 

the soil and environmental forces. Second, the use of steel reinforcement in the floor slab, as a 

tension member, was beneficial under a deep fill (±20 feet.). Third, design of similar structures 

can be based on AASHTO recommended practices for strength design of concrete if the soil unit 

weight is 130 pcf instead of 120 pcf. Fourth, analytic procedures must include consideration of 

creep deformation, to obtain the corresponding displacement responses. Fifth, the soil-structure 

interaction-related redundancies produce favorable redistributions of resistance to soil loads on 

the arch. Lastly, there was a good correlation between stress and displacement values obtained 

using an analytical model of the structural system and the in-situ measurements (considering that 

the analytical model should include very specific data regarding soil properties and concrete creep 

response time effects) (Oswald & Furlong, 1993). 

2.6.7. Live Load Distribution on Concrete Box Culverts (Abdel-Karim, Tadros and Benak, 

1990) 

In this study, separate considerations were made on the distributions of wheel loads applied 

through pavement, embankment soil and culvert top slabs. To perform this evaluation, full-scale 

tests were performed on a functioning cast-in-place concrete box culvert. Load dispersions found 

in field tests were compared with AASHTO provisions and theoretically predicted values using a 

Boussinesq elastic solution. Results from this study showed similar load distributions in both the 

transverse and longitudinal directions between the field tests and predicted values. The authors 

also concluded that the AASHTO 1.75 distribution factor is appropriate when considering fill 
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heights less than 2 feet and greater than 8 feet. In addition, rigid pavements and culvert top slab 

distributions are discussed with emphasis on empirical solutions for appropriate incorporation in 

structural design (Abdel-Karim, Tadros, & Benak, 1990). 

2.6.8. Structural Response of Full‐Scale Concrete Box Culvert (Abdel-Karim, Tadros and 

Benak, 1993) 

An extensive field investigation was conducted on the behavior of a double‐cell cast‐in‐place 

concrete box culvert. The investigation included measurements of soil pressure as well as arch 

deflection. Moment was calculated by analyzing strains in the outer and inner strands of the 

concrete walls using vibrating-wire gages that were installed in the laboratory before placing them 

in the structure. Continuous measurements were made during the construction and backfilling 

phases. The live load measurements were taken at 2-feet fill increments, beginning with the 

exposed top slab. Results of the full-scale tests on the box culvert, together with a detailed 

discussion of the measurements on the structural response to soil and truck loading are given in 

the Abdel-Karim, Benak, & Tadros (1993) study. 
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Chapter 3: Cast-in-Place (CIP) Culvert Model 

3.1. Introduction 

The purpose of the CIP model was to assess how a monolithic concrete culvert would perform 

under an applied 9-kip load, reduced for a half-scale model. Results from this testing provided a 

basis of comparison with the hollow-core culvert and enabled a performance assessment of the 

two. The CIP model included two phases of analysis: experimental testing and finite element 

modeling. The latter was utilized to first, predict the behavior of the CIP model under the 

previously mentioned load, and later, refine the model based on the experimental data obtained.  

The CIP model constructed characterized a half-scale prototype and followed the same geometry 

used for the assembled precast hollow-core panels to provide a comparable design. The following 

sections present information pertinent to the load determinations, CIP model design, 

methodologies, laboratory and experimental results, and finite element model (FEM) analyses. 

3.2. Vehicular Loading 

Guidelines presented in the AASHTO LRFD Bridge Design Specifications (American Association of 

State Highway and Transportation Officials, 2017) were followed to determine the truck load and 

load area that the half-size model needed to be subjected to, in order to replicate the loading 

conditions that culvert structures are designed to sustain. Based on Section 3.6.1.3.3. of the 

aforementioned manual, HL-93 design vehicular live loading for the top culvert slabs should only 

consider axle loads of the design truck or design tandem with an associated dynamic load 

allowance. After review of the characteristics of both the design truck and design tandem, axle 
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loading of the design truck were concluded to better represent the conditions that this study was 

aiming to evaluate. Figure 5 below presents the characteristics of the design truck. 

 

Figure 5 - Design truck characteristics (American Association of State Highway and 

Transportation Officials, 2017)  

Based on the design truck presented above and assuming a maximum culvert span of 20 feet, 

established on the definition presented by the Federal Highway Administration in Publication No. 

FHWA-HIF-07-033 Design for Fish Passage at Roadway-Stream Crossings: Synthesis Report in which it is 

specified that “a culvert differs from a bridge in that it usually consists of structural material 

around its entire perimeter and has a total span (width) of less than 6.1 m (20 ft)” (Federal Highway 

Administration, 2007); then the most critical loading scenario consisted of a 32-kip axle load 

placed at the center of the span. Notice that, with a maximum culvert span of 20 feet, no two 

axles would lie on the culvert at the same time. 

Since the tire spacing of the AASHTO design truck is 6 feet and a two-dimensional model was 

evaluated as part of this project to simplify the analysis (ignores the two-way action of the culvert 

which ultimately makes for a more conservative approach), then each 16-kip wheel load is held by 
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a tributary width of approximately 6 feet in a full-scale structure. Using a factor of λ = ½ to 

represent a half-scale model, the resulting suggested tributary width will result in approximately 3 

feet. In addition, the imposed wheel load would be further reduced by ¼, based on the total model 

area, and would result in a value of 4 kips.   

To calculate the total imposed load that the model needed to be tested under, a dynamic load 

allowance (IM), in percent, was determined: 

𝑰𝑴 = 𝟑𝟑(𝟏. 𝟎 − 𝟎. 𝟏𝟐𝟓𝑫𝑬) ≥ 𝟎%    (17) 

where,  

𝐷𝐸 = minimum depth of earth cover above the structure, ft 

In addition, a dynamic load allowance factor that was applied to the static load condition was also 

calculated: 

𝑫𝒚𝒏𝒂𝒎𝒊𝒄 𝑳𝒐𝒂𝒅 𝑨𝒍𝒍𝒐𝒘𝒂𝒏𝒄𝒆 𝑭𝒂𝒄𝒕𝒐𝒓 = 𝟏 +
𝑰𝑴

𝟏𝟎𝟎
   (18) 

Based on the above equations and using a one-foot soil cover, an IM of 28.88% and a dynamic 

load allowance factor of 1.29 were obtained.  

To determine the static load, a Strength I Limit State load combination was used since the 

structures modeled were underground structures, and Strength I is the basic load combination for 

normal vehicular use of a bridge structure without wind (American Association of State Highway 

and Transportation Officials, 2017). Based on Table 3.4.1-1 of the AASHTO LRFD Bridge Design 

Specifications, the static Strength I Limit State load factor for truck live load (LL) is 1.75. See 

Appendix A – AASHTO Design Truck Loading for vehicular loading references. With this, the 

total imposed load needed for the model was calculated by the following equation: 
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𝑻𝒐𝒕𝒂𝒍 𝑰𝒎𝒑𝒐𝒔𝒆𝒅 𝑳𝒐𝒂𝒅 = 𝟏. 𝟕𝟓𝑳𝑳 (𝒅𝒚𝒏𝒂𝒎𝒊𝒄 𝒍𝒐𝒂𝒅 𝒂𝒍𝒍𝒐𝒘𝒂𝒏𝒄𝒆 𝒇𝒂𝒄𝒕𝒐𝒓)  (19) 

And resulted in: 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑚𝑝𝑜𝑠𝑒𝑑 𝐿𝑜𝑎𝑑 = 1.75(4 𝑘𝑖𝑝𝑠)(1.29) 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑚𝑝𝑜𝑠𝑒𝑑 𝐿𝑜𝑎𝑑 = 9.03 𝑘𝑖𝑝𝑠 

The AASHTO manual also specifies a tire contact area or loading patch dimension of 20 inches 

wide and 10 inches long for a full-scale structure. Reducing this loading patch to half, for the 

laboratory model, resulted in an assumed loaded area of 10 inches wide by 5 inches long. Based 

on a one-foot soil cover over the half-scale culvert structure and a 60º stress distribution of the 

soil mass, the resulting loaded area on top of the culvert was calculated to be approximately 22 

inches wide by 17 inches long (1.83 feet by 1.42 feet).  

3.3. CIP Culvert Model Design 

The CIP model dimensions were determined primarily based on the tributary width and stress 

distribution calculations presented above, and the geometry that hollow-core panels are typically 

fabricated to at precast yards. Based on the stress distribution and tributary area calculations, the 

dimensions of the top culvert segment had to be greater than 17 inches long and between 22 and 

36 inches wide. In an effort to avoid having a structure in which stress concentrations would 

emerge at the interfaces between the top segment and adjacent east and west sections, and to 

provide enough space for the distribution of stresses to develop within the soil mass, a final culvert 

configuration consisting of segments with approximate dimensions of 27 inches long by 31 inches 

wide by 6 inches deep was created in model scale.  
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To obtain an arch-type geometry, the hollow-core panels were connected at a 30º angle between 

the top segment and the adjacent sections, and at a 60º angle between the adjacent sections and 

the bottom segments. In addition, two footings, with dimensions of 18.6-inch × 14.2-inch × 31-

inch, each, were placed at each end.  

To replicate the conditions around a culvert, a soil box was also erected. The box walls were made 

of a combination of prime whitewood and oriented strand boards (OSB); and were located 

approximately 33 inches away from the outside-edges of the culvert footings (x-direction) and at 

the front and back faces of the culvert structure (z-direction). The space in between the culvert 

and the walls was filled with medium sand from the bottom footing elevation to a height of 50 

inches, or the top of the concrete structure, and with coarse sand from a height of 50 inches to a 

height of 62 inches on either side of the top concrete segment. From the top segment to a height 

of 62 inches, the volume was filled with either pea gravel for the first test, ¾-inch road base for 

the second test, or a concrete trapezoid prism backfilled with coarse sand for the third test. Figure 

6 below presents the side view of the CIP culvert with dimensions and material types. Note that 

the location of the concrete trapezoid prism is provided by means of red lines above the top 

segment, for reference, and was only used to conduct the third CIP test.  
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Figure 6 - CIP Culvert Model Geometry 

3.4. Methodology 

Procedures followed for the construction and assembly of the CIP model, as well as for laboratory 

and in-situ testing of the structural and soil materials, and for the experimental testing are 

presented in the following sections.  

3.4.1. CIP Model Assembly  

The first step in the construction of the CIP model included the design and construction of the 

base frame and the formwork for the cast-in-place culvert erection. Panel and truss design for this 

task was done by graduate student Garrett Thompson who was the lead in the construction of 
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this unit. The base frame for the model consisted of three, 7/8-inch APA rated sturd-I-floors, 

which were designed to sustain a maximum pressure of 613.4 lb/ft2. The sturd-I-floors were 

placed over a bed of steel tubes which were welded together to provide stability for the model 

during transportation.  

In addition, formwork for the CIP culvert included four planar trusses each comprised of a floor 

beam, a polygon arch top chord, two intermediate beams and four intermediate posts located 

under the structure. Intermediate beams and posts were placed at approximately 10 ¼- inches on 

center. To connect all trusses, four crossbeams were used. All truss elements consisted of 2-inch 

by 4-inch Douglas Fir Larch No.2 lumber. In addition, to form the footings and provide segment 

covers, panels consisting of a combination of OSB and 2-inch by 4-inch lumber were placed on 

top of the trusses. Figure 7 below presents the assembled CIP formwork. Refer to Appendix B – 

Formwork Design Calculations and Drawings for formwork design calculations and additional 

CIP drawings.  

 

Figure 7 - Assembled CIP Formwork 

The second step in the process included placement of concrete within the forms. Concrete having 

a target 28-day compressive strength of 4,000 psi was used for the CIP portion of this project. 
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Refer to Section 3.4.2 for additional mix design information and concrete placement procedures. 

A total of 3.5 cubic yards of concrete were used to create the CIP structure. Figure 8 shows 

concrete placement activities of the footings. 

 

Figure 8 - Footing Placement 

Following concrete placement, the culvert was left covered for 28 days to complete the curing 

cycle. During this time, retaining walls for the soil box were designed and constructed by graduate 

student Daniel Garz. A total of four retaining walls were constructed. Two walls were assembled 

for the front and back sides of the model, and two for the side areas. In an effort to allow access 

to the interior portion of the culvert and facilitate subsequent backfilling activities, the front wall 

was assembled in two separate segments with the bottom part having an opening in the middle. 

All retaining walls had longitudinal and crossbeam elements made of a combination of 2-inch by 

4-inch lumber, 2-inch by 8-inch lumber, and OSB panels. Appendix C – Retaining Wall Design 

Calculations provides the wall design calculations along with the respective wall drawings.  

The next step in the process entailed setting up the loading equipment for model testing. Due to 

the height of the CIP model and the dimensions of the actuator loading machine, the loading 

frame had to be elevated approximately 12 inches off the ground by means of I-beams. In addition, 
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the actuator beam had to be raised to the highest possible position within the reaction frame. 

Refer to Section 3.4.6.1 of this report for additional test set up information. 

Once the testing area was set up, the culvert was moved into place. Moving of the culvert was 

done by means of a forklift and a pallet jack which were located on either end of the structure. At 

the time of relocation, it was observed that the base steel frame was detached from the lower 

wood formwork. To provide a safe and successful travel way and avoid flexure of the structure, a 

secondary wood frame was built around the model. Figure 9 presents the added frame as well as 

the equipment used for transportation of the culvert to the testing area (left) and the final CIP 

culvert location (right).   

 

Figure 9 - Relocation Activities and Final Positioning of CIP Culvert 

After relocation of the culvert into the structural lab was accomplished, the added frame and the 

top formwork were stripped off the CIP model. Removal of the formwork revealed a void in the 

top left concrete panel at the interface between the vertical and horizontal forms (see left image 

of Figure 10). Due to the size of the void, repair by means of a concrete patcher was accomplished 

and the section was allowed to cure for 24 hours prior to removal of the lower formwork.   
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Figure 10 - Void on the top left panel of the front face (left) and repaired spot (right) 

Once the concrete patch was cured, the lower forms were removed, the CIP culvert was painted 

for crack monitoring purposes, and assembly of the retaining walls was performed. In order to 

prevent the migration of soil particles from the top of the structure (backfill areas) to the spaces 

between the culvert and the retaining walls, DAPtex plus foam was sprayed along the front and 

back faces of the concrete. Immediately after spraying, the walls were assembled and secured by 

means of ratchet straps. Figure 11 presents the assembled walls.   
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Figure 11 - CIP Initial Wall Assembly 

After wall placement, gaps were observed between the bottom OSB and the walls. To prevent soil 

migration into the floor through the gaps and provide a seal between adjacent OSB panels, Great 

Stuff Gaps and Cracks insulating foam was sprayed along the edges. In addition, and in order to 

provide a secondary means of containment of the backfill soil at the interface between the walls 

and the concrete, 1-inch wide by 0.5-inches thick wood members were positioned and secured 

along the edges.  

Backfilling began once all gaps were sealed. The medium sand was the first material placed 

followed by the coarse sand and the pea gravel. Moisture conditioning, placing and compaction 

activities of all soil units complied with the methodologies presented in Section 3.4.4.6 of this 

report. The medium sand was placed to a height of 50 inches above the bottom culvert elevation ; 

and the coarse sand and pea gravel from a height of 50 inches to a height of 62 inches. Density 

determinations of the medium sand and pea gravel were achieved by calculating volumes and soil 

masses at the top locations as well as by performing sand cone tests. Refer to Sections 3.4.5.2.2 

and 3.4.5.2.3 of this report for additional density information.  
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The final step in the CIP model assembly entailed instrumenting the model. In general, the key 

areas of interest for data acquisition included the bottom face of the top segment, the loading 

plate, the loading cell, and the reaction beam. Equipment used to obtain displacement, strain, and 

load information during experimental testing at these and select additional locations included a 

combination of string pots, linear potentiometers, and load cells. Refer to Section 3.4.6.1.2 for 

supplementary instrumentation information. All instrumentation mounted on the CIP model was 

linked to the LoggerNet 4.5 DAQ, developed by Campbell Scientific, Inc., which was used to 

record and display real-time data during testing. 

Once all model components were designed, constructed, erected, and assembled; the structure 

was ready for testing. At first, only one test was anticipated to be conducted on the CIP model. 

However, due to the load transferring difficulties experienced during the initial test between the 

pea gravel and the concrete structure in which the pea gravel underwent punching and bearing 

failures, additional tests had to be conducted. Differences between subsequent rounds of tests 

were related to the materials placed on top of the upper concrete segment which were ultimately, 

the mechanisms by which load was being transferred to the concrete structure. In general, the 

second round of testing replaced the pea gravel with ¾-inch road base, to diminish the void spaces 

between soil particles and attempt to provide a stiffer material; and the third and final round of 

testing replaced the ¾-inch road base with a concrete trapezoid prism to, once again, increase the 

stiffness of the load transferring material. Refer to Sections 3.4.6 and 3.5.4 for additional testing 

information. 
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3.4.2. Mix Design and Concrete Placement 

3.4.2.1. Cast-in-Place Concrete 

The mix design used for construction of the CIP model was a common concrete mix 

designs used in the industry for construction of underground concrete culverts. Pocatello 

Ready Mix, Inc., a local ready-mix concrete provider, was consulted regarding the ideal 

mix design for fabrication of the CIP model. Based on their experience with similar 

structures, a mix design with a target 28-day concrete compressive strength of 4,000 psi 

was suggested. Appendix D – Concrete and Grout Mix Designs presents the mix design 

utilized for the CIP model construction and Table 2 presents the CIP mix quantities used, 

along with material specifications. The concrete mix design and concrete (Class 40A) 

utilized for this project was produced and provided by Pocatello Ready Mix, Inc.   

Table 2 - Mix Material Quantities and Specifications 

Material Weight (lb) Volume (ft3) Specification 

Cement 479 2.44 Type I, II 

Fly Ash 85 0.58 Type F 

Sand 1,425 8.72 
Specific Gravity 

2.62 

Coarse Aggregate 1,755 10.65 
Specific Gravity 

2.64 

Water 254 4.07  

Air 2.0 0.54  

Water Reducing 

Admixtures 
3 fl. oz/cwt 16.9 fl. oz/Y3  
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Erection of the culvert structure necessitated approximately 3.5 cubic yards of concrete to 

be completed. The sequence of concrete placement included: 

1. Filling the two side footings with concrete; 

2. Vibrating the concrete in the footings using an electric concrete vibrator;  

3. Finishing the surface by means of a trowel; 

4. Placing the footing covers; 

5. Placing the bottom segment covers on either side of the structure; 

6. Filling the two bottom segments with concrete; 

7. Vibrating the concrete in the two bottom segments; 

8. Repeating steps 4 to 6 for the remaining side segments;  

9. Filling the top segment with concrete; 

10. Vibrating the concrete inside the top segment; 

11. Finishing the surface by means of a trowel; and 

12. Placing the top member cover 

Figure 12 presents concrete placement activities of the arch segments.  

Figure 12 - Vibration of bottom right segment (left) and finishing of top segment (right)  
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3.4.2.2. Concrete for Trapezoid Prism 

Due to the top soil bearing failures and the resulting decrease in load transferring 

capabilities, an alternative that utilized a stiffer material to transfer load onto the 

underlying structure was used. This alternative consisted of erecting a concrete trapezoid 

with dimensions that resembled a 60° stress distribution, based on a 5-inch by 10-inch 

loaded plate.  

To create the concrete prism, Rapid Set Concrete Mix was utilized. This product was 

selected based on its fast setting and early strength capabilities. Refer to Appendix D – 

Concrete and Grout Mix Designs for mix composition and product specifications. 

Approximately 240 pounds of mix material, yielding about 2 ft3, were utilized. The 

following presents the concrete mixing and placing procedures carried out to erect the 

trapezoid prism.  

1. Positioned the cement mixer in place; 

2. Placed the first 60 lb concrete mix into the cement mixer; 

3. Added approximately 4 quarts of water to the mix; 

4. Blended the material until a flowable and smooth texture was achieved; 

5. Transferred the blend to 5-gallon buckets; 

6. Placed the concrete into the trapezoid prism form; 

7. Vibrated the concrete inside the form by means of a tamping rod; 

8. Repeated steps 2 to 7 until the prism was filled; 

9. Finished the surface by means of a trowel; and 

10. Placed a wet burlap on the upper face and covered with plastic. 
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Once the prism was erected, the structure was allowed to cure for one and a half days, 

before removing the forms. Figure 13 presents the cured concrete trapezoid prism.  

 

Figure 13 - Concrete trapezoid prism 

3.4.3. Concrete Sample Casting 

In order to test and obtain the compressive strength, modulus of elasticity and Poisson’s ratio of 

the CIP concrete at different time periods, test specimens were casted at the time of concrete 

placement and were later cured under controlled laboratory conditions. Casting and curing of the 

test specimens were performed in accordance with ASTM C192/C192M-19, Standard Practice for 

Making and Curing Concrete Test Specimens in the Laboratory (ASTM International, 2019) requirements. 

The following presents a summary of the steps completed for concrete cylinder casting and 

subsequent test specimen curing: 

1. Placed the mold on a rigid surface free from vibration and other disturbances;  

2. Placed the first layer of concrete in the mold using a scoop (filled to approximately 1/3 of 

the height); 

3. Stroke the concrete 25 times using a 3/8-inch diameter tamping rod; 

4. Tapped the outside of the mold lightly 10 to 15 times with a mallet or open hand; 
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5. Repeated steps 2 to 4 for the remaining two layers; 

6. Stroke off the surface of the concrete with the tamping rod to obtain a level finish; 

7. Covered the top of the mold with a lid; 

8. Left casted cylinder in an undisturbed area for the next 24 hours; 

9. After 24 hours removed cylinder from the mold, marked and placed the sample in a water 

bath cure. 

For this project, CIP test specimens consisted of either 4-inch diameter, 8-inch tall concrete 

cylinders casted using Gilson steel molds; or 6-inch diameter, 12-inch tall concrete cylinders casted 

using Gilson plastic molds. A total of nine 4- by 8-inch cylinders and three 6- by 12-inch cylinders 

were made during the CIP concrete placement. Figure 14 displays test specimen casting activities 

and Figure 15 presents the water tank used for curing of samples.  

 

Figure 14 - Cylinder Casting 
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Figure 15 - Water Tank for Moist Curing of Samples 

Concrete cylinders were also casted during placement of the concrete trapezoid prism, to obtain 

the compressive strength of the material before model testing. Casting and curing of these 

cylinders followed the same procedures as those presented above for the CIP concrete. Two 4-

inch by 8-inch cylinders were produced during prism placement.  

3.4.4. Soil Backfill and Geotextile 

In an effort to replicate the conditions of an underground culvert structure, the CIP model was 

backfilled with medium sand to a height of 50 inches, with coarse sand from the top of culvert to 

a height of 62 inches on either side of the top segment, and with pea gravel/ ¾-inch road 

base/concrete trapezoid prism with coarse sand from the top segment to 62 inches directly above. 

To prevent migration of fines between the medium sand, coarse sand, and pea gravel/¾-inch road 

base layers, a separation geotextile was placed at the interface between the soil units. Refer to 

Figure 6 in Section 3.3 for soil and geotextile location information.  
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3.4.4.1. Medium Sand 

Medium sand was selected as the main backfill material for this project due to its 

workability characteristics and its resemblance to backfill material used in the industry 

around underground structures. The workability characteristics of medium sand refer to 

the ease of moisture conditioning and compacting of the soil to (or close to) optimum 

requirements to obtain ideal density conditions.  

In order to obtain a relatively clean medium sand and avoid moisture conditioning 

challenges that can arise when using finer material, a fines content of less than 15% was 

selected as the threshold for this project. Material that met this specification was Pocatello 

Ready Mix’s medium sand, which was used to backfill around both the CIP and precast 

hollow-core culverts. To ensure that the fines content of the medium sand used was kept 

below the 15% threshold, a sieve analysis test was performed on the material. Refer to 

Sections 3.4.5.1.3, 3.5.2.3 and Appendix E – Laboratory Test Results for gradation 

procedures, results, and additional soil analysis data.  

Sand used for this project was stored in 4-ft by 4-ft by 4-ft cardboard boxes kept at the 

facility. Figure 16 displays the stored material.  
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Figure 16 - Stored Sand Material 

3.4.4.2. Coarse Sand 

Coarse sand was used to backfill the upper one foot of the CIP model, on either side of 

the top segment, in order to provide additional strength to the primary soil section. Coarse 

sand was also placed around the concrete trapezoid prism, for the third round of testing, 

to provide confinement. Coarse sand used for this project was supplied by Pocatello Ready 

Mix, Inc. and was also stored in 4-ft by 4-ft by 4-ft cardboard boxes. As with the medium 

sand, a sieve analysis was performed to obtain the particle size distribution. Refer to 

Section 3.5.2.3and Appendix E – Laboratory Test Results for gradation results and 

additional coarse sand soil analysis data. 
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3.4.4.3. Pea Gravel  

Pea gravel was used to backfill the area on top of the upper CIP segment (24-inches by 

12-inches by 31-inches), in order to provide additional strength to the primary soil section 

being compressed during the first round of testing. Pea gravel for this project was obtained 

from Home Depot and was supplied by Greensmix in 60-pound bags. As with the medium 

and coarse sands, a gradation test was performed to obtain the particle size distribution. 

Refer to Section 3.5.2.3and Appendix E – Laboratory Test Results for pea gravel gradation 

results and additional soil analysis data. 

3.4.4.4. ¾ -inch Road Base 

In an effort to provide a stiffer material that was capable of transferring the applied 9-kip 

load to the underlying structure for the second round of testing, ¾ -inch road base was 

placed on top of the upper CIP segment. The ¾-inch road based was obtained from the 

Idaho Rock and Sand yard located in Pocatello and was also tested to obtain the particle 

size distribution prior to experimental testing. Refer to Section 3.5.2.3and Appendix E – 

Laboratory Test Results for ¾-inch road base gradation results and additional soil analysis 

data. 

3.4.4.5. Geotextile 

In order to prevent the migration of fines between the medium sand, coarse sand and pea 

gravel/ ¾-inch road base backfill material, a separation geotextile was placed at the 

interface between the soil units or a height of 50 inches above the ground surface. The 

Matrix Grid Weed Control Fabric produced by Vigoro was the separation geotextile 
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utilized for this project. The matrix grid consisted of two nonwoven layers with a matrix 

mesh in-between. Figure 17 displays the Vigoro geotextile used. 

 

Figure 17 – Vigoro geofabric 

3.4.4.6. Backfilling Process 

Backfilling activities around and on top of the CIP culvert began once the culvert was 

positioned in the testing area, the soil box walls were assembled around the structure, and 

the soil material was moisture conditioned. Moisture conditioning consisted of increasing 

the soil’s moisture content with the intent of achieving a required density once the material 

was compacted. In the construction industry, compacting the soil material to the highest 

possible state (or close to the highest state) aids in minimizing settlement of the soil when 

loads are applied to the soil mass. An indication of the highest density and the 

corresponding moisture content that a soil can achieve is obtained through compaction 

laboratory testing.  
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For this project, guidelines presented in ASTM D698-12, Standard Test Methods for Laboratory 

Compaction Characteristics of Soil Using Standard Effort (12 400 ft -lbf/ft3(600 kN-m/m3)) (ASTM 

International, 2012) were followed to obtain the relationship between molding water 

content and dry unit weight of the medium and coarse sands. Compaction testing only 

applies to soils that have 30% or less by mass of particles retained on the 3/8 -inch sieve. 

Since the pea gravel had more than 30% retained in the 3/8 -inch sieve, the material was 

too coarse to be tested. Refer to Section 3.4.5.1.4 of this report for additional compaction 

testing information.  

The density of the compacted soil is one of the factors that determines how the soil mass 

will behave under an applied load and the amount of settlement it will undergo. As such, 

working the soil material close to the optimum moisture contents is beneficial. For this 

project, moisture conditioning activities entailed two main steps: 

1. Determination of stored sand moisture content: In order to estimate the amount of 

water needed to be added to the stored medium sand, coarse sand, and ¾-inch road 

base and achieve close to optimum requirements, moisture content determinations 

were carried out prior to the start of backfilling operations. One moisture content test 

was performed per storage box (east and west sides). Refer to Sections 3.4.5.2.1 and 

3.5.3.1.  for moisture content test procedures and results.   

2. Addition of water: Hoses were utilized to add water to the sand and ¾-inch road base 

material located inside the storage boxes. Since both the medium and coarse sands did 

not evince an important rise in unit weight with moisture, having an exact amount of 

added water was not considered to significantly impact the model. Instead, 

moisturizing the soil with a hose until the material was observed to be at a state similar 
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to the optimum requirements allowed for a more rapid backfilling process and yielded 

similar density results.  

Once moisture conditioning was completed, backfilling activities began. Backfilling of the 

medium sand material was done in lifts of approximately 6 inches. The backfilling process 

entailed placing a layer of material, compacting said layer by means of a 8-inch by 8-inch 

hand tampers, scarifying the top and placing the next lift. This process was maintained 

until the compacted material reached a height of 50 inches above ground surface. To 

maintain equilibrium within the culvert member, backfilling was performed on both sides 

of the CIP culvert simultaneously. Figure 18 presents compaction activities of the medium 

sand (left) and the completed top layer of medium sand material (right).  

 

 

To determine the density and, therefore, the compactness of the top segment of medium 

sand, the material was placed in 5-gallon buckets and weighed prior to insertion into the 

model from a height of 36.5 inches to a height of 50 inches on both sides. The weights, in 

Figure 18 - Backfilling operations of the medium sand 
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conjunction with the volume calculations of the selected areas, allowed for the 

determination of the “as compacted” unit weight of the medium sand. In addition, a sand 

cone test was performed on either side of the top segment to verify the density results. 

Refer to Sections 3.4.5.2.2, 3.4.5.2.3, 3.5.3.2. and 3.5.3.3. for density procedures and 

results.  

Once the compacted medium sand reached a height of 50 inches, the Vigoro geofabric 

was placed along the entire model length. Immediately after placement of the geofabric, 

backfilling operations of the coarse sand at either side of the top segment commenced. To 

avoid mixing the coarse sand with the pea gravel/ ¾-inch road base material, OSB boards 

were positioned vertically at the interface between the top and adjacent east and west 

concrete segments extending to the top of the retaining walls. The coarse sand was then 

placed and was also compacted using square hand tampers. As with the medium sand, 

moisture conditioning was performed prior to backfilling and compaction of the mater ial 

in the soil box. For the first and second tests, density determinations were not performed 

on the coarse sand since the backfill areas were not expected to experience any of the 

compression loading imposed on the model (areas were out of the 60° distribution zone). 

For the third test, however, a sand cone test was performed on the coarse sand since 

additional coarse sand was added on the sides of the trapezoid, and the material was in 

close proximity to the loaded zone. 

Upon completion of the coarse sand backfill process, pea gravel filling and compaction 

was performed for the first test. The pea gravel extended from the top segment elevation 

to 62 inches above grade. This soil unit was placed in 6-inch loose lifts which were also 

compacted by means of hand tampers. For the second test, the pea gravel was replaced 
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with ¾-inch road base. Compaction of the medium sand, coarse sand, pea gravel, and ¾-

inch road base was performed until a firm unyielding condition was observed in every lift 

placed. Determination of the “as compacted” unit weight of the pea gravel and ¾-inch 

road base followed a similar methodology as that of the medium sand in terms of weight 

and volume calculations.  

Figure 19 displays backfilling activities of the coarse sand (left) and pea gravel (right).  

 

In addition, Figure 20 presents a view of the completed backfilled model prior to the start 

of the first experimental test.  

 

Figure 19 - Backfilling operations of the coarse sand (left) and pea 

gravel (right) 
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Figure 20 - Backfilled CIP model 

3.4.5. Concrete and Soil Testing 

In the civil engineering profession, particularly in the geotechnical, structural and transportation 

fields, it is common practice to perform field and laboratory tests on the different materials used 

in construction to obtain material properties. This is primarily done to verify that the parameters 

utilized in design and analysis, correlate to those present in the field. For this project, the main 

driving factor for field and laboratory testing was the need to obtain accurate material properties 

of the components used in the FEM modeling/analysis of the CIP and precast hollow-core 

culverts.  

