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Abstract 

This thesis focusses on the development of full-scale experimental program for testing 

rehabilitated metal culvert pipe assembled from corrugated steel plates and development of testing 

facility for testing rehabilitated structures until failure. The metal culvert pipe in arch geometry 

was rehabilitated using steel fiber reinforced shotcrete liner reinforced with pre-rolled 

reinforcement bars and studs. The condition of distressed field structures was simulated by 

inducing the crown defect along the longitudinal seams, where all the crown bolts were removed. 

The rehabilitated culvert pipe was buried in 0.6 m of shallow soil cover and was tested statically 

under simulated single wheel pair pad loading representing the geometry of CL-625 ONT dual tire 

truck footprint. The performance of the rehabilitated test culvert pipe was monitored during 

backfilling and during live load testing. Then, the rehabilitated test culvert pipe was loaded to its 

ultimate limit state until the failure of compacted granular fill surface at the top. Results showed 

that, the ultimate limit state was achieved at a load approximately eight times the service load. The 

conduit walls of shotcrete lined test culvert pipe exhibited relatively rigid behaviour with very low 

horizontal and vertical deflections at ultimate limit state. At the load equal to almost four times the 

service load, the rehabilitated culvert pipe showed tensile cracking at the crown location along the 

longitudinal seam where the crack propagated throughout the length of the pipe. No signs of 

circumferential cracking were observed in the test pipe at any load stage. Assessment of composite 

interaction behaviour of metal culvert pipe—rebar—shotcrete liner showed that no interaction was 

achieved at the crown location while full interaction was achieved at shoulder and spring lines. 

Rebar cage embedded in the shotcrete liner enhanced the flexural rigidity of the liner in addition 

to providing it with more ductility. 
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Chapter 1: Introduction 

1.1 General 

Province of Manitoba has over 1100 large steel plate culverts in its inventory across the province. 

These culverts comprising of corrugated steel plates pipes are deteriorating over the course of their 

lifespan and are in dire need of repair or replacement. Open cut methods to replace the deteriorated 

culverts are not feasible at all the culvert sites since they cause significant disruptions to traffic. In 

addition, open cut trenching is not an economical method of repair due to its high costs. Trenchless 

repair techniques such as slip-lining, cured-in-place pipe (CIPP), spin cast, and shotcrete lining are 

gaining popularity these days across provinces in Canada with more of them being able to repair 

the degraded culverts without significant disruptions to traffic. The trenchless lining material 

includes cementitious materials, epoxy-based products, and PVC. 

1.2 Research Objective 

Manitoba Infrastructure (MI) in collaboration with University of Manitoba (U of M) and Structural 

Innovation and Monitoring Technologies Resource Center (SIMTReC) developed a program to 

investigate the performance of the commercially available spray lining systems for culvert 

rehabilitation. The first stage of the long-term research program involves the development of the 

full-scale testing program at the U of M, entailing the testing of the rehabilitated steel plate culverts 

in conditions simulating defects often encountered in practice with soil cover under simulated 

truckload. The results of this testing program will provide information to support MI’s decision on 

using commercially available spray-on lining systems as an in-situ rehabilitation method for large 

culverts. The culvert testing facility (CTF) was designed to facilitate the full-scale testing of 
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rehabilitated steel plate culverts with shallow depth of cover to failure at W. R. McQuade Heavy 

Structures laboratory. 

The conditions simulating the defects often encountered in the field were simulated by inducing 

an artificial defect in the experimental specimen with a minimum soil cover. The artificial crown 

defect was induced in the metal pipe of the culvert by removing all the bolts at its longitudinal 

seam at the crown. The artificial crown defect is supposed to simulate the bolthole tear failure at 

the invert due to its uplifting. This testing program will help MI verify the performance of the 

rehabilitation technique (lining material and system) under live load to assess the suitability of this 

repair technique with regard to potential risks during rehabilitation. Multicrete System Inc. (MSI) 

was chosen as the first contractor by MI to rehabilitate the test culvert pipe with shotcrete liner for 

shakedown testing. 

1.3 Scope of the Thesis 

The main objective of the experimental program is to develop a full-scale testing methodology and 

culvert testing facility, which test the rehabilitated metal culvert pipe subjected to live load. This 

testing program will help to verify the performance of the rehabilitation method before 

implementing it on site. The scope of the testing program is restricted to the structural response of 

the corrugated steel plate culvert pipe in arch profile rehabilitated with shotcrete liner and tested 

statically under truck wheel pad loading. The hydraulic and geotechnical aspect of the rehabilitated 

test culvert pipe under loading is outside the scope of the thesis.  

1.4 Outline of the Thesis 

This thesis has been presented in the manuscript format as outlined by the Faculty of Graduate 

Studies at the University of Manitoba. The thesis is divided into five chapters as follows: 
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Chapter 1 provides the general introduction, including the objective and scope of the research 

program.  

Chapter 2 provides the literature review that was carried out to find data on full-scale testing 

programs for rehabilitated metal culvert pipes with simulated defects. 

Chapter 3 summarizes the experimental program, including the test set-up, testing procedure, 

rehabilitation procedure, and details of the instrumentation. 

Chapter 4 provides the results, where data regarding experimental results are analyzed and 

discussed. 

Chapter 5 summarizes the conclusion of the research program. 
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Chapter 2: Literature Review 

2.1 General 

This chapter presents the literature review of previous experimental programs conducted to 

evaluate the effectiveness and performance of several rehabilitation techniques on corrugated 

metal culverts including a brief description of each rehabilitation technique. Further, the chapter 

provides the literature review of full-scale testing programs of rehabilitated culverts with simulated 

defects including the research gap, which is taken care in the current investigation.  

2.2 Literature review on testing of various culvert rehabilitation techniques 

The popular trenchless repair techniques used for lining corrugated steel culvert pipelines includes 

applied shotcrete, slip lining, spin-cast shotcrete, cured in place pipe lining (CIPP), invert paving, 

spirally wound liners and spray on liners. The sections below provide a brief description of several 

trenchless rehabilitation techniques including a literature review on previous experimental 

programs performed to evaluate their performance and effectiveness on deteriorated metal 

culverts. 

2.2.1 Culvert rehabilitation using slip lining 

Slip lining rehabilitation technique comprises placing a new pipe (liner) of reduced diameter into 

the existing deteriorated culvert pipe. The new pipe (liner) can be either pushed or pulled in 

existing culvert pipe through one of its open ends. The distressed culvert can be slip lined with a 

smaller diameter corrugated metal pipe, reinforced concrete pipe, fiberglass reinforced pipe (FRP), 

and plastic pipe such as polyvinyl chloride (PVC) or high-density polyethylene (HDPE). 

Generally, the culvert is slip lined with the liner whose outer diameter is about 10% smaller than 
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the diameter of the existing culvert, which leaves the void space between new and old pipe that 

may or may not be grouted (Zhoa and Daigle, 2003). However, it is better to grout the void space 

with the grout materials such as controlled low strength material (CLSM), low-density cellular 

concrete (LDCC) or cellular grout to prevent leaks, provide uniform support to the pipe, and 

minimize the effects of hydrostatic pressure. The liner is not considered as a structural liner, if the 

void space between the new and the old pipe is not grouted (EPA, 1999). ASTM F1216 (2016) is 

the standard used for the rehabilitation of pipes using grouted slip lining. 

Simpson et al. (2015) performed a full-scale laboratory test to investigate the performance of 

deteriorated corrugated steel pipe, grouted slip-lined with HDPE liner using a high strength grout. 

The unlined test culvert pipe was first buried and tested under service loads before being slip-lined 

and grouted in place with an HDPE liner. The rehabilitated test pipe was further tested under 

applied loads up to the ultimate limit state. The researchers concluded that the grouted slip-lining 

rehabilitation procedure increased the stiffness of the culvert, with the grouted annular space 

contributing to the majority of the increase in the axial stiffness of the conduit wall. However, the 

researchers rehabilitated and tested only one deteriorated culvert pipe slip-lined with high strength 

grout only.  

Smith et al. (2015) performed a laboratory test to investigate the effect of grout on slip-lined 

structures. The laboratory study comprises five specimens, where four of them were grouted slip-

lined with low and high strength grout including one un-lined control corrugated steel pipe 

specimen. The test pipes in the non-buried state were then tested in 2-point loading under a D-load 

test set-up. The researchers concluded that pipes rehabilitated with low and high strength grout 

exhibited higher strength and stiffness in comparison to the non-rehabilitated pipes. The test pipes 

rehabilitated with higher strength grout were more rigid with higher increase in strength than pipes 
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rehabilitated with low strength grout. However, the rehabilitation techniques were performed on 

the new pipe specimens rather than deteriorated pipes in their non-buried state. 

Tetreault et al. (2016) conducted a full-scale laboratory test to examine the performance of the two 

circular corrugated steel culverts rehabilitated with HDPE liner using high and low strength grout. 

The test culvert pipe had a diameter of 0.9 m with helical corrugation profile of 67.7 × 12.7 mm. 

The test culvert pipe rehabilitated with low strength grout was intact culvert while the test culvert 

pipe rehabilitated with high strength grout was lightly deteriorated using accelerated corrosion 

technique (discussed in a subsequent section) across the invert. The non-rehabilitated test culvert 

pipes were first buried in 0.45 m of soil cover, tested under service loads using single wheel loading 

before being slip-lined, and grouted in place with HDPE liner using high and low strength grout. 

The rehabilitated test culvert pipes were then tested under applied loads up to the ultimate limit 

states. The experimental results demonstrated that the test culvert pipe rehabilitated with low 

strength grout failed at 2.4 times higher load than the fully factored service load but the researchers 

were unable to fail the test culvert pipe rehabilitated with high strength grout due to an early 

bearing failure of the soil. The test culvert pipe rehabilitated with low strength grout exhibited 

rigid behavior under service loads and flexible behavior under higher loads, while the test culvert 

pipe rehabilitated with high strength grout exhibited rigid behavior under all loads. 

2.2.2 Culvert rehabilitation using paved invert rehabilitation procedure 

The invert of the corrugated metal pipes is usually the most worn out, eroded and severely corroded 

section of the pipe. The invert liner is a rehabilitation technique where the new invert is paved over 

with concrete or fiber reinforced polymer composite. Invert paving rehabilitation technique is 

listed as one of the most highly effective techniques by United States Department of Transportation 

(DOTs) to repair corroded, perforated, and severely deteriorated inverts of existing culvert pipes 
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(Ballinger and Drake, 1995). Concrete invert liners are the least expensive form of invert 

rehabilitation techniques (Maine DOT, 2016). Concrete invert liners are usually reinforced with 

rebars (or welded wire mesh) tied to the shear connectors welded to the bottom portion of the 

culvert.  

Tetreault et al. (2016) conducted a full-scale laboratory test to examine the performance of a 

deteriorated horizontal ellipse culvert paved with invert liner. The test culvert pipe had a span of 

1.6 m, the rise of 1.35 m with annular (circumferential) corrugation profile of 76.2 × 25.4 mm; it 

was moderately corroded using accelerated corrosion technique (discussed in a subsequent section) 

across the invert. The non-rehabilitated horizontal ellipse culvert was first buried under 0.45 m of 

soil cover, tested under service loads using a tandem axle loading before repaired with 100 mm 

thick layer of cast-in-place concrete liner reinforced with welded wired mesh. The culvert was then 

tested under applied loads up to the ultimate limit states. The researchers concluded that the 

rehabilitation technique increased the system stiffness, thereby improving the structural 

performance of culvert while decreasing average strains and local bending at critical locations 

under service loads. The ultimate limit state test led to the failure of steel culvert by plastic hinge 

formation at the shoulder while the concrete paved invert cracked at the invert. 

2.2.3 Culvert rehabilitation using spin cast shotcrete 

The spin cast method of rehabilitating deteriorated culverts is a well-accepted technique in 

trenchless renewal industry. It is an automated centrifugal process of applying shotcrete, where 

shotcrete is cast with or without embedded reinforcement. Shotcrete has an excellent history of 

lining pipes, including culverts and storm sewers because of the flexibility of its design. The 

shotcrete lining can be tailored to meet the client’s requirement of strength, density, thickness, and 

corrosion resistance to address the deficiencies of the culvert pipe under repair, thereby providing 
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a cost-effective, long-term solution to failing buried infrastructure (Lynn, 2010).  Shotcrete lining 

creates a new leak-proof, abrasion resistant structural pipe within the old culvert with uniform 

surfaces rather than corrugations. The smooth surface has better water flow characteristics than 

the uneven surface of the corrugations. 

The empirical design formulas to determine the best strength to liner thickness ratio are readily 

available for different pipe diameter, shapes, burial depths, and flow characteristics (ACI 1995, 

2005; Austin and Robins 1995). The degree of loss of soil support and residual strength of the 

existing pipe are prime considerations before designing the thickness of shotcrete liner. Culvert 

pipes with diameters as small as 0.3 m can be spin cast with the remote robotic unit. Access points 

can be a limiting factor for pumping distances exceeding 152 m (Lynn, 2010). Shotcrete lining is 

not limited by shape of the pipe since shotcrete works equally well for the culverts with circular, 

and non-circular cross-section.  

Moore and Garcia (2013) conducted full-scale laboratory testing to examine the performance of 

deteriorated corrugated steel pipes rehabilitated with spray on cementitious liner. Two deteriorated 

culvert pipes with a diameter of 1.2 m and with helical corrugation profiles of 68 × 13 mm had 

corrosion between invert and haunches causing 5-60% perforations in the culvert pipe. The non-

rehabilitated circular pipes were first buried under 1.2 m of soil cover, and tested under single axle 

loading before repairing them with two different nominal thicknesses (50.8 and 76.2 mm) of spray 

on cementitious liners. The sprayed pipes were subsequently tested under applied loads at two 

different burial depths (1.2 m and 2.1 m) using single and tandem axle load configurations. The 

rehabilitated test pipes with burial depth of 1.2 m were further tested up to the ultimate limit state 

under tandem axle loading. The results showed an increase in the incremental stiffness of the pipe 

after rehabilitation. The ultimate limit state test led to the longitudinal cracking along the crown 
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and invert while circumferential cracks were observed under the pair of wheels. The researchers 

concluded that rehabilitated pipes exhibited semi-rigid behavior with full composite action at the 

crown and invert of the pipe with a 76.2 mm thick liner, while only partial composite action was 

observed at the invert of the other pipe with a 50.8 mm thick liner. Moore and Garcia (2013) draw 

the key conclusion from the composite interaction study that liner design should not solely depend 

on an assumption of the bond between two components of the system i.e. corrugated steel pipe and 

cementitious liner.  

Moore and Doherty (2016) have developed a design method for determining the thickness of spray 

on cementitious liners based on full-scale laboratory tests performed by Moore and Garcia (2013). 

The semi-rigid to rigid behavior of the liner, liner-steel pipe-soil interaction, impact of vehicle 

loads and distributed earth loads were taken into account while developing design equations. The 

circumferential bending moments in the liner material due to the wheel loads at ground surface are 

first computed in the design method, which are later compared with moments producing 

longitudinal cracks at crown and invert of the structure at the ultimate limit state. Moore and 

Doherty (2016) made an assumption in liner design that part or all of the earth loads up to an 

equivalent depth of two times the pipe diameter will reach the liner since the design was based on 

the deteriorated culvert. A moment arching factor causing reduction in the moment was introduced 

in the equation to consider semi-rigid soil pipe interaction, but still rigid behavior can be 

considered by ignoring the moment arching factor. The limitation of this research was that the 

design equation was based on the full-scale test performed on only the circular pipe geometry and 

only one test was performed for each liner thickness. 