The following sections present the laboratory and field testing performed for the CIP portion of 

the project.  
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3.4.5.1.  Laboratory Testing 

3.4.5.1.1. Concrete Compression Test and Unit Weight Determination 

Determination of the compressive strength and unit weight of cylindrical concrete 

specimens followed the guidelines presented in ASTM C39/C39M-20, Standard Test 

Method for Compressive Strength of Cylindrical Concrete Specimens (ASTM International, 

2020). Cylinders were used to determine the compressive strength of CIP cylinders 

after 28-days of curing and at the time of culvert testing. Compression testing was 

done by means of a Gilson Compression Testing Machine presented in Figure 21. 

 

Figure 21 - Gilson Compression Testing Machine 

A summary of the concrete compression testing procedure is presented below:  

1. Removed specimen from water bath; 
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2. Measured and recorded the diameter of the specimen at right angles (mid height) 

for cross-sectional area calculations; 

3. Measured and recorded the height of the cylinder at three different locations, 

spaced evenly, for volume calculations; 

4. Weighed the cylinder and recorded its mass for density (unit weight) calculations; 

5. Placed the plain bearing block on the platen of the testing machine directly under 

the spherically seated bearing block, and placed concrete test specimen on the 

lower bearing block; 

6. Aligned the axis of the specimen with the center of thrust of the spherically seated 

block; 

7. Zeroed the testing machine prior to testing of the specimen; 

8. Applied the load continuously at an approximate rate of 440 lb/s ± 88 lb/s until 

the load indicator showed that the load was decreasing steadily and the specimen 

displayed a well-defined fracture pattern (Figure 22); 

 

Figure 22 - Typical Fracture Patterns (ASTM International, 2020) 
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9. Recorded the maximum load carried by the specimen during the test; and 

10. Retracted the loading disc, removed the broken specimen, and noted the type of 

fracture pattern. 

3.4.5.1.2. Modulus of Elasticity and Poisson’s Ratio Test 

Two of the direct inputs needed for the FEM simulation of the CIP culvert were the 

modulus of elasticity and Poisson’s ratio of concrete. In order to obtain these values, 

procedures set forth in ASTM C469/C469M-14, Standard Test Method for Static Modulus 

of Elasticity and Poisson’s Ratio of Concrete in Compression (ASTM International , 2014) were 

followed. This test was performed in conjunction with the compression test. As such, 

only one cylinder was used for the modulus of elasticity/Poisson’s ratio test and the 

maximum load at failure obtained from the compression test was utilized to obtain the 

40% load value needed for testing. In general, the modulus of elasticity/ Poisson’s 

ratio test entailed: 

1. Removing a concrete specimen from the water bath; 

2. Measuring and recording the diameter of the specimen at right angles (mid height) 

for cross-sectional area calculations; 

3. Measuring and recording the height of the cylinder at three different locations, 

spaced evenly, for volume calculations; 

4. Weighing the cylinder and recording its mass for density calculations; 

5. Measuring the distance from the dial gage to the pivot rod of the compressometer-

extensometer as well as the distance from the contact screw to the pivot rod;  
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6. Straightening the compressometer/extensometer so that all yolks aligned, checking 

that the pivot rod had proper placement between the top and bottom yolk, and 

tightening bracing screws  

7. Placing the specimen inside the compressometer-extensometer (centered) and 

tightening all anchor screws to contact the cylinder to prevent movement within 

the compressometer/extensometer; 

8. Placing the specimen, with the strain-measuring equipment attached, on the lower 

platen of the testing machine and aligning the axis of the specimen with the center 

of thrust of the spherically seated upper bearing block; 

9. Unscrewing all bracing screws from the top and bottom rings and one of the 

transverse bracing screws from the center ring to allow movement when testing;  

10. Zeroing out the longitudinal and transverse dial gauges; 

11. Loading the specimen to 40% of the maximum compression load (obtained from 

compression test) at a rate of approximately 440 lb/s ± 88 lb/s; 

12. Recorded, without interruption of loading, the applied load, transverse and 

longitudinal strains at the point when: 

a. The longitudinal strain reached 0.0002625 inches 

b. The load reached 10,000 lbs 

c. The load reached 20,000 lbs 

d. The load reached 30,000 lbs 

13. Upon reaching the maximum load, reducing the load to zero at the same rate at 

which it was applied; 

14. Repeating the test 3 additional times; 

15. Removing specimen with measuring devices from the testing machine; 
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16. Screwing in all bracing screws and unscrewing all anchor screws; and 

17. Removing the test specimen from the compressometer/extensometer and 

discarding it; and 

18. Determining the stress, longitudinal strain and transverse strain for each loading 

cycle and calculating the modulus of elasticity and Poisson’s ratio. 

The testing apparatus used to perform the modulus of elasticity/Poisson’s ratio test is 

presented in Figure 23. 

 

Figure 23 - Modulus of Elasticity/Poisson's Ratio Testing Apparatus 

The Rapid Set Concrete Mix, used for the construction of the trapezoid prism which 

was placed on top of the concrete culvert to conduct experimental tests number 3, 4, 

and 5, also necessitated a modulus of elasticity determination for use in the FEM 

analysis. Due to time constraints and the inability to obtain the testing apparatus used 

to conduct the modulus of elasticity/Poisson’s ratio test of the CIP cylinders, a 
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variation of the modulus of elasticity test was performed. Even though this test method 

did not follow all recommendations set forth in ASTM C469, it did yield the necessary 

information needed to calculate the stresses and longitudinal strains and, thus, obtain 

the modulus of elasticity of the concrete. The following presents a summary of  the 

steps performed to obtain the elastic modulus of the Rapid Set Concrete Mix:  

1. Removed a concrete specimen from the water bath; 

2. Measured and recorded the diameter of the specimen at right angles (mid height) 

for cross-sectional area calculations; 

3. Measured and recorded the height of the cylinder at three different locations, 

spaced evenly, for volume calculations; 

4. Weighed the cylinder and recorded its mass for density calculations; 

5. Instrumented the loading frame with a linear potentiometer to record deflection in 

the longitudinal direction: 

6. Placed a 2165SFQX-225K load cell on the loading frame to record vertical loading: 

7. Placed the test specimen on top of the load cell for testing; 

8. Connected the load cell and linear potentiometer to a LoggerNet 4.5 DAQ to 

record load and displacements at 0.2 second intervals; 

9. Zeroed out all instrumentation; 

10. Loaded the test specimen to 40% of the maximum compression load at a rate of 

approximately 440 lb/s ± 88 lb/s using a manual loading machine; 

11. Recorded, without interruption of loading, the applied load and longitudinal 

displacements every 0.2 seconds; 

12. Upon reaching the maximum load, reduced the load to zero at the same rate at 

which it was applied; 
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13. Removed the specimen from the testing machine; 

14. Determined the stress and longitudinal strain every 5,000 lbs up to a maximum 

load of 20,000 lbs and calculated the resulting modulus of elasticity. 

The loading machine, load cell, linear potentiometer, and test specimen used to 

perform the modulus of elasticity test of the Rapid Set Concrete Mix are presented in 

Figure 24. 

 

Figure 24 - Testing equipment modulus of elasticity test (variation) 

3.4.5.1.3. Sieve Analysis Tests  

Determination of the particle size distribution of the medium sand, coarse sand, pea 

gravel and ¾-inch road base followed the guidelines presented in ASTM 

C136/C136M-19, Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates 

(ASTM International, 2019). A summary of the sieve analysis procedure is presented 

below:  
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1. Used a quartering process to obtain a sample size of approximately 3,000 g;  

2. Dried the sample to a constant mass, recorded the dry mass and determined the 

moisture content of the sample as received; 

3. Washed the test fraction over the No. 200 sieve;   

4. Re-dried the sample to a constant mass and recorded the new dried mass;  

5. Selected the sieves that had suitable openings for the test sample; 

Table 3 - Sieve Sizes for Gradation Analysis 

Sieve No. Size (in) Size (mm) 

3/4” 0.750 19.000 

1/2” 0.500 12.500 

3/8” 0.375 9.500 

No. 4 0.187 4.750 

No. 8 0.0937 2.360 

No. 10 0.0787 2.000 

No. 16 0.0469 1.180 

No. 30 0.0234 0.600 

No. 40 0.0165 0.425 

No. 50 0.0117 0.300 

No. 100 0.0059 0.150 

No. 200 0.0029 0.075 

 

6. Placed the sieve arrangement on a mechanical sieve shaker, dropped the soil 

material on the top screen and secured the sieve arrangement; 

7. Shook the material for a total of 8 minutes using the mechanical sieve shaker;  

8. Used a scale to determine the mass of material retained on each sieve; 
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9. Calculated the percent passing in all size screens based on the total mass of initial 

dry sample (step 4); and 

10. Discarded the material used. 

Figure 25 presents the equipment used to perform the gradation tests. For all tests, 

two different sets of shakers were used. One for the particles bigger than the No. 4 

sieve (left sieve arrangement) and one for the particles smaller than the No. 4 sieve 

(right sieve arrangement).  

 

Figure 25 - Gradation Equipment 

3.4.5.1.4. Proctor Compaction Tests 

To determine the relationship between molding water content and dry unit weight of 

soil having less than 30% by mass retained on the 3/8-inch sieve, a proctor compaction 

test was performed. For this project, the medium sand, coarse sand and ¾-inch road 

base were tested using a Method B standard proctor. Guidelines presented in ASTM 

D698-12, Standard Test Methods for Laboratory Compaction Characteristics of Soil Using 

Standard Effort (12 400 ft-lbf/ft3(600 kN-m/m3)) (ASTM International, 2012) were 

followed when performing each test.  
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The procedure for the proctor compaction test included: 

1. Determining the water content of the test fraction; 

2. From the test fraction, using a quartering process to obtain five sub specimens 

weighing approximately 2,300 grams; 

3. Increasing the moisture content of the first sub specimen by 2% starting from in-

situ conditions and mixing the test fraction thoroughly; 

4. Progressively increasing the water content of each additional sub specimen by 2% 

with respect to the previous tested specimen, and mixing each test fraction 

thoroughly; 

5. Determining and recording the mass of the mold and base plate; 

6. Assembling and securing the mold and collar to the base plate, and resting the 

mold on a uniform rigid foundation; 

7. Placing the first lift of loose soil from the first compaction point into the mold 

and spreading into a layer of uniform thickness; 

8. Lightly tamping the soil until fluffiness of the first lift was removed using a manual 

rammer; 

9. Compacting the first lift with 25 blows, using a manual rammer weighing 

approximately 5.50 lb and falling freely through a distance of 12 inches from the 

surface of the specimen, in such a manner as to provide complete uniform 

coverage of the specimen surface (Figure 26); 
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Figure 26 - Rammer Pattern of Compaction (ASTM International, 2012) 

10. Repeating steps 8 through 10 for the second and third layers; 

11. Removing the collar and trimming the excess soil extending above the top of the 

mold by means of a straightedge.  

12. Removing excess soil from the outside of the mold and base plate; 

13. Determining and recording the mass of the specimen, mold and base plate; 

14. Removing the material from the mold and obtaining a 150 g sub specimen for 

molding water content determination; 

15. Determining the molding water content of the first compaction point; 

16. Discarding all material used for the first compaction point; 

17. Repeating steps 7 through 16 for the rest of the sub specimens prepared in step 

5; and  

18. Calculating the moist and dry densities of each proctor point and plotting a 

compaction curve of the dry density vs. molding water content. 

Equipment used for the proctor compaction test is shown in Figure 27.  



78 

 

Figure 27 - Equipment for Proctor Compaction Test 

3.4.5.2.  In-Situ Testing 

3.4.5.2.1. Moisture Content Test 

Moisture content tests were carried out prior to moisture conditioning of the backfill 

material to determine the “as stored” water content of the soil and after moisturizing 

the soil. To conduct said tests, ASTM D2216-19, Standard Test Method for Laboratory 

Determination of Water (Moisture) Content of Soil and Rock by Mass (ASTM International, 

2019) was used as a reference. Due to the amount of moisture content tests needed to 

be carried out and the need for prompt results, a microwave was used to dry the 

samples. In general, moisture determination tests included: 

1. Selecting a representative test specimen of approximately 100 g; 

2. Weighing the testing container and recording its mass; 

3. Placing the moist test specimen in the container and determining the mass of the 

container and the moist specimen; 
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4. Placing the container with the test specimen in the microwave and drying for a 

period of one (1) minute; 

5. Removing and weighing the container with soil sample; 

6. Repeating steps 4 and 5 until a change in mass of 0.1% or less between drying 

cycles was achieved;  

7. Calculating the water content of the material.  

3.4.5.2.2. Density of Compacted Medium Sand and Pea Gravel 

In an effort to determine the density of the compacted medium sand (top segment) 

and pea gravel, the following measurements were taken at the time of backfilling 

operations: 

1. Measured and recorded the dimensions of the area where the material was going 

to be located (backfilled); 

2. Placed the moisturized material in 5-gallon buckets; 

3. Weighed and recorded the mass of each bucket used; 

4. Placed and compacted the material in 6-inch lifts; 

5. Verified that the compacted material was in a firm and unyielding state; 

6. Calculated the volume and total mass of material used; and 

7. Determined the compacted density of the material.  

3.4.5.2.3. Sand-Cone Test 

To determine the density and moisture content of the compacted medium sand (after 

all rounds of testing were accomplished) and coarse sand (after trapezoid prism was 

positioned in place and backfilled) and, consequently, obtain an indication of the 

compaction state; sand cone tests were performed on the top layers. The sand cone 
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tests were completed in accordance with ASTM D1556/1556M-15e1, Standard Test 

Method for Density and Unit Weight of Soil in Place by Sand-Cone Method (ASTM 

International, 2015). The test included: 

1. Filling the cone container with conditioned sand for which the bulk density had 

already been determined; 

2. Preparing the surface of the location where the test was performed so that it was a 

level plane; 

3. Seating the base plate on the plane surface, making sure there was contact with the 

ground surface around the edge of the flanged center hole; 

4. Digging the test hole through the center hole in the base plate, being careful to 

avoid disturbing or deforming the soil that was bounding the hole;  

5. Placing all excavated soil in a moisture tight container for subsequent moisture 

determination; 

6. Inverting the sand-cone funnel into the flanged hole, opening the valve to allow 

the sand to fill the hole, and closing the valve once flow of sand material stopped;  

7. Determining the mass of the apparatus with the remaining sand; 

8. Determining the mass of the mass of the moist material that was removed from 

the test hole;  

9. Determining the water content of the removed material;  

10. Calculated the volume of the test hole, and the wet and dry densities of the material 

tested. 

Figure 28 displays the testing apparatus. 
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Figure 28 - Sand Cone Apparatus (ASTM International, 2015) 

3.4.6. Experimental Testing of CIP Culvert Model 

Experimental testing of CIP model was performed to obtain real-life structure responses of a 

monolithic concrete culvert under applied compressive forces. Information obtained from this 

test aided in assessing if such a structure would be able to sustain a design compressive load of 

9.03 kips (half-scale equivalent of a 16-kip wheel load with applied load combination) without 

undergoing any failure. The following sections present the test setup, loading procedure and crack 

monitoring activities performed during experimental testing.  

3.4.6.1.  Test Setup 

3.4.6.1.1. Loading Equipment 

Load testing of the CIP culvert was performed by means of a displacement-controlled 

actuator, connected to a CLC-300K Transducer Techniques load cell and attached to 

a 5-inch by 10-inch steel plate, which ultimately transferred the imposed load to the 

model. The displacement-controlled actuator had an approximate compression 
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capacity of 160,000 pounds and pulling capacity of 110,000 pounds.  The actuator was 

mounted onto a reaction frame that consisted of a cross beam and two steel columns, 

which were elevated by means of I-beams to obtain the appropriate testing height. In 

addition, a lateral bracing system was positioned on each side. Figure 29 presents a 

schematic of the testing setup.  

 

Figure 29 - Testing Setup Schematic 

3.4.6.1.2. Instrumentation 

In order to measure the load, displacements and strains at specific model locations, 

load cells, linear potentiometers, and string pots were used. Data obtained from these 

instruments was utilized to calibrate the FEM model developed for the CIP culvert. 

Figure 30 and Figure 31 present all instrumentation used for testing. 
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Figure 30 - Linear potentiometers with and without extensions 

 

Figure 31 - String pot (left) and load cell (right) 

A total of 18 linear potentiometers and one string pot were utilized to measure the 

horizontal and vertical displacements of the CIP model for the first, second and third 

rounds of testing. The fourth test used a total of 12 potentiometers (discarding the 3 

placed on the corners of the soil box and relocating LS2 to the second long wall of the 

model). Furthermore, the fifth test used four instruments (TCY2, LS1, LS2 on the 

north side, and the BEAM) since the structure was taken to failure.  
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The linear potentiometers and the string pot used were capable of reading 

displacements to the nearest thousandths of an inch. Prior to mounting the 

instrumentation on the model, all potentiometers and string pots were wired to a wiring 

board which, in turn, was connected to a computer with installed LoggerNet 4.5 DAQ 

software and calibrated to ensure good functioning of all equipment. Refer to Section 

3.4.6.1.3 of this report for additional DAQ information.  

For the first four tests, three of the potentiometers were mounted on the center line 

(long direction) of the bottom face of the upper culvert segment to measure vertical 

deflection of the concrete. An additional four potentiometers were mounted 

perpendicular to these, to measure strain in the X- and Z-directions. Two more 

potentiometers were placed in the inside bottom portion of the culvert to measure 

outward movement of the bottom concrete segments. Additionally, horizontal 

displacements of the top half wall were measured by means of two other 

potentiometers. To obtain the total vertical deflection imposed on the plate, a string 

pot was placed on the actuator; and to find the true displacement of the plate a final 

potentiometer was mounted on the reaction beam. Furthermore, for tests 1, 2, and 3, 

three potentiometers were mounted on the southwest and northeast box corners in 

the X-, Y-, and Z-directions to measure toppling and potential expansion of the box. 

A compression load cell was used to measure the applied force on the 5-inch by 10-

inch steel plate which came in contact with the upper soil layer.  The CLC-300K load 

cell had a capacity of approximately 300,000 pounds. Calibration of this load cell was 

done in the laboratory by comparing load increment readings with a 2165FQX -225K 

load cell, recently calibrated. Calibration activities evinced that the CLC-300K used a 
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calibration factor of approximately 2.2229 for a 20,000-pound load. Refer to  Appendix 

G – Equipment Calibrations for calibration data.  

Figure 32 presents a schematic of all instrumentation used for the CIP model. The 

names of each instrument used are presented beside each piece of equipment. 

 

 

Figure 32 - Instrumentation Schematic 

3.4.6.1.3. Data Acquisition System  

All instrumentation used for compression testing of the CIP model was linked to a 

LoggerNet 4.5 DAQ which aided in collecting experimental data. Due to the number 

of instruments installed, two sensor cards were needed to link the instrumentation to 

the computer program. The CR6-1 sensor card carried instrumentation for the BEAM 

(potentiometer), ACTUATOR (string pot) and LOAD CELL, while the CDM-1 sensor 

card carried the remaining 17 potentiometers installed around the model itself. Table 

4 presents the breakdown of instrumentation channels used for the CIP test . 
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Table 4 - Instrumentation Channel, Designation and Location 

Sensor Card Instrument Type 
Instrument 

Designation 
Location 

CR6-1 Load Cell LOAD CELL Load cell, y-direction 

CR6-1 String Pot ACTUATOR Actuator, y-direction 

CR6-1 
Linear 

Potentiometer 
BEAM Reaction beam, y-direction 

CDM-1 
Linear 

Potentiometer 
TCY1 

Bottom face of top concrete 

segment, west side, center line, 

y-direction 

CDM-1 
Linear 

Potentiometer 
TCY2 

Bottom face of top concrete 

segment, middle, center line, y-

direction 

CDM-1 
Linear 

Potentiometer 
TCY3 

Bottom face of top concrete 

segment, east side, center line, 

y-direction 

CDM-1 
Linear 

Potentiometer 
TNX 

Bottom face of top concrete 

segment, north edge, x-

direction 

CDM-1 
Linear 

Potentiometer 
TSX 

Bottom face of top concrete 

segment, south edge, x-

direction 

CDM-1 
Linear 

Potentiometer 
TEZ 

Bottom face of top concrete 

segment, east edge, z-direction 

CDM-1 
Linear 

Potentiometer 
TWZ 

Bottom face of top concrete 

segment, west edge, z-direction 

CDM-1 
Linear 

Potentiometer 
EIX 

Interior face of footing, east 

side, x-direction 

CDM-1 
Linear 

Potentiometer 
WIX 

Interior face of footing, west 

side, x-direction 

CDM-1 
Linear 

Potentiometer 
NOZ 

Exterior face of soil box, 

northeast corner, z-direction 
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Sensor Card Instrument Type 
Instrument 

Designation 
Location 

CDM-1 
Linear 

Potentiometer 
EOX 

Exterior face of soil box, 

northeast corner, x-direction 

CDM-1 
Linear 

Potentiometer 
TBNY 

Exterior face of soil box, 

northeast corner, y-direction 

CDM-1 
Linear 

Potentiometer 
SOZ 

Exterior face of soil box, 

southwest corner, z-direction 

CDM-1 
Linear 

Potentiometer 
WOX 

Exterior face of soil box, 

southwest corner, x-direction 

CDM-1 
Linear 

Potentiometer 
TBSY 

Exterior face of soil box, 

southwest corner, y-direction 

CDM-1 
Linear 

Potentiometer 
LS1 

Exterior face of south retaining 

wall, top, y-direction 

CDM-1 
Linear 

Potentiometer 
LS2 

Exterior face of south retaining 

wall, middle, y-direction  

 

During testing, the LoggerNet 4.5 DAQ used a scan rate of 4 samples per second for 

each instrument. All data processing was achieved using Microsoft Excel.  

3.4.6.2. Loading Procedure 

Initially, the loading procedure for experimental testing of the CIP model was planned to 

be performed by imposing load steps of 500 pounds to the 5-inch by 10-inch plate 

(positioned at the center of the model), with intermediate observation time, until a total 

load of 9.03-kips was reached. Since the actuators available for testing were all 

displacement-based, the loading procedure program had to be changed to displacement 

increments. Although not ideal, the displacement increments were kept small enough to 

prevent rapid loading of the model (0.02 inches per step) while also allowing the actuator 

to respond to small displacement changes. In this way, if more than one displacement 
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increment was needed to be run back-to-back to achieve an approximate 500 to 700-pound 

increase in load, it could be performed without compromising the observation time needed 

between the ideal 500 pounds of application per step. On this note, separate displacement 

steps were written to accommodate the needed observation time between load steps and 

avoid rushing or waiting for long periods of time during testing.  

The displacement loading procedure was maintained throughout all rounds of testing and 

followed a linear increasing scheme. This meant that the model was not unloaded and 

reloaded between steps but rather, it was loaded, the load was held during observation 

time, and then increased again based on the next displacement increment. Originally, one 

round of testing was anticipated to be accomplished for the CIP model. However, due to 

difficulties with the load transferring capabilities of the pea gravel at loads higher than 

approximately 4,000 pounds, additional testing had to be performed.  

3.4.6.2.1. Test Number 1 – Pea Gravel Backfill 

The first model tested used 12 inches of clean pea gravel as cover material between 

the upper concrete segment and the loading plate. For this test, the loading plate was 

accidentally misplaced, and the long side (10-inch edge) was positioned parallel to the 

culvert span at the center of the model. Subsequent tests corrected this and positioned 

the loading plate with the long edge in the direction of the culvert width. Figure 33 

presents a schematic of Test No. 1. 
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Figure 33 - Schematic Test No. 1 CIP Model 

Testing of this model occurred on October 5th, 2020 and took approximately 2 hours 

and 10 minutes to complete. A total of 84 load steps were driven to carry out this test, 

with a resulting overall actuator elongation of approximately 1.68 inches (0.02 inches 

per step).  

Loading up to approximately 4,000 pounds necessitated an average of 4 displacement 

steps to achieve 500-pound increments. After 4,000 pounds, 7 steps were driven to 

achieve the maximum loading obtained during testing (4,361 pounds) and an additional 

45 steps were run, thereafter, to verify that the material could not hold any additional 

load. Due to difficulties with actuator responses to displacement steps imposed after 

long waiting periods (observation periods), two loading steps had to be driven at 

certain times.    

3.4.6.2.2. Test Number 2 – ¾-inch Road Base Backfill 

Since the pea gravel used for the first test failed in bearing capacity at approximately 

4,300 pounds but the structure did not show major signs of damage up to that load, 

the backfill material of the upper segment was replaced with ¾-inch road base. The 

purpose of using this type of soil was to fill most of the voids between gravel particles 
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with fines (silt and clay) and potentially obtain a higher strength. Figure 34 presents a 

schematic of Test No. 2.  

 

Figure 34 - Schematic Test No. 2 CIP Model 

Testing of this model occurred on October 6 th, 2020 and took approximately 2 hours 

and 15 minutes to complete. For this test, the loading plate was positioned with the 

long edge perpendicular to the culvert span to fulfill AASHTO recommendations. A 

total of 53 load steps were driven during testing which resulted in an overall actuator 

elongation of approximately 1.06 inches. Up to approximately 4,000 pounds, an 

average of 2 displacement steps were needed to achieve the desired 500-pound 

increments. After 4,000 pounds, the step number increased to between 6 and 10, and 

after 5,000 pounds a total of 18 steps were driven to achieve the last and maximum 

load of approximately 5,538 pounds. Since load gain became slower from 

approximately 3,800 pounds onward, two step increments were driven at a time after 

step number 18. 

3.4.6.2.3. Test Number 3 – Concrete Trapezoid Prism with Coarse Sand Backfill 

In an effort to utilize a mechanism capable of transferring the entirety of the test load 

(9.03 kips) to the culvert structure without failing, but also preserve the 12-inch cover 
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principle, a concrete trapezoid prism was erected. The trapezoid prism’s dimensions 

replicated the 60º stress distribution developed on a soil mass under surface loading. 

This meant that the top of the prism had similar dimensions to that of the load ing 

plate (5-inches by 10-inches), but the bottom face was widened by 6 inches on each 

side (17-inches by 22-inches) based on a total height of 12 inches. By using concrete, 

the stiffness of the system was greatly increased, and the load transferring capab ilities 

were enhanced. This system replicated an extreme loading condition in which the 

structure would be immediately loaded as would be the case if a truck was travelling 

directly on top of the culvert. In addition, to provide confinement to the newly added 

structure, coarse sand was placed and compacted around it. Figure 35 presents a 

schematic of Test No. 3. 

 

Figure 35 - Schematic Test No. 3 CIP Model 

Figure 36 presents the erected trapezoid prism over the culvert structure, backfilled 

with coarse sand, and instrumented with the loading plate and load cell.  
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Figure 36 - Backfilled Concrete Trapezoid Prism for Test No. 3 

Testing of this model occurred on October 9th, 2020 and took approximately 45 

minutes to complete. A total of 16 load steps were driven during testing which resulted 

in an overall actuator elongation of approximately 0.32 inches. Due to the stiffness of 

the load transferring mechanism, load increments of 500 pounds were not able to be 

accomplished. Instead, loading was increased by an average of 1,500 pounds per 0.02-

inch step from the beginning of testing until a load of approximately 18,200 pounds 

was reached. Between 18,200 pounds and the end of testing, or a load of 19,300 

pounds, the loads between displacement steps varied between 200 and 800 pounds. 

3.4.6.2.4. Test Number 4 – Concrete Trapezoid Prism with No Soil Backfill 

To evaluate the capacity of the concrete culvert without the aid of the backfill soil, 

which ultimately puts the structure in a compression state and increases to some extent 

it’s capacity, all backfill material was removed from the top and sides. Only the medium 

sand placed from the base to the top of footing elevation was left in place. As with 

Test No. 3, the concrete trapezoid prism was used as the load dissipating mechanism 
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which ultimately loaded the structure immediately after the application of loads. Figure 

37 presents a schematic of Test No. 4 and Figure 38 presents the model setup.  

 

Figure 37 - Schematic Test No. 4 CIP Model 

 

Figure 38 - Model Setup for Test No. 4 CIP Model 

Testing of this model occurred on October 13th, 2020 and took approximately 30 

minutes to complete. A total of 10 load steps were driven during testing which resulted 

in an overall actuator elongation of approximately 0.2 inches. As with Test No. 3, load 
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increments of 500 pounds were not attained, but rather loading was increased by 

approximately 1,500 to 2,500 pounds per displacement step. Test No. 4 was carried 

out until a load of approximately 21,000 pounds was achieved (similar to Test No. 3) 

to avoid collapse of the structure and potential damage of the instrumentation placed 

in the inner face of the structure.  

3.4.6.2.5. Test Number 5 – Concrete Trapezoid Prism No Soil Backfill to Failure 

To assess the ultimate capacity of the concrete culvert without backfill soil, one final 

test was performed. As with Test No. 4, only the medium sand at the footing level was 

left in place and the concrete trapezoid prism was used as the load dissipating 

mechanism. To avoid damage to instrumentation, only the center middle gauge (TCY2) 

was left in place and all other equipment was removed from underneath the culvert. 

In addition, the side wall gauges (LS1 and LS2) were also left in place. Figure 39 

presents a schematic of Test No. 5.  

 

Figure 39 - Schematic Test No. 5 CIP Model 

Testing of this model occurred on October 13 th, 2020 and took approximately 30 

minutes to complete. A total of 19 load steps were driven during testing which resulted 

in an overall actuator elongation of approximately 0.38 inches. During testing, loading 
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was increased by approximately 1,500 to 2,500 pounds per displacement step. Test No. 

5 was carried out until failure occurred at a load of approximately 31,200 pounds.  

3.4.6.3. Crack Monitoring 

During all rounds of testing, crack monitoring activities were performed. Crack monitoring 

of the lower portion of the structure consisted of observing the interior face of the culvert 

after a 500 pound or displacement step increment was applied (whichever yielded a higher 

load increment), and looking for crack formation, extension and/or widening. To avoid 

missing potential cracks not evident from the observation point during testing, cameras 

were also positioned in the interior face of the structure. Cameras used were pointed in 

the direction of the top and the two adjoining segments. After testing, video records were 

reviewed and crack formation/extension/widening times were noted down and then 

correlated with the respective load increment steps.  

For the upper portion of the structure, crack monitoring was performed at different stages 

post testing. For tests number 1, 2, and 3, crack observation was performed once all soil 

was removed from the sides of the structure on October 12, 2020. For tests number 4 and 

5, crack monitoring was performed once each test was finalized and the structure was 

unloaded.  

For the front and back faces of the culvert, crack monitoring was only possible after all 

rounds of testing were performed and the retaining walls were unmounted.  Although not 

ideal, cracks observed during this stage were able to be correlated to specific rounds of 

testing.     
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3.5. Results 

3.5.1. Introduction 

This section presents the laboratory and in-place test results of all testing performed on the 

structural and soil components of the CIP model, as well as the experimental test results of 

the compression testing carried out on the CIP model as a whole. Material properties obtained 

from laboratory and in-place testing were used as input parameters in the finite element 

analysis model for the CIP culvert. In addition, experimental compression test results were 

used to calibrate the FEM model in order to have a fair basis of comparison when assessing 

the performance of the hollow core culvert.    

3.5.2. Laboratory Test Results  

3.5.2.1.  Concrete Compression Test Results and Unit Weight Determinations 

Compression testing of CIP concrete cylinders was performed at 32-days and on the days 

of testing of the CIP model to evaluate the structure’s strength at each stage . In addition, 

compression testing of the concrete used in the construction of the trapezoid prism was 

also accomplished on the day that Test No. 3 was conducted. Compression testing of the 

latter cylinders was only used to assess if the maximum load intended to be applied on the 

trapezoid was going to be resisted by said structure without inducing failure.  