 

10 | P a g e  
 

The tests performed by Moore and Garcia (2013) and semi-rigid to rigid design models by Moore 

and Doherty (2016) confirmed that the ultimate limit state to consider during design is longitudinal 

tension cracking at the crown or invert resulting from circumferential bending moments. 

Royer and Allouche (2016) performed D-load test as per ASTM C-497 (2013) to investigate the 

effectiveness of geo-polymer linings on damaged reinforced concrete pipes, intact corrugated 

metal pipes and cardboard tubes. The experimental study was conducted to develop a semi-

empirical approach for computing the thickness of geo-polymer liners. Geo-polymer linings with 

thickness varying from 16.5 mm to 66.5 mm were applied to cylindrical specimens with three 

different internal diameters, being 0.6 m, 0.9 m and 1.2 m respectively. The un-lined reinforced 

concrete pipe specimens were first loaded until D-load crack with 0.01-inch width and 12-inch 

length was observed. Further loading led to the crack being visible at crown and invert. This D-

load cracking simulated the artificial defect before rehabilitating them with centrifugally casted 

geo-polymer linings. The lined pipes were subsequently loaded to determine the load that yields a 

D-load crack in the rehabilitated pipe. The researchers concluded that the rehabilitated pipe 

demonstrated an increase in stiffness with D-load crack yielding at higher deflections. The 

experimental data was further compared with predictions obtained from five different liner 

thickness prediction models to check which model gives lining thickness close to experimental 

results. The restraint of this research was that the actual field scenario of buried pipes was not 

presented since the test pipes were not buried in soil and distribution of load through soil fills was 

ignored. 

2.3 Literature review on the type of defects simulated in metal culvert pipes 

Most of the research to evaluate the effectiveness and performance of rehabilitation techniques 

were conducted on deteriorated metal culvert pipelines with corrosion along the haunch and invert 
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as the main defect. It appears from the literature reviewed for this research that other forms of 

structural defects, such as bolthole tear failure, crimping of the conduit wall, invert uplifting, and 

deformation of conduit cross-section were not considered in any full-scale laboratory-testing 

program. 

Regier et al. (2015) developed an accelerated corrosion technique to degrade multiple culvert pipes 

to different degrees of deterioration with the intent to investigate the impact of the wall section 

loss due to corrosion on their behaviour under live loads. The test specimens comprised of three 

culvert pipes with a diameter of 0.9 m, length of 3 m and helical wound corrugation profile of 12.7 

× 67.7 mm. The pipes were corroded using the impressed current technique, where the pipes were 

immersed in large basin containing 3.5% NaCl water solution with two stainless steel rods and 

impressing a current through each rod to accelerate the oxidation process of the pipes. The 

accelerated corrosion process ran for a 5 to 7 week period with an impressed current varying from 

10 to 20 amps (A) being applied through the entire system by 16-gauge wire. Each basin was 

emptied and cleaned every two weeks, and all the corrugated steel pipe samples were cleaned of 

any corrosion by-products created from the accelerated corrosion process. Six test pipes were 

deteriorated to the degree where the average remaining wall thicknesses for the samples ranged 

from 18% to 47%. The deteriorated samples along with intact culvert pipe were then buried in 0.9 

m and 0.45 m of soil cover and tested under single wheel loading. 

2.4 Research Gap 

Previous research has investigated the effect of rehabilitation technique, such as grouted slip lining 

and invert-paved rehabilitation on deteriorated steel culvert with corrosion as a prime defect. To 

the author’s knowledge based on the available literature, no research has been performed to date 

where the field condition is simulated in the pipe. In addition, no researchers have simulated 
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structural defects such as crown deformation, crimping, and conduit wall deformation in the tested 

pipes. Also, no research was found through available literature that has been performed on 

distressed or deteriorated culverts rehabilitated with applied shotcrete liner. Most of the 

rehabilitated culvert pipe research involved the corrugated metal pipes with helical corrugations 

but very little research has been done on large diameter pipes assembled from corrugated steel 

plates with 152 × 52 mm annular corrugations. None of the research was undertaken to test the 

rehabilitated test culvert pipe to the ultimate limit state where the liner was forced to crack at the 

crown or invert. 

This thesis focuses on the full scale testing of the shotcrete lined metal culvert pipe assembled 

from corrugated steel plates having the 152 × 52 mm corrugation profile buried under a 0.6 m of 

soil cover with simulated artificial crown defect. This artificial defect will force the shotcrete liner 

to crack due to bending. 
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Chapter 3: Experimental Program 

 

3.1 Introduction 

This chapter presents the details of the shotcrete rehabilitated culvert-testing program. Details 

regarding test objective, test descriptions, experimental specimen, structural defects, 

rehabilitation procedure, instrumentation before and after rehabilitation, backfill procedure and 

the testing configuration are discussed. Additionally, the details of the culvert testing facility 

(CTF) designed to facilitate the testing of full-scale rehabilitated test pipe  at the W.R. McQuade 

heavy structures lab are also discussed in this chapter. 

3.2 Test Objective 

The objective of the experimental program is to develop a full-scale rehabilitated culvert-testing 

program. In this thesis, a corrugated steel plate culvert with induced artificial crown defect, 

rehabilitated with shotcrete liner was investigated. The artificial crown defect in steel plate culvert 

was simulated by removing bolts from the crown. The culvert was tested under minimum soil 

cover for a given conduit profile and dimensions so that the live load moments were pre-dominant 

in the conduit wall. This testing program will help verifying the performance of various 

rehabilitation techniques under live loads. 

This testing program evaluates the effectiveness of trenchless lining solutions such as applied 

shotcrete, spincast shotcrete, slip-lining and various others systems for consideration of the 

proposed culvert liner system for in-situ application. 
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3.3 Test description 

A structural plate corrugated steel pipe culvert with a burial depth of 0.6 m rehabilitated with 

shotcrete was tested under an applied load representing the dual tires of a single wheel of the CL-

625 ONT truck. The defect in the conduit wall was simulated by removing all the crown bolts in 

the metal culvert pipe at the longitudinal seam before backfilling above crown. Although, it is not 

a common design practice in field to have longitudinal seam at crown location, the longitudinal 

seam was intentionally provided at the crown by choosing the arch culvert profile made out of two 

identical plates. The arch culvert profile permits the testing of the steel plate culvert specimen by 

having un-bolted longitudinal seam at the crown, which can simulate the invert-uplifting defect. 

Other culvert profiles, such as circular, pipe-arch, horizontal ellipse require the soil bedding 

extending up to the sufficient depth in order to simulate the field conditions, which was eliminated 

by choosing the arch culvert profile. The simulated crown defect by removing all the bolts at the 

longitudinal seam not only represents the invert uplifting due to poor bedding, but it also simulates 

bolt hole tear failure due to corrosion at haunches.  

The steel plate culvert specimen was installed with a pre-rolled rebar cage mounted on the studs 

welded to its circumference before rehabilitating it with steel fiber reinforced shotcrete liner. The 

rehabilitated culvert specimen was then moved inside the CTF with the lifting set-up in place. The 

CTF was designed to facilitate the testing of full-scale rehabilitated culvert specimens with a given 

soil cover; it was equipped with removable rollers to provide the required mobility within the lab. 

The CTF was designed to be strong enough to withstand all the dead loads coming from the self-

weight of the culvert, repair materials, and soil cover as well as the live load required to fail the 

specimen. More details on the CTF are provided in subsequent sections. 
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The rehabilitated culvert specimen was placed inside the CTF as per planned burial configuration 

that includes backfilling with controlled low strength material (CLSM), loose sand and well-

compacted granular fill. The CLSM was used as an alternate to conventional granular fill to fill 

tight spaces in the CTF. The CLSM was then overlaid by a 0.3 m deep layer of loose sand that was 

compacted with a hand tamper to prevent inducing any stresses to unbolted rehabilitated culvert 

specimen at crown. The experimental specimen was further buried in three 0.15 m thick layers of 

well-compacted limestone granular fill until the required backfill height was reached. The 

experimental specimen was instrumented before and after rehabilitation with strain gauges and 

string potentiometers to permit the monitoring of the specimen during the backfilling operation. 

The rehabilitated culvert was loaded by a hydraulic to the ultimate limit state, as required by S16-

06 and AASHTO LRFD Bridge design specifications (2010). The details of the testing procedure 

and testing regime are discussed in the following sections. 

Figure 3.1 shows the cross-section of the experimental specimen and the testing arrangement. 
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Figure 3.1  Cross-section of the shotcrete rehabilitated pipe with backfill under simulated wheel loading
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3.4 Experimental Specimen 

The structural plate corrugated steel pipe (SPCSP) is made of specifically designed curved and 

corrugated galvanized steel plates. Structural plates are finished curved to various radii by the 

manufacturer for assembly into different shapes and profiles. The SPCSP arch culvert was 

assembled from two plates designated as 6 N Cor-Plates. The structural plate used in this 

experimental program had an annular corrugation profile of 152 × 51 mm. The corrugation profile 

is shown in Figure 3.2. The corrugations run perpendicular to the length of the plate. The length 

of the plate is measured in the direction parallel to the length of the structure. The width of plate 

is measured along the periphery of the structure. An isometric view of the corrugated steel plate is 

shown in Figure 3.3. The plate width designation N is used to describe the various available plate 

widths, it being noted that N is the distance between two circumferential bolt holes or one 

circumferential bolt hole space (Note: circumferential refers to the direction around the periphery 

of the structure, at right angles to the structure). For example, a 6 N plate has 6 circumferential 

bolt-hole spaces (see Figure 3.3). The bolt hole space, N is 244 mm.  The SPCSP structure was 

assembled in the laboratory using light construction equipment. Sectional properties and details of 

un-curved corrugated steel plates as per the Handbook of Steel Drainage and Highway 

Construction Products (CSPI, 2009) and supplier Canada Culvert specifications are listed in Table 

3.1 and Table 3.2 respectively. Material properties of corrugated steel plates as per ASTM A796 

(2015) and supplier Canada Culvert specifications are listed in Table 3.3. The SPCSP arch model 

including corrugated steel footings and channels for testing were donated by Canada Culvert. 

The arch culvert specimen had an inside clear span of 2130 mm, with the inside diameter of 2180 

mm and inside clear rise of 860 mm. Figure 3.4 shows schematically the SPCSP arch culvert. The 
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length of the culvert in the longitudinal direction was 2235 mm. Table 3.4 lists the geometrical 

details and other properties of experimental culvert. 

The Canadian highway bridge design code (CHBDC) specifies that a bridge is a structure with a 

span of at least 2.0 m, and these bridge structures always conveying water are referred to as 

culverts. Accordingly, the pipe with a span of 2.1 m qualifies as a bridge and was chosen for 

experimental program. According to the CHBDC, the minimum conduit wall thickness for a semi-

circular arch with a span of 2.0 m, and the depth of cover of 0.6 m is 3.0 mm; this thickness was 

chosen for laboratory model. The CHBDC vehicle loading was chosen for the tests on the model, 

because it represented a higher design load than required for a culvert with a span of less than 2.0 

m. It was realised that design failure load for the model with a smaller span length would be 

somewhat larger than the factored live load including impact. 

The yield strain of the corrugated steel plates, calculated using Eqn. 3-1, was 1150 µɛ. The 

compressive yield strength, calculated using Eqn. 3-2, was 810.06 kN/m. The yield bending 

moment at the extreme fiber, calculated using Eqn. 3-3, was 9.573 kNm/m. The plastic bending 

moment causing yielding across the entire depth of conduit wall cross section, calculated using 

Eqn.3-4, was equal to 4.786 kNm/m. Thus, plastic to yield bending moment ratio was calculated 

to be 0.5. 

Concrete footings for the arch culvert were cast with corrugated steel footings on the top. The 

backside of the corrugated steel footings, supplied by Canada Culvert, were welded with Nelson 

studs in addition to the cast-in situ anchor bolts (J-hooks) to increase the bond of corrugated steel 

footing with concrete blocks. These J-hooks were bolted with channels, which in turn were 

connected to the culvert plates. The culvert footings were cast upside down at the contractor MSI 

casting yard. The schematic details of culvert footing can be seen in the Figure 3.5. 
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Further, corrugated steel plates were connected to the concrete footings with channels on the top 

through base channels. Figures 3.4 and 3.5 show the geometry, details of the culvert assembly with 

and without concrete footings. 

Figures 3.6 to 3.8 present the photographs of the culvert footings formwork, footings casting 

process and footings bolted together with channels. 

Figure 3.9 shows the SPCSP arch culvert assembled with culvert footings in the lab.. The detailed 

Canada Culvert drawings of the SPCSP arch culvert, culvert channels and culvert steel footings 

are presented in Appendix- A.  
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Table 3.1 Sectional properties of un-curved corrugated steel plates used for test pipe specimen 
Nominal 

Thickness 
(mm) 

Design 
Thickness 

(mm) 

Tangent 
Length 
(mm) 

Tangent 
Angle 

(degrees) 

Area of 
section 

(mm2/mm) 

Moment 
of Inertia 

(mm4/mm) 

Section 
Modulus 

(mm3/mm) 

Radius 
of 

Gyration 
(mm) 

3.0 2.84 47.876 44.531 3.522 1057.25 39.42 17.326 
 

Table 3.2 Details of un-curved corrugated steel plates used for test pipe specimen  
No. of Hole spaces Net Width (mm) Overall Width (mm) No. of Circumferential 

Bolt Holes 
6N 1465 1585 7 

 

Table 3.3 Material properties of steel used for corrugated steel plates 
Minimum Yield 

Strength fy (MPa) 
Elastic Young’s 

Modulus E1 
(MPa) 

Upper curve 
Modulus E2 (MPa) 

Minimum Tensile 
Strength (fu) (MPa) 

230 200,000 0.0 310 

 

Min. yield strain of corrugated steel plates = 
   

   ( )
 = 

,
 = 1150     (3-1) 

Compressive yield strength = Min. yield strength  * Cross-sectional area                          (3-2) 

                        = 810.06 kN/m  

Yield bending moment at the extreme fiber My =   = 9.573 kNm/m       (3-3) 

Plastic bending moment at the extreme fiber Mp =   = 4.786 kNm/m       (3-4) 
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Figure 3.2 Corrugation profile of cor-plate (Canada Culvert drawings) 

 

 
Figure 3.3 Isometric view of cor-plate from outside the structure (Canada Culvert drawing) 
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Table 3.4 SPCSP Arch culvert pipe properties 
Structure Type Structural Plate Corrugated Steel Pipe Arch 

Corrugation Profile 152 x 51 mm 
Plate Thickness 3 mm 

End Area 1.39 m2 

Bottom Inside Span 2130 mm 
Inside Rise 860 mm 

Length of Structure 2235 mm 
Total Periphery Circumferential Bolt hole 

spaces 
12N 

Rise/Span Ratio 0.40 
Nominal Arc Length 2961 mm 

Live Load CL-625 ONT Truck Load 

Dead Load AASHTO Class A-1 Limestone A Base 
Minimum compaction of 85% of the 
maximum unit weight achieved using 

Standard Proctor Dry Density (SPDD) test 
at Optimum Moisture Content 

 

 
Figure 3.4 SPCSP arch structure geometry without footings (Canada Culvert Drawing) 
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Figure 3.5 Geometry of culvert assembly with cast-in-situ footing 
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(a)                                                                                                            (b) 

Figure 3.6 Culvert footings formwork with rebar cage (a) Inside view showing corrugated steel footing plate; (b) Side view of the 
footing formwork 

               
 (a)                                                                                                                    (b) 

Figure 3.7 (a) Culvert footings being casted upside down at Multicrete System Inc. (MSI) casting yard; (b) Culvert footings casted  
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      (a)                                                                                                                         (b) 
 

                           

(c)                                                                                                                                 (d) 

Figure 3.8(a) MSI crew member removing culvert footings from formwork (b) Culvert footings after removal from formwork at MSI 
yard (c) Culvert footing with base channels bolted on top and (d) Culvert footings set-up for culvert assembly at W. R. McQuade 

heavy structures laboratory. 
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(a)                                                                                                                               (b) 

Figure 3.9 Culvert assembly with cast in-situ footings at W.R. Mc Quade heavy structures lab (a) Top view and (b) Front view  
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3.5 Procedure for Artificial Crown Defect Simulation 

This section discusses how the artificial crown defect was induced in the model. As discussed 

before, the artificial crown defect was simulated in the rehabilitated pipe by removing all the crown 

bolts at the longitudinal seam after shotcreting and before backfilling with the granular fill. This 

defect was meant to simulate the failure of the pipe at the crown, such as that shown in the 

photograph presented in Figure 3.10.  