The compressive strengths of the concrete cylinders were calculated by dividing the 

maximum compressive load of each by the average cross-sectional area. Equation 20 below 

presents said relationship.   
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𝒇′𝒄 =  
𝑷

𝑨𝒂𝒗𝒈
      (20) 

where, 

𝑓′𝑐 =  compressive strength of concrete, psi 

𝑃 = maximum compressive load resisted by concrete specimen, lb 

𝐴𝑎𝑣𝑔 = Average cross-sectional area of concrete cylinder, in2 

In addition, the specimens’ unit weight was calculated by diving the weight of each cylinder 

by its volume. 

    𝜸 =  
𝑾

𝑽
           (21) 

where, 

𝛾 =  unit weight of concrete specimen, pcf 

𝑊 = mass of specimen, lb 

𝑉 = volume of specimen computed from the average dimensions, ft3 

Table 5 the results of the CIP compression tests and the unit weight determinations. Refer 

to Appendix E – Laboratory Test Results for additional test data.  

Table 5 - Compressive Strength and Unit Weight of CIP Concrete Cylinders 

Specimen 

No. 

Cross-

Sectional 

Area (in2) 

Volume 

(in3)  

Weight 

(lb) 

Max. 

Load 

(lb) 

Compressive 

Strength 

(psi) 

Unit 

Weight 

(pcf) 

Age 

HC 5 

(07/24/20) 
12.425 100.480 8.424 76,730 6,175 144.87 32-day  

HC 7 

(07/24/20) 
12.466 100.601 8.456 83,305 6,683 145.25 73-day  
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Specimen 

No. 

Cross-

Sectional 

Area (in2) 

Volume 

(in3)  

Weight 

(lb) 

Max. 

Load 

(lb) 

Compressive 

Strength 

(psi) 

Unit 

Weight 

(pcf) 

Age 

HC 9 

(07/24/20) 
12.466 99.757 8.448 86,230 6,917 146.34 74-day  

HC 1 

(07/24/20) 
12.444 99.607 8.391 86,735 6,970 145.56 77-day  

 

Based on the above test results, the test specimens showed an increase of strength with 

increasing time. A gain of approximately 800 psi was evinced between the 32-day and 77-

day tests. On average, the compressive strength of the concrete during testing was of 6,857 

psi. Additionally, all test results demonstrated that the target compressive strength of  the 

mix (4,000 psi) was achieved and surpassed by approximately 54 to 74%.  

Table 6 presents the results of the concrete trapezoid’s compress ion tests and the unit 

weight determinations. 

Table 6 - Compressive Strength and Unit Weight of Trapezoid Concrete Cylinders 

Specimen 
No. 

Cross-
Sectional 
Area (in2) 

Volume 
(in3)  

Weight 
(lb) 

Max. 
Load 
(lb) 

Compressive 
Strength 

(psi) 

Unit 
Weight 

(pcf) 
Age 

TPZ 1 
(10/07/20) 

12.450 100.035 7.920 53,025 4,259 136.81 2-day  

TPZ 2 
(10/07/20) 

12.371 99.224 7.960 48,030 3,883 138.62 2-day  

 

On average, concrete used in the construction of the trapezoid prism evinced a 

compressive strength of 4,071 psi after 2 days of placement. Experimental testing of the 

CIP model anticipated an applied load of 9.03 kips. Based on the above test results, the 

concrete trapezoid was capable of withholding the experimental test load without failing.  
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3.5.2.2. Modulus of Elasticity and Poisson’s Ratio Test Results 

In order to determine the modulus of elasticity and Poisson’s ratio of the CIP concrete, 

an ASTM C469 test was performed. As presented in Section 3.4.5.1.2 of this report, 

dimensions of the test specimen and equipment were taken prior to the start of testing in 

order to calculate the longitudinal and transverse deformations. Refer to Appendix E – 

Laboratory Test Results for cylinder and compressometer/extensometer dimensions.  

A total of four loading cycles were conducted on specimen HC 2 (07/24/20) to obtain the 

load, longitudinal and transverse deflections. Calculations of the vertical deformation of 

the specimen were based on the following equation: 

𝒅 =
𝒈𝒆𝒓

𝒆𝒓+𝒆𝒈
      (22) 

where, 

𝑑 = total longitudinal deformation of specimen throughout effective gauge length, in . 

𝑔 = longitudinal gauge reading, in. 

𝑒𝑟 = perpendicular distance from the pivot rod to the vertical plane passing through the 

two support points of the rotating yoke, in. 

𝑒𝑔 = perpendicular distance from the gauge to the vertical plane passing through the two 

support points of the rotating yoke, in. 

 

Horizontal deformations were calculated using a similar relationship: 

𝒅′ =
𝒈′𝒆′𝒉

𝒆′𝒉+𝒆′𝒈
      (23) 
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where, 

𝑑′ = total transverse deformation of specimen diameter, in. 

𝑔′ = transverse gauge reading, in. 

𝑒′ℎ = perpendicular distance from the hinge to the vertical plane passing through the 

support points of the middle yoke, in. 

𝑒′𝑔 = perpendicular distance from the gauge to the vertical plane passing through the 

support points of the middle yoke, in. 

 

Determination of the modulus of elasticity and Poisson’s ratio of the CIP test specimen 

also required the determination of the stresses and strains at the different load increments. 

Stress calculations used the same relationship as that presented in Equation 20. In addition, 

strain calculations used the following formula: 

     𝜺 =
∆𝑳

𝑳
             (24) 

where,  

𝜀 = longitudinal or transverse strain, in/in 

∆𝐿 = change in length which corresponds to 𝑑 for the longitudinal calculations or 𝑑′ for 

the transverse calculations, in 

𝐿 = total length which corresponds to the specimen’s height for the longitudinal 

calculations or the specimen’s diameter for the transverse calculations, in   

 

Once all stresses and strains were determined, the following relationships were utilized to 

calculate the modulus of elasticity and Poisson’s ratio of the specimen: 
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𝑬 =  
𝑺𝟐−𝑺𝟏

𝜺𝒍𝟐−𝜺𝒍𝟏
      (25) 

where,  

𝐸 = modulus of elasticity, psi 

𝑆2 = stress corresponding to 40% of the ultimate load, psi 

𝑆1 = stress corresponding to a longitudinal strain, 𝜀𝑙1, of 0.00026 in/in, psi 

𝜀𝑙2 = longitudinal strain produced by stress 𝑆2, in/in   

 

𝝁 =  
𝜺𝒕𝟐−𝜺𝒕𝟏

𝜺𝒍𝟐−𝜺𝒍𝟏
      (26) 

where,  

𝜇 = Poisson’s ratio 

𝜀𝑡2 = transverse strain at midheight of the specimen produced by stress 𝑆2, in/in   

𝜀𝑡1 = transverse strain at midheight of the specimen produced by stress 𝑆1, in/in   

 

Test results and the calculated parameters are presented in Table 7 and Table 8.   

Table 7 - Modulus of Elasticity and Poisson's Ratio Test Results for CIP Concrete 

Test 

No. 
Load 

Vertical 

Deflection 

(in) 

Horizontal 

Deflection (in) 

Long. Specimen 

Deformation (in) 

Trans. Specimen 

Deformation (in) 

1 

1,350 0.00026 0.00000 0.000129 0.000000 

10,000 0.00260 0.00000 0.001280 0.000000 

20,000 0.00500 0.00015 0.002462 0.000065 

30,700 0.00745 0.00055 0.003669 0.000238 

2 
1580 0.00026 0.00000 0.000129 0.000000 

10,000 0.00255 0.00000 0.001256 0.000000 
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Test 

No. 
Load 

Vertical 

Deflection 

(in) 

Horizontal 

Deflection (in) 

Long. Specimen 

Deformation (in) 

Trans. Specimen 

Deformation (in) 

20,000 0.00470 0.00015 0.002314 0.000065 

30,600 0.00733 0.00050 0.003609 0.000216 

3 

1440 0.00026 0.00000 0.000129 0.000000 

10,000 0.00260 0.00000 0.001280 0.000000 

20,000 0.00490 0.00010 0.002413 0.000043 

30,700 0.00747 0.00048 0.003678 0.000208 

4 

1360 0.00026 0.00000 0.000129 0.000000 

10,000 0.00255 0.00000 0.001256 0.000000 

20,000 0.00490 0.00012 0.002413 0.000052 

31,000 0.00750 0.00050 0.003693 0.000216 

 

Table 8 – CIP Concrete Modulus of Elasticity and Poisson's Ratio Determinations  

Test 

No. 
Stress (psi) 

Long. Strain 

(in/in) 

Trans. Strain 

(in/in) 

Modulus of 

Elasticity, E (psi) 

Poisson's 

Ratio, µ 

1 

S1 = 108 ε1 =  1.61E-05 εt1 =  0.00E+00 

5.35E+06 0.14 
S3 = 802 ε3 = 1.59E-04 εt3 = 0.00E+00 

S4 = 1,604 ε4 = 3.06E-04 εt4 = 1.63E-05 

S2 = 2,461 ε2 = 4.56E-04 εt2 = 5.97E-05 

2 

S1 = 127 ε1 =  1.61E-05 εt1 =  0.00E+00 

5.38E+06 0.13 
S3 = 802 ε3 = 1.56E-04 εt3 = 0.00E+00 

S4 = 1,604 ε4 = 2.88E-04 εt4 = 1.63E-05 

S2 = 2,453 ε2 = 4.49E-04 εt2 = 5.43E-05 

3 

S1 = 115 ε1 =  1.61E-05 εt1 =  0.00E+00 

5.32E+06 0.12 
S3 = 802 ε3 = 1.59E-04 εt3 = 0.00E+00 

S4 = 1,604 ε4 = 3.00E-04 εt4 = 1.09E-05 

S2 = 2,461 ε2 = 4.57E-04 εt2 = 5.21E-05 

4 

S1 = 109 ε1 =  1.61E-05 εt1 =  0.00E+00 

5.37E+06 0.12 
S3 = 802 ε3 = 1.56E-04 εt3 = 0.00E+00 

S4 = 1,604 ε4 = 3.00E-04 εt4 = 1.30E-05 

S2 = 2,486 ε2 = 4.59E-04 εt2 = 5.43E-05 
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Figure 40 presents the relationship between the stress and longitudinal strain for the four 

load increments performed on the HC 2 (07/24/20) specimen.  

 

Figure 40 - Stress vs. Strain Relationship of CIP Concrete Test Specimen 

Based on the above graph, testing was only performed in the linear elastic portion of the 

material. Since the proportional limit was not reached in any of the tests, the test specimen 

was able to return to its original state upon load removal and no permanent deformation 

was experienced between each consecutive test. Test results for each load cycle appear to 

follow similar paths and have comparable longitudinal strains for the different load 

increments. Since test results evinced low variability, the modulus of elasticity and 

Poisson’s ratio of the test specimen was taken as the average of the four load cycles. 

Namely, E = 5.35 × 106 psi and µ= 0.13. These test results appear to lie within published 
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E and µ ranges for concrete which generally include 2 × 106 to 6 × 106 psi values for the 

modulus of elasticity and 0.1 to 0.2 values for the Poisson ’s ratio.  

For the Ready Set Concrete Mix (concrete used for the trapezoid prism), a  modulus of 

elasticity test was also performed. Test specimen TPZ 2 (10/07/20) was the cylinder used 

for testing. For this test, some variations in the original testing equipment and procedure 

were performed due to time constraints and the inability to obtain the testing apparatus 

needed to perform both the modulus of elasticity and Poisson’s ratio tests simultaneously. 

Refer to Section 3.4.5.1.2 for additional details. Even though not ideal, the variation test 

conducted yielded the necessary information needed to obtain the elastic modulus of the 

Ready Set Concrete Mix.  

Calculations of the stress and longitudinal strain of the test specimen used the same 

relationships as those provided in equations 20 and 24. Namely, the stress was obtained 

by dividing the applied load by the cross-sectional area, and the longitudinal strain was 

calculated by dividing the change in height by the specimen’s initial height. Refer to 

Appendix D – Concrete and Grout Mix Designs for the Ready Set Concrete Mix test 

results and calculated parameters. Figure 41 provides the stress-strain relationship of the 

test specimen up to an approximate applied load of 20,000 pounds.  
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Figure 41 - Stress vs. Strain Relationship of Rapid Set Concrete Test Specimen 

As with the CIP specimens, testing of the Rapid Set Concrete Mix was only performed in 

the linear elastic portion of the material. Based on the above graph, the modulus of 

elasticity (slope of the line) of the Rapid Set Concrete Mix was approximately 4.49 × 105 

psi. Based on published literature, this number appears to be one order of magnitude lower 

than typical concrete ranges (2 × 106 to 6 × 106 psi) and it is likely that the instrumentation 

used for testing may not have accurately recorded the changes in height experienced by 

the test specimen. As such, this test result will not be taken into consideration for the 

material properties of the concrete trapezoid prism in the FEM models.  

3.5.2.3. Sieve Analysis Test Results 

For this project, gradation determinations were performed on the different backfill 

materials used for the CIP model to assess the particle size distribution of each and predict 
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how the material would perform under loading. Sieve analyses also allowed for the 

classification of the soil which was later used to obtain additional material properties from 

correlation charts.  

To determine the particle size distribution of the different soil units, test specimens were 

allowed to pass through an arrangement of sieves which progressively decreased in mesh 

size. Based on the amounts of material retained on each sieve size, gravel, sand and silt/clay 

quantities were determined. Per ASTM D2487-17e1, Standard Practice for Classification of Soils 

for Engineering Purposes (Unified Soil Classification System) (ASTM International, 2017), gravel 

material includes particles of rock that pass the 3-in sieve and are retained on the No. 4 

sieve; sand material includes particles of rock that pass the No. 4 sieve and are retained on 

the No. 200 sieve; and silt/clay is material that passes the No. 200 sieve. Gravel and sand 

are further subdivided into categories based on the coarseness or fineness of the soil. 

Coarse gravel is defined as material passing the 3-in sieve but retained on the ¾-in sieve 

and fine gravel includes all material passing the ¾-in sieve but retained on the No. 4 sieve. 

For the sand unit, coarse sand includes particles passing the No. 4 sieve and retained on 

the No. 10 sieve; medium sand includes material passing the No. 10 sieve and retained on 

the No. 40 sieve; and fine sand includes soil passing the No. 40 sieve and retained on the 

No. 200 sieve. The following tables present the particle size distribution of the four soil 

units tested.   

▪ Medium sand: this soil unit was placed around the right and left sides of the CIP 

culvert up to a height of 50 inches or the top culvert elevation. The medium sand 

test specimen evinced the following particle size distribution. Refer to Appendix E 

– Laboratory Test Results for the cumulative particle size distribution curve.   
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Table 9 - Sieve Analysis of Medium Sand 

Sieve Size 
Metric 

Equivalent 

Percent 

Passing 

1/2 - inch 12.500 mm 100 

3/8 - inch 9.500 mm 99 

No. 4 4.750 mm 99 

No. 8 2.360 mm 93 

No. 10 2.000 mm 87 

No. 16 1.180 mm 64 

No. 30 0.600 mm 40 

No. 40 0.425 mm 32 

No. 50 0.300 mm 24 

No. 100 0.150 mm 15 

No. 200 0.075 mm 11.1 

 

Based on the above data, the medium sand consisted of approximately 1.4% gravel 

particles, 87.5% sand particles, and 11.1% silt particles. In order to evaluate the 

evenness of this distribution, the coefficients of uniformity (Cu) and curvature (Cc) 

were computed. The following equations present the Cu and Cc formulas used.  

𝑪𝒖 =
𝑫𝟔𝟎

𝑫𝟏𝟎
     (27) 

where,  

𝐷60 = particle size diameter corresponding to 60% of material passing on the 

cumulative particle size distribution curve, in 

𝐷10 = particle size diameter corresponding to 10% of material passing on the 

cumulative particle size distribution curve, in 
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𝑪𝒄 =
(𝑫𝟑𝟎)𝟐

𝑫𝟏𝟎×𝑫𝟔𝟎
               (28) 

where,  

𝐷30 = particle size diameter corresponding to 30% of material passing on the 

cumulative particle size distribution curve, in. 

For the medium sand, a Cu equal to 20.6 and a Cc equal to 2.65 were obtained. Based 

on the Unified Soil Classification System (USCS), sand having a Cu higher than or equal 

to 4 and a Cc between 1 and 3 results in a well graded sand. Based on the particle size 

distribution results and the coefficients of curvature and uniformity, the medium sand 

was classified as Well Graded Sand with Silt (GP-GM).   

▪ Coarse sand: this soil unit was placed from a height of 50 inches to a height of 62 

inches, or the top model elevation, on either side of the top concrete segment. The 

gradation results for the coarse sand test specimen are presented below. Refer to 

Appendix E – Laboratory Test Results for the cumulative particle size distribution 

curve.   

    Table 10 - Sieve Analysis of Coarse Sand 

Sieve Size Metric Equivalent Percent Passing 

1/2 - inch 12.500 mm 100 

3/8 - inch 9.500 mm 100 

No. 4 4.750 mm 87 

No. 8 2.360 mm 36 

No. 10 2.000 mm 28 

No. 16 1.180 mm 19 

No. 30 0.600 mm 15 
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Sieve Size Metric Equivalent Percent Passing 

No. 40 0.425 mm 15 

No. 50 0.300 mm 14 

No. 100 0.150 mm 14 

No. 200 0.075 mm 13.8 

 

Based on the above gradation results, the coarse sand consisted of approximately 

13.1% gravel particles, 73.1% sand particles, and 13.8% silt particles. Based on the 

USCS, this material was classified as Silty Sand (SM). 

▪ Pea gravel: this soil unit was placed from a height of 50 inches to a height of 62 

inches, or the top model elevation, on the upper part of the top concrete segment 

for the first test.    Table 11 below provides the sieve analysis results of the pea 

gravel test specimen. Refer to Appendix E – Laboratory Test Results for the 

cumulative particle size distribution curve.   

   Table 11 - Sieve Analysis of Pea Gravel 

Sieve Size Metric Equivalent Percent Passing 

1 - inch 25.000 mm 100 

3/4 - inch 19.000 mm 100 

1/2 - inch 12.500 mm 100 

3/8 - inch 9.500 mm 58 

No. 4 4.750 mm 3 

No. 8 2.360 mm 3 

No. 10 2.000 mm 3 

No. 16 1.180 mm 3 

No. 30 0.600 mm 3 

No. 40 0.425 mm 3 

No. 50 0.300 mm 3 

No. 100 0.150 mm 3 
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Sieve Size Metric Equivalent Percent Passing 

No. 200 0.075 mm 2.7 

 

Based on the above gradation results, the pea gravel consisted of approximately 

97.3% gravel particles, 0% sand particles, and 2.7% silt particles. As with the 

medium sand, the evenness of the particle size distribution was evaluated by means 

of the coefficients of uniformity and curvature. For the pea gravel a C u equal to 

1.81 and a Cc equal to 0.97 were obtained. Based on the USCS, gravel having a C u 

lower than 4 and/or a Cc lower than 1 or higher than 3 results in a poorly graded 

gravel. Based on the particle size distribution results and the coefficients of 

curvature and uniformity, the pea gravel was classified as Poorly Graded Gravel 

(GP) per the USCS.   

▪ ¾-inch Road Base: this soil unit was placed from a height of 50 inches to a height 

of 62 inches, or the top model elevation, on the upper part of the top concrete 

segment for the second test.      Table 12 below provides the sieve analysis results 

of the ¾-inch road base test specimen. Refer to Appendix E – Laboratory Test 

Results for the cumulative particle size distribution curve.   

     Table 12 - Sieve Analysis of ¾-inch Road Base  

Sieve Size Metric Equivalent Percent Passing 

1 - inch 25.000 mm 100 

3/4 - inch 19.000 mm 100 

1/2 - inch 12.500 mm 94 

3/8 - inch 9.500 mm 88 

No. 4 4.750 mm 65 

No. 8 2.360 mm 51 

No. 10 2.000 mm 49 
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Sieve Size Metric Equivalent Percent Passing 

No. 16 1.180 mm 43 

No. 30 0.600 mm 39 

No. 40 0.425 mm 38 

No. 50 0.300 mm 37 

No. 100 0.150 mm 35 

No. 200 0.075 mm 34.3 

 

Based on the above gradation results, the ¾-inch road base consisted of 

approximately 34.8% gravel particles, 30.9% sand particles, and 34.3% silt particles. 

These soil percentages resulted in a USCS classification of Silty Gravel with Sand 

(GM). 

3.5.2.4. Proctor Compaction Test Results 

Standard proctor compaction tests were performed on test specimens of the medium sand, 

coarse sand, and ¾-inch road base to establish the maximum unit weights that the soil 

materials could achieve using controlled compactive efforts. Proctor test results were used 

in conjunction with in-place density results (see Sections 3.4.5.1.4 and 3.5.2.4during 

backfill activities to determine the degree of soil density of these three units. Compaction 

testing was only done for the medium and coarse sands and ¾-inch road base materials 

since this test method can only be performed on material that has 30% or less by mass of 

particles retained on the 3/8 -inch sieve. Since the pea gravel had more than 30% retained 

in the 3/8 -inch sieve, the material was too coarse to be tested. 

The Figure 42, Figure 43, and Figure 44 present the moisture-density relationship curves 

of the medium sand, coarse sand and ¾-inch road base, respectively.   
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Based on Figure 42, the maximum dry density that the medium sand can achieve is 112 

pcf with a corresponding optimum moisture content of 9.9%. The moisture-density 

relationship curve presented above also evinces that the dry unit weight of the medium 

sand does not appear to be highly influenced by changes in moisture content. This can be 

observed by the flatness of the curve and the minimal change in dry density (approximately 

2.5 pcf) between the moisture contents presented. 

 

 

Figure 42 - Moisture-Density Relationship of Medium Sand 

Based on Figure 43, the maximum dry density that the coarse sand can achieve is 106 pcf 

with a corresponding optimum moisture content of 7.7%. As with the medium sand, 

moisture changes of the coarse sand do not appear to significantly impact the dry unit 

weight of the material. 
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Figure 43 - Moisture-Density Relationship of Coarse Sand 

Based on Figure 44, the maximum dry density that the ¾-inch road base can achieve is 

136.8 pcf with a corresponding optimum moisture content of 7.9%. Different than the 

previous soil units tested, the dry density of the ¾-inch road base appears to be fairly 

controlled by the moisture content and the compaction efforts. For instance, soil having 

a 4% moisture and being compacted with standard compaction methods can achieved a 

maximum dry unit weight of approximately 125 pcf. Differently, soil having a moisture of 

about 7.8% with the same compaction efforts can achieve a maximum dry density of 

approximately 138 pcf. This results in a dry density increase of about 13 pcf which, 

compared to the sand unit, is an important amount.  



114 

 

Figure 44 - Moisture-Density Relationship of 3/4-inch Road Base 

3.5.3. In-Situ Test Results  

3.5.3.1.  Moisture Content Test Results 

To determine the water content of the backfill soil material prior to and immediately after 

moisture conditioning activities were achieved, moisture content tests were performed. 

Equation 29 below provides the moisture content formula utilized to determine the water 

percentage in each case. In addition, Table 13, Table 14 and Table 15 provide the calculated 

water contents of the medium sand, coarse sand, and ¾-inch road base backfill material.  

𝒘% =  
𝑾𝒘

𝑾𝒔
× 𝟏𝟎𝟎%     (29) 
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Table 13 - Moisture Content of Medium Sand 

Test No. Location State Moisture (%) Date 

1 
Top 1/3 of Storage 

Box 2, right of model 
Stored 4.78 09/28/2020 

2 
Top 1/3 of Storage 

Box 1, left of model 
Stored 4.75 09/28/2020 

3 

4 inches from top of 

form (bottom half 

wall), right of model 

Moisturized 

Storage 

Box #2 

6.97 09/28/2020 

4 

4 inches from top of 

form (bottom half 

wall), left of model  

Moisturized 

Storage 

Box #1 

6.45 09/28/2020 

5 

At top segment 

elevation (50 inches), 

right of model 

Moisturized 

Storage 

Box #3 

5.40 09/29/2020 

6 

10 inches below top 

segment elevation, left 

of model 

Moisturized 

Storage 

Box #4 

4.20 09/29/2020 

 

The stored medium sand in boxes 1 and 2 had an approximate moisture content of 4.75% 

prior to moisture conditioning activities. With the addition of water, moisture contents for 

the material in these boxes raised by about 2.2% and 1.75% on the east and west sides, 

respectively. Soil from storage boxes 1 and 2 allowed for backfilling up to 30 inches in 

height. For the remaining height, or the additional 20 inches, material from storage boxes 

3 and 4 was utilized. Moisture contents for these boxes were not performed prior to 

moisture conditioning activities. Instead, water contents were run on the moisturized 

material. The results show that the upper layers had a decrease in moisture content with 

respect to the bottom layers of approximately 1.6% on the east side and 2.3% on the west 
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side. Possible reasons for these differences could have been related to the lower moisture 

contents of the stored material in storage boxes 3 and 4, and a decrease in added water to 

said storage boxes when moisture conditioning was taking place.   

Table 14 - Moisture Content of Coarse Sand 

Test No. Location State Moisture (%) Date 

1 

Top model elevation 

(62 inches), right of 

model 

Moisturized 

Storage 

Box #5 

6.53 09/29/2020 

2 

Top model elevation 

(62 inches), left of 

model 

Moisturized 

Storage 

Box #6 

11.65 09/29/2020 

31 

Top elevation (62 

inches), left of 

trapezoid prism 

Moisturized 

Storage 

Box #6 

5.14 10/08/2020 

1. Moisture content test performed in preparation for experimental Test No. 3. Coarse sand placement around 

trapezoid prism conducted after experimental Tests No. 1 and 2 were finalized and pea gravel/ ¾-inch road 

base material was removed from model.    

Based on the above results, the coarse sand on the right side of the model (moisture tests 

number 1 and 2) appears to have had less water than the left side during moisture 

conditioning activities. Even though the difference between these two numbers is 

approximately 5.2%, the proctor compaction curve, presented in Figure 43, shows a 

difference in dry unit weight of approximately 1 pcf based on standard compaction efforts. 

Therefore, it is anticipated that the dry unit weight at both locations is comparable.  

The third water content test was performed after the concrete trapezoid was placed on top 

of the upper concrete segment, and the remaining area was backfilled with coarse sand. 

This was done in preparation for experimental Test No. 3 and was achieved at a later time 

than that of moisture content tests number 1 and 2. Based on the third water content test 
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results and the proctor compaction curve for this material, under standard compaction 

effort the coarse sand around the trapezoid prism would have an approximate dry density 

of 105.5 pcf.  

Table 15 - Moisture Content of ¾-inch Road Base  

Test No. Location State Moisture (%) Date 

1 

Top model elevation 

(56 inches), above 

upper concrete 

segment 

Moisturized 

Bucket 
5.92 10/05/2020 

2 

Top model elevation 

(62 inches), above 

upper concrete 

segment 

Moisturized 

Bucket 
6.11 10/05/2020 

 

The moisturized ¾-inch road base, used as the upper backfill material of the top concrete 

segment for experimental Test No. 2, had similar values for the first and second lifts 

(moisture tests number 1 and 2). Based on the proctor compaction curve for this soil uni t, 

the moisture content values laid on the left portion of the graph and represented a dry 

density, under standard compaction efforts, of approximately 133.5 pcf.  

3.5.3.2.  Density of Compacted Medium Sand and Pea Gravel Results 

Density determinations of the top section of the compacted medium sand (right and left 

locations), pea gravel and ¾-inch road base were achieved by means of volume calculations 

and mass data obtained during backfilling activities. Once all rounds of testing were 

finalized, additional density determinations of the medium sand were achieved by means 

of sand cone tests. Refer to Section 3.5.3.3. for sand cone test results. The following table 
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presents the backfill area dimensions as well as the total mass of material used and its 

corresponding wet density.  

Table 16 - Density of Compacted Medium Sand and Pea Gravel 

Material Location 
Total 

Volume (ft3) 

Total Mass 

(lb) 

Wet Density 

(pcf)  

Dry Density 

(pcf) 

Medium Sand 
East – from 36.5” 

to 50” high  
17.16 1,956.6 114.0 108.21 

Medium Sand 
West - from 36.5” 

to 50” high 
17.03 1,840.9 108.1 103.72 

Pea Gravel 
Middle – from 

50” to 62” high 
5.63 557.6 99.1 - 

¾-inch Road 

Base  

Middle – from 

50” to 62” high 
5.63 800.6 142.2 134.03 

1. Dry density calculated based on a moisture content of 5.4% obtained as part of moisture density 
determinations (see Section 3.5.3.1. ) 

2. Dry density calculated based on a moisture content of 4.2% obtained as part of moisture density 
determinations. 

3. Dry density calculated based on a moisture content of 6.11% obtained as part of moisture density 
determinations. 
 

Based on the dry density values presented in Table 16 and the proctor compaction curve 

for the medium sand (Figure 42), the east and west locations appear to have been 

compacted to approximately 96.6% and 92.6% of the maximum dry density, respectively. 

These density values translate to an approximate percent relative density of 62 (medium 

dense) for the east medium sand and 56 (medium dense) for the west medium sand based 

on the Representative Values of Relative Density correlation chart developed by McCarthy and 

presented as Table 4-3 on the Essentials of Soil Mechanics and Foundations, Basic Geotechnics 

book (McCarthy, Representative Values of Relative Density, 2007).  

The percent relative density and condition of the compacted gravel, based on the 

Representative Values of Relative Density correlation chart, resulted in a value of 49% and a 
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descriptive condition of medium dense. The moist density was used for calculating the 

percent relative of the pea gravel since the pea gravel is a free draining material and the 

moisture content is not anticipated to have been significantly high.  

The ¾-inch road base appears to have been compacted to approximately 98% of the 

maximum dry density, based on the proctor curve, and have a percent relative density of 

85 (very dense) according to the correlation chart. All values obtained from this correlation 

chart were calculated based on linear interpolation. Refer to Appendix H – Correlation 

Charts for the Representative Values of Relative Density correlation chart used. 

3.5.3.3.  Sand Cone Test Results 

Determinations of the in-place wet and dry densities of the medium sand (post testing) 

and coarse sand (around concrete trapezoid prism) were obtained by means of sand cone 

tests. The calculation portion of the sand cone test first required the determination of the 

test hole volume, water content of the extracted soil and bulk-density of the calibration 

sand.  The following provide the equations used for each: 

▪ Bulk density of sand: 

𝝆𝟏 =
𝑴𝟓

𝑽𝟏
     (30) 

where,  

𝜌1 = bulk density of sand, lb/ft3 

𝑀5 = mass of sand to fill calibration container, lb 

𝑉1 = volume of calibration container, ft3 

▪ Volume of test hole: 

𝑽 =  
𝑴𝟏−𝑴𝟐

𝝆𝟏
     (31) 
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where, 

𝑉 = volume of test hole, ft3 

𝑀1 = mass of sand used to fill test hole, funnel and base plate, lb 

𝑀2 = mass of sand used to fill funnel and base plate, lb  

𝜌1 = bulk density of sand, lb/ft3 

Once all three parameters were obtained, the wet and dry densities were calculate using 

the following formulas: 

▪ Wet density 

𝝆𝒎 =  
𝑴𝟑

𝑽
     (32) 

where, 

𝜌𝑚 = wet density of tested material, lb/ft3 

𝑉 = volume of test hole, ft3 

𝑀3 = moist mass of soil from test hole, lb 

▪ Dry density 

𝝆𝒅 =  
𝑴𝟒

𝑽
     (33) 

where, 

𝜌𝑑 = dry density of tested material, lb/ft3 

𝑉 = volume of test hole, ft3 

𝑀4 = dry mass of soil from test hole, lb 

Based on the sand-cone tests results, the right top lift of the medium sand evinced a wet 

density (𝜌𝑤) of 112.4 lb/ft3, a moisture content (𝑤) of 4.0%, and a resulting dry density 
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(𝜌𝑑) of 108.1 lb/ft3. Similarly, the western top lift of medium sand had a 𝜌𝑤 equal to 110.9 

lb/ft3, a 𝑤 equal to 3.7% and a 𝜌𝑑 equal to 107.0 lb/ft3. Comparing these values with the 

maximum dry density obtained from the proctor compaction curve results in approximate 

compactive efforts of 96.5% and 95.5% of the maximum dry density, respectively, for the 

east and west areas. These same results translate to an approximate percent relative density 

of 62 (medium dense) for the east medium sand and 61 (medium dense) for the west 

medium sand based on the Representative Values of Relative Density correlation chart 

developed by McCarthy and presented as Table 4-3 on the Essentials of Soil Mechanics and 

Foundations, Basic Geotechnics book (McCarthy, Representative Values of Relative Density, 

2007). Refer to Appendix E – Laboratory Test Results for the recorded and calculated 

sand cone values for the two tests conducted on the medium sand. 