The longitudinal crown seam was bolted using 19 mm diameter hex bolts placed alternatively in 

the valley and crest of the corrugations in a zigzag pattern. The detailed drawings of the culvert 

plates assembly using bolts are provided in the Appendix-A.  The crown bolts in the valleys were 

kept intact during the rehabilitation of the pipe with shotcrete. The lengths of the bolts were 

reduced by trimming to make sure that the edges of the bolts were flush with the edge of the nuts 

and that the bolt did not protrude beyond the nuts as shown in Figure 3.11. This was done to 

facilitate the removal of the bolts after the liner has set. The nuts of the crown bolts in the valleys 

were welded from inside of the pipe to the corrugated steel pipe to permit easy removal after the 

shotcrete liner had set as can been seen in Figure 3.12. Further, the nuts were wrapped in a plastic 

sheet to prevent them from bonding with the shotcrete liner as shown in Figure 3.13 (a) and (b). 

All the crown bolts in the crests were removed before rehabilitating the pipe with the shotcrete 

liner. Keeping bolts in the crests (from inside the structure) would have affected the thickness of 

the liner at the crown and would have weakened the liner along the longitudinal crown seam. This 

left the culvert plates held together by bolts in only the valleys. All the ground crown bolts from 

the valleys were removed from outside of the pipe after the shotcrete liner was set, and before 

backfilling the pipe specimen with loose sand and granular fill inside CTF. Figures 3.11 to 3.13 

present the photos of the induced artificial crown defect in test pipe specimen.  
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Figure 3.10 Failure of the culvert along the longitudinal seam at the crown  
(Photo courtesy of Dr. Baidar Bakht) 

 

         
(a)                                                                                         (b) 

Figure 3.11 (a) Top view and (b) Front view of crown bolts trimmed off to the edge of the nut 
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Figure 3.12 Nuts in the valley corrugations welded to the inside of the culvert plates   
 (Note: the bolts in the crest corrugations are not trimmed off neither their nuts are 

welded to culvert plates since they were removed before shotcrete rehabilitation) 
 

       
(a)                                                                             (b) 

Figure 3.13 (a) and (b) Nuts in the valley corrugations wrapped in the plastic sheets to prevent 
them bonding with the shotcrete liner 
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3.6 Rebar Installation 

Despite the ability of fiber reinforced shotcrete mix to sustain some tensile stresses, it was 

recommended to add a reinforcement mesh to the shotcrete ring to withstand large flexural stresses 

that may result from bending. Most of the commercially available shotcrete lining systems do not 

use reinforcement mesh for culvert rehabilitation. The reinforcement mesh will increase the load 

carrying capacity of the shotcrete lining beyond the cracking load of the liner and provide sufficient 

warning in the field before failure of the structure. 

Reinforcement bars were mounted on the studs welded to the interior of the conduit wall. Figure 

3.14 shows schematically the studs welded inside the pipe, and Figure 3.15 shows the pictures of 

the pipe welded with the nelson studs at the MSI shop. Pre-rolled rebars were mounted on the studs 

in the circumferential direction and straight rebars were mounted on the circumferential rebars in 

the longitudinal direction. Figures 3.16 and 3.17 show schematically the rebar cage installed on 

the pipe in elevation and plan view, respectively. 10M bars of Fe-410 grade were used for both 

circumferential and longitudinal steel, which were installed on the welded studs at a spacing of 

305 mm in both the circumferential and longitudinal directions. The material properties of the 

reinforcement bars are summarized in Table 3.5. Figures 3.18 shows the reinforcement cage 

mounted on the studs welded inside the pipe at MSI shop. 
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Figure 3.14 SPCSP arch pipe model with nelson studs welded inside 

 

  
(a)       (b) 

Figure 3.15 Metal culvert pipe welded with nelson studs at MSI shop; (a) Full view of the 
structure and (b) Close-up view showing details of the studs 
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Figure 3.16 Cross-section of the metal culvert pipe showing the rebar cage 

 

 
Figure 3.17 Plan of the reinforcement cage 
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Table 3.5 Material properties of reinforcement bar 
Bar Size Nominal 

Diameter 
(mm) 

Bar Area 
(mm2) 

Yield 
Strength 
(MPa) 

Elastic 
Modulus 

(GPa) 

Yield Strain 
(%) 

10 M 11.3 100.0 410 200 0.21 
 

 
Figure 3.18 Rebar cage mounted inside metal culvert pipe at MSI shop 
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3.7 Instrumentation prior to application of liner 

3.7.1 Metal pipe Instrumentation 

The conduit wall of the test culvert structure was instrumented with uniaxial electrical resistance 

strain gauges with a gauge length of 6 mm and resistance of 350 0.3% Ω. The gauges were 

installed at two sections along the length of the metal culvert pipe, at the center and east offset 

region. The center region was at the longitudinal center of the pipe directly below the center of the 

wheel loading pad and the east offset region was 600 mm away from the center region along east 

direction of the structures laboratory. The locations of both center and east offset regions are shown 

in plan in Figure 3.22. The gauges were installed at four locations around the circumference of the 

pipe, as shown in Figure 3.19. Table 3.6 describes the locations of the strain gauges and provides 

their identifying labels. Figures 3.20 and 3.21 show further details of gauge locations along the 

center and east offset region, respectively. The strain gauges were oriented in the circumferential 

direction of the pipe and were installed in valley, crest corrugation at each location across the 

circumference along both instrumented region. Additionally, at centre region -- 90o location, strain 

gauges were installed at valley, crest and in between crest and valley as well. A total of 17 strain 

gauges were installed on the metal culvert pipe. Continuous measurement of all 17 electrical 

resistance strain gauges was recorded with the help of a data acquisition system. After installation, 

the gauges were mechanically protected against damage during the high-pressure shotcrete 

rehabilitation. In addition, the wires connected to the strain gauges were taped down tight to the 

surface of the metal pipe and wires were taken out from the inside of the metal pipe through drilled 

holes. Figures 3.23 to 3.27 show the photographs of the strain gauge installation along with the 

mechanical protection against damage and wiring protection. 
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Table 3.6 Strain gauges location on metal culvert pipe 
Location along the length of arch Center Location East Offset Location 

Location along the Circumference Crest Valley Crest Valley 

Crown (90o) Uniaxial (C11) Uniaxial (C13) Uniaxial (E11) Uniaxial (E13) 

Shoulder-1 (45o) Uniaxial (C21) Uniaxial (C23) Uniaxial (E21) Uniaxial (E23) 

Springline-1 (0o) Uniaxial (C31) Uniaxial (C33) Uniaxial (E31) Uniaxial (E33) 

Springline-2 (180o) Uniaxial (C41) Uniaxial (C43) Uniaxial (E41) Uniaxial (E43) 

Note: 01 additional uniaxial strain gauge (C12) was installed at Crown –Center location in between 

crest and valley corrugation of the arch pipe since this location was directly beneath the 

longitudinal and transverse center of both-- the pipe and loading wheel pad. 

 
Figure 3.19 Strain gauge location around the circumference of the metal culvert pipe (same for 

both center and east offset region) 
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Figure 3.20 Strain gauge location on metal culvert pipe at center region 

 

 
Figure 3.21 Strain gauge location on metal culvert pipe at east offset region 
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Figure 3.22 Plan of instrumentation at the center and east offset regions 

 

 
Figure 3.23 Uniaxial strain gauge installed in both valley and crest at spring line (arrows) 
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Figure 3.24 Uniaxial strain gauge installed in valley, crest and in between valley-crest at crown 

(pointed by arrows) 
 

 
Figure 3.25 Strain gauge and wiring protection against shotcreting 
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Figure 3.26 All strain gauges installed on the pipe 

 

 
Figure 3.27 Protection of strain gauge wiring by conduit (conduits marked by arrows) 
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3.7.2 Rebar Instrumentation 

As discussed earlier, the reinforcement bars were embedded in the shotcrete layer to enhance its 

flexural resistance. Four uniaxial electrical resistance strain gauges same as the strain gauges that 

were installed on the conduit wall were also installed on the reinforcement bars. The plan view 

showing the locations of strain gauges installed on reinforcement bars with identification labels is 

shown in Figure 3.28. The cross-section view of the strain gauges installed on the reinforcement 

bars around the circumference is shown in Figure 3.29. All the strain gauges were mounted on the 

pre-rolled reinforcement bar (top steel) at Crown location (90o) and were oriented in the direction 

of corrugation. Strain gauges were mounted on the reinforcement bars at the center and east offset 

region. Two strain gauges were installed at each region. Ribs on the reinforcement bars were 

ground and rebar surface was made smooth. All the gauges were protected using high strength 

epoxy against damage during the high-pressure shotcrete rehabilitation. Strain gauge wires were 

securely taped to back of the rebar and were taken out of the conduit wall. 
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Figure 3.28 Plan of strain gauge locations on reinforcement bars 

 
Figure 3.29 Cross-section of the pipe showing strain gauge location on reinforcement bars 
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3.8 Lifting Set-up 

The lifting set-up was designed so that the culvert assembly, weighing about 100 kN, would remain 

level and without inducing further stresses to test culvert pipe during its transportation from the 

contractor’s yard to the structures laboratory and inside the CTF. As shown in Figure 3.30, the 

lifting set-up consisted of structural steel angles, cross bracing and diaphragms. The culvert 

assembly was lifted from the outer face of the culvert footing as can be seen in Figure 3.33. 

Detailed fabrication drawings and the bill of quantities (BoQ) of the lifting set-up are provided in 

Appendix-C. The lifting set-up, fabricated and installed at MSI shop, was donated by MSI for this 

research project. Figure 3.31 shows the detailed fabrication drawing of the lifting set-up. Figures 

3.32 to 3.35 show the photos of the lifting set-up in place when moving the culvert assembly within 

the contractor’s yard, heavy structures laboratory and inside the CTF. 

 
Figure 3.30 3-D Model of lifting set-up for culvert assembly 
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Figure 3.31 Fabrication drawings of lifting-set-up 
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Figure 3.32 Lifting set-up showing bracings being installed at MSI shop 

 
Figure 3.33 Culvert assembly with bracings being moved inside structures laboratory 



 

45 | P a g e  
 

 
Figure 3.34 Bracings inside culvert assembly for the lifting set-up  

 

 
Figure 3.35 Rehabilitated culvert with bracings being moved inside CTF 
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3.9 Rehabilitation procedure 

The test culvert pipe was rehabilitated by shotcrete lining. MSI rehabilitated the culvert pipe using 

their trademark product XPR Shotcrete, which is a pre-blended, dry shotcrete based on a modified 

hydraulic cement. The XPR shotcrete was applied to the inside of the pipe through a dry process 

in which dry shotcrete mix is blown through the hose and mixing water is added at the nozzle. The 

schematic of dry shotcreting process is shown in Figure 3.36. In the dry-mix shotcrete process, 

bagged dry shotcrete mix is poured into the hopper device, as shown in Figure 3.40 that meters the 

mixed material into a stream of compressed air. The shotcrete mix is then carried away by the 

compressed air through a delivery hose to the nozzle where water is added under pressure through 

a perforated ring. The nozzle-man controls the addition of water at the nozzle. The water 

thoroughly wets the premixed shotcrete ingredients as the mixture is jetted from the nozzle at high 

velocity on to the surface to be shotcreted. The water and the dry mixture are not completely mixed, 

but it is completed as the mixture hits the receiving surface. The shotcrete impacts the surface at a 

high velocity resulting in a well-compacted, high quality concrete with excellent bond. The XPR 

shotcrete was used in combination with steel fiber reinforcement with MSI trademark product, 

XPR Fibrecrete-8 HI to enhance the load-carrying capacity and accelerator to provide fast setting 

time, pre-blended to meet the ACI 506 gradation #1. The XPR Fibrecrete-8 HI was added to the 

dry shotcrete mix because the product was applied in cold weather, it being noted that 8 HI refers 

to 80 pounds per cubic yard of trademark product, Dramix ZP305 high performance steel fibers. 

The shotcrete liner was applied to an average thickness of 50 to 75 mm from the inside crest of the 

corrugated metal pipe. The pipe was shotcrete lined by a skilled nozzle-man team of MSI as shown 

in Figure 3.41 and the target thickness was achieved in a single day of shotcreting. The technical 

data for the XPR Shotcrete is provided in the Appendix-C. 
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Test culvert pipe was placed on 0.6 m high blocks to raise the inside clear height of the model for 

the nozzle-man to shoot easily inside the pipe using a high-pressure shotcrete gun. Bracing was 

installed at both edges of the test pipe to prevent any twisting or bending in the metal pipe during 

the shotcrete application as shown in Figure 3.38. The model was repaired with shotcrete liner 

inside a tarp housing to contain the spills of the shotcrete. The tarp housing and shotcreting 

procedure can be seen in Figures 3.38 to 3.43. As can be seen in the Figure 3.44, the surface of the 

final shotcrete liner was not smooth. Around the shoulder of the pipe near center region, a shotcrete 

bulb can be seen. As it was shotcreted by hand, uniform thickness of the shotcrete liner was not 

achieved at different sections of the test specimen. 

Additionally, two control panels, measuring 610 mm x 610 mm x 200 mm deep, were also sprayed 

with the shotcrete liner for quality control testing as shown in Figure 3.45. Cores were drilled out 

of the control panels to monitor the compressive strength of the liner at different timeframes, being 

7, 21, 28 days, and at the day of testing. Sixteen beam moulds, measuring 100 mm x 100 mm x 

350 mm long a shown in Figure 3.45, was also sprayed with shotcrete to monitor the flexural 

strength of the shotcrete at different timeframes, being 7, 21, 28 days and at the day of testing. The 

compressive and flexural strengths of the shotcrete liner as per ASTM C-1604 (2005) and C-1609 

(2012) at different timeframes are provided in Appendix-B and photo of the samples being tested 

is shown in Figure 3.37. 

The shotcrete liner was allowed to cure for 28 days before moving the rehabilitated culvert pipe 

assembly inside the CTF. Bracing was kept intact for the whole duration of curing to prevent any 

change in geometry of the structure due to the self-weight of the liner. 
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Figure 3.36 Schematic of dry-mix shotcreting process (Source: Concreteconstruction.net) 

 

    
(a)         (b) 

Figure 3.37 Material tests: (a) Prisms for finding flexural strength of shotcrete and (b) cores for 
finding compressive strength of shotcrete liner 
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Figure 3.38 Test culvert pipe inside tarp housing for shotcrete rehabilitation 

 

 
Figure 3.39 MSI crew shotcreting the test culvert pipe inside tarp housing at W.R. Mc Quade 

heavy structures laboratory 
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Figure 3.40 Shotcrete dry mix being poured into hopper using fork-lift 

 

    
(a)                   (b) 

Figure 3.41 (a) and (b) Shotcreting test culvert pipe inside tarp housing by MSI certified nozzle-
man. 
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Figure 3.42 Shocreting through rebar cage close to spring line 

 

 
Figure 3.43 Shotcreting close to shoulder of test culvert pipe 
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(a) 

 

 
(b) 

Figure 3.44  Final shotcrete rehabilitated test culvert pipe (a) before cleaning and (b) after 
cleaning shotcrete liner spill over at W.R. McQuade heavy structures laboratory 
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Figure 3.45 Beam moulds for shotcrete quality control 
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3.10 Shotcrete application 

3.11 Instrumentation after application of shotcrete liner 

The shotcrete liner was instrumented with concrete strain gauges, string potentiometers, and linear 

variable displacement transducers (LVDTs) to monitor its strains and geometry under applied 

loads as shown in Figure 3.46. All the instrumentation was mounted at the same locations as the 

instrumentation on the metal pipe. The section below discusses each instrumentation in detail. 

            
(a)       (b) 

Figure 3.46 (a) and (b) Instrumentation on the shotcrete liner 
 

3.11.1 Shotcrete Liner Strain Gauges 

The shotcrete liner was instrumented with eight uniaxial electrical resistance strain gauges 

installed at the same locations as the strain gauges on the pipe. All the shotcrete liner strain gauges 

were oriented in the circumferential direction; the locations of these gauges along center and east 
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offset region along with identification labels are shown in Figure 3.47 (a) and (b), respectively. 

The surface preparation for installing strain gauges on shotcrete liner was similar to that on any 

concrete surface. The rough surface of the liner was ground first with a diamond grade masonry 

grinder to a smooth surface. Once smooth surface was achieved, all voids that were visible on the 

ground surface were filled with a resin, being AE-10 from Micro-Measurements group. After 

curing, the bedding of the resin was further ground to a smooth surface free of any voids. Instant 

setting glue, being M-Bond 200 from Micro-Measurements group, was used to install the concrete 

strain gauges on the prepared shotcrete surface. Each strain gauge had a gauge length of 50.80 mm 

and a resistance of 350  0.2 %.  Figures 3.48 and 3.49 show the shotcrete liner instrumented 

with strain gauges at shoulder and spring-line location around the circumference of test culvert 

pipe. 
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(a) 

 

(b) 

Figure 3.47 Strain gauge location on shotcrete liner around the circumference at (a) center and 
(b) east offset region 
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Figure 3.48 A strain gauge installed on shotcrete liner at shoulder location (gauge pointed by 

arrow) 
 

 
Figure 3.49 A strain gauge installed on shotcrete liner at spring-line location (gauge pointed by 

arrow) 
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3.11.2 String Potentiometers 

String potentiometers were employed to measure changes in the geometry of the culvert in both 

the horizontal and vertical directions during backfilling operation and under live load testing. A 

total of four string potentiometers were installed on test culvert pipe along both the center and east 

offset region of the pipe. A total of two string potentiometers measuring deformations of horizontal 

span and vertical rise were installed at each center and east offset regions as shown in Figure 3.50 

(a) and (b), respectively. The string-potentiometers, made Bridge Diagnostics Inc., had a 

sensitivity of 131.38 mV/inch/V and measurement range of   76 mm. Figure 3.51 shows the photo 

of the string potentiometers installed on the shotcrete liner. 

String potentiometers that measured vertical displacements were attached to the CTF floor as 

shown in Figure 3.52. String potentiometers measuring horizontal displacements were mounted 

on aluminium brackets attached to the shotcrete liner using high strength epoxy as shown in Figure 

3.53. Figure 3.54 shows the calibration of string-potentiometer using MTS machine.  
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(a) 

 

  
(b) 

Figure 3.50 String-potentiometers layout at (a) center and (b) east offset region 
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Figure 3.51 String potentiometers mounted on shotcrete liner 

 

 
Figure 3.52 String potentiometer mounted on CTF floor for monitoring vertical movement  
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Figure 3.53 String potentiometer mounted on shotcrete liner for monitoring horizontal movement  

 

 
Figure 3.54 String potentiometer calibration at W.R. Mc Quade heavy structures laboratory 
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3.11.3 Linear Variable Differential Transducers (LVDT) 

One LVDT with a maximum stroke of 150 mm was mounted on the top of the compacted granular 

fill surface to measure the deflection of the soil surface under cycles of the applied load. The LVDT 

was mounted 400 mm away from the transverse centerline of CTF. The LVDT layout on the top 

of the compacted soil surface is shown in Figure 3.55. Figure 3.56 shows the photograph of LVDT 

mounted on the top of compacted granular fill surface. 

 

 

 

 

Figure 3.55 Plan of LVDT location on top of the compacted granular fill
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Figure 3.56 LVDT mounted on top of compacted granular fill in line with loading wheel pad 

 

3.12 Culvert Testing Facility (CTF) 

The CTF was designed to test full-scale experimental models of rehabilitated SPCSP structures 

buried under compacted granular soil and subjected to a static loading in the W.R. McQuade heavy 

structures laboratory. The CTF is as steel container with side openings to enable the inspection of 

the culvert. It was equipped with removable heavy-duty ground wheels to provide the required 

mobility within the structures laboratory. 

The design of the CTF used the standard roll-off dumpster bin, which was modified for testing full 

scale models with different soil covers. The standard roll-off dumpster bins are generally rolled up 

by standard trucks using a cable pull and hook mechanism. The CTF was designed keeping in 

mind the transportability and necessary compatibility of the bin with standard roll-off truck. As a 
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result, the CTF bin can be easily moved in and out of the structures laboratory and all the backfill 

materials can be dumped off at dump yard using the roll-off truck.  The modification includes the 

structural design of the roll off dumpster bin to facilitate the full scale static testing of the 

rehabilitated culvert to failure. The floor of the CTF was designed so that it could bear the dead 

load of the culvert structure, backfill materials, as well as the applied loads. The wall of the CTF 

was designed to withstand the lateral pressure exerted by the soil. The CTF floor was designed for 

total factored static load of 1500 kN. The long walls of CTF were designed for a lateral load of 

400 kN, and the short walls for a lateral load 1000 kN, uniformly distributed along the height of 

CTF.  

The base frame of the CTF floor consisted of 12.7 mm thick structural steel floor plate supported 

by fourteen uniformly spaced 100 mm wide flange cross beams resting on four bottom main rails 

made of square hollow structural steel tubing. The base frame of the CTF has four heavy-duty 

ground wheels at its four corners, to provide required mobility within the structures laboratory. 

The ground wheels helped centering the CTF beneath the stationary testing frame by the lab door. 

The ground wheels of CTF were taken off before testing, for setting it up beneath the testing frame 

and were rolled back on after testing, to permit demolition of the specimen by rolling CTF bin 

outside the structures laboratory. The conceptual design layout of the CTF is shown in Figures 

3.57 (a) and (b).  The CTF wall was made of rectangular hollow structural steel tubing, supporting 

6.35 mm thick structural steel wall plate. The long wall of the CTF has an opening to facilitate 

instrumentation of the shotcrete liner and to monitor the rehabilitated culvert during testing. One 

of the short walls of the CTF has a door on one side to facilitate the removal of backfill materials. 

The CTF bin doors consist of custom designed heavy-duty forged hinges, and heavy-duty latch 

and ratchet mechanism for keeping the doors closed during testing. The other short wall was 
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provided with guide rollers and a cable pull mechanism made of a 50.8 mm thick steel plate 

inserted through the hook plate.  

The CTF was designed in accordance with CSA S16-09 (2009) and CISC Handbook of Steel 

Construction (2010). All structural steel including plate conformed to CSA G40.21M-300W 

(2004), and all the welds to CSA G40.21M-350W (2004). The CTF was structurally designed and 

analyzed in Autodesk ROBOT Structural Analysis Program and STAAD software. Some details 

of the design are presented in Figures 3.62 and 3.63, and other details are provided in Appendix-

C. The CTF detail and fabrication drawings were drafted in Autodesk Advance Steel software. 

The CTF detail and fabrication drawings along with specifications were stamped by Dr. Dagmar 

Svecova, P.Eng, and are provided in the Appendix-C. The construction of the CTF was tendered 

and sponsored by MI, with the contractor being Falcon Manufacturing (FM). Figures 3.58 and 

3.59 show the photographs of the unpainted CTF under fabrication at FM fabrication shop. The 

construction of CTF was completed in eight weeks. Figure 3.61 shows the photograph of CTF on 

wheels outside the W.R. McQuade heavy structures laboratory. Figure 3.60 shows the CTF being 

rolled off from the truck by cable pull. Figures 3.62 and 3.63 presents the detailed tender and 

fabrication drawings of CTF, respectively. 
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(a) 

 
(b) 

 
Figure 3.57 (a) and (b) Isometric views of conceptual design of CTF 
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Figure 3.58 Rear view of CTF being fabricated at FM fabrication shop  

 

 
Figure 3.59 Front view of CTF being fabricated at FM fabrication Shop  
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Figure 3.60 The CTF being rolled off the truck 

 
 

 
Figure 3.61 The CTF on wheels outside the W.R. Mc Quade heavy structures laboratory
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Figure 3.62 Cover of detailed tender drawings of CTF  
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Figure 3.63 A detailed fabrication drawings of CTF  
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3.13 Burial Configuration 

As mentioned earlier, the backfill materials used in the model were CLSM, loose sand and granular 

soil. Subsequent sections discuss each backfill materials in details. Figure 3.64 shows the cross-

section of the model along with the extent of backfill material. 
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Figure 3.64 Cross-section of test culvert pipe showing the extent of various backfill materials 
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3.13.1 Controlled Low Strength Material (CLSM) fill 

Before backfilling the test culvert pipe with CLSM, the CTF ground wheels were removed and 

test pipe inside CTF was centered beneath the testing frame. Figure 3.65 shows the centering of 

the pipe both longitudinally and transversely under the loading frame with plumb bobs.  

The CLSM is a self-compacting low strength material with high flowability. It can be used as an 

economical alternative to compacted granular fill in inaccessible spaces. The flowable mortar like 

mixture is composed of sand, water, fly ash, cement and some liquid air-entraining additives. The 

28-day compressive strength of CLSM can vary from 0.7 to 8.3 MPa depending upon the mix 

design, which is usually controlled by cement and fly ash contents rather than water-cement ratio. 

The compressive strength of CLSM measured through cylinders is usually kept low to permit easy 

future re-excavation. The CLSM has a very high slump value, being 200 mm to 300 mm, because 

of which it can reach in hard-to-access areas. Typical densities of CLSM fill ranges form 1400 to 

1900 kg/m3. Test culvert pipe was backfilled with CLSM fill up to the height 150 mm below its 

crown. All the instrumentation on the test culvert pipe was used to monitor the structure during 

the CLSM placement. CLSM was used to backfill tight, inaccessible spaces in CTF bin  around 

the test culvert specimen and to prevent any stresses being induced to the rehabilitated test culvert 

specimen due to manual compaction of granular fill. Figure 3.66 shows the cross-section of the 

culvert with only CLSM.  

The CLSM fill was provided by the Building Products concrete (BP) under their product name 

Ecofill with a compressive strength of 0.55 MPa at 3 day and the density of nearly 1800 kg/m3. 

The CLSM fill was donated by MI for this research project. Details for the compressive strength 

and in-situ density of CLSM are provided in Appendix-D. Figure 3.67 through 3.70 show photos 

of the CLSM placement during various operations. 
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Figure 3.65 The pipe centered under the testing frame using plumb bobs 
(plumb bobs highlighted by yellow lines) 
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Figure 3.66 Cross-section of the test culvert pipe with CLSM in place 
 

 
Figure 3.67 Culvert model without CLSM 
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Figure 3.68 CLSM being poured around the conduit wall 

 

 
Figure 3.69 CLSM poured through halfway of the crown height 
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Figure 3.70 Final surface of CLSM fill before backfilling with sand 

3.13.2 Loose Sand 

As shown in Figure 3.64, a 300 mm thick layer of loose sand was provided in between the CLSM 

fill and granular fill. To create a defect in the conduit wall, all the bolts in the longitudinal seam at 

the crown were removed after the CSLM was allowed to set for 24 hours. The layer of loose sand 

was then placed on the CLSM fill. Loose sand layer was provided since deformation of the conduit 

wall are also caused by the inability of the backfill to restrain its movements which can result either 

due to poorly compacted backfill or backfill containing large quantities of clay or organic matter 

(Bakht et al., 1993). The layer of sand placed on top of the CLSM layer was hand-tamped rather 

than compacted with vibrating plate compacter to prevent any stresses being induced to unbolted 

test culvert pipe. The curve for grain size distribution and water content of the loose sand are 

provided in Appendix-D. The sand for the research project was donated by the MI.  Figures 3.71 

through 3.74 present photographs of different operations of the placement of the loose sand layer. 
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Figure 3.71 Sand placement inside CTF with bucket 

 

 
Figure 3.72 Raking of loose sand inside CTF 
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Figure 3.73 Loose sand compaction inside CTF with hand tamper 

 

 
Figure 3.74 Final surface of loose sand before backfilling with granular fill 
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3.13.3 Granular fill 

The rehabilitated culvert was backfilled with limestone A-base granular fill on top of the layer of 

loose sand. The total depth of the granular fill was 450 mm, and the top of this fill was 600 mm 

above the crown, which is the minimum soil cover as specified by the CHBDC S6-14 (2014) and 

AASHTO (2010). The granular fill was donated by the MI, and it met the MI Specification # 1075-

M. The granular fill was placed in layers of 75 mm rather than 150 mm to meet the criteria of 

minimum 85% standard proctor compaction level in the confined area of the CTF. The granular 

fill was placed inside the CTF using a rock slinger truck and compacted in place using gas powered 

vibrating plate tamper (Wacker WP 1550 model). The dry density, water content, and standard 

proctor compaction level for each 75 mm layer were recorded using a nuclear densometer. 