Test results of the coarse sand determined that the top lift of material (on the left side of 

the concrete trapezoid) had a wet density of 109.0 lb/ft3, a moisture content of 5.1% and 

a dry density of 104.8 lb/ft3. Based on the previously mentioned correlation chart, the 

percent relative density of the coarse sand resulted in a value of 57% and a descriptive 

condition of medium dense. Appendix E – Laboratory Test Results provides the test 

results for this material.  

3.5.4. Experimental Test Results of CIP Model  

To obtain structure responses of the CIP structure under compression loading, experimental 

testing was performed. As explained in Section 3.4.6.2, originally only one test was planned to be 

completed for this model; however, due to bearing failures experienced by the pea gravel during 

Test No. 1, additional rounds of testing were executed. A total of five tests were performed on 

the CIP model. During testing, the instrumentation mounted on the models recorded vertical 
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displacements and strains of the inner face of the upper segment, horizontal displacements of the 

inner faces of the foundations, outward deflection of the box (z-direction), displacements in the 

x-, y-, and z-directions of the southwest and northeast corners of the soil box for 

toppling/expansion effects, and vertical deflections of the beam and actuator. The following 

sections present the results obtained from each round of testing.  

3.5.4.1. Test Number 1 – Pea Gravel Backfill 

Refer to Figure 33 for the model schematic of this test. Testing of this model was 

performed until the pea gravel backfill material could not sustain any additional load with 

increases in actuator displacements and complete bearing failure was experienced. To 

reach this state, a total of 84 displacement steps were driven by the actuator which resulted 

in an approximate vertical movement of the loading plate of -1.5729 inches. This distance 

was calculated by taking the difference between the total actuator’s displacement (-

1.578284 in) and the total reaction beam deflection (-0.005372). The negative sign indicates 

downward movement. Note that for this test, the loading plate was positioned with the 

10-inch edge located parallel to the culvert span. This positioning was corrected for 

subsequent tests.  

Figure 45 presents the load vs. time and displacement vs. time relationships observed 

during the first round of testing of the CIP model.   

Based on the load vs. time graph, during the majority of testing the loaded pea gravel 

experienced creep after each displacement step was applied. This behavior was shown by 

the plotted peak loads followed by a continuous reduction in sustained load prior to the 

application of the next displacement step. Possible reasons for this trend may have been 

related to the rearrangement of gravel particles as loading was applied. From approximately 



123 

11:51 a.m. the material was unable to sustain additional loading with increases in actuator 

displacement (method of loading). This was the result of a bearing failure that occurred 

within the pea gravel soil mass after reaching a maximum load of approximately 4,300 

pounds. At this stage, creep occurring within the backfill material was particularly evident 

since the soil was unable to sustain additional loading and load peaks were rapidly reduced 

after its initial application.   

During testing, the deflection of the inner face of the upper concrete segment was 

monitored by means of three linear potentiometers. The first was located at the center of 

the segment (TCY2) and the other two located at the interfaces between the east and west 

adjacent panels along the centerline (TCY3 and TCY1).  

Based on the figure below, deflections of all linear potentiometers were observed to follow 

a linear pattern up to 11:51 a.m. From that time to the end of testing, or 1:04 p.m., the pea 

gravel started undergoing a bearing failure and additional loading was not being sustained 

with increases in actuator distance. Due to this, increases in displacement of the inner 

concrete panel were observed to remain approximately constant up to the end of testing. 

Additionally, gauges appeared to rebound during this time between displacement steps. 

This is seen by the decrease in deflection with time between specific periods (when no 

additional load was imposed) and the re-engagement of displacement after a new load 

increment was applied. The rebound is likely the result of the material staying within its 

linear elastic range and recovering as the load between displacement steps was eased off.  

As shown in Figure 45, out of the three gauges, the east potentiometer (TCY3) underwent 

the greatest deflection during testing. Based on the linear portion of the graph, the west, 

center, and east instruments experienced maximum deflections of approximately  -0.0060 
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inches, -0.0091 inches, and -0.01091 inches, respectively. A possible reason for the higher 

east deflection may have been related to the hairline crack that formed along the entire 

length of the inner interface between the upper and east segments at 11:47 a.m. when a 

load of approximately 4,000 pounds was applied.   

 

Figure 45 - Load and Displacement vs. Time and Displacement vs. Time Test No. 1 

Figure 46 presents the load vs. displacement relationship obtained at the centroid of the 

upper concrete segment (TCY2). Since the scan rate for the duration of testing 

corresponded to four readings per second per instrument, the number of data points 

recorded was approximately 38,700 for each instrument. To reduce the data to a 

manageable size and ignore the data points that were recorded between load steps, which 
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generally showed constant displacements, only the data points that corresponded to a 

change in displacement based on an increase in loading were taken into consideration. In 

addition, information obtained after the bearing failure had occurred (11:51 a.m.) was 

disregarded since no significant change in displacement was observed during this period 

of time.  

Based on Figure 46, the concrete structure appears to have remained within the linear 

elastic range during testing since increases in loading were followed by corresponding 

proportional increases in displacements. Additionally, the maximum loading achieved 

during testing corresponded to approximately 4,260 pounds. Furthermore, the hairline 

crack observed during testing does not appear to have affected the strength capacity of 

the structure. Appendix I – Experimental Test Results presents the raw experimental data 

obtained for all instruments.  
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Figure 46 - Load vs. Vertical Displacement Relationship of Upper Concrete Segment at Centroid 

– Test No. 1 

3.5.4.2. Test Number 2 – ¾-inch Road Base Backfill 

Refer to Figure 34 for the model schematic of this test. Testing of this model was 

performed until the ¾-inch road base backfill material could not hold any additional load 

with increases in actuator displacements and complete bearing failure was experienced, as 

was the case in Test No. 1. During testing of the ¾-inch road base model a total of 53 

displacement steps were driven by the actuator which resulted in an approximate vertical 

movement of the loading plate of -0.9576 inches. For this test, the loading plate was 

repositioned with the 10-inch edge located perpendicular to the culvert’s span.  
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As was the case for Test No. 1, this test also evinced significant creep effects after each 

displacement step was applied. This behavior was likely the result of the punching failure 

that was occurring within the soil mass as loading was applied and the consequential side 

displacement of soil particles. From approximately 11:41 a.m. the material was unable to 

sustain any additional loading with increases in actuator displacement. Once again, this 

was the result of a bearing failure that occurred within the backfill soil after reaching a 

maximum load of approximately 5,540 pounds. Based on the maximum load achieved, the 

¾-inch road base provided a higher stiffness to the system than the pea gravel material, 

which failed at 4,260 pounds. 

Deflections of all linear potentiometers were observed to follow a linear pattern during 

testing. From approximately 11:12 a.m., the west gauge showed rebounding after the 

application of displacement steps. For this test, the center potentiometer recorded the 

highest deflection with a value of approximately -0.01 inches. The east and west 

potentiometers recorded maximum displacements of approximately -0.00942 inches and -

0.00849, respectively. During testing no additional cracking, other than the hairline crack 

developed during Test No. 1, was observed.  

Figure 47 presents the load vs. time and displacement vs. time relationships of the three 

upper linear potentiometers observed during the second round of testing of the CIP 

model.  
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Figure 47 - Load and Displacement vs. Time Test No. 2 

Figure 48 presents the load vs. displacement relationship obtained at the centroid of the 

upper concrete segment (TCY2). As was done for Test No. 1, data reduction activities 

were performed obtain a manageable data size and ignore irrelevant records.  

The load vs. displacement graph presented below evinces a mostly linear relationship 

throughout the test duration. This suggests that the concrete structure remained within 

the linear elastic range and no permanent deformation was imposed on the structure. 

Based on the test results, the inner face of the upper concrete segment began undergoing 

detectable deflections after a load of approximately 680 pounds was imposed into the 

model. Maximum loading experienced by the system was approximately 5,500 pounds 
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which resulted in a displacement of the upper concrete panel of approximately -0.01 

inches.  

 

Figure 48 - Load vs. Vertical Displacement Relationship of Upper Concrete Segment at Centroid 

– Test No. 2 

3.5.4.3. Test Number 3 – Concrete Trapezoid Prism and Coarse Sand Backfill 

To overcome the bearing failures that were experienced during Tests No. 1 and 2, a 

concrete trapezoid was erected on top of the upper concrete segment with dimensions 

that corresponded to a 60º stress distribution of a soil mass. This system replicated an 

extreme loading condition in which the structure was immediately loaded as would be the 

case if a truck was travelling directly on top of the culvert. Refer to Figure 35 for the model 

schematic of this test. Testing of this model was performed until a load of approximately 
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19,300 pounds was achieved. This represented approximately double the load that the 

model was intended to sustain.  

For this test, a total of 16 displacement steps were driven by the actuator which resulted 

in an approximate vertical movement of the loading plate of -0.14675 inches. Creep effects 

were not as evident during this round of testing as compared to Tests. No. 1 and 2. This 

may be the result of an increase in stiffness of the load distribution material used for testing 

(concrete vs. soil). On this same note, displacement steps yielded much higher load 

increments than the previous tests conducted. For this test a maximum load of 

approximately 19,300 pounds was carried by the arch.   

As was the case with the previous two tests, deflections of all linear potentiometers for 

Test No. 3 were observed to follow a linear pattern. Rebounding effects were not observed 

at any point during testing in any of the gauges. For this test, the east potentiometer 

recorded the highest deflection with a value of approximately -0.0396 inches. The center 

and west potentiometers recorded maximum displacements of approximately -0.0374 

inches and -0.0309 inches, respectively. No additional cracking, other than the hairline 

crack which developed during Test No. 1, was observed.  

The following figure presents the load and displacement vs. time relationships observed 

during the third round of testing of the CIP model. 
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Figure 49 - Load and Displacement vs. Time Test No. 3 

Figure 50 presents the load vs. displacement relationship obtained at the centroid of the 

upper concrete segment (TCY2) throughout Test No. 3. Based on this graph, the concrete 

structure appears to have remained, once again, within the linear elastic range throughout 

testing. Maximum displacement experienced by the centroid of the upper panel was 

approximately -0.03738 inches which corresponded to a load of approximately 19,300 

pounds.  
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Figure 50 - Load vs. Vertical Displacement Relationship of Upper Concrete Segment at Centroid 

– Test No. 3 

Horizontal movement of the structure was monitored by a set of two linear potentiometers 

that were positioned in the inner face of the east and west foundations. The following 

graph shows the displacements obtained for each.  

Based on Figure 51, the east and west footings appear to have undergone horizontal 

deflections of approximately 0.0110 and 0.0126 inches, respectively, during testing. The 

positive deflections obtained reflect outward movement of the structure, meaning sliding 

was detected. Comparing the horizontal deflections obtained at the inner face of the 

footings against the vertical deflection obtained at the centroid of the upper segment 

results in an approximate outward movement of the east and west faces of 29% and 34% 

of the vertical displacement, respectively.  
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Figure 51 - Load and Horizontal Displacement and vs. Time of Inner Face of Footings – Test 

No. 3 

Strains in the x- and z-directions were also monitored by means of four linear 
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concrete segment. Namely, instruments TNX, TSX, TEZ and TWZ were used. Prior to 

the start of testing, the length of each potentiometer with its corresponding extension were 

measured. Strains were then obtained by dividing the initial length by the maximum and 

minimum changes in length recorded by the instrument. In general, instruments TNX, 

TEZ and TWZ did not evince any major changes in length throughout testing. In fact, 

data recorded for all three instruments appeared to generally fluctuate between 0.00002 
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inches and -0.00002 inches, passing through the zero position frequently. TSX, however, 

did show a higher movement, with a couple of positive peaks at around 12:43 p.m. and 

12:56 p.m., when loads of 5,925 lb and 14,442 lb were being imposed on the system, 

respectively. In addition, some negative peaks were observed towards the end of testing at 

around 01:04 p.m. and 1:09 p.m., when loads of 17,217 lb and 19,299 lb were being applied.  

Table 17 below presents the strain results based on maximum and minimum displacement 

values obtained during testing for each instrument.  

Table 17 - Strains of Upper Concrete Segment 

Instrument 
Initial 

Length (in.) 

Change in Length (in.) Strain (in./in.) 

Max. Min. Max. Min. 

TNX 14.500 0.0000314 -0.0000247 0.00000217 -0.00000170 

TSX 14.625 0.0001023 -0.0000561 0.00000699 -0.00000384 

TEZ 14.750 0.0000372 -0.0000308 0.00000252 -0.00000209 

TWZ 14.625 0.0000234 -0.0000265 0.00000160 -0.00000181 

 

The changes in length obtained during experimental testing appear to have been minimal. 

Based on the accuracy of the instruments used (0.0001 inches), the values obtained may 

have been highly influenced by the sensitivity of each potentiometer. All in all, significant 

strains in the x- and z-directions do not appear to have developed during testing in the 

inner face of the upper concrete segment.  

Movement of the soil box walls was also monitored by means of two sets of three linear 

potentiometers located at the northeast and southwest corners of the model. See Figure 

32 for instrument locations.  
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Figure 52 presents the displacement recorded in the x-direction. Based on this figure, the 

soil box underwent movement towards the west during testing. This is evinced by the 

negative displacements recorded by WOX (linear potentiometer shortening) and the 

positive displacements of EOX (linear potentiometer extending). Movement of the west 

wall started occurring at approximately 12:46:48 p.m. when an approximate vertical load 

of 8,600 pounds was being imposed on the system. Conversely, movement of the east wall 

started occurring at a later time (01:03:12 p.m.), when the actuator was compressing the 

model with an approximate load of 15,700 pounds. Total displacements of the  east and 

west walls in the x-direction were of 0.00240 inches and -0.00467 inches, respectively. All 

in all, the model appears to have experienced minor sliding towards the west, with the west 

wall experiencing almost double the movement than that of the east wall. 
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Figure 52 - Displacement of Soil Box in X-Direction – Test No. 3 

Figure 53 presents the displacement recorded in the y-direction. Downward movement of 

the east and west walls were recorded by linear potentiometers TBNY and TBSY. The 

south portion of the west wall appears to have moved approximately 0.00235 inches 

downward and the north portion of the east wall approximately 0.00114 inches downward. 

Detectable displacements at these locations started occurring after an approximate 4,800 

pounds compressive load was imposed on the model. Toppling effects do not seem to 

have occurred during testing.  
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Figure 53 - Displacement of Soil Box in Y-Direction – Test No. 3 

Figure 54 presents the displacement recorded in the z-direction. Outward movement of the 

north and south walls was detected by linear potentiometers NOZ and SOZ. Based on Figure 

54, the eastern portion of the north wall underwent an approximate displacement of -0.00328 

inches during testing. Similarly, the western portion of the south wall underwent an 

approximate displacement of -0.00432 inches. The negative signs of both potentiometers, 

indicate that instruments were contracting and the wall was moving outward.  
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Figure 54 - Displacement of Soil Box in Z-Direction – Test No. 3 

3.5.4.4. Test Number 4 – Concrete Trapezoid Prism with no Backfill 

To evaluate the strength of the concrete structure without the aid of the backfill material, 

which ultimately influenced the structure by putting into compression and aiding in obtaining 

a higher strength, a fourth test was conducted. Refer to Figure 37 for the model schematic of 

this test. For this test, only the soil placed next to the footings was left in place and the rest 

of the backfill material was removed from the model. Testing of this model was performed 

until a load similar to that obtained during Test No. 3 was reached. A total of 10 displacement 

steps were driven by the actuator which resulted in an approximate vertical movement of the 

loading plate of -0.1387 inches.  

During this round of testing, creep effects were evident after a load of approximately 20,200 

pounds was reached. At this point, peaks were observed followed by a decrease in loading  

-0.0050

-0.0045

-0.0040

-0.0035

-0.0030

-0.0025

-0.0020

-0.0015

-0.0010

-0.0005

0.0000

0.0005

00:00.0 07:12.0 14:24.0 21:36.0 28:48.0 36:00.0 43:12.0
D

is
p

la
ce

m
en

t 
in

 Z
-d

ir
ec

ti
o

n
 (

in
.)

Time (minutes : seconds)

SOZ (Southwest Corner)
NOZ (Northeast Corner)



139 

immediately after, and a regain in load to a value somewhere between the maximum and 

minimum peaks. The maximum compressive load obtained during testing corresponded to a 

value of approximately 21,030 pounds.  

In addition, deflections of all linear potentiometers were observed to follow a linear pattern 

up to approximately 14:39, at which point significantly higher deflections were recorded by all 

instruments. During this portion of testing, the model was experiencing spikes in loading 

followed by immediate drops in load and then regain to an “average load”. Similar to Test No. 

3, the east potentiometer recorded the highest deflection with a value of approximately -

0.08902 inches. The center and west potentiometers recorded maximum displacements of 

approximately -0.08262 inches and -0.06552 inches, respectively. No additional cracking, other 

than the hairline crack developed during Test No. 1, was observed during testing. However, 

the east hairline crack was observed to widen during testing to approximately 1/16-inch. 

The following figure presents the load & displacement vs. time relationships observed during 

the fourth round of testing of the CIP model.  
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Figure 55 - Load & Displacement vs. Time Test No. 4 

Figure 56 presents the load vs. displacement relationship obtained at the centroid of the upper 

concrete segment (TCY2) throughout Test No. 4. This graph evinces a mostly linear 

relationship up to a load of approximately 15,700 pounds (yield strength). From a load of 

15,700 pounds onward, the structure appears to be within the strain hardening state, and 

permanent deformation of the structure is anticipated to have developed. During this round 

of testing, the structure did not reach the ultimate strength and additional cracking, other than 

the hairline developed as part of Test No. 1, was not observed. Based on the test results, the 

maximum load experienced by the system was of approximately 21,170 pounds which resulted 

in a displacement of the upper concrete panel of -0.08261 inches.  
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Figure 56 - Load vs. Vertical Displacement Relationship of Upper Concrete Segment at Centroid 

– Test No. 4 

3.5.4.5. Test Number 5 – Concrete Trapezoid Prism with no Backfill to Failure 

Test No. 5 consisted of testing the model, once more, without the backfill soil and taking the 

structure to failure. This test resembled Test No. 4 with the only differences being that the 

maximum load achieved was higher and only three linear potentiometers were left in place. 

Refer to Figure 39 for the model schematic of this test. One instrument was used to record 

vertical deflection at the centroid of the upper concrete panel, and the other two measured 

lateral deflection of the soil box at the north and south walls. A total of 18 displacement steps 
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were driven by the actuator which resulted in an approximate vertical movement of the loading 

plate of -0.255 inches.  

During this round of testing, creep effects were evident after a load of approximately 19,260 

pounds was achieved. As was the case with Test No. 3 and 4, after this load, peaks were 

observed followed by a decrease in loading immediately after, and a regain in load to a value 

somewhere between the maximum and minimum peaks. The maximum compressive load 

reached during testing, which ultimately resulted in failure of the structure, was of 

approximately 31,270 pounds. Failure of the model is evinced in the above graph by the peak 

load and the significant decrease in load immediately after.  

Additionally, Deflections of the upper concrete segment appeared to follow a somewhat linear 

pattern up to approximately 15:25. From that point onward, the recorded deflections had a 

higher increase per displacement step. At approximately 15:36:30 a significant increase in 

displacement was observed which reflected the failure that occurred within the structure. Total 

deflection of the center gauge was of approximately -0.254 inches.  

Figure 57 presents the load & displacement vs. time relationships observed during the fifth 

round of testing of the CIP model.  
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Figure 57 - Load vs. Time Test No. 5 

Figure 58 presents the load vs. displacement relationship obtained at the centroid of the upper 

concrete segment (TCY2) throughout Test No. 5. Similar to Test No. 4, the load vs. 

displacement graph evinces a mostly linear relationship up to a load of approximately 16,670 

pounds. From 16,670 pounds to 30,115 pounds, the structure appears to be within the strain 

hardening state and the ultimate point is anticipated to correspond to the latter load. From 

that point onward, the model presents a necking behavior until reaching its final fracturing 

point at a load of approximately 15,140 pounds.  

 

0

5000

10000

15000

20000

25000

30000

35000

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

00:00.0 07:12.0 14:24.0 21:36.0 28:48.0 36:00.0

L
o

ad
 (

lb
)

D
is

p
la

ce
m

en
t 

(i
n

.)

Time (minutes : seconds)

TCY2 (Center)

Load

Moment Crack



144 

 

Figure 58 - Load vs. Vertical Displacement Relationship of Upper Concrete Segment at Centroid 

– Test No. 5 

During this round of testing, the hairline crack that developed during Test No. 1 was observed 

to widen to approximately 1/16-inch during the majority of testing, but prior to fracturing of 

the structure. In addition, after the last displacement increment, a moment crack developed 

along the centerline of the upper concrete segment. The crack was observed to extend through 

the panel’s thickness, meaning the east and west portions of the structure were divided through 

that crack. Additionally, the hairline crack on the east interface closed once the moment 

fracture developed; but it extended through the segment’s thickness. Figure 59 through Figure 

62 show the cracks observed at the conclusion of Test No. 5.  
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Figure 59 - Moment crack along centerline and hairline crack along top/east interface. Inner 

face view (north direction to the left of the photograph). 

 

 

Figure 60 - Top view of crack at interface between top/east segments. View west. 
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Figure 61 - Moment crack. View South. 

 

 

Figure 62 - Moment crack. View North. 

In addition, movement of the north and south retaining walls was monitored by means of LS1 

and LS2 linear potentiometers. For this test, LS2 was relocated to the north (upper center) 

wall. Data recorded by LS1 and LS2 showed an overall similar behavior and total deflection 

(0.02 inches of total movement) of the south and north walls. LS1, located on the south wall, 
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presented negative displacements meaning the linear potentiometer was contracting and 

movement was happening towards the south side. LS2, located on the north wall, displayed 

positive displacements which resulted in an extension of the instrument and a southward 

movement. Possible reasons for these results are likely related to the observed southward tilt 

of the CIP culvert observed prior to the start of experimental testing. This tilt was the result 

of the non-perpendicularity of some forms when concrete for the culvert was being placed.  

Figure 63 presents the movement recorded for LS1 (south wall) and LS2 (north wall). 

 

Figure 63 - Displacement in Z-Direction of North and South Walls - Test No. 5 
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3.5.4.6. Effect of Soil-Structure Interaction 

To assess the soil-structure interaction component of the study, the actuator load increment 

was plotted against the measured deflection in the center of the CIP culvert for all five tests 

(see Figure 64). In Test No. 3, the steel plate representing the AASHTO traffic load was placed 

on the concrete trapezoid bearing on the crown of the culvert.  The trapezoid was surrounded 

by compacted soil which did not loosen and cause a reduction in stiffness adjacent to the 

loaded area.  In Tests No. 1 and 2, the load from the steel plate was transferred to the top of 

the culvert through one foot of compacted soil. The soil failed in bearing above and adjacent 

to the culvert at loads well below the structural capacity of the arch.  In fact, the culvert did 

not take additional load once the soil failed in bearing below the steel plate.  The effect of the 

bearing failure was to reduce the stiffness of the soil against the haunch area of the culvert 

which in turn allowed greater deflection of the arch. In Tests No. 4 and 5, the structure itself 

was tested by removing the soil above the anchor blocks and by applying the load through the 

concrete trapezoid.  

The sequence of tests from Test No. 3 to Tests No. 4/5 represents a reduction in the effect 

of the soil in restraining the vertical/lateral deformation of the culvert arch. The vertical 

deflection was greatest where the structure was loaded without soil support and was least 

where the soil provided a passive resistance against the sides and top of the culvert.  In Tests 

No. 1 and 2, the deflection was intermediate where the soil was present in the haunch area but 

underwent a bearing failure and thus a loss of confinement in the haunch area of the culvert.  

Even though there was some variability in the load-displacement data, the CIP concrete arch 

exhibited linear elastic behavior during all five tests.  
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Figure 64 - Compilation of Load vs Displacement Data of TCY2 for all Rounds of Testing 

Table 18 was developed to summarize the effect of soil confinement on the deflection 

(stiffness) of the culvert at common load increments. At a load of 4,000 pounds, Test No. 1 

(pea gravel) and Test No. 2 (¾-in. road base) with soil bearing failures showed equal or slightly 

lower deflections than those measured in the structure itself (Test No. 4 with no backfill soil). 

However, the crown deflection recorded in Test No. 3 at the same load increment was 

approximately one-half that experienced in the structure by itself (Test No. 4). In the 

remaining load increments above 4,000 pounds, lower deflections were recorded when the 

structure was confined by the surrounding soil. The test results indicated that the effect of the 

soil-structure interaction increases with increasing load (see Figure 64).    
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Table 18 - Centroidal Displacement Comparison all Rounds of Testing 

Load (lb) 

Displacement (in) Deflection Differences 

Test No. 3 vs. Test No. 

4/5 

Test No. 

1 

Test No. 

2 

Test No. 

3 

Test No. 

4 

Test No. 

5 

4,000 -0.0074 -0.0061 -0.0043 -0.0073 -0.0082 -0.003 to -0.0039 

9,000 - - -0.0138 -0.0176 -0.0195 -0.0038 to -0.0057 

15,000 - - -0.027 -0.032 -0.033 -0.005 to -0.006 

 

3.6. Finite Element Method (FEM) Analysis 

The second phase of this project entailed modeling the CIP culvert, under the same loading 

conditions as those described in Section 3.3, using finite element software. The computer program 

used for the development of the numerical model was ANSYS, Mechanical APDL. ANSYS was 

the program of choice due to its elastic, inelastic, 2-D and 3-D modeling capabilities and the 

familiarity that the researcher of this project had with the software. In an effort to develop the 

most reliable model, 2-D and 3-D simulations were created. Results obtained from these 

simulations were compared to those obtained during experimental testing to assess the closeness 

of the two methods of analysis; and subsequently, the FEM model was refined to yield similar 

responses as those observed in the laboratory. The ultimate goal of the FEM model was to provide 

a “calibrated” simulation that could be used to obtain structure responses of different 

underground system configuration. 

The following sections present the methods and results of each simulation developed for the CIP 

culvert.  
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3.6.1. Model Configuration Methodology 

3.6.1.1. Geometric Properties 

The numerical CIP model was created to represent the same scale as that of the 

experimental model. As such, the CIP FEM model had an approximate overall length of 

193 inches and a height of 62 inches. The depth component for the 3D simulation was cut 

in half (15.5 inches) since the stresses and deflections right below the loaded area were of 

interest. This meant that the model was sliced in the middle (along the long dimension).  

For the 2D analysis, Solid, Quad 4 Node 182 (also known as PLANE182) elements were 

used. In general, PLANE182 elements are defined by four nodes with two degrees of 

freedom per node which allow for translation in the x- and y- directions. Plasticity, 

hyperelasticity, stress stiffening, large deflection and large strain capabilities can be 

assigned to these members (Ansys, Inc., 2018). For the 2-D CIP analysis, a plane stress 

behavior was selected since the stresses of interest lied mostly on the x- and y-plane and 

the model was not assumed to be infinitely long.  

For the 3D model, solid Brick 8 Node 185 (also known as SOLID185) elements were 

specified. SOLID185 nodes are defined by eight nodes, each having three degrees of 

freedom or translation in the x-, y- and z-directions. As with the PLANE182, these 

elements have plasticity, hyperelasticity, stress stiffening, large deflection and large strain 

capabilities, in addition to creep.  

To create the 2D and 3D configurations, KeyPoints were developed. The KeyPoints 

reflected vertex locations of different portions of the model which were then connected 

to create the solid areas. Figure 65 displays the KeyPoints used for both configurations 

(2D and 3D simulations) for each round of testing. It is important to note that the only 
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difference between Test No. 1 and the subsequent rounds of testing was the position of 

the loading plate. As it was mentioned in Section 3.4.6.2.1, for Test No.1 the loading plate 

was misplaced and the long side (10-inch edge) was positioned parallel to the culvert span 

at the center of the model. To have a fair basis of comparison, the FEM simulation for 

Test No. 1 reflected this same plate positioning. As such, the Key Points that variated were 

those specified for the steel plate. Refer to Appendix J – FEM Simulations for KeyPoint 

numbers and additional geometric information. 

 

Figure 65 - KeyPoints used for 2D and 3D CIP FEM Models for all Rounds of Testing 

To create volumes for the 3D simulation, the previously assembled areas were extruded to 

half the width of the model. In other words, only the middle half of the structure (in the 

long direction) was analyzed so that the stresses and displacements right below the loading 

plate were easily identified. 

3.6.1.2. Material Properties  

Since the physical CIP concrete structure remained within the linear-elastic range after the 

application of the 9.03-kip load was imposed, and the culvert did not show significant 

cracking during this portion of experimental testing, the FEM 2D and 3D simulations only 
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included linear-elastic analyses. As a result, linear, elastic, and isotropic conditions were 

assigned to the concrete, soil and steel elements. Table 19 below provides the material 

specifications assigned to each unit.  

Table 19 - CIP FEM Material Properties 

ID Material 
Modulus of 

Elasticity (psi) 

Poisson’s 

Ratio 

1 CIP Concrete 5.35 × 106 0.13 

2 Medium Sand 5.2 × 103 0.3 

3 Coarse Sand 2.08 × 103 0.35 

4 Pea Gravel 13.9 × 103 0.3 

5 Steel Plate 29 × 106 0.3 

6 
¾-inch Road 

Base  
20.8 × 103 0.35 

7 
Concrete 

Trapezoid 
3.36 × 106 0.2 

 

Values used for the CIP concrete were based on the Modulus of Elasticity and Poisson’s 

Ratio laboratory test results presented in Section 3.5.2.2. For the Rapid Set Concrete Mix 

trapezoid prism, the modulus of elasticity value was based on the equation presented in 

ACI 318 (Section 19.2.2.1(a)) which relates the unit weight of concrete with its 

corresponding compressive strength. This value was preferred over the laboratory test 

result obtained due to its resemblance with published E modulus ranges for concrete (the 

laboratory test result was one order of magnitude lower than what the published ranges 

present). The Poisson’s ratio selected for this material was also based on published 

literature since a Poisson’s ratio test was not conducted for the Rapid Set Concrete Mix 

specimen. See Appendix H – Correlation Charts for published elastic modulus and 

Poisson’s ratio values of concrete.   
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In addition, material properties of the soil elements were obtained by correlating the lowest 

unit weight of the compacted sands, pea gravel, and ¾-inch road base to the apparent 

density and soil condition description (either loose, medium, dense or very dense) of each 

material, and selecting the corresponding elastic modulus and Poisson’s ratio values.  

The lowest dry unit weight obtained for the medium sand (well graded sand with silt) 

resulted in an approximate value of 103.7 pcf which corresponded to a 56% apparent 

density and a medium dense condition description (McCarthy, Representative Values of 

Relative Density, 2007). Based on the Range of Values: Modulus of Elasticity and Poisson’s Ratio 

table presented in the Essentials of Soil Mechanics and Foundations, Basic Geotechnics  book by 

David F. McCarthy, the modulus of elasticity of a medium dense sand generally ranges 

between 3,500 and 6,950 psi and the Poisson’s ratio between 0.25 and 0.4. For the FEM 

model, a modulus of elasticity and Poisson’s ratio of 5,200 psi and 0.3 were used.  