Additionally, the samples of compacted granular fill were collected using Shelby tube sampler for 

determining the moisture content and density of each lift. The Zorn Light Weight Deflectometer 

(LWD) was used for modulus based backfill compaction quality control for the last two 75 mm 

compaction lifts. Zorn LWD measures a deflection and estimates a modulus value based on the 

force required to generate a given deflection for that soil type (Zorn ,2010). The Zorn LWD was 

calibrated against a compacted standard proctor mold at optimum moisture content and maximum 

dry density to establish target dynamic modulus value (ELWD_Target) before correlating with field 

dynamic modulus value (ELWD_Field). Relative stiffness based compaction level was further 

determined by calculating the field to target dynamic modulus ratio (ELWD_Field /ELWD_Target) 

(Schwartz et. al. (2017). However, for accurate correlation Zorn LWD was calibrated against few 

spots where density and moisture contents were known through the nuclear densometer. The 

calibration data for Zorn LWD on compacted proctor mold at optimum moisture content (OMC) 

including backfill compaction quality control data i.e. dynamic deflection modulus (Evd) and 
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degree of compatibility (s/v) are provided in Appendix-D. Figures 3.75 through 3.79 present 

photos of the various operations of placing and compacting the granular fill. 

Figure 3.80 presents the photo of the nuclear densometer test performed on granular fill lifts for 

compaction quality control, and Figures 3.81 through 3.82 present photos of density measurements 

using Shelby tube and Zorn lightweight deflectometer. 

The grain size distribution and optimum moisture content curve of 20 mm for the granular fill are 

provided in Appendix-D. All the detailed backfill quality control data i.e. dry density, water 

content and standard proctor compaction level measured using the nuclear densometer and Shelby 

tube sampler are also provided in Appendix-D. 

Figure 3.83 presents a photo of the completed granular backfill surface, and Figure 3.84 presents 

a photo of the Zorn LWD calibration on compacted granular fill mould. 
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Figure 3.75 The rock slinger truck on ramp built outside the W.R. Mc Quade Structures Lab 

 
 

 
Figure 3.76 Rock slinger truck placing the granular fill inside CTF 
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Figure 3.77 Raking granular fill inside CTF 

 
 

 
Figure 3.78 Granular fill compaction and water sprinkling 
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Figure 3.79 Granular fill compaction using vibrating plate tamper 

 

 
Figure 3.80 Density measurement of granular backfill using nuclear densometer 

 



 

85 | P a g e  
 

 
Figure 3.81 Shelby tube sample collection for each compacted granular backfill lift 

 

 
Figure 3.82 Backfill compaction quality control using Zorn LWD 
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Figure 3.83 Final surface of compacted granular backfill 

 
 

 
Figure 3.84 Zorn LWD calibration on compacted granular fill mould 
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3.14 Testing 

A monotonically increasing rectangular patch load, simulating the dual tire of the CL-625 ONT 

truck, was applied through a 600 mm long by 250 mm wide steel wheel pad placed on the top 

surface of the granular soil. The load pad was placed directly above the longitudinal and 

transverse center of the culvert. The calculated maximum factored single wheel load including 

the dynamic load allowance factored was found to be 190 kN and 202 kN for the CHBDC 

(2014) and AASHTO (2010), respectively. Calculations for these factored loads are given 

Tables 3.7 and 3.8, respectively. Table 3.9 details the various factored design loads according 

to the CHBDC (2014) and AASHTO (2010).  

Figure 3.85 presents a photo of the testing set-up. The cross-section of the test culvert pipe 

under the test load is shown in Figure 3.86. 
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Table 3.7 Calculated CHBDC (S6-2014) single wheel pair loading 

CAN/CSA-S6-14 Canadian Highway Bridge Design Code 2014, (CL-625-ONT Truck) 

Burial 
Depth 
(mm) 

Unfactored 
Design Vehicle 

Load (LL in 
kN) (Half of 
Single Axle) 

Mulitple Lane 
Loading 

Factor Mf (01 
loaded lane) 

Dynamic Load 
Allowance (DLA)                
If = 0.4*(1-0.5*DE)  

DE= Depth in m 

Load 
Factor  

 

Maximum 
service Load 
(LL*Mf *If) 

Fully 
Factored 

Load 
(*LL*Mf*If) 

(kN) 

600 mm 87.5 1 1.28 1.7 112 190.4 
 

Table 3.8 Calculated AASHTO (2010) single wheel pair loading 

AASHTO LRFD Bridge Design Specification 2010 (HL-93 Truck) 

Burial 
Depth 
(mm) 

Unfactored 
Design Vehicle 

Load (LL in 
kN) (Half of 
Single Axle) 

Mulitple Lane 
Loading 

Factor Mf (01 
loaded lane) 

Dynamic Load 
Allowance (DLA)                
If = (1+IM/100) 

IM = 33(1-4.1x10-4*DE) 
DE= Depth in m 

Load 
Factor  

 

Maximum 
service Load 
(LL *Mf *If) 

Fully Factored 
Load 

(*LL*Mf*If) 
(kN) 

600 mm 72.5 1.2 1.33 1.75 115.71 202.5 
 

Table 3.9 Testing stages for surface loading until failure 

Testing Regime for Single Wheel pair --Surface loading  

Stage Test Description 
Maximum 
Load(kN) 

Maximum  
Load (kips) 

I 
MI Service 
Load Test 

RTAC Wheel 
Load 

90 20 

II 
Serviceability 

Limit State 
(SLS) Test 

CL-625 ONT 
Truck Load 

112 25 

HL-93 Truck 
Load 

115 26 

III 
Fully Factored 

Load Test 

CL-625 ONT 
Truck Load 

190 43 

HL-93 Truck 
Load 

203 46 

IV 
Ultimate Limit 

State (ULS) 
Test 

Test until 
failure 

Unknown Unknown 
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Figure 3.85 Testing set-up 
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Figure 3.86 Testing frame set-up for shotcrete rehabilitated test culvert pipe specimen at W.R. Mc Quade Heavy Structures Lab 
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Chapter 4: Results & Analysis 

4.1 General 

This chapter presents the experimental results of the full-scale testing program discussing   

i) The response of the rehabilitated culvert during each stage of backfilling i.e. CLSM 

fill, sand, and granular fill placement. 

ii) The response of the rehabilitated culvert specimen under simulated wheel pair loading 

associated with the CL-625 (ONT) and AASTHO (HL-93) design trucks with 0.6 m of 

soil cover at each stage of live loading. 

iii) The role of shotcrete liner, corrugated steel plates, and rebar cage in the structural 

system of the rehabilitated culverts for composite behaviour analysis (system integrity). 

iv) The crack initiation and failure modes of the rehabilitated culvert during ultimate load 

test. 

The response of the rehabilitated culvert under applied load was recorded at the following load 

stages based on MI Regional Transportation Association of Canada (R-TAC) wheel load, i.e. 90 

kN, service load as per CL-625 ONT design truck/ HL-93 AASTHO design truck, liner cracking 

load, i.e. ~300 kN, and at failure load, i.e.~808 kN. The results of the test to failure will then be 

discussed. 

4.2 Response of rehabilitated culvert during backfilling 

The rehabilitated test culvert specimen was monitored during the entire backfilling process. All 

the instrumentation including strain gauges on metal pipe, rebar, shotcrete liner, and string 
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potentiometers were mounted on the experimental specimen before backfilling the culvert inside 

the CTF.  Change in the span and rise of the experimental specimen were monitored with the help 

of the string potentiometers installed at the center and east offset region of the test pipe. The center 

region was at the longitudinal center of the pipe directly beneath the center of the loading wheel 

pad. The east offset region was located 600 mm away from the center region along the east 

direction of the test pipe with reference to structures laboratory.  

4.2.1 Diameter changes during backfilling 

The movements of the pipe support at the spring-lines and crown of the rehabilitated pipe during 

backfilling up to the crown height and above crown height are graphically represented in Figure 

4.1 and Figure 4.2 respectively. When backfill is placed until crown height, the test culvert pipe 

will experience the increase in vertical rise and decrease in the horizontal span where the spring-

lines will try to contract and crown will try to expand, which is also graphically represented in 

Figure 4.1. The strain gauge installed at the crown location along center region on the metal pipe 

should read tension (positive strain) while the strain gauge installed on the shotcrete liner along 

same location should read compression (negative strain). When backfill is placed above crown 

height, the test culvert pipe will experience the decrease in vertical rise and increase in the 

horizontal span where the spring-lines will try to exert a pressure toward testing facility walls and 

crown will try to contract, which is also graphically represented in Figure 4.2. The strain gauge 

installed at the crown location along center region on the metal pipe should read compression 

(negative strain) while the strain gauge installed on the shotcrete liner along same location should 

read tension (positive strain). 

Figure 4.3 presents the changes in the span and rise of the rehabilitated pipe during backfilling. As 

can be seen in this figure, the observations at the two monitored cross-sections are nearly the same. 
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In addition, the slight rise of the crown is complemented by even a smaller shortening of the span; 

these observations confirm the credibility of the observed data. The crown rose and the span 

decreased when the CLSM backfill was placed around the pipe. This contraction in the horizontal 

direction and expansion in the vertical direction of the culvert is known as ovaling or peaking, 

which is a common phenomenon in field when backfill is placed in the immediate surrounding of 

the culvert pipe up to the crown height. The experimental specimen expanded horizontally for the 

initial placement of the CLSM and then contracted rapidly for rest of the pour due to lateral 

horizontal pressure exerted by the CLSM on the specimen. It is speculated that the vertical 

contraction and horizontal expansion might have been caused by the rise of the temperature of the 

CLSM during the process of hydration; this speculation is confirmed by observed tensile stresses 

in the metal pipe at crown location for the same period as that shown in Figure 4.3. 

The peaking of the pipe was reversed when the layers of loose sand and granular fill were added 

to the backfill above crown height. The specimen now contracted in vertical direction and 

expanded in horizontal direction, which was due to the overburden pressure exerted by the backfill 

on the test pipe, when the backfill height rose above the crown. The total change in the vertical 

rise of the specimen was less than 0.1% (0.74 mm) and horizontal span was less than 0.02% (0.4 

mm) of the original dimensions during entire backfilling operation. It is noted that the changes in 

the span and rise were recovered overnight.  
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Figure 4.1 Response of the test culvert pipe when backfilled up to the crown height (CLSM fill 
placement) 

 

 

 

 

 

 

 
 

Figure 4.2 Response of the test culvert pipe when backfilled above the crown height (sand, 
granular fill placement) 
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Figure 4.3 Change in horizontal span and vertical rise of test culvert pipe during backfilling 
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4.2.2 Strain response during backfilling 

The response of the rehabilitated pipe was also recorded with the help of the strain gauges installed 

on metal culvert pipe, rebar, and shotcrete liner at the locations shown in the plots. Figure 4.4and 

Figure 4.5 present the strain history in the metal pipe at the center and east offset regions during 

the backfilling process. The locations of the strain gauges installed on the metal pipe across the 

circumference of the pipe are shown in the figures. Strain gauges were installed on the metal pipe 

in the valley and the crest corrugation and were oriented in the hoop direction. Most of the strain 

gauges installed on the metal pipe were reading tension except those installed at spring lines, which 

were reading compression due to ovaling of the test culvert pipe during CLSM placement. As 

noted earlier, while setting temperature of the CLSM rose due to heat of hydration, causing the 

metal pipe to expand predominantly in the circumferential direction, due to which tensile strains 

were observed at crown location and compressive strains at all other locations across the 

circumference. Unfortunately, dummy gauges were not added to the instrumentation, because of 

which the thermal strains could not be separated from the strains caused by backfilling. It is noted 

that the inability of separating the thermal strains from the backfill strains does not affected the 

performance of the rehabilitated pipe, as the former strains should have disappeared as the CLSM 

cooled. The strains in the metal pipe increased as the backfill height rose above the crown height 

during sand and granular fill placement due to the overburden pressure exerted by the fill on to the 

pipe. It is also important to note that the maximum observed strains, being of the order about 8% 

of the yield strain of steel, were very small in magnitude. 

Figure 4.6 presents the strain history in the rebar during backfilling. Strain gauges in the rebar 

were installed at the crown location along the center and east offset region of the test pipe. Similar 

to responses of the strains in metal pipe, the strains in rebar were reading tension during the entire 
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backfilling operation except the strains at the center location were reading compression during first 

granular fill lift. The strains in the rebar increased sharply during CLSM placement and then 

dropped down in less than 24 hours as the CLSM stabilized and cured over night. The strains in 

the rebar increased due to the overburden pressure exerted by the fill above the crown height during 

sand and granular fill placement. 

Figure 4.7 presents the strain history in the shotcrete liner at the center region during the backfilling 

process. The locations of the strain gauges installed on the shotcrete liner across the circumference 

are also shown in the figure. The strains in the liner at crown and at shoulder location were reading 

compression where at spring-lines were reading tension as the pipe was backfilled with the CLSM 

until the crown height. This can be attributed to the ovaling of the pipe due to lateral pressure 

exerted by CLSM and heating of the pipe due to the hydration of the CLSM. The liner strain at the 

crown location shifted from compression to tension while strains at the shoulder location decreased 

and remained in compression as the backfill height rose above the crown height during sand and 

granular fill placement. The largest strain was recorded at the spring-line-2 location, which rose 

rapidly over night after loose sand placement to 650µɛ and dropped down close to 520µɛ next 

morning just before the backfilling with granular fill started, when it again increased due to the 

overburden pressure exerted by three layers of the granular fill placement. The strain at the spring-

line-1 location steadily rose and was reading compression during the entire backfilling operation.  