For the coarse sand (silty sand), dry unit weight approximations were computed based on 

the sand cone test performed. Refer to Section 3.5.3.3. for sand cone test results. The dry 

unit weight of the coarse sand was calculated to be approximately 104.8 pcf which 

corresponded to a 57% apparent density and a medium dense condition. Based on the 

previously cited table developed by David F. McCarthy, the modulus of elasticity of a 

medium dense silty sand generally ranges between 1,042 and 3,125 psi and the Poisson’ s 

ratio between 0.2 and 0.4. For the FEM model, a modulus of elasticity and Poisson’s ratio 

of 2,080 psi and 0.35 were used. 

The pea gravel (poorly graded gravel) had an approximate moist unit weight of 99.1 pcf 

which resulted in a 49% apparent density and a medium dense condition. Based on the 
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cited chart above, these values corresponded to a modulus of elasticity of approximately 

13,900 psi and a Poisson’s ratio of 0.3.  

The dry unit weight obtained for the ¾-inch road base (silty gravel with sand) resulted in 

an approximate value of 134.0 pcf which corresponded to a 85% apparent density and a 

very dense condition description (McCarthy, Representative Values of Relative Density, 

2007). Based on the correlation charts, the modulus of elasticity of a dense sand and gravel 

ranges between 13,900 and 27,800 psi and the Poisson’s ratio between 0.3 and 0.45. For 

the CIP model, values of 20,800 psi and 0.35 were used for the modulus of elasticity and 

Poisson’s ratio of the ¾-inch road base.  

For the steel plate, the material properties used corresponded to those of typical stainless-

steel members.  

3.6.1.3.  Loading Configuration 

Loading configurations within the FEM models were setup to mimic the conditions of the 

physical model. The supports used for the 2D and 3D models included rollers at the right 

and left face lines of the soil edges to prevent movement from happening in the x-

direction. This confinement was provided by the short walls in the physical model. In 

addition, to simulate the floor connection, all bottom edge lines were fixed. Furthermore, 

for the 3D model, rollers were placed on the front and back face lines of the culvert and 

soil edges to confine movement in the z-direction. This retention was provided by the long 

walls in the physical model.  

To model the compressive surface load applied during experimental testing, a line load of 

1,806 lb/in acting over a 5-inch length was used for the 2D simulation. Similarly, a pressure 

of 180.6 ln/in2 acting over a 5-inch by 10-inch area was used for the 3D model. These 
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values corresponded to a point load of 9.03 kips. Figure 66 provides a graphical 

representation of the 3D model with the corresponding supports and surface load.  

 

Figure 66 - Loading Configuration Test No. 3 - 3D Model 

3.6.1.4. Meshing 

Different size meshes were used within the 2D and 3D simulations to provide varying 

levels of detail within the model. For both models, meshing was done manually, and the 

element sizes entered attempted to make use of most elements allowed by the software 

(maximum 256,000 elements). Division numbers were based on the sensitivity of the 

element within the model. For instance, the loaded soil layer or trapezoid prism had a finer 

mesh than that used for the bottom sand backfill since more detail was needed for elements 

located directly below the loaded area.  

Table 20 below presents the element sizes used for each material within the 2D and 3D 

simulations for all rounds of testing.  
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Table 20 - Mesh divisions used for the 2D and 3D models 

Component 

Test No. 1 Test No. 2 Test No. 3 Test No. 4 

2D 3D 2D 3D 2D 3D 2D 3D 

CIP Culvert Structure 0.2 1.5 0.2 1.5 0.2 1.5 0.1 1 

Medium Sand Backfill 

(East and West) 
1 3 1 3 1 3.0 0.5 2 

Coarse Sand Backfill 

(East and West) 
1 3 1 3 1 3.0 0.5 - 

Pea Gravel Backfill  0.2 1 - - - - - - 

Steel Plate 0.5 2 0.5 2 0.5 2.0 0.5 1 

3/4-inch Road Base 

Backfill 
- - 0.2 1 - - - - 

Concrete Trapezoid - - - - 0.2 2.0 0.1 1 

 

Mesh divisions for the 3D models required a coarser mesh for all materials since it in 

included a depth component.  

Figure 67 presents the meshed 2D CIP model for Test No. 3.  

 

Figure 67 - Meshed 2D CIP Model - Test No. 3 
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3.6.2.    Model Analysis Results 

One of the main focuses of this study was to develop a calibrated FEM simulation that could be 

used to predict structure responses of different culvert configurations under similar loading 

conditions. To achieve this, a model was developed and refined to first produce similar structure 

responses as those observed during experimental testing of the CIP model; and then predict the 

response that a precast hollow core culvert structure would have under similar loading conditions.  

The main basis of comparison and refinement between the FEM simulation and the physical 

model were the displacements and strains obtained at specific locations. In general, longitudinal 

deflections (y-direction) of interest were obtained at the loading plate, at the interior face of the 

top segment and at the northeast and southwest corners of the soil box. In addition, transverse 

deflections and strains (x-direction) were evaluated at the interior faces of the footings and at the 

interior north and south edges of the top segment. All locations listed matched the areas where 

potentiometers were mounted on the physical model. 

3.6.2.1. Initial Model Predictions  

After obtaining the main material properties of the components used for the construction 

of the CIP model, an initial FEM simulation was developed and analyzed to predict 

deflections for all rounds of testing. The following table presents the predicted 

displacements at select model locations for all tests. Note that location designations used 

match the naming conventions of instrumentation mounted on the physical CIP model.  
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Table 21 - Displacement Predictions – Tests No. 1 and 2 

Location  Location 

Displacement (in) 

Test No. 1 Test No. 2 

2D 3D 2D 3D 

TCY1 

Bottom face of 

top concrete 

segment, west 

side, center 

line, y-direction 

-0.11541 -0.0018472 -0.057949 -0.0018410 

TCY2 

Bottom face of 

top concrete 

segment, 

middle, center 

line, y-direction 

-0.16366 -0.0025828 -0.082483 -0.0025662 

TCY3 

Bottom face of 

top concrete 

segment, east 

side, center 

line, y-direction 

-0.11540 -0.0018437 -0.057948 -0.0018378 

EIX 

Interior face of 

footing, east 

side, x-

direction 

0.00053961 0.000039759 0.00027065 0.000039668 

WIX 

Interior face of 

footing, west 

side, x-

direction 

-0.00053962 -0.000036185 -0.00027065 -0.000036095 
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Table 22 - Displacement Predictions – Tests No. 3 and 4 

Location  Location 

Displacement (in) 

Test No. 3 Test No. 4 

2D 3D 2D 3D 

TCY1 

Bottom face 

of top 

concrete 

segment, west 

side, center 

line, y-

direction 

-0.052314 -0.0015632 -0.052738 -0.0018458 

TCY2 

Bottom face 

of top 

concrete 

segment, 

middle, center 

line, y-

direction 

-0.065989 -0.0019736 -0.067101 -0.0021976 

TCY3 

Bottom face 

of top 

concrete 

segment, east 

side, center 

line, y-

direction 

-0.052312 -0.0015623 -0.052483 -0.0018481 

EIX 

Interior face 

of footing, 

east side, x-

direction 

0.00026026 0.000030599 0.00021219 0.000048610 

WIX 

Interior face 

of footing, 

west side, x-

direction 

-0.00026026 -0.000030998 -0.00022489 -0.000048374 
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Based on the above predictions, it was anticipated that the upper concrete segment was 

going to undergo deflections between -0.0018 and -0.16 inches for Test No 1; between -

0.0018 and -0.08 inches for Test No. 2; between -0.0016 and -0.066 inches for Test No. 3; 

and between -0.0018 and -0.067 inches for Test No. 4. This meant that the tests that used 

soil material on the top and sides of the structures were going to cause higher deflections 

to the structure than those that used the trapezoid prism with and without soil on the 

sides. In addition, minimal outward movement of the footings was expected.  

The following figures show the nodal plot of the vertical displacements that were predicted 

for Test No. 1. Similar deformed plots were obtained for the other three rounds of testing. 

The only difference between each was the amount of displacement predicted by the 

simulation at each location.  

 

Figure 68 – 2D Nodal Solution of Predicted Displacements for Test No. 1 - CIP Model 
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Figure 69 - 3D Nodal Solution of Predicted Displacements for Test No. 1 - CIP Model 

Based on the above graphs, the highest deflections were anticipated to occur at and above 

the upper concrete segment. The rest of the model was not expected to undergo significant 

displacements.  

3.6.2.2. Model Calibration 

In order to obtain comparable deflections to those recorded during experimental testing, 

the ANSYS models for Tests No. 3 and 4 were further refined. Calibration activities mostly 

entailed refinement of the material properties of the different model elements. The 

modulus of elasticity and Poisson’s ratio of the soil materials were the first parameters 

changed before the models were rerun. Subsequently, the material properties of the 

concrete trapezoid prism were refined and, finally, those pertaining to the cast-in-place 

concrete culvert. Since displacements at the centroid of the inner face of the top segment 

(TCY2) were of primary interest, calibration activities focused on this location. The 

following tables presents all runs performed for the 2D and 3D models. 
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For the first rerun, the modulus of elasticity of the medium sand was decrease to a value 

of 3,470 psi, which was the lower end of the range presented in the Range of Values: Modulus 

of Elasticity and Poisson’s Ratio table developed by David F. McCarthy for a medium dense 

sand. In addition, the modulus of elasticity of the coarse sand was changed to a value of 

1,390 psi, which was the mid-range value given for a silty sand material since this unit had 

significant fines. The Poisson’s ratio values of both materials were left unchanged.  

For the second rerun, the modulus of elasticity of the concrete trapezoid prism was 

lowered to a value of 2 × 106 psi, which was the lower end of the range based on published 

modulus of elasticity values for concrete. Once again, the Poisson’s ratio was left 

unchanged. For the third rerun, the modulus of elasticity of the CIP concrete was changed 

to a value of 4.84 × 106 psi. This value was obtained by using ACI’s modulus of elasticity 

equation for concrete which relates the unit weight of the specimen with its unconfined 

compressive strength. The values used for the unit weight and compressive strength of 

concrete were based on laboratory test results. See Section 3.5.2.1. For the final round of 

testing, the modulus of elasticity of the concrete was once again lowered. This time, a value 

of 2 × 106 psi was used. This was done in order to assess to what extend this material 

property influenced the displacements obtained.  

For Test No. 3, the closest load obtained from the load vs. displacement graph (Figure 50) 

to the desired half-scale resulting truck load (9.03 kips), was of approximately 9,119 lb. To 

have a fair basis of comparison between the experimental and numerical data, the ANSYS 

model for Test No. 3 reflected the same loading conditions. Namely, a point load of 9,119 

lb was used which corresponded to a line load of 1823.8 lb/in for the 2D model and a 

pressure of 182.38 lb/in2 for the 3D model. The following table provides the 
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displacements obtained at the centroid of the upper concrete segment for Test No. 3. In 

addition, Figure 70 and Figure 71 present the 2D and 3D nodal plots of the vertical 

displacements at the centroid for the first rerun. It is important to note that subsequent 

reruns showed the same overall deformed shape, but deflections obtained varied.  

Table 23 - ANSYS Reruns for Test No. 3 - CIP Model 

Rerun 

No. 

Material Properties Test No. 3 

Type 

Modulus of 

Elasticity, 

psi 

Poisson's 

Ratio 

2D 3D 
Experimental 

Testing 

TCY2  TCY2  TCY2  

1 

CIP Concrete 5.35 x 106 0.13 

-0.06698 -0.002001 -0.01369131 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Concrete Trapezoid 3.36 x 106 0.2 

2 

CIP Concrete 5.35 x 106 0.13 

-0.07120 -0.002132 -0.01369131 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Concrete Trapezoid 2.00 x 106 0.2 

3 

CIP Concrete 4.84 x 106 0.13 

-0.07767 -0.002326 -0.01369131 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Concrete Trapezoid 2.00 x 106 0.2 

4 

CIP Concrete 2.00 x 106 0.13 

-0.16784 -0.005004 -0.01369131 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Concrete Trapezoid 2.00 x 106 0.2 
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Figure 70 - 2D Rerun No. 1 Nodal Solution for Test No. 3 - CIP Model 

 

Figure 71 - 3D Rerun No. 1 Nodal Solution for Test No. 3 - CIP Model 

For Test No. 4, the closest load obtained from the load vs. displacement graph (Figure 56) 

to the desired half-scale resulting truck load (9.03 kips), was of approximately 10,947 lb. 

To have a fair basis of comparison between the experimental and numerical data, the 

ANSYS model for Test No. 4 reflected the same loading conditions, meaning a load of 

10,947 pounds was imposed on the system. Namely, a point load of 10,947 lb was used 

which corresponded to a line load of 2189.4 lb/in for the 2D model and a pressure of 
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218.94 lb/in2 for the 3D model. The following table provides the displacements obtained 

at the centroid of the upper concrete segment for Test No. 4. In addition, present the 2D 

and 3D nodal plots of the vertical displacements at the centroid for the second rerun. It is 

important to note that subsequent reruns showed the same overall deformed shape, but 

deflections obtained varied. 

Table 24 - ANSYS Reruns for Test No. 4 - CIP Model 

Rerun 

No. 

Material Properties Test No. 4 

Type 

Modulus of 

Elasticity, 

psi 

Poisson's 

Ratio 

2D1 3D1 
Experimental 

Testing1 

TCY2  TCY2  TCY2  

1 

CIP Concrete 5.35 x 106 0.13 

-0.08136 -0.002879 -0.022154 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Pea Gravel 10.4 x 103 0.3 

Steel Plate 29 x 106 0.3 

3/4-inch Road Base 3.12 x 103 0.3 

Concrete Trapezoid 3.36 x 106 0.2 

2 

CIP Concrete 5.35 x 106 0.13 

-0.08650 -0.003062 -0.022154 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Pea Gravel 10.4 x 103 0.3 

Steel Plate 29 x 106 0.3 

3/4-inch Road Base 3.12 x 103 0.3 

Concrete Trapezoid 2.00 x 106 0.2 

3 

CIP Concrete 4.84 x 106 0.13 

-0.09445 -0.003345 -0.022154 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Pea Gravel 10.4 x 103 0.3 

Steel Plate 29 x 106 0.3 

3/4-inch Road Base 3.12 x 103 0.3 

Concrete Trapezoid 2.00 x 106 0.2 



167 

Rerun 

No. 

Material Properties Test No. 4 

Type 

Modulus of 

Elasticity, 

psi 

Poisson's 

Ratio 

2D1 3D1 
Experimental 

Testing1 

TCY2  TCY2  TCY2  

4 

CIP Concrete 2.00 x 106 0.13 

-0.20733 -0.005829 -0.022154 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Pea Gravel 10.4 x 103 0.3 

Steel Plate 29 x 106 0.3 

3/4-inch Road Base 3.12 x 103 0.3 

Concrete Trapezoid 2.00 x 106 0.2 

 

 

Figure 72 - 2D Rerun No. 2 Nodal Solution for Test No. 4 - CIP Model 

 

Figure 73 - 3D Rerun No. 2 Nodal Solution for Test No. 4 - CIP Model 
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Based on the above results, it is evident that the 2D simulations were over-predicting the 

deflections of the center gauge for all reruns and tests; and the 3D models were 

underpredicting the displacements of the center gauge for all reruns and tests. The 

overprediction of the 2D model was expected, as these simulations were more simplified 

by not taking into consideration the depth component of the geometry. However, the 3D 

models were expected to show closer results to the ones obtained experimentally.  

In general, the 2D models overpredicted the displacements of the center gauge by 

approximately between 389% and 467% for Test No. 3, and between 267% and 326% for 

Test No. 4 for the first 3 reruns. The fourth rerun for the 2D models had an exponentially 

higher overprediction. However, the modulus of elasticity of the concrete used for this 

rerun was highly questionable. In addition, the 3D models underpredicted the 

displacements of the center gauge by approximately between 83% and 87% for both tests. 

Once again, rerun number 4 had a smaller underprediction (between 63% and 68%), but 

the values used for the CIP concrete was not realistic.  

In an effort to check the ANSYS displacements obtained, structural analysis of the top 

concrete segment (beam analysis) was conducted. STAAD Pro was the program used to 

perform this analysis. Results obtained from the simulation was then compared to those 

obtained for the predictions of Test No. 4 to evaluate if the ANSYS models were providing 

erroneous data.  

Since it was not known if the connections between the upper concrete segment and the 

east and west adjacent segments were fixed or pinned; two configurations, one using fixed 

reactions and another using pinned reactions, were developed for the beam model. For all 

analyses, the self-weight of the beam, as well as the weight imposed by the trapezoid prism 
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and the steel plate were included in addition to the applied line load of 531.2 lb/in (6,370 

lb/ft), corresponding to a point load of approximately 9.03 kips applied 12 inches above 

the segment and having a 60º load distribution. To closely replicate the conditions 

specified in the ANSYS program, the material properties assigned to the concrete beam 

were based on laboratory test results. 

▪ Top beam analysis - fixed connection 

The following figure presents the load diagram analyzed for the fixed beam 

reaction simulation, along with the displacement plot. Refer to Appendix K – 

STAAD Analyses for additional analysis data including, reactions and shear and 

moment diagrams.  

 

Figure 74 - STAAD Load Diagram 27-inch Beam - Fixed Connection 

 

Figure 75 - STAAD Displacement Diagram 27-inch Beam - Fixed Connection 

▪ Top beam analysis – pinned connection 

The following figure presents the displacement plot output of the pinned beam 

reaction simulation. Refer to Appendix K – STAAD Analyses for additional 

analysis data including, reactions and shear and moment diagrams. 
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Figure 76 - STAAD Displacement Diagram 27-inch Beam - Pinned Connection 

 

Based on the above figures, the STAAD program predicted center beam deflections of -

0.001 inches and -0.003 inches for the fixed and pinned connections, respectively. These 

results go hand in hand with the displacement predictions that the ANSYS program 

provided for Test No. 4; namely, -0.0022. This means that, from a structural stand-point, 

the ANSYS program appears to be outputting realistic results when the top beam is 

analyzed as a beam. However, the geometry of the culvert may be playing a role when it 

comes to the interaction between the upper segment and the adjacent east and west 

sections.  

To assess if the ANSYS program may take into consideration the impacts of this geometry, 

the top three members were analyzed. Results for a fixed simulation are provided below. 

 

Figure 77 - STAAD Load Diagram Three 27-inch Segments - Fixed Connection 
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Figure 78 - STAAD Displacement Diagram Three 27-inch Segments - Fixed Connection 

Based on Figure 78, a center beam deflection of -0.004 inches was predicted. This result 

is approximately one order of magnitude lower than the deflection obtained 

experimentally. Once again, the difference in displacements appears to be the result of the 

inability of the computer program to take into considerations internal forces that are likely 

to be acting within the system.   

Since the model is not a perfect arch and the adjacent segments have a shallow angle with 

respect to the horizontal plane (30°), the model may be acting more like a longer beam 

with the adjacent segments attached to it. In other words, instead of having a 27-inch-long 

upper section, the model itself may acting more as a 81-inch long beam.  

To evaluate this conclusion, a third set of structural analysis was performed. This time, a 

beam length of three times the segment length was used. Results for the fixed simulation 

is provided below.  

 

Figure 79 - STAAD Displacement Diagram 81-inch Beam - Fixed Connection 
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 The displacement obtained for the fixed connection of the longer beam appears to 

resemble more closely the results obtained experimentally for Test No. 4 of the CIP model. 

Namely, the STAAD analysis predicts a deflection of -0.021 inches at the center of the 

member and the experimental results show a displacement of -0.0022 inches at this same 

location. This supports, to some extent, the thesis statement presented previously which 

attempted to explain the difference obtained between the experimental results and the 

numerical outputs.  
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Chapter 4: Precast Hollow-Core Culvert Model 

4.1. Introduction 

The purpose of the precast model was to assess how a hollow-core concrete culvert would 

perform under an applied 9-kip load, reduced for a half-scale model. Results from this testing 

were compared to those obtained from the CIP model and performance assessment of the two 

was conducted. As with the CIP model, the hollow-core model included two phases of analysis: 

experimental testing and finite element modeling. The latter was utilized to first, predict the 

behavior of the hollow-core model under the previously mentioned load, and later, refine the 

model based on the experimental data obtained.  

The assembled hollow-core model followed the same geometry used for the construction of the 

CIP model to provide a comparable design. The following sections present information pertinent 

to the hollow-core model design, methodologies, laboratory and experimental results, and FEM 

analyses. 

4.2. Hollow Core Culvert Model Design 

The arch geometry utilized for the assemblage of the hollow-core model as well as the 

construction of the CIP culvert was mainly dictated by the geometry that hollow-core panels are 

typically fabricated to in precast plants and the shape that an assembly of five of those panels 

would make to forma an arch culvert. To provide an arch-like geometry, these segments were 

connected at 30º angle between the top segment and the adjacent east and west sections, and at a 

60º angle between the east and west adjacent sections and the bottom segments. In addition, two 
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footings, with dimensions of 18.6-inch × 14.2-inch × 31-inch, each, were placed at each end to 

provide support for the structure. Footings were spaced approximately 89.5 inches apart.   

To replicate the conditions around a typical culvert, as was done with the CIP model, a soil box 

was erected around the precast structure. The box walls used for this model were the same ones 

used in the construction of the CIP model. Refer to Section 3.4.1 for additional information on 

wall dimensions, materials and location. For the first and second tests, the spaces in between the 

culvert and the walls were filled with medium sand from the bottom footing elevation to a height 

of 50 inches, or the top of the concrete structure, and with coarse sand from a height of 50 inches 

to a height of 62 inches on either side of the top concrete segment. From the top segment to a 

height of 62 inches, the volume was filled with ¾-inch road base for the first test, or a concrete 

trapezoid prism backfilled with coarse sand for the second test. Figure 80 below presents the side 

view of the hollow-core culvert with dimensions and material types. Note that the location of the 

concrete trapezoid prism is provided by means of red lines above the top segment, for reference, 

and was only used to conduct the second and third hollow-core tests.  
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Figure 80 - Hollow-Core Culvert Model Geometry 

4.3. Methodology 

Procedures followed for the construction and assembly of the hollow-core model, as well as for 

laboratory and in-situ testing of the structural and soil materials, and for the experimental testing 

are presented in the following sections.  

4.3.1. Hollow Core Culvert Model Assembly 

The first step in the construction of the hollow-core model included the construction of the 

formwork for the panel and footing erection. Formwork for each panel and footing consisted of 

a combination of OSB and 4-inch Douglas Fir Larch No.2 lumber. In addition, four 3-inch 

diameter mailing tubes with end caps were positioned at approximately 5.5 inches on-center with 



176 

a 1.5-inch vertical cover and 1.75-inch horizontal cover in each panel. In an effort to prevent the 

tubes from squashing during concrete placement, the hollow space was filled with sand. Figure 81 

below presents the formwork for one of the hollow core panels. In addition, Appendix B – 

Formwork Design Calculations and Drawings provides the formwork drawings.  

 

Figure 81 - Hollow-Core Panel Formwork 

Once forms were assembled, placement of concrete within the forms was achieved. Self-

consolidating concrete having a target 28-day compressive strength of 7,000 psi was used for the 

construction of the hollow-core panels. Refer to Section 4.3.2.1 for additional mix design 

information and concrete placement procedures. A total of approximately 26 cubic feet of 

concrete were used to create the hollow core panels and footings. For this project, 7 hollow-core 

panels, five for use and two additional ones for backup. Hollow-core panels and footings were 

left covered for 28 days to complete the curing cycle. Figure 82 presents self-consolidating 

concrete placement activities of the footings. 
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Figure 82 - Concrete placement activities of footing for hollow-core model 

Since this model was moved into the structural lab following completion of experimental testing 

of the CIP culvert, the reaction frame used for model testing was left in place and no further 

loading equipment setup was needed. Refer to Section 3.4.6.1 of this report for additional test set 

up information and for test configuration drawings. 

To assemble the hollow-core panels to form the precast culvert structure, the base frame and the 

four planar trusses used for the erection of the CIP culvert were reutilized. Refer to Section 3.4.1 

for dimension and material information of the base frame and truss forms. Assembly of the hollow 

core footings/panels was achieved within the loading area and entailed: 

1. Cleaning the base frame after removal of the CIP model; 

2. Marking the location of the east and west footings used for the precast culvert;  

3. Moving the footings in place; 

4. Placing the lumber trusses an OSB boars between the footings and securing them by means 

of cross beams; 

5. Removing the sand from the hollow-cores and placing the east and west lower panels 

against the footings; 
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6. Securing the lower panels by means of ratchet straps; and 

7. Repeating steps 5 and 6 for the remaining panels. 

In order to bond the panels to the footings and to each other, Sika grout 328 was utilized. Grouting 

placement was achieved immediately after positioning of the hollow-core panels. Refer to Section 

4.3.2.4 for additional grout information and placement procedures. To allow for strength 

development of the grout, the model was left curing for approximately 2 days.  

Once the grout was cured, the lower forms were removed, the precast culvert was painted for 

crack monitoring purposes, and assembly of the retaining walls was performed. Once again, the 

retaining walls used for the CIP model were reutilized for the hollow-core model. In order to 

prevent the migration of soil particles from the top of the structure (backfill areas) to the spaces 

between the culvert and the retaining walls, DAPtex plus foam was sprayed along the front and 

back faces of the concrete. Immediately after spraying, the walls were assembled and secured by 

means of ratchet straps.  

After wall placement, Great Stuff Gaps and Cracks insulating foam was sprayed along the edges 

of the bottom OSBs on the east and west sides to prevent soil migration into the floor during 

backfilling activities. In addition, and as was done for the previous model to provide a secondary 

means of containment of the backfill soil at the interface between the walls and the concrete, 1 -

inch wide by 0.5-inches thick wood members were positioned and secured along the edges of the 

structure.  

Once all gaps were sealed, backfilling activities began. This model followed a similar backfilling 

process as that performed for the CIP model. Meaning, the medium sand was placed to a height 

of 50 inches above the bottom culvert elevation; and the coarse sand from a height of 50 inches 

to a height of 62 inches on either side of the top hollow-core panel. The only difference was 
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related to the material placed between the upper concrete segment and the top e levation of the 

culvert (62 inches) which consisted of ¾-inch road base material instead of pea gravel. Density 

determinations of the medium sand and ¾-inch road base were achieved by calculating volumes 

and soil masses at the top locations. Refer to Section 3.4.5.2.2 of this report for the density 

procedures. 

The final step in the hollow-core model assembly entailed instrumenting the model. 

Instrumentation of this model followed the same schematic as that used for the CIP culvert. In 

other words, the key areas of interest for data acquisition included the bottom face of the top 

segment, the loading plate, the loading cell, and the reaction beam. Equipment used to obtain 

displacement, strain, and load information during experimental testing at these and select 

additional locations also included a combination of string pots, linear potentiometers, and load 

cells. Refer to Section 3.4.6.1.2 for supplementary instrumentation information. All 

instrumentation mounted on the CIP model was linked to a LoggerNet 4.5 DAQ which was used 

to record and display real-time data during testing. 

Once all model components were designed, constructed, erected, and assembled; the structure 

was ready for testing. Three tests were anticipated to be conducted on the hollow-core model, 

based on the CIP structure response experience. The first round of testing included using the ¾-

inch road base material, located on top of the upper hollow-core panel, as the main mechanism 

to transfer the load to the structure. Since a bearing failure was anticipated to occur prior to 

achieving the 9.03 kips of loading or failure of the structure, the second round of testing included 

using the trapezoid prism to load the model. The third and final round included testing the model 

without the use of backfill soil around the culvert. Refer to Sections 4.3.5.2.1, 4.3.5.2.2, and 

4.3.5.2.3 for additional testing information. 
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4.3.2. Mix Designs and Concrete/Grout Placements 

4.3.2.1. Precast Mix Design 

The mix design used for construction of the hollow-core panels resembled common self-

consolidating concrete (SCC) mix designs used in precast plants for the fabrication of these 

structural members. Various precast companies, including Oldcastle Infrastructure, 

Forterra Structural Precast and Teton Prestress Concrete, were consulted to develop the 

most appropriate mix design. Based on their experience with similar structures, a mix 

design with a target 28-day concrete compressive strength of approximately 7,000 psi was 

suggested. The control mix developed for the precast hollow-core model followed the 

guidelines presented in the American Concrete Institute (ACI) Standard Practice for Selecting 

Proportions for Normal, Heavyweight, and Mass Concrete (ACI 211.1-91) Absolute Volume 

Method of Concrete Mix Design.  

Table 25 presents the CIP mix quantities used, along with material specifications. The 

concrete mix used for this project was produced in-house.    

Table 25 - Control Mix Material Quantities and Specifications of Precast Members 

Material 
Quantity per  

1 CY 

Quantity per  

1 ft3 
Specification Supplier 

Cement 729 lb 27 lb Type I/II Home Depot 

Fly Ash 183.2 lb 6.78 lb Type F 
Pocatello Ready 

Mix 

Coarse Sand 1,701 lb 63 lb 3/8” minus 
Idaho Rock and 

Sand 

Fine Pea Gravel 810 lb 30 lb ½” minus 
Idaho Rock and 

Sand 
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Material 
Quantity per  

1 CY 

Quantity per  

1 ft3 
Specification Supplier 

Water 364.5 lb 13.5 lb - - 

High-Range 

Water Reducing 

(HRWR) Agent 

10.4 fl. oz/cwt 10.4 fl. oz/cwt 
MasterGlenium 

1466 

Master Builder 

Solutions 

 

Production of the seven hollow-core panels and two footings necessitated approximately 

26 cubic feet of SCC concrete. The sequence of concrete placement included: 

1. Weighing the mix material (cement, fly ash, sand, gravel, water and HRWR) 

separately using buckets to produce the necessary batch (Figure 83 left); 

2. Using an electric concrete mixer to blend in all materials necessary to produce the 

SCC mix (Figure 83 right); 

3. Filling the panel and footing forms; 

4. Vibrating the concrete in the footings and panels using an electric concrete 

vibrator; 

5. Finishing the surface by means of a trowel; and 

6. Placing wet burlap and plastic on the free face of each form; 
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Figure 83 - Weighing of material for SSC mix (left) and blending all components together (right)  

4.3.2.2. Concrete for Trapezoid Prism 

The same trapezoid prism erected to perform Tests No. 3, 4 and 5 for the CIP model was 

reutilized for Tests No. 2 and 3 of the hollow-core model. Refer to Section 3.4.2.2 for 

trapezoid prism construction procedures.  

4.3.2.3. Grout for Hollow-Core Connections 

To provide an arch-like geometry, the hollow core segments were connected at 30º angle 

between the top segment and the adjacent east and west sections, and at a 60º angle 

between the east and west adjacent sections and the bottom segments. To f ill the spaces 

left between adjacent panels, Sika grout 328 was used. This product was selected based on 

its high performance, non-shrink and extended working time capabilities. Refer to 

Appendix D – Concrete and Grout Mix Designs for mix composition and product 

specifications. Approximately 225 pounds of mix material, yielding about 1.04 ft3, were 

used. The following presents the concrete mixing and placing procedures carried out to 

fill the connections between adjacent members.  
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1. Placed a third of the first 50 lb grout mix into a bucket; 

2. Added approximately 2.4 quarts of water to the mix; 

3. Blended the material until a flowable and smooth texture was achieved; 

4. Placed the grout into the space between the east footing and the adjacent hollow-

core panel; 

5. Vibrated the concrete inside the form by means of a tamping rod; 

6. Used a mallet to hit the sides of the forms;  

7. Repeated steps 1 to 6 until the all connections were filled; 

8. Placed a wet burlap on the upper face and covered the model with plastic. 

Once the connections were filled, the structure was allowed to cure for two days, before 

removing the forms. Figure 84 presents the cured hollow-core model.  

 

Figure 84 - Cured hollow-core model 

4.3.2.4. Concrete/Grout Sample Casting 

4.3.2.4.1. Cylinder Casting 

Cylinder casting for this model followed the procedures presented in Section 3.4.3 of 

this report. For this project, SCC test specimens consisted of either 4-inch diameter, 
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8-inch tall concrete cylinders casted using Gilson steel molds; or 6-inch diameter, 12-

inch tall concrete cylinders casted using Gilson plastic molds. A total of 15 4- by 8-

inch cylinders and four 6- by 12-inch cylinders were made during the SCC concrete 

placement. As was done with the CIP cylinders, the SCC concrete cylinders were cured, 

after 24 hours of placement, in a water bath. 

4.3.2.4.2. Cube Casting 

In order to test and obtain the compressive strength of the Sika 328 grout at different 

time periods, cube test specimens were casted at the time of grout placement and were 

later cured under controlled laboratory conditions. Casting and curing of the test 

specimens were performed in accordance with ASTM C109/C109M-20b, Standard Test 

Method for Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or [50 mm] Cube 

Specimens) (ASTM International, 2020) requirements. The following presents a 

summary of the steps completed for cube casting and subsequent test specimen curing: 

1. Placed the molds on a rigid surface free from vibration and other disturbances;  

2. Applied a thin coating of WD40 to the interior faces of the mold and base 

plates; 

3. Placed the first layer of grout in the mold using a scoop (filled to approximately 

1/2 of the height); 

4. Tamped the grout in each cube compartment 32 times using a rectangular 

tamper; 
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Figure 85 - Order of Tamping in Molding of Test Specimens (ASTM 

International, 2020) 

5. Placed the second layer of grout in the mold using a scoop (filled to top); 

6. Repeated step 4 for the second layer; 

7. Stroke off the surface of the grout with a trowel to obtain a level finish; 

8. Placed the top cover on the mold and secured the assembly by means of screws; 

9. Left casted cubes in an undisturbed area for the next 24 hours; 

10. After 24 hours removed cubes from the mold, marked and placed the samples 

in a water bath cure. 

For this project, a total of six grout cubes were casted.  

4.3.3. Soil Backfill and Geotextile 

As was done with the CIP model, the hollow-core model was backfilled with medium sand to a 

height of 50 inches, with coarse sand from the top of culvert to a height of 62 inches on either 

side of the top segment, and with ¾-inch road base/concrete trapezoid prism with coarse sand 

from the top segment to 62 inches directly above. To prevent migration of fines between the 

medium sand, coarse sand, and ¾-inch road base layers, a separation geotextile was placed at the 

interface between the soil units. The medium sand, coarse sand and ¾-inch road base material 
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used to backfill the CIP model was the reutilized for the hollow-core model. See Sections 3.4.4.1, 

3.4.4.2, and 3.4.4.4 for additional soil information. In addition, the same type of geotextile material 

was used for the hollow-core model. Refer to Section 3.4.4.5 of this report for further geotextile 

information. In addition, Section 3.4.4.6 provides additional backfilling details. It is important to 

note that, for the hollow-core model, pea gravel was not used as backfill material on top of the 

upper panel. Instead, ¾-inch road base/trapezoid prism with coarse sand was placed at that 

location to conduct Tests. No. 1 and 2, respectively.   

Figure 86 presents backfilling activities and geotextile placement achieved for the hollow-core 

model.  

 

Figure 86 - Backfilling activities of medium sand (left) and geotextile placement (right)  

4.3.4. Material Testing 

To verify the parameters used in the hollow-core FEM analysis, material testing was also 

performed on the members/components utilized in the hollow-core model. The following 

sections present the laboratory and field testing performed for this portion of the project.  
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4.3.4.1.      Laboratory Testing 

4.3.4.1.1. Concrete Compression Test and Unit Weight Determination 

Determination of the compressive strength and unit weight of cylindrical SCC 

specimens followed the guidelines presented in ASTM C39/C39M-20, Standard Test 

Method for Compressive Strength of Cylindrical Concrete Specimens (ASTM International, 

2020). Refer to Section 3.4.5.1.1 for compression testing procedures.  

4.3.4.1.2. Grout Compression Test and Unit Weight Determination 

Determination of the compressive strength and unit weight of grout cube specimens 

followed the guidelines presented in ASTM C109/C109M-20b, Standard Test Method for 

Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or [50 mm] Cube Specimens) 

(ASTM International, 2020). 2-inch by 2-inch by 2-inch cubes were used to determine 

the compressive strength of the grout used in the connections between hollow-core 

panels and the footings at the time of culvert testing (approximately 10, 11 and 15 days 

after placement). Compression testing was done by means of a Gilson Compression 

Testing Machine and used a steel member to raise the cubes to the appropriate heights. 

Figure 87  below presents the equipment used to perform grout compression testing.  
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Figure 87 – Equipment used for compression testing of grout cubes 

A summary of the grout compression testing procedure is presented below:  

11. Removed specimen from water bath; 

12. Removed sand grains and any other incrustations from the faces of the test 

specimen; 

13. Measured and recorded the length, width and height of the cube, for volume 

calculations; 

14. Weighed the cube and recorded its mass for density (unit weight) calculations; 

15. Placed the cube on the steel pedestal with the casting face facing the front; 

16. Aligned the axis of the specimen with the center of thrust of the spherically seated 

block; 

17. Zeroed the testing machine prior to testing of the specimen; 
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18. Applied the load continuously at an approximate rate of 400 lb/s until the load 

indicator showed that the load was decreasing steadily and the specimen displayed 

a well-defined fracture pattern; 

19. Recorded the maximum load carried by the specimen during the test; and 

20. Retracted the loading surface and removed the broken specimen. 

4.3.4.1.3. Modulus of Elasticity and Poisson’s Ratio Test 

A modulus of elasticity and Poisson’s Ratio test was performed on one of the SCC 

cylindrical specimens casted. To perform this test, guidelines set forth in ASTM 

C469/C469M-14, Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of 

Concrete in Compression (ASTM International , 2014) were followed. See Section 3.4.5.1.1 

for modulus of elasticity/Poisson’s ratio procedures. 

4.3.4.1.4. Sieve Analysis Tests  

The medium sand, coarse sand and ¾-inch road base soils used to backfill around the 

CIP culvert were reused to backfill around the hollow-core structure. As such, the 

sieve analysis tests presented in Section 3.4.5.1.3 as well as the results presented in 

Section 3.5.2.3 are applicable to this model. Sieve analysis determinations followed the 

guidelines presented in ASTM C136/C136M-19, Standard Test Method for Sieve Analysis 

of Fine and Coarse Aggregates (ASTM International, 2019).  

4.3.4.1.5. Proctor Compaction Tests 

As was the case with the sieve analysis determinations, the proctor compaction tests 

performed as part of the CIP tests were used to determine the relationship between 

dry density and moisture content for the hollow-core model since the same soil 
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materials were used to backfill around both culvert structures. Refer to Section 

3.4.5.1.4 for additional standard proctor procedures.  

4.3.4.2. In-Situ Testing 

4.3.4.2.1. Moisture Content Test 

Moisture content tests were carried out after moisture conditioning of the backfill 

material had been performed to determine the water content of the which the soil was 

being compacted. Moisture content tests followed the guidelines presented in ASTM 

D2216-19, Standard Test Method for Laboratory Determination of Water (Moisture) Content of 

Soil and Rock by Mass (ASTM International, 2019). Procedures presented in Section 

3.4.5.2.1 of this report were the same steps followed for this portion of the project.  

4.3.4.2.2. Density of Compacted Medium Sand and Pea Gravel 

As was done for the CIP model, to determine the density of the compacted medium 

sand (top segment) and ¾-inch road base, measurements of specific backfill locations 

were taken and the weight of the material placed at these locations were recorded. 

Refer to Section 3.4.5.2.2 of this report for density determination procedures.  

4.3.5. Experimental Testing of CIP Culvert Model 

Experimental testing of hollow-core model was performed to obtain real-life structure responses 

of an assembled precast concrete culvert under applied compressive forces. Information obtained 

from this test aided in assessing if such a structure would be able to sustain a design compressive 

load of 9.03 kips (half-scale equivalent of a 16-kip wheel load with applied load combination) 

without undergoing any failure. In addition, the model behavior obtained from this model was 

compared to that obtained during experimental testing of the CIP model to evaluate the 
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similarities and differences between the two systems. The following sections present the test setup, 

loading procedure and crack monitoring activities performed during experimental testing.  

4.3.5.1.  Test Setup 

4.3.5.1.1. Loading Equipment 

This model used the same loading setup and equipment that was used for experimental 

testing of the CIP model. In fact, the reaction frame and base frame were not removed 

from the testing area between tests. See Section 3.4.6.1.1 for loading equipment 

information.  

4.3.5.1.2. Instrumentation 

To obtain load, displacement and strain data at equivalent locations as those of the 

CIP model, the same set of instruments were utilized during experimental testing of 

the hollow-core model. Data obtained from these instruments was also used to 

calibrate the FEM model developed for the hollow-core culvert. Refer to Section 

3.4.6.1.2 for additional instrument information. Note that, for the hollow-core model, 

the 18 linear potentiometers were used to record displacements for the first and second 

rounds of testing. For Test No. 3, eight of the inner linear potentiometers were 

removed, leaving only the center potentiometer in place, since the structure was going 

to be taken to failure and potential collapse of the panels could have occurred. In 

addition, the two sets of three linear potentiometers positioned at the northeast and 

southwest corners were removed since no major movement was anticipated to occur 

at these locations as the soil was removed from within the model for this round of 

testing.  In addition, and as was done for the last round of testing of the CIP model, 



192 

LS1 was repositioned and mounted on the north (center) wall to monitor outward or 

inward movement of the soil box.  

4.3.5.1.3. Data Acquisition System  

All instrumentation used for compression testing of the hollow-core model was linked 

to the LoggerNet 4.5 DAQ which aided in collecting experimental data. The two 

sensor cards used for testing of the CIP model, namely CR6-1 and CDM-1, were also 

used for this model. In fact, the channels to which each instrument was wired to 

matched the channels used for testing of the previous model. A scan rate of of 4 

samples per second was also employed for this model. Refer to Section 3.4.6.1.3 of 

this report for additional DAQ information.  

4.3.5.2. Loading Procedure 

Since the actuator used for testing was displacement-based, the loading procedure program 

was based on displacement increments instead of load increments. As was done with the 

previous model, 0.02 inches of displacement were advanced per step. Displacement 

increments were run back to back, when needed, to achieve an approximate 500 to 700-

pound increase in load, before observations were made. This displacement loading 

procedure was maintained throughout all rounds of testing and followed a linear increasing 

scheme for the majority of tests. This meant that the model was not unloaded and reloaded 

between steps but rather, it was loaded, the load was held during observation time, and 

then increased again based on the next displacement increment. This was done for Tests 

No. 1 and 3. However, for Test No. 2, the model was loaded in displacement increments 

up to a load of approximately 6,500 lb and then completely unloaded. The model was then 

reloaded continually (by running 4 displacement steps at once) to achieve a similar load, 
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and then continued the regular displacement loading procedure explained above. The 

purpose behind the loading, unloading, and reloading activities was to assess how the load 

and displacements recorded at TCY2 were being affected by the displacement steps during 

testing.  loading conclusions on how displacement steps. The following subsections 

provide a summary of the procedures conducted for each test.   

4.3.5.2.1. Test Number 1 – ¾-inch Road Base Backfill 

The first model tested used 12 inches of ¾-inch road base as cover material between 

the upper concrete segment and the loading plate. Figure 88 presents a schematic of 

Test No. 1. 

 

Figure 88 - Schematic Test No. 1 Hollow-Core Model 

Testing of this model occurred on November 4th, 2020 and took approximately 18 

minutes to complete. A total of 30 displacement steps were driven to carry out this 

test, with a resulting overall actuator elongation of approximately 0.58 inches (0.02 

inches per step).  

For this test, various displacement steps were needed to achieve the desired 500-pound 

increments. From the start to a load of approximately 1,670, about 3 displacement 

increments were driven to achieve the chosen load increment. After a load of 
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approximately 1,200 pounds, the model required 12 displacement steps to get to the 

next 500 pounds. This soil was capable withstanding a maximum load of 2,050 pounds 

before experiencing a punching failure.  

4.3.5.2.2. Test Number 2 – Concrete Trapezoid Prism with Coarse Sand Backfill 

In an effort to utilize a mechanism capable of transferring the entirety of the test load 

(9.03 kips) to the culvert structure without failing, while preserving the 12-inch cover 

principle, the concrete trapezoid prism constructed for testing of the CIP model was 

reused. By using concrete, the stiffness of the system was greatly increased, and the 

load transferring capabilities were enhanced. This system replicated an extreme loading 

condition in which the structure was immediately loaded as would be the case if a truck 

was travelling directly on top of the culvert. In addition, to provide confinement to the 

newly added structure, coarse sand was placed and compacted around it. Figure 89 

presents a schematic of Test No. 2. 

 

Figure 89 - Schematic Test No. 2 Hollow-Core Model 

Testing of this model occurred on November 5th, 2020 and was done in two parts. Test 

No. 2A entailed loading the model up to approximately 6,500 pounds in four 

displacement steps and then unloading the specimen. Test 2B consisted of loading the 
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first four displacement increments at once, and then continuing with a one 

displacement step increment up to a load of approximately 14,500 pounds. For Test 

No. 2A a total of four displacement steps were driven which took approximately 10 

minutes to complete. For Test No. 2B a total of 14 load steps were driven during 

testing which resulted in an overall actuator elongation of approximately 0.28 inches. 

Due to the stiffness of the load transferring mechanism, load increments of about 

1,000 pounds were achieved per displacement step for Test No. 2B up to a load of 

12,000 pounds. Between 12,000 pounds and the end of testing, or a load of 13,600 

pounds, the loads between displacement steps varied between 300 and 800 pounds. 

4.3.5.2.3. Test Number 3 – Concrete Trapezoid Prism with No Soil Backfill 

To evaluate the capacity of the hollow-core culvert without the aid of the backfill soil, 

which ultimately puts the structure in a compression state and increases to some extent 

it’s capacity, all backfill material was removed from the top and sides. Only the medium 

sand, placed from the base to the top of footing elevation, was left in place. As with 

Test No. 2, the concrete trapezoid prism was used as the load dissipating mechanism 

which ultimately represented an extreme loading condition which transferred the load 

to the structure instantly. Figure 90 presents a schematic of Test No. 3. 
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Figure 90 - Schematic Test No. 3 Hollow-Core Model 

Testing of this model occurred on November 9th, 2020 and took approximately 37 

minutes to complete. A total of 40 load steps were driven during testing which resulted 

in an overall actuator elongation of approximately 0.8 inches. Test No. 3 was carried 

out until shear failure of the structure was achieved. 

4.3.5.3. Crack Monitoring 

The same crack monitoring procedures as those described in Section 3.4.6.3 of this report 

were carried out during experimental testing of the hollow-core model. For the upper 

portion of the structure, crack monitoring of tests number 1 and 2 was performed once 

all soil was removed from the sides of the structure on November 6th, 2020. For test 

number 3, crack monitoring was performed once the test was finalized and the structure 

was unloaded. For the front and back faces of the culvert, crack monitoring was only 

possible after all rounds of testing were performed and the retaining walls were 

unmounted. Although not ideal, cracks observed during this stage were able to be 

correlated to specific rounds of testing.     
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4.4. Results 

4.4.1. Introduction 

This section presents the laboratory and in-place test results of all testing performed on the 

structural and soil components of the hollow-core model, as well as the experimental test results 

of the compression testing carried out on the hollow-core model as a whole. Material properties 

obtained from laboratory and in-place testing were used as input parameters in the finite element 

analysis model for the hollow-core culvert. In addition, experimental compression test results 

were used to calibrate the FEM model.    

4.4.2. Laboratory Test Results  

4.4.2.1.  Concrete Compression Test Results and Unit Weight Determinations 

Compression testing of SCC concrete cylinders was performed at 32-days and on the days 

of testing of the hollow-core model to evaluate the structure’s strength at each stage. As 

was done with the CIP cylinders, compressive strengths of the SCC cylinders were 

calculated by dividing the maximum compressive load of each by the average cross-

sectional area. Refer to Section 3.5.2.1 of this report for the equations used.  

Table 26 presents the results of the SCC compression tests and the unit weight 

determinations. Refer to Appendix E – Laboratory Test Results for additional test data.  
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Table 26 - Compressive Strength and Unit Weight of SCC Cylinders 

Specimen 

No. 

Cross-

Sectional 

Area (in2) 

Volume 

(in3)  

Weight 

(lb) 

Max. 

Load 

(lb) 

Compressive 

Strength 

(psi) 

Unit 

Weight 

(pcf) 

Age 

HCPC-4A 12.606 100.568 8.0695 87,855 6,979 138.65 32-day  

HCPC-3A  12.372 98.467 8.3110 100,3901 8,114 145.85 89-day  

HCPC-1A 12.260 98.725 8.3525 100,2901 8,180 146.34 90-day  

HCPC-3B 12.519 100.154 8.2305 105,840 8,454 142.00 94-day 

1. Testing of HCPC-3, HCPC-1 was stopped when a load of approximately 100,000 pounds was achieved for safety 
reasons. These cylinders did not experience failure during testing.  

 

Based on the above test results, and as is expected with concrete, the test specimens 

showed an increase in strength with time. A gain of approximately 1,201 psi was evinced 

between the 32-day and 90-day tests. On average, the compressive strength of the concrete 

during testing was of 8,250 psi. Additionally, all test results demonstrated that the target 

compressive strength of the mix (7,000 psi) was achieved and surpassed by approximately 

16-20% between the 89- and 94-day tests.  

4.4.2.2. Grout Compression Test Results and Unit Weight Determinations 

Compression testing of grout cubes was performed at on the days of testing of the hollow-

core model to evaluate the connection’s strength at each stage. As was done with the CIP 

and hollow-core cylinders, compressive strengths of the grout cubes were calculated by 

dividing the maximum compressive load of each by the average cross-sectional area.  

Table 27 presents the results of the SCC compression tests and the unit weight 

determinations. Refer to Appendix E – Laboratory Test Results for additional test data.  
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Table 27 - Compressive Strength and Unit Weight of Grout Cubes 

Specimen 

No. 

Cross-

Sectional 

Area (in2) 

Volume 

(in3)  

Weight 

(lb) 

Max. 

Load 

(lb) 

Compressive 

Strength 

(psi) 

Unit 

Weight 

(pcf) 

Age 

GRT-1 4.250 8.500 0.680 26,560 6,249 138.24 9-day 

GRT-4 4.256 8.248 0.668 32,725 7,689 139.95 9-day 

GRT-2 4.118 8.496 0.682 29,765 7,228 138.71 10-day 

GRT-5 4.250 8.237 0.664 29,560 6,955 139.20 10-day 

GRT-3 4.080 8.132 0.666 38,850 9,512 141.52 14-day 

GRT-6 4.058 8.092 0.656 38,645 9,523 139.99 14-day 

 

On average, the compressive strength of the cubes during testing was of 7,859 psi. This 

value, compared to the compressive strength of the SSC concrete during testing was 

approximately 391 psi or 5% lower. However, for Tests No. 1 and 2, the difference 

between the SCC and grout compressive strengths was approximately 1,118 or 14%. 

4.4.2.3. Modulus of Elasticity and Poisson’s Ratio Test Results 

In order to determine the modulus of elasticity and Poisson’s ratio of the CIP concrete, 

an ASTM C469 test was performed. A total of three loading cycles were conducted on 

specimen HCPC-4B to obtain the load, longitudinal and transverse deflections. 

Calculations of the vertical and horizontal deformations as well as the modulus of elasticity 

and Poisson’s ratio used the equations presented in Section 3.5.2.2 of this report.   

Test results and the calculated parameters are presented in Table 28 and  

Table 29.   
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Table 28 - Modulus of Elasticity and Poisson's Ratio Test Results of SSC Specimen 

Test 

No. 

Load 

(lb) 

Vertical 

Deflection 

(in) 

Horizontal 

Deflection (in) 

Long. Specimen 

Deformation (in) 

Trans. Specimen 

Deformation (in) 

1 

2,700 0.00026 0.00000 0.000129 0.000000 

10,000 0.00170 0.00035 0.000837 0.000151 

20,000 0.00415 0.00075 0.002044 0.000324 

30,000 0.00690 0.00110 0.003398 0.000476 

35,000 0.00800 0.00135 0.003939 0.000584 

2 

2,300 0.00026 0.00000 0.000129 0.000000 

10,000 0.00210 0.00020 0.001034 0.000086 

20,000 0.00450 0.00045 0.002216 0.000195 

30,000 0.00670 0.00800 0.003299 0.000346 

35,000 0.00775 0.00110 0.003816 0.000476 

3 

2,300 0.00026 0.00000 0.000129 0.000000 

10,000 0.00210 0.00015 0.001034 0.000065 

20,000 0.00440 0.00060 0.002167 0.000259 

30,000 0.00690 0.00110 0.003398 0.000476 

35,000 0.00810 0.00140 0.003989 0.000605 

 

Table 29 – SCC Modulus of Elasticity and Poisson's Ratio Determinations  

Test 

No. 
Stress (psi) 

Long. Strain 

(in/in) 

Trans. Strain 

(in/in) 

Modulus of 

Elasticity, E (psi) 

Poisson's 

Ratio, µ 

1 

S1 = 216 ε1 =  1.62E-05 εt1 =  0.00E+00 

5.41E+06 0.31 

S3 = 799 ε3 = 1.05E-04 εt3 = 3.79E-05 

S4 = 1,598 ε4 = 2.56E-04 εt4 = 8.12E-05 

S5 = 2,397 ε5 = 4.26E-04 εt4 = 1.19E-04 

S2 = 2,796 ε2 = 4.93E-04 εt2 = 1.46E-04 

2 

S1 = 184 ε1 =  1.62E-05 εt1 =  0.00E+00 

5.66E+06 0.26 

S3 = 799 ε3 = 1.30E-04 εt3 = 2.17E-05 

S4 = 1,598 ε4 = 2.78E-04 εt4 = 4.87E-05 

S5 = 2,397 ε5 = 4.13E-04 εt4 = 8.67E-05 

S2 = 2,796 ε2 = 4.78E-04 εt2 = 1.19E-04 

3 

S1 = 184 ε1 =  1.62E-05 εt1 =  0.00E+00 

5.40E+06 0.31 
S3 = 799 ε3 = 1.30E-04 εt3 = 1.63E-05 

S4 = 1,598 ε4 = 2.71E-04 εt4 = 6.50E-05 

S5 = 2,397 ε5 = 4.26E-04 εt4 = 1.19E-04 
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Test 

No. 
Stress (psi) 

Long. Strain 

(in/in) 

Trans. Strain 

(in/in) 

Modulus of 

Elasticity, E (psi) 

Poisson's 

Ratio, µ 

S2 = 2,796 ε2 = 5.00E-04 εt2 = 1.52E-04 

 

Figure 91 presents the relationship between the stress and longitudinal strain for the three 

load increments performed on the HCPC-4 specimen.  

 

Figure 91 - Stress vs. Strain Relationship of CIP Concrete Test Specimen 

Based on the above graph, testing was only performed in the linear elastic portion of the 

material. Since the proportional limit was not reached in any of the tests, the test specimen 

was able to return to its original state upon load removal and no permanent deformation 

was experienced between each consecutive test. Test results for each load cycle appear to 

follow similar paths and have comparable longitudinal strains for the different load 

increments. Since test results evinced low variability, the modulus of elasticity and 
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Poisson’s ratio of the test specimen was taken as the average of the three load cycles. 

Namely, E = 5.49 × 106 psi and µ= 0.29. The modulus of elasticity test result appears to 

lie within published E ranges for concrete which generally include 2 × 106 to 6 × 106 psi 

values. However, the Poisson’s ratio value appears to be slightly higher than the µ  

published values which generally range between 0.1 to 0.2.  

4.4.2.4. Sieve Analysis Test Results 

Since the backfill soil used for this model was the same soil used for the CIP model, the 

sieve analyses tests performed for these materials and presented in Section 3.5.2.3 are 

applicable to this portion of the project.   

4.4.2.5. Proctor Compaction Test Results 

As was the case with the sieve analysis results, the proctor compaction test results 

presented in Section 3.5.2.4 are applicable to this portion of the project. 

4.4.3. In-Situ Test Results  

4.4.3.1.  Moisture Content Test Results 

To determine the water content of the backfill soil immediately after moisture conditioning 

activities were achieved, moisture content tests were performed. Equation 29, presented 

in Section 3.5.3.1. of this report, was the moisture content formula utilized to determine 

the water percentage  Table 30, Table 31, and Table 32 provide the calculated water 

contents of the medium sand, coarse sand, and ¾-inch road base backfill material.  
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 Table 30 - Moisture Content of Medium Sand 

Test No. Location State Moisture (%) Date 

1 

1 ft above bottom of 

footing elevation, 

right side 

Moisturized 6.44 10/29/2020 

2 

1 ft above bottom of 

footing elevation, left 

side  

Moisturized 4.52 10/29/2020 

5 

At top segment 

elevation (53 inches), 

right side 

Moisturized 4.50 11/02/2020 

6 

At top segment 

elevation (53 inches), 

left side  

Moisturized 3.53 11/02/2020 

 

The results show that the upper layers had a decrease in moisture content with respect to 

the bottom layers of approximately 1.9% on the right side and 1.0% on the left side. 

Possible reasons for these differences could have been related to the lower moisture 

contents of the stored material within storage boxes and a decrease in added water to said 

storage boxes when moisture conditioning was taking place.  

Table 31 - Moisture Content of Coarse Sand 

Test No. Location State Moisture (%) Date 

1 
Top model elevation 

(65 inches), right side 
Moisturized  2.83 11/02/2020 

2 
Top model elevation 

(65 inches), left side 
Moisturized  2.53 11/02/2020 
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Based on the above results, the two moisture contents obtained for the right and left 

portion of the model appear to be comparable. However, the numbers appear to lie within 

the lower range based on the proctor compaction curve, presented in Figure 43.  

Table 32 - Moisture Content of ¾-inch Road Base  

Test No. Location State Moisture (%) Date 

1 

Top model elevation 

(65 inches), above 

upper concrete 

segment 

Moisturized  3.99 11/02/2020 

 

Based on the proctor compaction curve for this soil unit, the moisture content values laid 

on the left portion of the graph and represented a dry density, under standard compaction 

efforts, of approximately 125 pcf.  

4.4.3.2.  Density of Compacted Medium Sand and ¾-inch Road Base Results 

Density determinations of the top section of the compacted medium sand (east and west 

locations) and ¾-inch road base were achieved by means of volume calculations and mass 

data obtained during backfilling activities. The following table presents the backfill area 

dimensions as well as the total mass of material used and its corresponding wet density.  

Table 33 - Density of Compacted Medium Sand and ¾-inch Road Base  

Material Location 
Total 

Volume (ft3) 

Total Mass 

(lb) 

Wet Density 

(pcf)  

Dry Density 

(pcf) 

Medium Sand 
Right – from 

38.4” to 53” high  
17.93 2,016.8 112.5 107.71 

Medium Sand 
Left - from 36.4” 

to 53” high 
20.63 2,212.6 107.3 103.62 
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Material Location 
Total 

Volume (ft3) 

Total Mass 

(lb) 

Wet Density 

(pcf)  

Dry Density 

(pcf) 

¾-inch Road 

Base  

Middle – from 

53” to 65” high 
5.49 725.1 132.1 127.03 

4. Dry density calculated based on a moisture content of 4.5% obtained as part of moisture density 
determinations. 

5. Dry density calculated based on a moisture content of 3.53% obtained as part of moisture density 
determinations. 

6. Dry density calculated based on a moisture content of 3.99% obtained as part of moisture density 
determinations. 
 

Based on the dry density values presented in Table 33 and the proctor compaction curve 

for the medium sand (Figure 42), the right and left locations appear to have been 

compacted to approximately 96.2% and 92.5% of the maximum dry density, respectively. 

These density values translate to an approximate percent relative density of 62 (medium 

dense) for the right medium sand and 55 (medium dense) for the left medium sand based 

on the Representative Values of Relative Density correlation chart developed by McCarthy and 

presented as Table 4-3 on the Essentials of Soil Mechanics and Foundations, Basic Geotechnics 

book (McCarthy, Representative Values of Relative Density, 2007).  

The ¾-inch road base appears to have been compacted to approximately 92.8% of the 

maximum dry density, based on the proctor curve, and have a percent relative density of 

82 (dense) according to the correlation chart. All values obtained from this correlation 

chart were calculated based on linear interpolation. Refer to Appendix H – Correlation 

Charts for the Representative Values of Relative Density correlation chart used. 

4.4.4. Experimental Test Results 

To obtain structure responses of the hollow-core structure under compression loading, 

experimental testing was performed. A total of three tests were performed on the hollow-core 

model. During testing, the instrumentation mounted on the models recorded vertical 
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displacements and strains of the inner face of the upper segment, horizontal displacements of the 

inner faces of the foundations, outward deflection of the box (z-direction), displacements in the 

x-, y-, and z-directions of the southwest and northeast corners of the soil box for 

toppling/expansion effects, and vertical deflections of the beam and actuator. The following 

sections present the results obtained from each round of testing.  

4.4.4.1. Test Number 1 – ¾-inch Road Base Backfill 

Refer to Figure 88 for the model schematic of this test. Testing of this model was 

performed until the ¾-inch road base backfill material could not hold any additional load 

with increases in actuator displacements and complete bearing failure was experienced, as 

was the case with Tests No. 1 and 2 of the CIP model. During testing of the ¾-inch road 

base model a total of 30 displacement steps were driven by the actuator which resulted in 

an approximate vertical movement of the loading plate of -0.5596 inches.  

This test evinced significant creep effects after each displacement step was applied. This 

behavior was likely the result of the punching/bearing failure that was occurring within 

the soil mass as loading was applied and the consequential side displacement of soil 

particles. From approximately 13:08 the material was unable to sustain any additional 

loading with increases in actuator displacement. This was the result of the punching failure 

that occurred within the backfill soil after reaching a maximum load of approximately 

2,070 pounds.  

Additionally, deflections of all linear potentiometers were observed to follow a linear 

pattern during testing. For this test, the center potentiometer recorded the highest 

deflection with a value of approximately -0.00319 inches. The east and west 
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potentiometers recorded maximum displacements of approximately -0.002 inches and -

0.00249 inches, respectively. No cracks were observed.  

Figure 92 presents the load & displacement vs. time relationships observed during the 

second round of testing of the CIP model. 

 

Figure 92 - Load & Displacement vs. Time Hollow Core Model - Test No. 1 

Figure 93 presents the load vs. displacement relationship obtained at the centroid of the 

upper concrete segment (TCY2). This graph evinces a mostly linear relationship 

throughout the test duration. This suggests that the hollow-core structure remained within 

the linear elastic range and no permanent deformation was imposed on the structure. 
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Based on the test results, the maximum loading experienced by the system was 

approximately 2,070 pounds which resulted in a displacement of the upper concrete panel 

of approximately -0.00321 inches.  

 

 

Figure 93 - Load vs. Vertical Displacement Relationship of Upper Hollow-Core Segment at 

Centroid – Test No. 1 

4.4.4.2. Test Number 2 – Concrete Trapezoid Prism and Coarse Sand Backfill 
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loading condition in which the structure was immediately loaded as would be the case if a 

truck was travelling directly on top of the culvert. Refer to Figure 89 for the model 

schematic of this test. 

Testing of this model was performed in two parts: part A included loading the model up 

to a load of approximately 6,500 pounds in four displacement steps and then unloading 

the specimen; and part B entailed loading the first four displacement increments at once, 

and then continuing with a one displacement step increment up to a load of approximately 

14,500 pounds was achieved. This represented approximately 1.6 times the load that the 

model was intended to sustain.  