Figure 4.8 presents the strain history in the liner at the east offset location of the pipe. The strains 

at crown, shoulder, and spring-line-2 was small and compressive, whereas the strains at springline-

1 were larger and tensile due to the peaking of the pipe during CLSM placement. The strains at all 

the locations increased as the backfill height rose above the crown. 
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Figure 4.4 Strain history in metal culvert pipe during backfilling at center location 
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Figure 4.5 Strain history in metal culvert pipe during backfilling at east offset location 
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Figure 4.6 Strain history in rebar during backfilling at center and east offset location 
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Figure 4.7 Shotcrete liner strain history at center location during backfilling rehabilitated test culvert pipe 
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Figure 4.8 Shotcrete liner strain history at east offset location during backfilling rehabilitated test culvert pipe 
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4.3 Response of rehabilitated culvert during live load test 

Figure 4.9 presents the graphical representation of the response of the rehabilitated test culvert 

pipe under live load. As can be seen in the figure, a simulated dual tire truck wheel load was 

statically applied through a steel wheel pad representing the geometry of CL-625 ONT dual tire 

truck footprint (600 mm long by 250 mm wide) on top of the compacted soil surface directly above 

the longitudinal and transverse center of the rehabilitated test culvert specimen. The dual tire truck 

loading was applied through two 750 kN hydraulic jacks with a total load of 1500 kN, with 450 

mm of available stroke for displacement. Under the applied load, the test culvert pipe will 

experience the decrease in vertical rise and increase in the horizontal span where the spring-lines 

will try to exert an outward pressure towards the testing facility walls, which is also graphically 

represented in Figure 4.9. The strain gauge installed at the crown location along center region on 

the metal pipe should read compression (negative strain) while the strain gauge installed on the 

shotcrete liner along same location should read tension (positive strain) during live load test. The 

testing regime for shotcrete lined culvert testing is shown in Table 3.9 (Chapter-3).  The test culvert 

specimen was first loaded up to service load, gradually raising the load up to the fully factored 

load until the failure of the compacted soil surface above the specimen at ultimate load to the point 

where the applied load was not increasing. Figure 4.10 shows the picture of the testing frame set-

up adopted for simulating the dual tire wheel pad loading on test pipe. 
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Figure 4.9 Test culvert pipe response under live load 
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Figure 4.10 Test set-up simulating dual tire truck footprint (wheel pad) 
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4.3.1 Deflection of the pipe under live load  

After instrumenting the shotcrete liner and backfilling the rehabilitated pipe inside the CTF with 

0.6m of soil cover, the test culvert pipe was tested under monotonic load using two closely spaced 

single wheels representing dual tire footprint of CL-625 ONT truck. The load test was performed 

a day after the test culvert pipe was backfilled in CTF. Figure 4.11 and Figure 4.12 present the 

changes in the horizontal span and vertical rise of the rehabilitated pipe under applied load. As can 

be seen in Figure 4.11, the rehabilitated test culvert pipe experienced the maximum horizontal span 

change of 1.91mm corresponding to 0.1% span change at center location and 1.59mm 

corresponding to 0.1% span change at east offset location. As can be seen in Figure 4.12, the 

rehabilitated test culvert pipe experienced the maximum vertical rise change of 2.51mm 

corresponding to 0.32% rise change at center location and 2.04mm corresponding to 0.26% rise 

change at east offset location. Clearly, the larger horizontal and vertical deflections at the central 

region as compared to east offset region were because it was directly under the applied load.  

The shotcrete liner cracked under a load of about 300 kN but the crack was visually observed at a 

load of about 418 kN, when the crack propagated audibly through the strain gauges installed on 

the shotcrete liner at the crown location. The nature of the crack and its propagation through the 

rehabilitated pipe are discussed in detail in subsequent sections.  The rehabilitated pipe 

experienced almost negligible vertical deflection (0.01%) at service load (113 kN), 0.03% at fully 

factored load (203 kN) and 0.11% at cracking load of about 300 kN. The horizontal deflection of 

the rehabilitated pipe was almost negligible at service load, and fully factored load and was 0.02% 

at cracking load. The rehabilitated pipe  was much stiffer such that the deflections under maximum 

applied load which was about 4 times greater than the fully factored AASHTO and CHBDC wheel 

loads, was much less than the maximum allowable deflection 5% of the culverts as per AASHTO 
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LRFD Bridge design specifications (2010). This rigid behaviour of conduit wall of the test culvert 

pipe is also an indication that the lateral restraint provided by the surrounding CLSM fill was 

ignored due to much stiffer liner material itself. 

 
Figure 4.11 Change in horizontal span of test pipe during live load testing 

 

 
Figure 4.12 Change in vertical rise of test pipe during live load testing 
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4.3.2 Resultant strains in the metal pipe during live load test 

As discussed in Chapter-3 instrumentation plan, the strain gauges were installed on the metal 

culvert pipe in both valleys and crests of the corrugations, oriented in the hoop direction. Sixteen 

strain gauges were installed on the metal pipe at crown (90o), shoulder (45o) and spring lines (0o—

180o) locations across the circumference along two regions. One additional strain gauge (nametag: 

C12) was installed at crown location, center region in between crest and valley corrugation. Figure 

4.13 and Figure 4.14 presents the load-strains response in metal pipe under live load at crown and 

shoulder location, center region. As can be seen in these plots, the crest corrugation of the metal 

pipe was reading tension while valley corrugation was reading compression under live loads. The 

strain data will be presented in the form of the average strains rather than strains in valleys and 

crests corrugations for better understanding of strains in metal pipe under live loads. The load-

strain response of the metal pipe at spring lines-center region and all the circumferential locations 

at east offset region can be found in Appendix-E. 

Average strains in the metal pipe at all the instrumented locations across the circumference along 

both regions were calculated by using the data obtained from the strain gauges installed on the 

metal pipe in Equation 4-1.  

Average Strain ( ) =  + ( − ) ∗ (
∗

) 

               Equation 4-1 
     

where:  

=    

=    
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ℎ =     ( . . ℎ  )  

=  ℎ       

Figure 4.15 and Figure 4.16 present the plot of average strains in the metal pipe at crown and 

shoulder locations across both center and east offset region under the applied loads. As can be seen 

in Figure 4.15, the strain in the metal pipe at crown location was reading compression during entire 

live load test at both center and east offset region. This compressive behaviour of the metal pipe 

at crown during live load test can be predominantly attributed to the presence of the artificial defect 

simulated by removing all the crown bolts at the longitudinal seam. In addition, this location was 

directly beneath the loading wheel pad, indicating that the metal pipe was carrying load in ring 

compression. Both the strain gauges installed on the crest and valley at crown location along the 

center region failed at a load of about 778 kN just before the maximum applied load of  about 808 

kN. As can be seen in Figure 4.16, the metal pipe at shoulder location was behaving in compression 

until a load of about 350 kN beyond which it started behaving in tension at both center and east 

offset region. This change in behaviour of the metal pipe at shoulder location from compression 

to tension gives an indication of the shift of neutral axis in the rehabilitated pipe. The metal pipe 

experienced the maximum compressive strain of approximately 140 µɛ (~12 % of yield strain) at 

crown location right before the strain gauge failed and maximum tensile strain of approximately 

70 µɛ (~5 % of yield strain) at shoulder location. The spring lines of the metal culvert pipe 

exhibited the same behaviour as shoulder location except its behaviour from compression to 

tension changed at load of about 200 kN. Figure 4.17 and Figure 4.18 present the plot of average 

strains in the metal culvert pipe at both spring lines locations across both center and east offset 

regions under applied loads. The average strain response at the crown indicates that the metal pipe 

and shotcrete liner was behaving the system. The metal pipe was on the exterior top face subjected 
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to compression, while the shotcrete liner was on the interior bottom face subjected to tension. The 

crown of the metal pipe experienced average compressive strain of approximately 20.5 µɛ (1.8% 

of yield strain) at service load (115 kN), 34.5 µɛ (3% of yield strain) at fully factored load (205 

kN), and 50.2 µɛ (4.85% of yield strain) at cracking load (300 kN). Similarly, the shoulder of the 

metal culvert pipe experienced average compressive strain of approximately 18.4 µɛ (1.60% of 

yield strain) at service load, 19.2 µɛ (1.66% of yield strain) at fully factored load, and 26.2 µɛ 

(2.27% of yield strain) at cracking load. However, the load-strain plots (discussed above) indicates 

that the strains in the metal pipe showed positive trend at a load of about 350 kN and 200 kN at 

shoulder and spring lines where they eventually ended up behaving in tension. At ultimate limit 

state that corresponded to approximately 778 kN load, the metal pipe experienced maximum 

compressive strain at crown, while the shoulder and spring lines experienced tension (~5-5.5% of 

the yield strain). 
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Figure 4.13 Load vs. strains in metal pipe at crown location, center region 
 

 

Figure 4.14 Load vs. strains in metal pipe at shoulder location, center region 
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Figure 4.15 Average strain in metal pipe at crown location 
 

 

Figure 4.16 Average strain in metal pipe at shoulder location 
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Figure 4.17 Average strain in metal pipe at springline-1 location 

 

Figure 4.18 Average strain in metal pipe at springline-2 location 
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4.3.3 Strains in the rebar during live load test 

Figure 4.19 presents the load-strain response of the reinforcement bar embedded in the shotcrete 

liner under live load along center and east offset regions of the test culvert pipe. Four uniaxial 

strain gauges were installed on the rebar at the crown location along center and east offset region, 

oriented in hoop direction. As can be seen in the Figure 4.19, the strain in rebar along center region 

was compressive until the load reached about 350 kN, after which it was tensile. This change of 

behaviour in rebar from compressive to tensile indicates the shift of neutral axis in the composite 

system due to the cracking of the shotcrete. The maximum strain in the rebar at center region 

reached approximately 2076 µɛ, which was close to the yield strain (2000 µɛ) of steel during live 

load test. The compressive strain in rebar along center region at service load (115 kN) was 

approximately 28 µɛ (1% of yield strain), at fully factored load (205 kN) it was 53 µɛ (3% of yield 

strain) and at cracking load (300 kN) it was 77 µɛ (4% of yield strain). The strain in the rebar along 

center region increased soon after cracking load from 4% of yield strain to 93% of yield strain at 

the load stage of 778 kN, where the strain gauge installed on the metal pipe at the crown failed, 

indicating that the rebar was carrying load in the composite system. The compressive strain in the 

rebar at east offset region of the pipe was similar to the strain at the center region; at service load 

it reached 1% of yield strain, at fully factored load it reached 2% of yield strain, at cracking load 

it reached 4% of yield strain and increased to 77% of yield strain at load stage of 778 kN behaving 

in tension. The rebar cage in shotcrete liner increased the flexural rigidity of the liner, increasing 

its load carrying capacity to almost eight times the service load. The strain data for the rebar strain 

gauge along east offset region are provided only up to 778 kN load, beyond which the strain gauge 

was behaving erratically.  
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Figure 4.19 Strain in rebar at crown under applied load 
 

4.3.4 Strains in the liner during live load test 

Figure 4.20 presents the load-strain response of the underside of the shotcrete liner at crown 

location along center region under applied loads. The load-strain response plot at crown location 

is shown for load up to approximately 418 kN. After this load, the strain gauge installed on the 

shotcrete liner at crown location failed due to the cracking of the liner. As can be seen in the Figure 

4.20, the underside of the shotcrete liner at crown location was in tension throughout the test, 

which can be attributed to the defect simulated in the metal pipe by removing all the crown bolts. 

The shotcrete liner response at crown location corresponded well with the metal culvert pipe 

response at the same location, where the metal culvert pipe being on the interior face was behaving 

in compression while the shotcrete liner being on the exterior face was behaving in tension. At 

crown location, the slope of the load-strain response curve (Figure 4.20) changes at a load of about 

300 kN which gives a clear indication of the cracking in the liner. The crack was visually observed 
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at a load of approximately 418 kN, when the strain gauges installed at the crown location failed. 

Figure 4.21 presents the load-strain response of the underside of the shotcrete liner at shoulder and 

spring lines along center region under applied loads. As can be seen in Figure 4.21, the shotcrete 

liner at shoulder and spring line-1 location was behaving in compression throughout the live load 

application. At spring line-2 location, the shotcrete liner was behaving in tension until the load 

reached about 500 kN, beyond which it started shifting towards a compressive behaviour. The 

response of the shotcrete liner at spring line-2 was unusual as can bee seen in Figure 4.21, since it 

was not aligning with the spring line-1 response. This erratic response of shotcrete liner at spring 

line-2 location might have been due to varying thickness of shotcrete liner at both spring lines 

during the rehabilitation process. It is recalled that the pipe was hand-sprayed. No signs of cracking 

were observed at any other locations except the crown. The strains in shotcrete liner at the spring 

lines were compressive with lower strain values (less than 60 µɛ) recorded at all the load levels 

except maximum applied load (808 kN). At shoulder location, the compressive strains increased 

with increasing load levels with approximately 38% increase at service load (115 kN) from RTAC 

wheel load (92 kN), 117% increase at fully factored load (205 kN) from service load, 56% increase 

at cracking load (300 kN) from fully factored load and 226% increase at maximum applied load 

(808 kN) from cracking load.  Similarly, the tensile strains increased with increasing load levels 

at crown location with approximately 30% increase at service load from RTAC wheel load, 104% 

increase at fully factored load from service load and 83% increase at cracking load from fully 

factored load. 

Figure 4.22 presents the load-strain response of the underside of the shotcrete liner at all the 

instrumented locations across the circumference along east offset region under applied loads. As 

can be seen in the Figure 4.22, the crown experienced tension while spring lines and shoulder 
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experienced compression during the live load test. At crown location along east offset region, slope 

of the strain response curve changed at approximately 400 kN, which gives an clear indication of 

the tensile cracking of the shotcrete liner. At east offset region, the load-strain response of the 

shotcrete liner at both spring lines coincided with each other unlike the center region while 

behaving in compression throughout the live load application. Similar to center region, the strains 

in shotcrete liner at both spring lines along east offset region were compressive with smaller strain 

values (close to 16 µɛ) recorded until cracking load (300 kN) from where it increased 

approximately 968% at maximum applied load (808 kN). At crown location along east offset 

region, the tensile strain increased with increasing load levels with approximately 30% increase at 

service load (115 kN) from RTAC wheel load (92 kN), 105% increase at fully factored load (205 

kN) from service load, and 72% increase at cracking load (300 kN) from fully factored load. 

Similarly at shoulder location along east offset region, the compressive strain increased 

approximately 39% at service load from RTAC wheel load, 130% at fully factored load from 

service load, 59% at cracking load from fully factored load, and 434% at maximum applied load 

from cracking load. The crown and shoulder of the shotcrete liner at center location experienced 

approximately 177% and 60% higher strains until cracking load as compared to east offset region. 

The center region experienced higher strains as compared to east offset region because center 

region was directly beneath the longitudinal center of the loading wheel pad while east offset 

region was 600 mm away from center region.  
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Figure 4.20 Strain in liner at crown location along center region under applied load 
 

 

Figure 4.21 Strain in liner at shoulder and springlines along center region under applied load 



 

119 | P a g e  
 

 

Figure 4.22 Strain in shotcrete liner at all locations across the circumference, along east offset 
region under applied load 

 

4.3.5 Settlement of compacted granular fill surface during live load test 

One LVDT was mounted on the top of the compacted granular fill surface in line with loading 

wheel pad to measure the settlement of the granular fill surface during live load test. Figure 4.23 

presents the load-settlement plot of the compacted granular fill surface during the live load test. 

As can be seen in the Figure 4.23, the granular fill settled up to approximately 1 mm at RTAC 

wheel load (92 kN), 1.28 mm at service load (115 kN), 2.40 mm at fully factored load (205 kN) 

and 4.16 mm at cracking load (300 kN). The settlement of compacted granular fill increased 

approximately 18% at service load from RTAC wheel load, 87% at fully factored load from service 

load, and 73% at cracking load from fully factored load. The settlement of the granular fill surface 

increased rapidly after the crack was observed in the shotcrete liner at around 418 kN load level 

with an increase of 1159% at maximum applied load (808 kN) from 418 kN load stage. The live 
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load application was continued until the loading wheel pad punched through the compacted 

granular fill and up to the point, the shotcrete liner could not withstand any more load (808 kN). 

The compacted granular fill experienced the maximum settlement of approximately 107 mm 

during ultimate limit state testing. Figure 4.24 provides the picture of the loading wheel pad 

punched through the compacted granular fill surface at ultimate limit state testing. 