For this test, a total of four displacement steps were driven for part A and 14 displacements 

steps for part B. This resulted in an approximate vertical movement of the loading plate 

of -0.23955 inches. Test No. 2a was used to assess the lag observed between maximum 

load and maximum displacement achieved by the model; and correlate that lag with the 

load and displacement achieved at the beginning of testing of Test No. 2b. Figure 94 

present the load & displacement vs. time relationships observed during Tests No. 2a for 

the hollow-core model.  
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Figure 94 - Load vs. Time Hollow-Core Model Test No. 2A 

Figure 95 present the load & displacement vs. time relationships observed during Tests 

No. 2b for the hollow-core model.  

During Test No. 2B creep effects were not as evident during this round of testing as 

compared to Tests. No. 1. This may be the result of an increase in stiffness of the load 

distribution material used for testing (concrete vs. soil). On this same note, displacement 

steps yielded much higher load increments than the previous tests conducted. For this test 

a maximum load of approximately 14,500 pounds was imposed into the system.   

In addition, deflections of all linear potentiometers for Test No. 2B were observed to 
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and TCY2 followed a similar pattern; however, after this time, TCY1 appeared to 

experience much higher increases in displacement with time. This was likely the result of 

the crack that was observed to form after the 6 th displacement step was driven. For this 

test, the west potentiometer recorded the highest deflection with a value of approximately 

-0.224 inches. The center and west potentiometers recorded maximum displacements of 

approximately -0.160 inches and -0.0927 inches, respectively.  

 

Figure 95 - Load & Displacement vs. Time Hollow-Core Model Test No. 2B 

Figure 96 presents the load vs. displacement relationship obtained at the centroid of the 

upper concrete segment (TCY2) throughout Test No. 2B. This graph evinces a mostly 

linear relationship up to a load of approximately 8,000 pounds (yield strength). From a 
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load of 8,000 pounds onward, the structure appears to be within the strain hardening state, 

and permanent deformation of the structure is anticipated to have developed. The ultimate 

strength of the structure appears to have been reached at a load of 14,560 pounds 

corresponding to a deflection of -0.1353 inches. Based on the test results, the maximum 

displacement experienced by the system was of approximately -0.1602 inches which was 

the result of a 13,700-pound applied load.  

 

Figure 96 - Load vs. Vertical Displacement Relationship of Upper Hollow-Core Segment at 

Centroid – Test No. 2B 

Cracking was observed to develop at a load of 9,600 pounds along the connection between 

the upper hollow-core panel and the west segment, more specifically between the grout 

and upper panel. This crack was observed to open 1/16- inch during testing. Upon 

removal of soil from the top and sides of the structure, the crack was observed to have 

-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

-0.18-0.16-0.14-0.12-0.10-0.08-0.06-0.04-0.020.000.02

L
o

ad
 (

lb
)

Displacement (in.)

Shear Crack Formed at Segment Interface



213 

extended through the thickness of the member, making it a shear crack. See Figure 97 and 

Figure 98 for crack location and extents.   

 

Figure 97 - Shear crack along top/west interface. Inner face view (east direction to the bottom of 

the photograph). 

 

Figure 98 - Shear crack along top/west interface. Top face view (east direction to the top of the 

photograph). 

Horizontal movement of the structure was monitored by a set of two linear potentiometers 

that were positioned in the inner face of the east and west foundations. Figure 99 shows 

the displacements obtained for each. Based on this graph, the east and west footings 

appear to have undergone horizontal deflections of approximately 0.0141 and 0.0271 

inches, respectively, during testing. The positive deflections obtained reflect outward 
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movement of the structure, meaning sliding was detected. The west face appears to have 

experienced almost double the deflection of the east face. This may be due to the shear 

crack that was observed to have developed along the top and upper west segments.  

Comparing the horizontal deflections obtained at the inner face of the footings against the 

vertical deflection obtained at the centroid of the upper segment results in an approximate 

outward movement of the east and west faces of 8.8% and 17% of the vertical 

displacement, respectively.  

 

Figure 99 – Load & Horizontal Displacement vs. Time of Inner Face of Footings – Test No. 3 

Strains in the x- and z-directions were also monitored by means of four linear 

potentiometers positioned along the north, south, east and west edges of the upper 
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the start of testing, the length of each potentiometer with it’s corresponding extension 

were measured. Strains were then obtained by dividing the initial length by the maximum 

and minimum changes in length recorded by the instrument. In general, instruments TNX, 

TEZ and TWZ did not evince any major changes in length throughout testing. In fact, 

data recorded for all three instruments appeared to lie between 0.001 inches and -0.001 

inches. TSX, however, did show a higher movement, with peaks in the positive and 

negative directions (extension and retraction).  

Table 34 below presents the strain results based on maximum (extension) and minimum 

(retraction) displacement values obtained during testing for each instrument.  

Table 34 - Strains of Upper Hollow-Core Panel 

Instrument 
Initial 

Length (in.) 

Change in Length (in.) Strain (in./in.) 

Max. Min. Max.  Min. 

TNX 15.4375 0.000808 NA 0.0000523 NA 

TSX 14.6875 0.0088 -0.0254 0.0005991 -0.0017294 

TEZ 15.4375 0.0000525 -0.0000525 0.0000034 -0.0000034 

TWZ 15.1250 NA -0.00105 NA -0.0000069 

 

The changes in length obtained during experimental testing appear to have been minimal. 

Based on the accuracy of the instruments used (0.001 inches), the values obtained may 

have been highly influenced by the sensitivity of each potentiometer. The only significant 

strains that appear to have developed during testing are those for the TSX instrument. 

However, the fluctuations observed between the positive and negative values, make the 

recorded displacements uncertain. 

Movement of the soil box walls was also monitored by means of two sets of three linear 

potentiometers located at the northeast and southwest corners of the model  (see Figure 
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32 for instrument locations). Figure 100 presents the displacements recorded in the x-

direction. Based on this diagram, the east and west footings appear to have undergone 

horizontal deflections of approximately 0.0141 and 0.0271 inches, respectively, during 

testing. The positive deflections obtained reflect outward movement of the structure, 

meaning sliding was detected. The west face appears to have experienced almost double 

the deflection of the east face. This may be due to the shear crack that was observed to 

have developed along the top and upper west segments.  

Comparing the horizontal deflections obtained at the inner face of the footings against the 

vertical deflection obtained at the centroid of the upper segment results in an approximate 

outward movement of the east and west faces of 8.8% and 17% of the vertical 

displacement, respectively.  

 

Figure 100 - Displacement of Soil Box in X-Direction – Hollow-Core Model 

-0.016

-0.014

-0.012

-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0
0
:0

0
.0

0
2
:5

2
.8

0
5
:4

5
.6

0
8
:3

8
.4

1
1
:3

1
.2

1
4
:2

4
.0

1
7
:1

6
.8

2
0
:0

9
.6

2
3
:0

2
.4

2
5
:5

5
.2

2
8
:4

8
.0

D
is

p
la

ce
m

en
t 

(i
n

.)

Time (minutes : seconds)

WOX (southwest
corner)



217 

Figure 101 presents the displacements recorded in the y-direction. Downward movement 

of the east and west walls were recorded by linear potentiometers TBNY and TBSY. The 

south portion of the west wall appears to have moved approximately 0.004 inches 

downward and the north portion of the east wall approximately 0.0003 inches downward. 

Detectable displacements at these locations started occurring after the first set of 

displacement steps were imposed on the model, for the southeast corner, and after an 

approximate 8,700 pounds compressive load was imposed on the model. Toppling effects 

do not seem to have occurred during testing.  

 

Figure 101 - Displacement of Soil Box in Y-Direction – Hollow-Core Model 

Figure 102 presents the displacements recorded in the z-direction. Movement of the north 
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an approximate displacement of -0.015 inches. The negative sign of this potentiometer 

indicates that the instrument was contracting and the wall was moving outward.  

 

Figure 102 - Displacement of Soil Box in Z-Direction – Hollow-Core Model 
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ultimate failure (collapse), only three linear potentiometers were left in place. One 

instrument was used to record vertical deflection at the centroid of the upper hollow-core 

panel, and the other two measured lateral deflection of the soil box at the north and south 

walls. For this test, a total of 40 displacement steps were driven by the actuator which 

resulted in an approximate vertical movement of the loading plate of -0.8032 inches.  

During this round of testing, residual displacement along the shear crack was evident after 

a load of approximately 3,500 pounds was reached. At this point, peaks were observed 

followed by a rapid decrease in load. The behavior was the result of the residual shear 

strength along the crack at the west interface (Test No. 2b). The arch remained on 

compression throughout the full load application. The maximum load obtained during this 

round of testing corresponded to a value of approximately 5,660 pounds.  

Additionally, deflections experienced by the upper hollow-core segment appear to 

correspond to the residual strength of the system. This is due to the fact that, during the 

second round of testing, the yield point of the system was reached (load of 14,560 lb) and 

permanent deformation of the structure occurred. For Test No. 3 total deflection of the 

center gauge was of approximately -0.711 inches.  

The following figure presents the load & displacement vs. time relationships observed 

during the third round of testing of the hollow-core model.  
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Figure 103 - Load & Displacement vs. Time Hollow-Core Model Test No. 3 

Figure 104 presents the load vs. displacement relationship obtained at the centroid of the 

upper concrete segment (TCY2) throughout Test No. 3. The load vs. displacement graph 

evinces a mostly linear relationship up to a load of approximately 3,530 pounds. From that 

load onward, the structure appears to be within the residual strength state. Based on the 

test results, the maximum load experienced by the system was of approximately 5,660 

pounds which resulted in a displacement of the upper concrete panel of -0.5234 inches.  
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Figure 104 - Load vs. Vertical Displacement Relationship of Upper Hollow-Core Segment at 

Centroid – Test No. 3 

During testing, the shear crack that had developed at interface between the west grout 

connection and the upper hollow-core segment during Test No. 2b, was observed to shift 

vertically. In other words, shear failure was observed to have developed at this location. 

At the end of testing, the west panel had moved vertically approximately 1.375 inches with 
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Figure 105 - Shear failure observed at interface between top hollow-core panel and west 

connecting grout. Side and top view. 

 

Figure 106 - Shear failure observed at interface between top hollow-core panel and west 

connecting grout. Bottom view. 

In addition, a moment crack developed between the upper and lower east panels at 

approximately at a load of approximately 5,270 lb. The crack extended along the full length 
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and thickness of the segment. At the end of testing, this crack had an opening of 

approximately 0.1875 inches. Figure 107 and Figure 108 below show the moment crack 

observed in the structure. 

 

Figure 107 - Moment crack observed at interface between top east and bottom east hollow-core 

panels at the connection grout. Top view. 

 

Figure 108 - Moment crack observed at interface between top east and bottom east hollow-core 

panels at the connection grout. Side view. 
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Movement of the north and south retaining walls was monitored by means of LS1 and LS2 

linear potentiometers. For this test, LS1 was relocated to the north (upper center) wall. 

Data recorded by LS1 and LS2 showed that wall movement was occurring towards the 

south. This is evinced by the positive displacements of LS1 (located on the north wall), 

meaning the instrument was undergoing elongation; and the negative displacements of LS2 

(located on the south wall) which corresponded to a contraction experienced by the 

potentiometer. Possible reasons for these results are likely related to the observed 

southward tilt of the hollow-core culvert observed during assembly and prior to the start 

of the test. Figure 109 presents the movement recorded for LS1 and LS2. 

 

Figure 109 - Displacement in Z-Direction of North and South Walls of Hollow-Core Model - 

Test No. 3 
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4.4.4.4. Comparison Hollow-Core Test Results 

In an effort to assess the similarities and differences in the hollow-core test results, 

specifically related to the centroid on the inner face of the upper concrete segment, the 

load vs. displacement graphs developed for all tests were compiled in one plot. Figure 110 

below presents said relationships. 

Based on this figure, the linear elastic region of Tests No. 1 and 2B appear to follow a 

similar path. Test No. 1 and 2B showed slightly more stiffness than Test No. 3 due to the 

compression state of the backfill soil around the structure (soil absent during Test No. 3). 

Additionally, considering Test No. 3 was likely run on the “residual strength” of the system 

since the ultimate strength of the model was reached at the end of Test No. 2, the stiffness 

of the structure was compromised. This can be seen by the shallower slope at the beginning 

of test and the rapid increase in deflection, from approximately 3,530 pounds to the end 

of testing, with minor increases in loading.  
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Figure 110 - Compilation of Load vs Displacement Data of TCY2 for all Rounds of Testing of 

Hollow-Core Model 

In an effort to compare the test results obtained from the CIP and hollow-core models 

and assess the similarities between select rounds of testing (soil cover and concrete 

trapezoid with backfill); Figure 111 and  Figure 112 were developed.  

In Figure 111, results obtained for Tests No. 1 and 2 of the CIP model were compared to 

those obtained for Test No. 1 of the hollow-core model since these were the tests that 

used backfill soil as the cover material. In general, all three tests showed similar linear 

elastic relationships with highly comparable slopes. Interestingly, Tests No. 1 of both 

models had almost identical load vs. displacement relationships even though the backfill 

material used differed (pea gravel for the CIP and ¾-inch road base for the hollow-core). 
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Test No. 2 of the CIP displayed a higher initial stiffness and a greater ultimate bearing 

capacity compared with the other tests, most likely because of the greater compactive state 

of the soil. The soil backfill above the hollow-core arch underwent a bearing failure at an 

axial load of roughly 2,100 pounds, which was much lower than in the CIP tests.     

 

Figure 111 - Comparison of Load vs Displacement Data of TCY2 for Test No. 1 of Hollow-Core 

Model and Tests No. 1 and 2 of CIP Model 

For Figure 112, results obtained for Test No. 3 of the CIP model were compared to those 

obtained for Test No. 2B of the hollow-core model since these were the tests that used 

the trapezoid prism with backfill soil on top of the upper concrete segment. In general, 
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core arch, based on the steeper linear elastic slope, lower centerline deflection and the 

higher ultimate load. These differences in behavior are likely related to the use of a 

monolithic structure (CIP model) compared with the assembled model (hollow-core 

model) which had grouted joints to connect different segments. This means that, the 

monolithic structure was acting as one continuous arch whereas the hollow-core arch acted 

more like a segmental structure.  Moreover, the hollow-core arch failed along a grouted 

joint before reaching capacity of the segment section. 

 

Figure 112 - Comparison of Load vs Displacement Data of TCY2 for Test No. 2B of Hollow-Core 

Model and Test No. 3 of CIP Model 
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4.5. FEM Analysis 

The fourth phase of this project entailed modeling the hollow-core culvert, under the same loading 

conditions as those described in Section 3.3, using finite element software. As was done with the 

CIP model, ANSYS Mechanical APDL was utilized to develop 2-D and 3-D simulations for the 

three tests performed on the hollow-core structure. Results obtained from these simulations were 

compared to those obtained during experimental testing to assess the closeness of the two 

methods of analysis; and subsequently, the FEM model was refined to yield similar responses as 

those observed in the laboratory. The ultimate goal of the FEM model was to provide a 

“calibrated” simulation that could be used to obtain structure responses of different underground 

system configurations. 

The following sections present the methods and results of each simulation developed for the 

hollow-core culvert.  

4.5.1. Model Configuration Methodology 

4.5.1.1. Geometric Properties 

The numerical hollow-core model was created to represent the same scale as that of the 

experimental model. As such, the hollow-core FEM model had an approximate overall 

length of 193 inches and a height of 65 inches. The depth component for the 3D 

simulation was cut in half (15.5 inches) since the stresses and deflections right below the 

loaded area were of interest.  

The same elements as those used for the 2D and 3D CIP simulations were used for the 

hollow-core models. Refer to Section 3.6.1 for additional element information.  
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To create the 2D and 3D configurations, KeyPoints were developed. The KeyPoints 

reflected vertex locations of different portions of the model which were then connected 

to create the solid areas. Figure 113 displays the KeyPoints used for both configurations 

(2D and 3D simulations) for each round of testing. Refer to Appendix J – FEM 

Simulations for KeyPoint numbers and additional geometric information.  

 

Figure 113 - KeyPoints used for 2D and 3D Hollow-Core FEM Models for all Rounds of 

Testing 

To create volumes for the 3D simulation, the previously assembled areas were extruded to 

half the width of the model. In other words, only the middle half of the structure (in the 

long direction) was analyzed so that the stresses and displacements right below the loading 

plate were easily identified. 

4.5.1.2. Material Properties  

Since the physical hollow-core concrete structure remained within the linear-elastic range 

up to the application of the 9.03-kip load was imposed, and the culvert did not evince 

significant cracking during this portion of experimental testing, the FEM 2D and 3D 

simulations only included linear-elastic analyses. As a result, linear, elastic, and isotropic 
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conditions were assigned to the concrete, soil and steel elements. Table 35 Table 19 below 

provides the material specifications assigned to each unit.  

Table 35 – Hollow-Core FEM Material Properties 

ID Material 
Modulus of 

Elasticity (psi) 

Poisson’s 

Ratio 

1 SCC 5.49 × 106 0.29 

2 Medium Sand 5.2 × 103 0.3 

3 Coarse Sand 2.08 × 103 0.35 

4 
¾-inch Road 

Base 
20.8 × 103 0.3 

5 Steel Plate 29 × 106 0.3 

6 
Concrete 

Trapezoid 
3.36 × 106 0.2 

7 Sika 328 Grout 4.24 × 106 0.25 

 

Values used for the SCC were based on the Modulus of Elasticity and Poisson’s Ratio 

laboratory test results presented in Section 4.4.2.3. For the Sika 328 grout, the modulus of 

elasticity value was based on the equation presented in ACI 318 (Section 19.2.2.1(a)) which 

relates the unit weight of concrete with its corresponding compressive strength. The 

Poisson’s ratio selected for this material was based on published literature (Allan & 

Philippacopoulos, 1999). For the Rapid Set Concrete Mix, the modulus of elasticity value 

was also based on the ACI 318 (Section 19.2.2.1(a)) equation. This value was preferred 

over the laboratory test result obtained due to its resemblance with published E modulus 

ranges for concrete (the laboratory test result was one order of magnitude lower than what 

the published ranges present). The Poisson’s ratio selected for this material was also based 

on published literature. See Appendix H – Correlation Charts for published elastic 

modulus and Poisson’s ratio values of concrete.   
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In addition, material properties of the soil elements were obtained by correlating the lowest 

unit weight of the compacted sands and ¾-inch road base to the apparent density and soil 

condition description (either loose, medium, dense or very dense) of each material, and 

selecting the corresponding elastic modulus and Poisson’s ratio values.  

The lowest dry unit weight obtained for the medium sand (well graded sand with silt) 

resulted in an approximate value of 103.6 pcf which corresponded to a 55% apparent 

density and a medium dense condition description (McCarthy, Representative Values of 

Relative Density, 2007). Based on the Range of Values: Modulus of Elasticity and Poisson’s Ratio 

table presented in the Essentials of Soil Mechanics and Foundations, Basic Geotechnics  book by 

David F. McCarthy, the modulus of elasticity of a medium dense sand generally ranges 

between 3,500 and 6,950 psi and the Poisson’s ratio between 0.25 and 0.4. For the FEM 

model, a modulus of elasticity and Poisson’s ratio of 5,200 psi and 0.3 were used.  

For the coarse sand (silty sand), the dry unit weight was obtained by correlating the 

moisture contents with the proctor compaction curve for this material. Based on a 

moisture content of 2.5%, an approximate dry unit weight of 103 pcf was obtained, which 

corresponded to a 55% apparent density and a medium dense condition. Based on the 

previously cited table developed by David F. McCarthy, the modulus of elasticity of a 

medium dense silty sand generally ranges between 1,042 and 3,125 psi and the Poisson’s 

ratio between 0.2 and 0.4. For the FEM model, a modulus of elasticity and Poisson’s ratio 

of 2,080 psi and 0.35 were used. 

The dry unit weight obtained for the ¾-inch road base (silty gravel with sand) resulted in 

an approximate value of 127.0 pcf which corresponded to a 82% apparent density and a 

dense condition description (McCarthy, Representative Values of Relative Density, 2007). 
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Based on the correlation charts, the modulus of elasticity of a dense sand and gravel ranges 

between 13,900 and 27,800 psi and the Poisson’s ratio between 0.3 and 0.45 . For the 

hollow-core model, values of 20,800 psi and 0.35 were used for the modulus of elasticity 

and Poisson’s ratio of the ¾-inch road base.  

For the steel plate, the material properties used corresponded to those of typical stainless -

steel members.  

4.5.1.3.  Loading Configuration 

Loading configurations within the FEM models were setup to mimic the conditions of the 

physical model. The supports used for the 2D and 3D models included rollers at the right 

and left face lines of the soil edges to prevent movement from happening in the x-

direction. This confinement was provided by the short walls in the physical model. In 

addition, to simulate the floor connection, all bottom edge lines were fixed. Furthermore, 

for the 3D model, rollers were placed on the front and back face lines of the culvert and 

soil edges to confine movement in the z-direction. This retention was provided by the long 

walls in the physical model.  

To model the compressive surface load applied during experimental testing, a line load of 

1,806 lb/in acting over a 5-inch length was used for the 2D simulation. Similarly, a pressure 

of 180.6 ln/in2 acting over a 5-inch by 10-inch area was used for the 3D model. These 

values corresponded to a point load of 9.03 kips. Figure 114 provides a graphical 

representation of the 3D model with the corresponding supports and surface load for Test 

No. 2.  
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Figure 114 - 3D Model with Supports for Test No. 2 

4.5.1.4. Meshing 

Different size meshes were used within the 2D and 3D simulations to provide varying 

levels of detail within the model. For both models, meshing was done manually, and the 

element sizes entered attempted to make use of most elements allowed by the software 

(maximum 256,000 elements). Division numbers were based on the sensitivity of the 

element within the model. For instance, the loaded soil layer or trapezoid prism had a finer 

mesh than that used for the bottom sand backfill since more detail was needed for elements 

located directly below the loaded area.  

Table 36 below presents the element sizes used for each material within the 2D and 3D 

simulations for all rounds of testing.  

Table 36 - Mesh divisions used for the 2D and 3D models 

Component 

Test No. 1 Test No. 2b Test No. 3 

2D 3D 2D 3D 2D 3D 

Hollow-Core Culvert  0.2 2-3 0.2 2-3 0.1 2 

Medium Sand Backfill 

(East and West) 
1 3 1 3 0.5 1 
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Component 

Test No. 1 Test No. 2b Test No. 3 

2D 3D 2D 3D 2D 3D 

Coarse Sand Backfill 

(East and West) 
1 3 1 3 - - 

3/4-inch Road Base 

Backfill 
0.2 2 - - - - 

Steel Plate 0.5 2 0.5 2 0.2 2 

Concrete Trapezoid - - 0.2 2 0.2 2 

Sika 328 Grout 0.1 1 0.1 1 0.1 1 

 

Mesh divisions for the 3D models required a coarser mesh for all materials since it in 

included a depth component.  

4.5.2.    Model Analysis Results 

One of the main focuses of this study was to develop a calibrated FEM simulation that could be 

used to predict structure responses of different culvert configurations under similar loading 

conditions. To achieve this, a model was developed and refined to produce similar structure 

responses as those observed during experimental testing of the hollow-core model.  

The main basis of comparison and refinement between the FEM simulation and the physical 

model were the displacements obtained at specific locations. In general, longitudinal deflections 

(y-direction) of interest were obtained at the loading plate, at the interior face of the top segment 

and at the northeast and southwest corners of the soil box. In addition, transverse deflections and 

strains (x-direction) were evaluated at the interior faces of the footings and at the interior north 

and south edges of the top segment. All locations listed matched the areas where potentiometers 

were mounted on the physical model. 
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4.5.2.1. Initial Model Predictions  

After obtaining the main material properties of the components used for the construction 

of the hollow-core model, an initial FEM simulation was developed and analyzed to predict 

deflections for all rounds of testing. The following table presents the predicted 

displacements at select model locations for all tests. Note that location designations used 

match the naming conventions of instrumentation mounted on the physical hollow-core 

model.  

Table 37 - Displacement Predictions – Tests No. 1 and 2 Hollow-Core Model 

Location  Location 

Displacement (in) 

Test No. 1 Test No. 2b 

2D 3D 2D 3D 

TCY1 

Bottom face of 

top concrete 

segment, west 

side, center 

line, y-direction 

-0.083523 -0.0022605 -0.075442 -0.0018261 

TCY2 

Bottom face of 

top concrete 

segment, 

middle, center 

line, y-direction 

-0.11639 -0.0030904 -0.091086 -0.0022049 

TCY3 

Bottom face of 

top concrete 

segment, east 

side, center 

line, y-direction 

-0.081694 -0.0022294 -0.072747 -0.0018050 

EIX 

Interior face of 

footing, east 

side, x-

direction 

0.00039585 0.000024457 0.00026182 0.000024835 



237 

Location  Location 

Displacement (in) 

Test No. 1 Test No. 2b 

2D 3D 2D 3D 

WIX 

Interior face of 

footing, west 

side, x-

direction 

-0.00042517 -0.00002629 -0.00026933 -0.000024887 

 

Table 38 - Displacement Predictions – Test No. 3 Hollow-Core 
Model 

Designation  Location 

Displacement (in) 

Test No. 3 

2D 3D 

TCY1 

Bottom face of top concrete 

segment, west side, center 

line, y-direction 

-0.077518 -0.0019946 

TCY2 

Bottom face of top concrete 

segment, middle, center line, 

y-direction 

-0.093076 -0.0024659 

TCY3 

Bottom face of top concrete 

segment, east side, center 

line, y-direction 

-0.074354 -0.0019666 

EIX 
Interior face of footing, east 

side, x-direction 
0.00024218 0.000038594 

WIX 
Interior face of footing, west 

side, x-direction 
-0.00023715 -0.00003668 

Based on the above predictions, it was anticipated that the upper hollow-core panel was 

going to undergo deflections between -0.0022 and -0.11 inches for Test No 1; between -

0.0018 and -0.09 inches for Test No. 2b; and between -0.002 and -0.093 inches for Test 

No. 3. This meant that the test that used soil material on the top and sides of the structure 

was going to cause higher deflections to the structure than those that used the trapezoid 
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prism with and without soil on the sides. In addition, minimal outward movement of the 

footings was expected.  

The following figures show the nodal plot of the vertical displacements that were predicted 

for Test No. 2b. Similar deformed plots were obtained for the other three rounds of 

testing. The only difference between each was the amount of displacement predicted by 

the simulation at each location.  

 

Figure 115 - 2D Nodal Solution of Predicted Displacements for Test No. 2b – Hollow-Core 

Model 

 

Figure 116 - 3D Nodal Solution of Predicted Displacements for Test No. 2b – Hollow-Core 

Model 
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Based on the above graphs, the highest deflections were anticipated to occur at and above 

the upper concrete segment. The rest of the model was not expected to undergo significant 

displacements.  

4.5.2.2. Model Calibration 

In order to obtain comparable deflections to those recorded during experimental testing, 

the ANSYS model for Test No. 2b was further refined. Calibration activities mostly 

entailed refinement of the material properties of the different model elements. The 

modulus of elasticity and Poisson’s ratio of the medium and coarse sands were the first 

parameters changed before the models were rerun. Subsequently, the material properties 

of the concrete trapezoid prism were refined and, finally, those pertaining to the SCC of 

the hollow-core panels. The following table presents all of the runs performed for the 2D 

and 3D models. Models for Test No. 1 and 3 were not refined since the ¾-inch road base 

experienced a punching failure at a considerably low load (2,070 pounds) during Test No. 

1; and Test No. 3 was conducted in the inelastic range.   

As was the case for the first rerun of the CIP model, the modulus of elasticity of the 

medium sand was decrease to a value of 3,470 psi, which was the lower end of the range 

presented in the Range of Values: Modulus of Elasticity and Poisson’s Ratio table developed by 

David F. McCarthy for a medium dense sand. In addition, the modulus of elasticity of the 

coarse sand was changed to a value of 1,390 psi, which was the mid-range value given for 

a silty sand material since this unit had significant fines. The Poisson’s ratio values of both 

materials were left unchanged.  

For the second rerun, the modulus of elasticity of the concrete trapezoid prism was 

lowered to a value of 2 × 106 psi, which was the lower end of the range based on published 
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modulus of elasticity values for concrete. Once again, the Poisson’s ratio was left 

unchanged. For the third rerun, the modulus of elasticity of the SCC concrete was changed 

to a value of 5.28 × 106 psi. This value was obtained by using ACI’s modulus of elasticity 

equation for concrete which relates the unit weight of the specimen with its unconfined 

compressive strength. The values used for the unit weight and compressive strength of 

concrete were based on laboratory test results. See Section 4.4.2.1. In addition, the 

modulus of elasticity of the grout was changed to a value of 2 × 106 psi based on published 

reports (Allan & Philippacopoulos, 1999). For the final round of testing, the modulus of 

elasticity of the concrete was once again lowered. This time, a value of 2 × 10 6 psi was 

used. This was done in order to assess to what extend this material property influenced 

the displacements obtained.  

For Test No. 2b, the closest load obtained from the load vs. displacement graph (Figure 

96) to the desired half-scale resulting truck load (9.03 kips), was of approximately 9,062 

lb. To have a fair basis of comparison between the experimental and numerical data, the 

ANSYS model for Test No. 2b reflected the same loading conditions. Namely, a point 

load of 9,062 lb was used which corresponded to a line load of 1812.4 lb/in for the 2D 

model and a pressure of 181.24 lb/in2 for the 3D model. The following table provides the 

displacements obtained at the centroid of the upper concrete segment for Test No. 2b. In 

addition, Figure 117 and Figure 118 present the 2D and 3D nodal plots of the vertical 

displacements at the centroid for the first rerun. It is important to note that subsequent 

reruns showed the same overall deformed shape, but deflections obtained varied.  
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Table 39 - ANSYS Reruns for Test No. 2b – Hollow Core Model 

Rerun 

No. 

Material Properties Test No. 2b 

Type 

Modulus of 

Elasticity, 

psi 

Poisson's 

Ratio 

2D 3D 
Experimental 

Testing 

TCY2  TCY2  TCY2  

1 

CIP Concrete 5.49 x 106 0.29 

-0.091969 -0.0022561 -0.0330475 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Sika 328 Grout 4.24 x 106 0.25 

Concrete Trapezoid 3.36 x 106 0.2 

2  

CIP Concrete 5.49 x 106 0.29 

-0.097144 -0.0025239 -0.0330475 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Sika 328 Grout 4.24 x 106 0.25 

Concrete Trapezoid 2.0 x 106 0.2 

3 

CIP Concrete 5.28 x 106 0.29 

-0.10663 -0.0026209 -0.0330475 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Sika 328 Grout 2.0 x 106 0.25 

Concrete Trapezoid 2.0 x 106 0.2 

4 

CIP Concrete 2.0 x 106 0.29 

-0.23305    -0.0056973 -0.0330475 

Med. Sand 3.47 x 103 0.3 

Coarse Sand 1.39 x 103 0.35 

Steel Plate 29 x 106 0.3 

Sika 328 Grout 2.0 x 106 0.25 

Concrete Trapezoid 2.0 x 106 0.2 
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Figure 117 - 2D Rerun No. 1 Nodal Solution for Test No. 2b – Hollow-Core Model 

 

Figure 118 - 3D Rerun No. 1 Nodal Solution for Test No. 2b – Hollow-Core Model 

Based on the above results, it is evident that the 2D simulations were over-predicting the 

deflections of the center gauge for all reruns and tests; and the 3D models were 

underpredicting the displacements of the center gauge for all reruns and tests. The 

overpredictions of the 2D models were expected, as these simulations were more 

simplified by not taking into consideration the depth component of the geometry. 
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However, the 3D models were expected to show closer results to the ones obtained 

experimentally.  

As was the case with the CIP models, the 2D simulations for the hollow-core model 

overpredicted the displacements of the center gauge by approximately between 178% and 

222%; and the 3D simulations underpredicted the displacements by approximately 

between 92% and 93%. The fourth rerun for the 2D and 3D models had exponentially 

higher overpredictions and underpredictions, respectively. However, the modulus of 

elasticity of the concrete used for this rerun was highly questionable.   