 

Figure 4.23 Settlement of compacted granular fill surface under applied load 
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Figure 4.24 Granular fill surface after ultimate limit state test 
 

4.3.6 Composite behaviour analysis 

Strain distributions across the shotcrete lined steel culvert system were plotted against the radial 

position of the strain gauges installed on various components of the composite system across its 

depth. These strain distributions across the profile of the shotcrete lined steel culvert system will 

help understand the composite behaviour or type of interactions existing between the shotcrete 

liner, the metal pipe, and the rebar at different load levels during live load test. These distributions 

will be further used to deduce whether the full or partial bond existed between the shotcrete liner, 

the rebar and the metal pipe. Figure 4.25 (a) and (b) present the cross-section of the corrugated 

metal pipe, rebar and shotcrete liner at the crown location and all other locations along with the 

locations of the strain gauges embedded on each component of the system. As can be seen in the 

Figure 4.25, the strain gauges were installed on each component of the system; on the metal pipe 

in the valley and the crest corrugations, on the rebar and on the shotcrete liner. When strains are 
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linearly distributed throughout the thickness of the composite system with no visible discontinuity 

among them, it can be inferred that full bond and composite action has developed between various 

components of the composite system. When strains are discontinuous throughout the thickness of 

the composite system, it can be inferred that partial to no bond has developed between various 

components of the composite system. Figure 4.26 presents the strain distribution through the crown 

cross-section of the culvert along center region at 33 kN load stage, at service load (115 kN), at 

fully factored load (205 kN), at cracking load (300 kN) and at 418 kN load stage. At the crown 

location, it appears that the composite action between the metal pipe, rebar and shotcrete liner was 

not achieved since the strain measurements from all the materials in the system are not aligned at 

the load levels shown. This is not surprising, as it was the objective of the test to introduce a defect 

that prevents the crown section of rehabilitated test culvert pipe to behave compositely. Figure 

4.27 and Figure 4.28 present the strain distribution through the shoulder and the spring line-1 cross-

section of the culvert along center region at 33 kN load stage, at service load (115 kN), at fully 

factored load (205 kN), at cracking load (300 kN), at 418 kN load and at maximum applied load 

(808 kN). It appears that the system exhibited composite behaviour at the shoulder and spring line-

1 location since the strain measurements from all the materials are aligned.  
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(a) 

 

(b) 

 
Figure 4.25 Profile of the shotcrete rehabilitated test culvert pipe with embedded strain gauges 

location at (a) Crown (b) All other locations across the circumference 
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(a) 33 kN load 

 

(b) Service load (115 kN) 

 

(c) Fully factored load (205 kN) 

 

(d) Cracking load (300 kN) 

 

(e) 418 kN load 

 

Strain gauge on the shotcrete liner 

at crown failed soon after 418 kN 

load stage 

 
Figure 4.26 Strain distribution through the crown cross-section of rehabilitated test culvert pipe 

along center region at specified load stages  
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(a) 33 kN load 

 

(b) Service load (115 kN) 

 

(c) Fully factored load (205 kN) 

 

(d) Cracking load (300 kN) (e) 418 kN load (f) Maximum load (808 kN) 

 
Figure 4.27 Strain distribution through the shoulder cross-section of rehabilitated test culvert 

pipe along center region at specified load levels  
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Figure 4.28 Strain distribution through spring line-1 of rehabilitated test culvert pipe along 

center region at specified load levels 
 

 
   

    

 

 

 

 

 

(a) 33 kN load 

 

(b) Service load (115 kN) 

 

(c) Fully factored load (205 kN) 

 

(d) Cracking load (300 kN) 

 

(e) 418 kN load 

 

(f) Maximum load (808 kN) 



 

127 | P a g e  
 

4.4 Failure of the specimen 

The experimental data showed the signs of first cracking in the liner at 300 kN, but the crack was 

visually observed at the 418 kN load. At this load, small particles of shotcrete liner were observed 

to fall, which alerted us to pause the test and inspect the structure. The liner developed a 

longitudinal crack at crown location that extended throughout the length of the test pipe. This was 

clear indication that the simulated artificial crown defect was able to cause tension in the 

compression arch structure at the crown location. The loading was stopped when the loading wheel 

pad punched through the compacted granular fill, which can be seen in Figure 4.29. No 

circumferential crack along hoop direction was observed. The longitudinal crack at crown location 

can be seen in Figure 4.30. The longitudinal crack propagated through the strain gauges installed 

on the shotcrete liner at crown location along center and east offset region as can be seen in Figure 

4.31 (a) and (b), respectively. 

 

Figure 4.29 Loading wheel pad punched through the compacted granular fill 
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Figure 4.30 Longitudinal crack in shotcrete liner at crown location (crack highlighted in yellow) 
 

    

(a)                  (b) 

Figure 4.31 Longitudinal crack at crown location propagated through the strain gauges 
installed on shotcrete liner (a) center region (b) east offset region (crack highlighted in yellow) 

 

 

Longitudinal Crack 
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Chapter 5: Conclusions & 

Recommendations 

5.1 Conclusions 

The response of shotcrete rehabilitated metal culvert pipe was measured under live loads at a burial 

depth of 0.6 m using dual-tire pad loading. The following conclusions, recommendations and 

observations are drawn from the results of the full-scale testing program of the corrugated metal 

pipe rehabilitated with reinforced shotcrete liner: 

1. Culvert liner systems may be subjected to tension during service. This was proved when 

the shotcrete liner developed a crack at the crown throughout the length of pipe. This 

cracking was caused by the simulating the defect in the pipe, which could simulate an 

actual failure of the pipe as shown in Figure 3.10  as well as the bolthole tear failure, and 

uplifting of the invert due to washout in field conditions.  

2. The conduit wall of the test culvert pipe exhibited a relatively rigid behaviour with very 

small deflections under a load that was about eight times greater than the service load.  

3. The strain compatibility results at crown location showed that circumferential strains were 

discontinuous across the crown cross-section of the system inferring no composite action 

was achieved at crown due to the simulated defect. 

4. The strain compatibility results at shoulder and spring lines location showed that 

circumferential strains were distributed almost linearly through the thickness of the system 
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at shoulder and spring lines inferring partial to full composite action were achieved at these 

locations. 

5. Rebar cage embedded in the shotcrete liner enhanced the flexural rigidity of the liner in 

addition to providing it with more ductility. Despite the ability of fiber reinforced shotcrete 

mix to sustain large tensile stresses, adding reinforcement cage to the shotcrete ring 

increased its ability to withstand large amount of flexural stresses that the rehabilitated 

culvert structure in field may undergo before resulting in collapse of the structure. 

6. The CTF was designed and fabricated to facilitate the full scale testing of rehabilitated 

culvert pipe buried in soil until failure at W.R. McQuade heavy structures laboratory. The 

CTF will be used for future testing of metal culvert pipe rehabilitated with variety of 

trenchless lining solutions at heavy structures laboratory. 

5.2 Recommendations 

The following recommendations are drawn from the results of the full-scale testing program of the 

corrugated metal pipe rehabilitated with reinforced shotcrete liner: 

1. Finite element modelling of the experimental specimen along with all layers of backfill can 

be performed to evaluate the effectiveness of defect simulated in test pipe. The data 

obtained through full-scale laboratory test will be useful to validate the finite element 

model. 

2. To evaluate the effect of reinforcement in the proposed system, testing of full-scale 

specimen repaired with un-reinforced shotcrete liner will be useful. 

3. A lesson that was learned from the experimental testing is that there is a need to separate 

the effect of temperature from the effects of loads. It is therefore recommended to install 
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dummy gauges on the test pipe specimen to separate thermal strain from the recorded 

strain.  
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Appendix-A 

Canada Culvert—SPCSP detailed drawings package 

Canada Culvert—Cor-Plate SPCSP arch culvert-- Bill of Materials (BoM) 
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Appendix-B 

Compressive strength test (ASTM C1604) results of shotcrete cores 

Compressive strength test (ASTM C39) results of culvert footings cylinders 

Technical data sheet of MSI—XPR Shotcrete 

Flexural strength test (ASTM C1609) results of shotcrete prisms 
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Table B. 1 Compressive strength test results of shotcrete cores 
 

MSI Shotcrete cores compressive strength--Day of Shotcreting--21 February 2018 

07 day Compressive Strength (ASTM C 1604M)-- Date: 28 February 2018 

Sr. 
No. Height 

L/D 
Ratio Load 

Compressive 
strength 

Correction 
Factor 

Corrected 
Compressive 

   (lbs) (N) (MPa)  strength (MPa) 
1 121 1.21 65490 291313.9 37.11 0.92 34.16 

2 134 1.34 55120 245185.9 31.23 0.94 29.38 

3 138 1.38 61860 275166.9 35.05 0.95 33.15 

4 122 1.22 56760 252481 32.16 0.92 29.68 

     Avg. 07 day Strength 31.59 

28 day Compressive Strength (ASTM C 1604M)--Date: 21 March 2018 

Sr. 
No. Height 

L/D 
Ratio Load 

Compressive 
strength 

Correction 
Factor 

Corrected 
Compressive 

   (lbs) (N) (MPa)  strength (MPa) 
1 163 1.63 87320 388418.6 49.48 0.97 48.02 

2 151 1.51 92280 410481.7 52.29 0.96 50.24 

3 156 1.56 77570 345048.4 43.96 0.96 42.41 

4 151 1.51 86750 385883.1 49.16 0.96 47.23 

     Avg. 28 day Strength 46.97 

Day of Culvert testing (107 day)--- Compressive Strength (ASTM C 1604M)--Date: 08 June 
2018 

Sr. 
No. Height 

L/D 
Ratio Load 

Compressive 
strength 

Correction 
Factor 

Corrected 
Compressive 

   (lbs) (N) (MPa)  strength (MPa) 
1 141 1.41 85840 381835.2 48.64 0.95 46.17 

2 141 1.41 116350 517550.4 65.93 0.95 62.58 

3 137 1.37 98150 436592.8 55.62 0.94 52.52 

4 138 1.38 120670 536766.7 68.38 0.95 64.66 
 

 

 

 

 



 

147 | P a g e  
 

Table B. 2 Compressive strength test results of culvert footings cylinders 
 

MSI Culvert footings cylinders compressive strength--Date of Casting --10 Nov 
2017 

07 day Comp. Strength (ASTM C39M)-- Date: 17 Nov 2017 

Footing 
# Sr. no. Height 

L/D 
Ratio Load 

Compressive 
strength 

    (lbs) (N) (MPa) 

1 
1 200 2 69090 307327.5 39.15 

2 200 2 71430 317736.4 40.48 

2 
1 200 2 79040 351587.3 44.79 

2 200 2 77860 346338.4 44.12 

3 
1 200 2 81380 361996.1 46.11 

2 200 2 81690 363375.1 46.29 

4 
1 200 2 77190 343358.1 43.74 

2 200 2 74930 333305.1 42.46 

   Avg. 07 day  Strength 43.39 

28 day Comp. Strength (ASTM C 39M)--Date: 08 December 2017 

Footing 
# 

Cylinder 
# Height 

L/D 
Ratio Load 

Compressive 
strength 

    (lbs) (N) (MPa) 

1 
1 200 2 80490 358037.2 45.61 

2 200 2 75890 337575.4 43.00 

2 
1 200 2 88910 395491.2 50.38 

2 200 2 85420 379967 48.40 

3 
1 200 2 85620 380856.6 48.52 

2 200 2 86350 384103.8 48.93 

4 
1 200 2 94890 422091.6 53.77 

2 200 2 98180 436726.2 55.63 

   Avg. 28 day  Strength 49.28 

Day of Culvert testing--- Comp. Strength (ASTM C 39M)--Date: 12 June 2018 

Footing 
#  Height 

L/D 
Ratio Load 

Compressive 
strength 

    (lbs) (N) (MPa) 

3 
1 200 2 --- --- --- 

2 200 2 102250 454830.5 57.94 

4 
1 200 2 104380 464305.2 59.15 

2 200 2 119660 532274 67.81 

   Avg.   Strength 61.63 
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Table B. 3 Flexural strength test results of shotcrete prisms 
Multicrete Shotcrete Prism Flexural Strength--Date of Shotcreting--21 February 2018 

07 day Flexural Strength (ASTM C 1609M)-- Date: 28 February 2018 

Sr. No. 
Span 

Length 
Average 
Width 

Average 
depth 

First Peak 
Load 

First Peak 
Strength 

Residual 
Load @ 0.5 

mm deflection 

Residual 
Strength @ 0.5 
mm deflection 

Residual Load 
@ 2 mm 

deflection 

Residual Strength 
@ 2 mm 

deflection 

 
L b d (kN) (MPa) (kN) (MPa) (kN) (MPa) 

1 300 100 100 13.73 4.12 11.05 3.31 11.19 3.36 

2 300 100 103 14.31 4.05 13.95 3.94 12.18 3.45 

3 300 98 103 12.51 3.61 7.70 2.22 5.87 1.69 

4 300 100 102 15.89 4.58 8.28 2.39 6.80 1.96 

   
Avg. Strength 4.09 

 
2.97 

 
2.61 

27 day Flexural Strength (ASTM C 1609M)-- Date: 20 March 2018 

Sr. No. 
Span 

Length 
Average 
Width 

Average 
depth 

First Peak 
Load 

First Peak 
Strength 

Residual 
Load @ 0.5 

mm deflection 

Residual 
Strength @ 0.5 
mm deflection 

Residual Load 
@ 2 mm 

deflection 

Residual Strength 
@ 2 mm 

deflection 

 
L b d (kN) (MPa) (kN) (MPa) (kN) (MPa) 

1 300 100 103 19.16 5.42 11.05 3.13 11.11 3.14 

2 300 102 104 17.61 4.79 10.68 2.90 10.93 2.97 

3 300 100 103 19.62 5.55 12.75 3.60 11.81 3.34 

4 300 100 103 17.33 4.90 10.54 2.98 9.68 2.74 
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Avg. Strength 5.16 

 
3.15 

 
3.05 

Day of Testing--- Flexural Strength (ASTM C 1609M)-- Date: 13 June 2018 

Sr. No. 
Span 

Length 
Average 
Width 

Average 
depth 

First Peak 
Load 

First Peak 
Strength 

Residual 
Load @ 0.5 

mm deflection 

Residual 
Strength @ 0.5 
mm deflection 

Residual Load 
@ 2 mm 

deflection 

Residual Strength 
@ 2 mm 

deflection 

 
L b d (kN) (MPa) (kN) (MPa) (kN) (MPa) 

1 300 100 107 15.80 4.14 20.51 5.37 17.72 4.64 

2 300 102 103 15.93 4.42 14.38 3.99 13.39 3.71 

3 300 98 99 14.25 4.45 12.43 3.88 11.09 3.46 

4 300 104 101 15.04 4.25 17.42 4.93 17.23 4.87 

   
Avg. Strength 4.31 

 
4.54 

 
4.17 
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Appendix-C 

  

MI- CTF detailed drawings package including Bill of Materials (BoM) 

MI- CTF Roll-off bin specifications 

FM—CTF fabrication drawings package  

Lifting Set-up –Fabrication drawings package  

Lifting Set-up –3-D Model  

Lifting Set-up –Billing of Quantites (BoQ) 
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Culvert Testing Facility (CTF) Roll-off Bin Specifications 

The Culvert Testing Facility (CTF) was designed to facilitate testing of Structural Plate Corrugated Steel 
Pipe (SPCSP) structures buried under compacted loose granular soil and subjected to a static load. The CTF 
shall be equipped with removable rollers to provide the required mobility.  