A similar conclusion to that made for the CIP ANSYS models was made for the hollow-

core ANSYS models. The geometry of the culvert appears to be playing a role when it 

comes to the interaction between the upper segment and the adjacent east and west 

sections. Since the model is not a perfect arch and the east and west adjacent segments 

have a shallow angle with respect to the horizontal plane, the model may be acting more 

like a longer beam with the east and west segments attached to it. In other words, instead 

of having a 27-inch-long upper section, the model itself may acting as a 81-inch long beam. 

This behavior does not appear to be detected by the FEM simulation which may be the 

reason why lower deflections are being predicted.  
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Chapter 5: Conclusions and Recommendations 

This project had three main objectives: first, to evaluate if a hollow-core culvert was able to sustain 

a truck load, reduced to a half-size scale model, of 9.03 kips; second, to assess if the response of 

said structure was comparable to that of a monolithic cast-in-place structure; and third, to develop 

a numerical simulation, calibrated based on experimental data, that would be able to predict the 

structural responses of different CIP/hollow-core culvert configurations. The following sections 

present the conclusions drawn for each model based on the experimental and numerical studies. 

Recommendation for future studies are given at the end of the section.   

5.1. CIP Culvert Test Results 

The CIP model consisted of a monolithic structure with two footing and five segments formed at 

different angles to provide and arch-like geometry. Concrete segments had approximate 

dimensions of 27 inches long by 31 inches wide by 6 inches deep. In addition, the two outside 

footings used had dimensions of 18.6 inches wide by 14.2 inches high by 31 inches deep each. 

Footings were spaced approximately 89.6 inches apart. To replicate the conditions around an 

actual culvert, a soil box was also erected. The box walls were located approximately 33 inches 

away from the outside-edges of the culvert footings (x-direction) and along the front and back 

faces of the culvert structure (z-direction). The space in between the culvert and the box walls 

was filled with compacted soil up to a height of 62 inches above the invert, depending on the test 

conditions. 

A total of five (5) experimental tests were conducted on the CIP model. Tests No. 1 and 2 had 12 

inches of soil cover above the culvert arch. A steel plate representing the AASHTO traffic load 

applied the load from a ram through the soil onto the underlying structure. Because of bearing 
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failures in the soil cover, Tests No. 3, 4 and 5 required the use of a concrete trapezoidal prism to 

stress the culvert to levels above the strength of the soil.     

5.1.1. Test No. 1 

For this test, pea-gravel was used as the soil cover material. Testing of this model was performed 

until the pea gravel could not sustain any additional load with increases in actuator displacement. 

The maximum load of approximately 4,300 pounds resulted in a bearing failure of the soil above 

the arch culvert. During testing a hairline crack developed at the interface between the upper and 

east segments. One explanation for formation of this crack is related to the development of stress 

concentrations in the arch along the corner of the top and lower segments in response to the 60º 

stress distribution of the soil mass.  In this test, the long dimension of the loading plate was placed 

parallel with culvert span, which increased the distributed load area to locations close to the east 

and west interfaces of the crown slab. Other than the hairline crack at the inner interface, the 

structure did not show any evidence of damage or fatigue. Moreover, in this as well as subsequent 

tests, the structure performed in the linear elastic range.  

One of the main conclusions from this test, as well as Test No. 2, is that in practice the soil above 

the arch will fail first in bearing and/or punching from the applied truck loads and the structural 

capacity of the culvert will not be reached.  

5.1.2. Test No. 2 

In an effort to overcome the bearing failure in the pea gravel, a stiffer soil (¾-inch road base) was 

used as backfill above the arch. The culvert was loaded until the soil failed in bearing and 

additional load could not be placed on the structure. A maximum load of approximately 5,538 
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pounds was attained prior to the soil undergoing a complete bearing failure. During the test, no 

additional cracks were observed in the arch and the crack observed in Test No. 1 did not widen.  

Once again, this test proved that the soil above the culvert is much weaker than the arch concrete 

and would undergo failure prior to reaching the elastic limit of the structure.   

5.1.3. Test No. 3 

In order to achieve the required 9.03-kip load, a concrete trapezoidal prism was placed on the 

culvert. The prism shape and dimensions replicated the 60º stress distribution developed in a soil 

mass under the surface load. Use of the trapezoidal prism is an extreme loading condition in which 

the structure was immediately stressed similar to a truck travelling directly on top of the culvert.  

To provide soil-structure interaction adjacent to the loaded area, coarse sand was placed and 

compacted around the prism. A load of approximately 19,300 pounds was carried by the arch 

confined by the soil, which is more than two times greater the 9.02-kip target load.  Based on the 

experimental results, the structure did not exceed its linear elastic range and no permanent 

deformation was recorded. The maximum vertical deflection in the crown was of -0.03738 inches. 

5.1.4. Test No. 4 

A fourth and then a fifth test was conducted to evaluate the structural capacity of the concrete 

culvert. In both trials, the medium sand backfill was removed down to the tops of the anchor 

blocks.  The load on the culvert was applied by the concrete trapezoid block. The culvert in Test 

No. 4 was loaded to approximately 21,170 pounds before the test was terminated to avoid collapse 

of the structure and potential damage to the underlying instrumentation. The maximum deflection 

of the arch was of -0.08261 inches which was at least twice the deflection when the culvert was 

confined by soil. The structure appeared to surpass its linear elastic range but remain within the 
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strain hardening state. Additional cracking, other than the hairline crack formed at the start of 

Test No. 1, was not observed.  

In general, the culvert in Test No. 4 experienced higher deflection per load increment than in Test 

No. 3. The differences in deflection are the direct effect of the soil-structure interaction. In Test 

No. 3, the soil backfill compacted around and above the culvert not only placed the structure in 

compression but also provided confinement in the haunch area. Thus, the added compression and 

soil stiffness decreased the vertical deflection compared to that experienced by the structure alone.   

5.1.5. Test No. 5 

To determine the ultimate capacity of the concrete culvert, one final test was performed to failure. 

The test set-up was the same as in Test No 4. The load vs. displacement data from Test No. 5 

showed a nearly linear relationship up to a load of approximately 16,670 pounds. Above 16,670 

pounds, the structure underwent strain hardening up to an ultimate load of 30,115 pounds at 

which point a moment crack developed along the centerline of the middle panel. Even though the 

culvert was unreinforced, the arch had residual capacity and continued to carry load up to a final 

fracturing point at a load of approximately 15,140 pounds. The maximum displacement at the 

centroid of the upper segment (inner face) was -0.254 inches. 

The centerline moment crack extended through the full thickness of the crown panel. A 

discontinuous hairline crack also developed in the outer fiber of the culvert along the interface 

between the arch and the sloping east side panel.  The moment failure observed in the center 

panel was expected since the lower face of the segment was put into tension and the structure 

lacked reinforcement. The vertical deflection of each load increment in the structure alone were 

greater than those when the culvert was surrounded by soil backfill as in Test No. 3.  
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5.1.6. General Conclusions 

In practice, the cast-in-place culvert design is not expected to undergo inelastic deformation and 

certainly will not fail under the design traffic load because the pavement will fail in bearing well 

before the ultimate structural capacity of the arch is reached. Further, the results of Tests No. 1, 

2 and 4 show that when the soil fails in bearing above the culvert, the soil -structure interaction 

has a limited effect on reducing the deflection of the arch.  A bearing failure in the one-foot 

interval of soil cover above the culvert lowers the stiffness of the medium in the haunch area and 

thus significantly reduces the effectiveness of the soil confinement in limiting the vertical 

deflection.   

Even when the load was applied directly to the arch by a concrete trapezoid, as in Tests No. 4 and 

5, the CIP structure itself was able to carry the target 9.03-kips without undergoing adverse 

deflection or failure. In a comparable test (No. 3), the presence of the compacted soil backfill 

above the culvert and around the trapezoid significantly reduced the vertical deflection and thus 

the moments in the arch.   

As expected for a flat crown, monolithic structure, ultimate fa ilure was in moment.      

5.2. CIP Model FEM Simulation 

A total of eight FEM simulations were carried out on the CIP model. One 2D simulation and one 

3D simulation were developed per test. In general, the 2D models overpredicted the deflections 

obtained during experimental testing, whereas the 3D models underpredicted the same test 

displacements. However, experimental data lie within the range of values obtained in the 2D and 

3D analyses.  The 2D models were observed to be less accurate due to the lack of the z-dimension; 

whereas 3D models took into account out-of-plane behavior. During model calibration it was 
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evident that the 3D FEM simulations did not take into consideration the forces acting between 

the top and the adjacent segments, which ultimately resulted in lower predictions of vertical 

displacement. One plausible explanation is the complex geometry of the test culvert, which did 

not form a circular, uniform arch. Based on STAAD structural analysis estimates of vertical 

deflection compared with the test results, the top three segments of the culvert appear to act more 

like a long beam than an arch; which may explain the higher deflections obtained in the 

experimental tests compared with the 3D analysis.  Overall, a calibrated FEM simulation of the 

test results was not obtained in this study.  

5.3. Hollow-Core Model Experimental Testing 

The hollow-core model consisted of a series of five individual pre-cast concrete panels connected 

by grout and supported on two end footings (one on each leg). For comparison purposes, the 

geometry of the culvert was essentially the same as that of the CIP model. The individual hollow-

core panels had dimensions of approximately 24 inches long by 31 inches wide by 6 inches thick 

and contained four, 3-inch diameter tubes oriented perpendicular to the long dimension of the 

panel.  The hollow-core culvert was erected in an elongated soil box.  The footings were located 

approximately 33 inches laterally from the ends of the box and the front and back faces of the 

culvert were flush with the long sides of the box. The space in between the outside surface of the 

culvert and the box walls was filled with sand or gravel or left open depending on the test 

conditions.  

A total of three (3) tests were performed on the hollow-core culvert. In Test No. 1, 12 inches of 

¾-inch road base was compacted above the culvert arch and the steel loading plate representing 
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the truck wheels was placed on the surface of the soil. In Tests No. 2 and 3 the concrete 

trapezoidal prism was used to apply the ram load.   

5.1.7. Test No. 1 

Test No 1 had results similar to Tests No. 1 and 2 on the cast-in-place arch. The soil below the 

steel plate failed in bearing and loads greater than 2,070 pounds could not be applied to the culvert 

arch. No cracking or failure of the structure was observed during the test. Simply stated, the 

hollow-core culvert is much stronger that the soil and thus the soil underlying the pavement will 

fail well before the culvert experiences the full 9.03 kips of load. 

5.1.8. Test No. 2b 

In the next test, the same concrete trapezoidal block was placed in the center of the culvert arch 

in order to reach the 9.03-kip target load. This system represents an extreme loading condition in 

which the structure would be immediately loaded as if a truck was travelling directly on top of the 

culvert. To provide confinement similar to the behavior of an actual culvert, coarse sand was 

placed and compacted around the trapezoid and above the culvert. The arch exhibited linear 

behavior up to a load of approximately 8,000 pounds (yield strength). Above 8,000 pounds, the 

structure appeared to undergo strain hardening, reaching ultimate strength at a load of 

approximately 14,560 pounds and a corresponding deflection of -0.1353 inches.  

At a load of approximately 9,600 pounds, a shear crack developed along the interface between the 

crown panel and the adjacent west side panel. This crack opened 1/16- inch during the test. After 

the soil was removed from the top and sides of the structure, the crack extended through the 

thickness of the joint along the vertical interface between the crown panel and the grout. No 
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cracks were observed in the panels themselves. The maximum vertical, centerline deflection was 

-0.1602 inches. 

This test results demonstrated that if the soil cover has sufficient strength to transmit the load to 

the arch, the hollow-core culvert is capable of carrying the target 9.03-kip load without developing 

cracks. In comparing the two culverts, the hollow-core structure underwent greater deflection per 

load increment and failed at a much lower load (approximately half) that the CIP culvert. The 

difference in behavior is explained by differences in the modes of failure: the hollow-core arch 

failed in bond/shear along the grouted interface, whereas failure of the CIP arch was in  the 

structural section of the panel. Moreover, the bond along the upper hollow-core joints was not 

sufficient to mobilize the structural strength of the crown panel.  Still, the ultimate load carrying 

capacity of the hollow-culvert was 5.2 kips greater that the 9.3-kip target load.   

5.1.9. Test No. 3 

To evaluate the post-crack behavior of the hollow-core culvert alone, the ram load was removed 

and the soil backfill was excavated from around the arch above the anchor blocks.  As in Test No. 

2, the concrete trapezoid prism was used to reload the arch. The crack that developed along the 

interface between the grout and the joint in Test No. 2b continued to offset vertically with 

increasing load. At the end of the test, the west panel had moved vertically approximatel y 1.375 

inches with respect to the crown segment. The failure was in pure shear.  In addition, a moment 

crack developed along the grouted joint between the upper and lower east side panels at a load of 

approximately 5.2 kips. The moment crack extended along the entire full length and across the 

full thickness of the joint. At the end of testing, the crack opened approximately 0.1875 inches at 

the top and was hairline at the bottom of the joint.  Clearly the weakness in the culvert was along 
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the grouted joint connections and not in the hollow-core panels themselves. The hollow-core arch 

was able to carry a residual load up to 5.6 kips with a displacement of 0.7 in. without collapse.    

5.1.10. General Conclusions 

The hollow-core culvert was much stronger than the soil above the arch which failed in bearing 

under a 2.0-kip load. Further, the arch carried the 9.03-kip target load without cracking even under 

severe loading conditions where the concrete trapezoid was placed on the culvert crown. The 

hollow-core culvert had an ultimate load carrying capacity of approximately 14,560 pounds at a 

corresponding deflection of -0.1353 inches. In addition, the hollow-core culvert had significant 

post-crack capacity (up to 5.7 kips) because the arch remained in compression even with a total 

downward movement of 1.38 in. The bond strength between the joints must be increased in order 

to mobilize the full structural capacity of the hollow-core panels.       

In the absence of soil backfill, the deflections measured at the centroid of the upper hollow-core 

panel were more than twice those recorded under similar loads at the same location for the CIP 

model (-0.0330 inches vs. -0.0137 inches). This means that the hollow-core arch was not as stiff 

as the monolithic CIP structure.  

5.4. Hollow-Core Model FEM Simulation 

A total of six FEM simulations were developed for the hollow-core model. One 2D simulation 

and one 3D simulation were developed per test. As was the case with the CIP model, the hollow-

core 2D model was overpredicting the deflections measured in the experimental tests, whereas 

the 3D model underpredicted said displacements. However, experimental deflection data was 

within the ranges obtained between the two analyses. With open tubes and joints between the 

panels, the hollow-core FEM geometry was much more complicated than the CIP simulation, 
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where similar analytical results were obtained.  Even though the joints were grouted to form a 

continuous arch, the ultimate behavior was affected by the joint properties which is not accounted 

for in the FEM elastic analysis.    

5.5. Recommendations for Future Studies 

It is clear that the hollow-core culverts show promise in the transportation industry for breaching 

streams. However, additional tests must be performed before the technology is accepted by 

designers and manufacturers. As a minimum, the structural capacity of the individual panels in 

bending as well as the impact of applying the load at other locations above the culvert (such as at 

the joints) need to be assessed. Another possibility is to utilize an equivalent half -size tandem 

load, in which both sets of wheels act on the structure at the same time. Further, studies must also 

include strengthening of the joint connections such as by improving the bond and/or reinforcing 

the interfaces in order to mobilize the structural capacity of the panel. One possibility would be 

to used resin grouted dowel connections similar to those used in the pre-cast concrete segments 

in the tunneling industry.  Finally, similar tests should be carried out on box structures in which 

hollow-core panels are used in the walls and the top of the culvert.  

In future analytical studies, alternative software such as CANDE or SAP2000 may yield more 

realistic results. In addition, performing analyses outside of the linear-elastic range or using 

simulations with joint elements may also provide better results than the ANSYS program used in 

this study.  



254 

References 

Abdel-Karim, A. M., Benak, J. V., & Tadros, M. K. (1993). Structural Response of Full‐Scale 

Concrete Box Culvert. Journal of Structural Engineering, 119(11). 

Abdel-Karim, A. M., Tadros, M. K., & Benak, J. V. (1990). Live Load Distribution on Concrete 

Box Culverts. Transportation Research Record, 1288, 136-151. 

Allan, M. L., & Philippacopoulos, A. J. (1999). Properties and Performance of Cement-Based Grouts for 

Geothermal Heat Pump Applications. Washington D.C.: United States Department of Energy. 

Allgood, J. R., & Takahashi, S. K. (1978). Balanced Design and Finite-Element Analysis Culverts. 

Highway Research Record(413), 45-46. 

American Association of State Highway and Transportation Officials. (2017). AASHTO LRFD 

Bridge Design Specifications. Washington D.C.: American Association of State Highway and 

Transportation Officials. 

American Concrete Institute. (2002). Standard Practice for Selecting Proportions for Normal, Heavyweight, 

and Mass Concrete (ACI 211.1-91). Detroit: American Concrete Institute. 

American Concrete Institute. (2011). Building Code Requirements for Structural Concrete (ACI 318-11) 

and Commentary. Farmington Hills: American Concrete Institute. 

Ansys, Inc. (2018, 02). PLANE182. Retrieved 09 23, 2020, from 

https://www.mm.bme.hu/~gyebro/files/ans_help_v182/ans_elem/Hlp_E_PLANE182

.html 



255 

ASTM International . (2014). ASTM C469/469M-14, Standard Test Method for Static Modulus of 

Elasticity and Poisson's Ratio of Concrete in Compression.  West Conshohocken: ASTM 

International. 

ASTM International. (2012). ASTM D698-12, Standard Test Methods for Laboratory Compaction 

Characteristics of Soil Using Standard Effort (12  400 ft-lbf/ft3 (600 kN-m/m3)). West 

Conshohocken: ASTM International. 

ASTM International. (2015). ASTM D1556/1556M-15e1, Standard Test Method for Density and Unit 

Weight of Soil in Place by Sand-Cone Method. West Conshohocken: ASTM International. 

ASTM International. (2017). ASTM D2487-17e1, Standard Practice for Classification of Soils for 

Engineering Purposes (Unified Soil Classification System) . West Conshohocken: ASTM 

International. 

ASTM International. (2019). ASTM C136/C136M-19, Standard Test Method for Sieve Analysis of Fine 

and Coarse Aggregates. West Conshohocken: ASTM International. 

ASTM International. (2019). ASTM C192/C192M-19, Standard Practice for Making and Curing 

Concrete Test Specimens in the Laboratory. West Conshohocken: ASTM International. 

ASTM International. (2019). ASTM D2216-19, Standard Test Methods for Laboratory Determination of 

Water (Moisture) Content of Soil and Rock by Mass. West Conshohocken: ASTM International. 

ASTM International. (2020). ASTM C109/C109M-20, Standard Test Method for Compressive Strength 

of Hydraulic Cement Mortars (Using 2-in. or [50 mm] Cube Specimens). West Conshohocken: 

ASTM International. 

ASTM International. (2020). ASTM C39/C39M-20, Standard Test Method for Compressive Strength of 

Cylindrical Concrete Specimens. West Conshohocken: ASTM International. 



256 

Bates, K., Barnard, B., Heiner, B., Klavas, J. P., & Powers, P. D. (2003). Design of Road Culverts for 

Fish Passage. Olympia: Washington Department of Fish and Wildlife. 

Beach, T. J. (1988). Load Test Report and Evaluation of a Precast Concrete Arch Culvert. 

Transportation Research Record(1191), 12-21. 

Evans, W. A., & Johnston, B. (1972). Fish Migration and Fish Passage: A Practical Guide to Solving Fish 

Passage Problems. Washington, D.C.: Forest Service USDA. 

Federal Highway Administration. (2007). Design for Fish Passage at Roadway-Stream Crossings: Synthesis 

Report. McLean, Virginia, United States: Federal Highway Administration. 

Forest Service Stream-Simulation Working Group. (2008). Stream Simulation: An Ecological Approach 

to Providing Passage for Aquatic Organisms at Road-Stream Crossings. San Dimas: USDA. 

Gregory, S., McEnroe, J., Klingeman, P., & Wyrick, J. (2004). Fish Passage Through Retrofitted 

Culverts.  

Gubernick, R. A., Cenderelli, D. A., Bates, K. K., Johansen, D. K., & Jackson, S. D. (2008). Stream 

Simulation: An Ecological Approach to Providing Passage for Aquatic Organisms at Road-Stream 

Crossings. United States Department of Agriculture, Forest Service. San Dimas: United 

States Department of Agriculture. Retrieved 04 20, 2020, from 

https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/fsm91_054564.pdf 

Hoffman, R. L., Dunham, J. B., & Hansen, B. P. (2012). Aquatic Organism Passage at Road-Stream 

Crossings— Synthesis and Guidelines for Effectiveness Monitoring.  

Idaho Transportation Department. (2018). 2018 Standard Specifications for Highway Construction. 

Boise, Idaho, United States of America: Idaho Transportation Department.  



257 

Jensen, T. J. (2012). Numerically Modeling Structural Behavior of Precast Three-Sided Arch Bridges for 

Analysis and Design.  

Katona, M. G. (2018). History of Soil–Structure Interaction Models for Buried Culverts. 

Transportation Research Circular, E-C230, 13-20. 

Katona, M. G., Smith, J. M., Odello, R. S., & Allgood, J. R. (1976). CANDE - A Moden Approach 

For The Structural Design and Analysis of Buried Culverts. Washington, D.C.: Federal Highway 

Administration. 

Khan, B., & Colbo, M. H. (2008). The Impact of Physical Disturbance on Stream Communities: 

Lessons From Road Culverts. Hydrobiologia 600, 229-235. 

McCarthy, D. F. (2007). Range of Values: Modulus of Elasticity and Poisson's Ratio . In D. F. 

McCarthy, Essentials of Soil Mechanics and Foundations, Basic Geotechnics  (p. 496). Upper Saddle 

River: Pearson Prentice Hall. 

McCarthy, D. F. (2007). Representative Values of Relative Density. In D. F. McCarthy, Essentials 

of Soil Mechanics and Foundations, Basic Geotechnics (7th ed., p. 88). Upper Saddle River: 

Pearson Prentice Hall. 

McGrath, T. J. (2018). Development of Design and Analysis Methods for Buried Culverts. 

Transportation Research Circular, E-C230, 1-12. 

McGrath, T. J., & Mastroianni, E. P. (2002). Finite-Element Modeling of Reinforced Concrete 

Arch Under Live Load. Transportation Research Record(1814), 203-210. 

McGrath, T. J., Selig, E. T., & Beach, T. J. (1996). Structural Behavior of Three-Sided Arch Span 

Bridge. Transportation Research Record(1541), 112-119. 



258 

McKinley, W. R., & Webb, R. D. (1956). A Proposed Correction of Migratory Fish Problems at 

Box Culverts. Fish Res. Papers 1, 33-45. 

O'Shaughnessy, E., Landi, M., Januchowski-Hartley, S. R., & Diebel, M. (2016). Conservation 

Leverage: Ecological Design Culverts also Return Fiscal Benefits. Fisheries, 41, 750-757. 

Oswald, C. S., & Furlong, R. W. (1993). Observed Behavior Of A Concrete Arch Culvert. Austin. 

PCI Committee on Building Code. (2003). PCI Standard Design Practice. PCI Journal, 15-30. 

PCI Manual for the Design of Hollow Core Slabs and Walls  (3rd ed.). (2015). PCI Hollow Core Slab 

Producers Committee. 

Precast/Prestressed Concrete Institute. (2017). PCI Design Handbook. Chicago: 

Precast/Prestressed Concrete Institute. 

Shoemaker, R. H. (1956). Hydraulics of Box Culverts with Fish-Ladder Baffles. Highway Research 

Board Proceedings 35, 196-209. 

State of Illinois Bureau of Bridges and Structures Office of Program Development. (2017). Culvert 

Manual. Springfield: Illinois Department of Transportation. 

U.S. Department of Transportation. (2012). Hydraulic Design of Highway Culverts, Third Edition. U.S. 

Department of Transportation Federal Highway Administration. 

U.S. EPA. (2015). Connectivity of Streams and Wetlands To Downstream Waters: A Review and Synthesis of 

the Scientific Evidence (Final Report). Washington, DC: U.S. EPA. 

U.S. General Accounting Office. (2001). Restoring Fish Passage through Culverts on Forest Service and 

BLM Lands in Oregon and Washington Could Take Decades. Washington D.C. : House of 

Representatives . 



259 

Washington State Department of Transportation. (2019). Federal Court Injunction for Fish Passage. 

Retrieved 11 13, 2020, from Washington State Department of Transportation: 

https://wsdot.wa.gov/Projects/FishPassage/CourtInjunction.htm 

Withiam, J. L. (2003). Implementation of the AASHTO LRFD Bridge Design Specifications for 

Substructure Design. In Limit State Design in Geotechnical Engineering Practice. World 

Scientific. 

Zoghi, M., & Hastings, J. (2000). Predicting the ultimate load carrying capacity of long-span precast concrete 

arch culverts. Dayton: University of Dayton. 

 

 

 



260 

Appendix A – AASHTO Design Truck Loading 
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Appendix B – Formwork Design Calculations and 

Drawings 

B1 – CIP Culvert Formwork 
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B2 – Hollow-Core Panel Formwork 
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Appendix C – Retaining Wall Design Calculations 

C1 – Lateral Earth Pressures 
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C2 – Cross-Beam Design Calculations 
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C3 – Cross-Beam Connection Design Calculations 
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Appendix D – Concrete and Grout Mix Designs 

D1 – CIP Mix Design 
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D2 – Self-Consolidating Concrete Mix Design 
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D3 – Sika Grout 328 
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D4 – Rapid Set Concrete Mix 
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Appendix E – Laboratory Test Results 

E1 – Unconfined Compressive Strength 
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E2 – Modulus of Elasticity and Poisson’s Ratio 
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E3 – Proctor Compaction  
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E4 – Sieve Analysis 
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Appendix F – In-Situ Test Results 

F1 – Density Determinations 
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F2 – Sand Cone Tests 
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Appendix G – Equipment Calibrations 

G1 – Break Machine 
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G2 – Sieve Analysis Equipment 
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G3 – Proctor Compaction Equipment 
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Appendix H – Correlation Charts 

H1 – Representative Values of Relative Density 
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H2 – Modulus of Elasticity and Poisson’s Ratio Values 
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Appendix I – Experimental Test Results 

I1 – Test No. 1 CIP Model 
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I2 – Test No. 2 CIP Model 
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I3 – Test No. 3 CIP Model 
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I4 – Test No. 4 CIP Model 

 

 



380 



381 

I5 – Test No. 5 CIP Model 
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I6 – Test No. 1 Hollow-Core Model 
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I7 – Test No. 2a Hollow-Core Model 
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I8 – Test No. 2b Hollow-Core Model 
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I9 – Test No. 3 Hollow-Core Model 
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Appendix J – FEM Simulations 

J1 – 2D Analysis Simulation CIP Model 
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J2 – 3D Analysis Simulation CIP Model 
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J3 – CIP Model ANSYS Nodal Solutions 

 

Figure 119 - 2D Nodal Y-Displacements Initial Predictions Test No. 1 CIP Model 
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Figure 120 - 3D Nodal Y-Displacements Initial Predictions Test No. 1 CIP Model 
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Figure 121 - 2D Nodal Y-Displacements Initial Predictions Test No. 2 CIP Model 



398 

 

 

Figure 122 - 3D Nodal Y-Displacements Initial Predictions Test No. 2 CIP Model 
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Figure 123 - 2D Nodal Y-Displacements Initial Predictions Test No. 3 CIP Model 
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Figure 124 - 3D Nodal Y-Displacements Initial Predictions Test No. 3 CIP Model 
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Figure 125 - 2D Nodal Y-Displacements Initial Predictions Test No. 4 CIP Model 
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Figure 126 - 3D Nodal Y-Displacements Initial Predictions Test No. 4 CIP Model 
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Figure 127 - 2D Nodal Y-Displacements Rerun No. 1 - Test No. 3 CIP Model 
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Figure 128 - 3D Nodal Y-Displacements Rerun No. 1 - Test No. 3 CIP Model 
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Figure 129 - 2D Nodal Y-Displacements Rerun No. 2 - Test No. 3 CIP Model 
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Figure 130 - 3D Nodal Y-Displacements Rerun No. 2 - Test No. 3 CIP Model 
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Figure 131 - 2D Nodal Y-Displacements Rerun No. 3 - Test No. 3 CIP Model 
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Figure 132 - 3D Nodal Y-Displacements Rerun No. 3 - Test No. 3 CIP Model 
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Figure 133 - 2D Nodal Y-Displacements Rerun No. 4 - Test No. 3 CIP Model 
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Figure 134 - 3D Nodal Y-Displacements Rerun No. 4 - Test No. 3 CIP Model 
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Figure 135 - 2D Nodal Y-Displacements Rerun No. 1 - Test No. 4 CIP Model 
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Figure 136 - 3D Nodal Y-Displacements Rerun No. 1 - Test No. 4 CIP Model 



413 

 

Figure 137 - 2D Nodal Y-Displacements Rerun No. 2 - Test No. 4 CIP Model 
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Figure 138 - 3D Nodal Y-Displacements Rerun No. 2 - Test No. 4 CIP Model 



415 

 

Figure 139 - 2D Nodal Y-Displacements Rerun No. 3 - Test No. 4 CIP Model 
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Figure 140 - 3D Nodal Y-Displacements Rerun No. 1 - Test No. 3 CIP Model 
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Figure 141 - 2D Nodal Y-Displacements Rerun No. 4 - Test No. 4 CIP Model 
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Figure 142 - 3D Nodal Y-Displacements Rerun No. 5 - Test No. 4 CIP Model 
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J4 - 2D Analysis Simulation Hollow-Core Model 

  



420 

 



421 

 



422 

 



423 

J5 – 3D Analysis Simulation Hollow-Core Model 
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J6 – Hollow-Core Model ANSYS Nodal Solutions 

 

Figure 143 - 2D Nodal Y-Displacements Initial Predictions Test No. 1 Hollow-Core Model 
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Figure 144 - 3D Nodal Y-Displacements Initial Predictions Test No. 1 Hollow-Core Model 
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Figure 145 - 2D Nodal Y-Displacements Initial Predictions Test No. 2 Hollow-Core Model 
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Figure 146 - 3D Nodal Y-Displacements Initial Predictions Test No. 2 Hollow-Core Model 
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Figure 147 - 2D Nodal Y-Displacements Initial Predictions Test No. 3 Hollow-Core Model 
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Figure 148 - 3D Nodal Y-Displacements Initial Predictions Test No. 3 Hollow-Core Model 
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Figure 149  - 2D Nodal Y-Displacements Rerun No. 1 - Test No. 2 Hollow-Core Model 



434 

 

Figure 150 - 3D Nodal Y-Displacements Rerun No. 1 - Test No. 2 Hollow-Core Model 
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Figure 151 - 2D Nodal Y-Displacements Rerun No. 2 - Test No. 2 Hollow-Core Model 
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Figure 152 - 3D Nodal Y-Displacements Rerun No. 2 - Test No. 2 Hollow-Core Model 
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Figure 153 - 2D Nodal Y-Displacements Rerun No. 3 - Test No. 2 Hollow-Core Model 
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Figure 154 - 3D Nodal Y-Displacements Rerun No. 3 - Test No. 2 Hollow-Core Model 
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Figure 155 - 2D Nodal Y-Displacements Rerun No. 4 - Test No. 2 Hollow-Core Model 
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Figure 156 - 3D Nodal Y-Displacements Rerun No. 4 - Test No. 2 Hollow-Core Model 
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Appendix K – STAAD Analyses 

 K1 – Test No. 4 CIP Model Fixed Supports (27-inch Beam) 
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K2 – Test No. 4 CIP Model Pinned Supports (27-inch Beam) 
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K3 – Test No. 4 CIP Model Fixed Supports (Three 27-inch 

Segments) 
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K4 – Test No. 4 CIP Model Fixed Supports (81-inch Beam) 
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