The following specifications provide additional information to the Plans of Proposed Culvert Testing 
Facility (CTF) (the “Plans”).  

CTF Roll off Bin Dimensions: 

Inside Clear 
Height 

Outside 
Height 

Inside Clear 
Width 

Outside Width Inside Clear 
Length 

Outside Length 

7-11" 9'-7
"
 7-9" 8-6" 12-3

"
 13-5

"
 

 

Specifications: 

1.0 Base Frame Specifications: 
Floor Plate ½" thick plate 

Cross Members W 4" x 13 wide flange beam  
(spacing as shown in the Plans) 
(Refer: AISC Steel Table) 

Gussets 3" x 3" x ¼" Gusset on every cross 
member 

Main (Bottom) 
Rails 

HSS 8" x 8" x 0.3125" hollow structural 
steel tubing     
(Note: Spacing of middle rails shall be 
compatible with contractor’s transport truck 
configuration)                               

Wheels 8.5" diameter x 10" long heavy duty 
ground rollers front and rear 

Wheel Brackets 1" plate with 12" x 12" bracket 

Wheel Axles 1-½" Solid round with grease or bearing 
fittings 

Bull Noses Minimum 1-½ " plate* 

Guide Rollers  
(Nose Roller) 

4" x 6" Solid tubing with grease fittings 

Roller Arms Minimum ½" plate* 

Roller Axles Minimum 1-½" Round bars with grease 
fittings  

Hook Plate ½" Plate 12" x 38" welded solid rail to 
rail* 

Cable Hook 1-½" or 2" High tensile plate inserted 
through hook plate, locked in and 
welded fully on both sides 

 

* Minimum dimensions provided. Contractor may propose alternative dimensions for consideration. 
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2.0 Long Wall Members Specifications: 

Long Wall Plates ¼"  thick plate 

Vertical Wall Supports  
(Wall Posts) 

HSS 6" x 4" x ¼" hollow structural steel tubing  
(spacing as shown in the Plans) 

Horizontal Wall Supports 
(Wall Posts) 

HSS 6" x 4" x ¼" hollow structural steel tubing  
(spacing as shown in the Plans) 

Opening Size              
 

63" (clear width) x 36" (clear height) 
(located on both long walls as shown in the Plans) 

Long Wall Top Rails HSS 7" x 5" x ¼"  hollow  structural steel tubing  

Tie Down Bar (Tarp Bar) 5/8" diameter solid round bar 

Ladders 5/8" diameter solid round bar  

Opening Gussets 4" x 4" x ¼" 

Tie Bar 1-¾" diameter solid threaded bar assembly running across both directions 
(Refer to the Plans for more detail) 

Support Angles 2" x 2" x ¼" equal leg angle @ every vertical wall support 
 

3.0 Rear Wall Members Specifications: 

Rear Wall Plate ¼"  thick plate 

Rear Wall Vertical Supports 
(Wall Posts) 

HSS 6" x 4" x ¼" hollow structural steel tubing  
(spacing as shown in the Plans) 

Rear Wall Horizontal Supports      
(Wall Posts) 

HSS 6" x 4" x ¼" hollow structural steel tubing  
(spacing as shown in the Plans) 

Rear Wall  
Top Rail  

HSS 7" x 5" x ¼" hollow structural steel tubing 

Support Angles 2" x 2" x ¼" equal leg angle @ every vertical wall support 

Dog House Contractor shall determine the minimum dimensions of dog house 
 

4.0 Door Wall Members Specifications: 

Single door at the CTF rear end located on top of floor plate. Contractor to supply and fabricate hinge and 
latch assembly for CTF. 

Door  Wall  
Vertical Supports    

HSS 6" x 4" x ¼" hollow structural steel tubing  
(spacing as shown in the Plans) 

Door Wall  
Horizontal Supports    

HSS 6" x 4" x ¼" hollow structural steel tubing  
(spacing as shown in the Plans) 

Door Plates ¼" thick plate 

Hinges Heavy duty dropped forged with grease fittings (Typ.)** 

Hinge Plates ½" thick plate, 3" x 9" on door and 9" x 9" on sidewall (Typ.)** 

Hinge Sleeves 1-¾" x 9"  heavy duty tubing (Typ.)** 

Hinge Pins 1-¼" x 9" solid round bar (Typ.)** 

Latch System ½" heavy duty self-aligning vertical lift**  
(Refer to Section 5.0 Latch Mechanism) 

Safety Chain 3/8" grade 70 chain with receptors on both sides (Typ.)** 

Gate Aligner ½"  thick plate (Typ.)** 

Push Plate 36" x 18" x 3/16" (Typ.)**  

Gap Plate Plate that covers the rear door gap (Typ.)** 

Keyhole Compatible with latch mechanism (Typ.) 

** Typical dimensions provided. Contractor may propose alternative dimensions for consideration. 
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5.0 Latch Mechanism:   

The CTF shall include a heavy duty latch system on the door end as AJB Ratchet latch system (preferred) 
or standard latch system. 

Latch system is not shown in the Plans for clarity. Latch system shall be heavy dute and ensure seal tightness 
when closed. Contractor may propose equivalent latch system for consideration.  

                 

 

6.0 General Specifications: 

Welding All welding shall be in accordance to the latest edition of CSA W59. 
Welding details are provided in the Plans. 
Inner and outer floor seams, front and rear wall seams and inside top rails seams 
are continuous welds. 

Wheels Wheels at the base on all four sides of the bin shall be designed such that they 
can be easily removed and mounted back with a simple pin lock or equivalent 
mechanism. Proposed wheel system can be found in the Plans. Contractor may 
propose equivalent system for consideration.  

Paint One coat of shop primer on all exterior surfaces to a minimum DFT = 1 mil or 
better. 
One top coat of industrial enamel paint in any single colour to a minimum     
DFT = 1mil or better. (Colour options: Navy Blue, Red, Orchid Green) 
Contractor to provide proposed paint color sample for approval prior to 
application. 
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7.0 Lifting Hook Details: 

Proposed Lifting Hook set-up is shown in the Plans. Lifting Hooks shall be provided to facilitate lifting of 
the CTF using an overhead gantry crane. 

Solid Hook Plate 1"  thick solid plate with 2" diameter hole 

Lifting Hook Angle 3" x 3" x ¼"  equal leg angle 

Lifting Hook Gusset 3" x 3" x ¼" 

 

8.0 Structural Steel Grade Specifications: 

CSA-G40.21M—44W 
(300W) 

Floor Plates, Wall Plates, Gusset Plates, Round Bars, Equal Leg Angles 

CSA-G40.21M—50W 
(350W) 

Hollow Structural Steel Tubing, Wide Flange Beam  

ASTM A325 Bolts 

ASTM A563 Nuts 

ASTM F436 Washer 

ASTM A615 or 
ASTM A772 

Threaded Tie Rod Assembly with bearing plate, washer, coupler and hex nut. 

 

9.0 Threaded Tie Rod Assembly:    

Threaded Tie Rods running across both long and short side of the CTF shall be provided to increase the 
confined strength of the CTF. The locations of Threaded Tie rods are shown in the Plans. Threaded Tie 
Rod shall be accompanied by washer, bearing plate, coupler and hex nut. The Threaded Tie Rod shall 
conform to ASTM A615 or A772. As an alternative, ASTM A36 Round bars with Threaded ends may be 
used. 

 

10.0 Bin Roll-Off Mechanism:    

The CTF shall be rolled on and off the Contractor’s proposed transport truck using a standard cable pull 
system. The spacing of middle bottom main rails shall be compatible with the spacing requirements of the 
transport truck. The Contractor shall unload the CTF at the University of Manitoba, as directed by the W.R. 
McQuade Structures Lab Manager. 
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3-D View of Culvert Testing Facility 
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Falcon Manufacturing (FM) Fabrication drawings 
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Lifting Set-up –Fabrication drawings package 
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Lifting Set-up—3-D Model 
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Lifting Set-up—Billing of Quantities (BoQ) 

 

 

 

 

 

 

 

 



 

196 | P a g e  
 

Appendix-D 

Compressive strength test (ASTM D4832) results of CLSM cylinders 

In-situ density test (ASTM D6023) results of CLSM 

Moisture content data for loose sand (ASTM D2216) 

Gradation of loose sand (ASTM D6913) 

Gradation of granular fill (ASTM D6913) 

Standard Proctor compaction test results of granular fill (ASTM D1557) 

Field nuclear density test results of granular fill (ASTM D6938) 

Field density data for all three layers of granular fill using Shelby tube sampler 

Moisture content data for all three layers of granular fill using Shelby tube sampler 

Compaction quality control data for top two layers of granular fill using Zorn LWD 
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Table D. 1 Compressive strength test results of CLSM cylinders 
 

BP CLSM Fill Compressive Strength (ASTM D4832) 
01 day Compressive Strength (ASTM D 4832)-- Date: 05 June 2018 

Specimen # Height L/D 
Ratio 

Load Compressive strength 

   
(lbs) (N) (MPa) 

1 300 2 
 

0 0.00 
2 300 2 1200 5337.86 0.30 
3 300 2 1080 4804.08 0.27 
4 300 2 970 4314.77 0.24   

Avg. Compressive Strength 0.27       

03 day Compressive Strength (ASTM D 4832)-- Date: 07 June 2018       

Specimen # Height L/D 
Ratio 

Load Compressive strength 

   
(lbs) (N) (MPa) 

1 300 2 2340 10408.83 0.59 
2 300 2 2510 11165.03 0.63 
3 300 2 2040 9074.369 0.51 
4 300 2 2432 10818.07 0.61   

Avg. Compressive Strength 0.59       

Day of Culvert Testing (107 day)-- Compressive Strength (ASTM D 4832)-- 
Date: 08 June 2018       

Specimen # Height L/D 
Ratio 

Load Compressive strength 

   
(lbs) (N) (MPa) 

1 300 2 2880 12810.87 0.73 
2 300 2 2800 12455.02 0.71 
3 300 2 3170 14100.86 0.80 
4 300 2 3010 13389.14 0.76   

Avg. Compressive Strength 0.75 
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Table D. 2 In-situ density test results of CLSM fill 
 

CLSM In-situ Density Test (ASTM D6023) -- Date: 04 June 2018 

Sample # 
Empty wt. 

(kg) 
Total Weight 

(kg) 

CLSM Fill 
Weight  

(kg) Volume (m3) Density (kg/m3) 
1 11.32 20.4 9.08 0.00530 1713.61 

2 9.975 19.4 9.425 0.00530 1778.72 

3 11.32 20.815 9.495 0.00530 1791.93 

4 9.975 19.465 9.49 0.00530 1790.99 

   Average Density 1768.81 
 

 

 

 

Table D. 3 Moisture content of loose sand 
 

Moisture Content of loose sand (ASTM D2216)-- Date: 05 June 2018 

Mass of 
container 

(gms) 

Mass of wet 
specimen 

(gms) 

Mass of container 
+ dry specimen 

(gms) 

Mass of dry 
specimen 

(gms) 

Mass of 
Water 
(gms) 

Moisture 
Content 

(%) Lift # 

362.28 1034.37 1347.32 985.04 49.33 5.01 1 

360.14 805.82 1127.8 767.66 38.16 4.97 2 

   Average Moisture content 5.0  
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Figure D. 1 Grain size distribution curve of loose sand 
 

Sample weight: 6626.00 (by weighing sieves) Loss: -1.94%
Initial sample weight: 6500.00

Sieves Diameter (mm) Sieve weight siev+smpl % Retained % Pass

1/2" 12.500 0.00 0.00 0.00% 100.00% D10(mm)= 0.223

3/8" 9.500 0.00 0.00 0.00% 100.00% D30(mm)= 0.443

No.4 4.750 0.00 136.00 6.80% 93.20% D60(mm)= 0.814

Bi.10 2.000 0.00 374.00 18.70% 81.30%
No.20 0.850 0.00 758.00 37.90% 62.10% Gravel (%)= 6.80%

No.40 0.425 0.00 1440.00 72.00% 28.00% Sand (%)= 90.90%
No.80 0.180 0.00 1918.00 95.90% 4.10% Clay (%)= 2.30%

No.200 0.075 0.00 1954.00 97.70% 2.30%

Dish Dish 0.00 46.00 2.30% Cu= 3.66

Cc= 1.08

Grain Size Distribution curve----Fine Sand

University of Manitoba
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Figure D. 2 Grain size distribution curve of granular fill 
 

Sample weight: 5206.00 (by weighing sieves) Loss: 0.46%
Initial sample weight: 5230.00

Sieves Diameter (mm) Sieve weight siev+smpl % Retained % Pass

1/2" 12.500 0.00 385.00 7.40% 92.60% D10(mm)= 0.218

3/8" 9.500 0.00 519.00 9.97% 82.64% D30(mm)= 1.490

1/4" 6.300 0.00 835.00 16.04% 66.60% D60(mm)= 5.234

N4 4.750 0.00 523.00 10.05% 56.55%
N16 1.180 0.00 1660.00 31.89% 24.66% Gravel (%)= 33.40%
N30 0.600 0.00 444.00 8.53% 16.14% Sand (%)= 57.88%
N50 0.300 0.00 263.00 5.05% 11.08% Clay (%)= 8.72%

N100 0.150 0.00 123.00 2.36% 8.72%

Dish Dish 0.00 454.00 8.72% Cu= 23.97

Cc= 1.94

Grain Size Distribution curve----Limestone A Base Soil

University of Manitoba
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Table D. 4 Field density for each compacted lift of granular fill determined using Shelby tube 
sampler 

 
Granular fill Compaction--Shelby tube sampler --Field Density for each lift 

Sr. No. 

Empty 
weight 
(gms) 

Total 
Weight 
(gms) 

Soil 
Sample 
weight Volume (m3) 

Density 
(kg/m3) Lift # 

R-1 301.03 1289 0.98797 0.00042251 2338.34 1 

R-2 303.25 1208.26 0.90501 0.00042251 2141.99 1 

R-3 301.05 1242.11 0.94106 0.00042251 2227.31 1 

    Average 2235.88  
R-4 299.59 1193.52 0.89393 0.00042251 2115.76 2 

R-5 300.48 1217.57 0.91709 0.00042251 2170.58 2 

R-6 300.49 1158.45 0.85796 0.00042251 2030.63 2 

    Average 2105.66  
R-7 301.5 1270.24 0.96874 0.00042251 2292.82 3 

R-8 300.29 1252.46 0.95217 0.00042251 2253.60 3 

R-9 298.8 1203.84 0.90504 0.00042251 2142.06 3 

    Average 2229.49  
 

Table D. 5 Moisture content for each compacted granular fill lift 
 

Granular fill--Shelby tube sampler --Moisture Content for each lift ( ASTM D2216) 

Sr. No. 

Mass of 
container 

(gms) 

Mass of wet 
specimen 

(gms) 

Mass of 
container + dry 
specimen (gms) 

Mass of 
dry 

specimen 
(gms) 

Mass of 
Water 
(gms) 

Moisture 
Content 

(%) 
Lift 

# 
R-1 347.82 983.65 1268.47 920.65 63 6.84 1 

R-2 287.36 903.55 1136.63 849.27 54.28 6.39 1 

R-3 360.3 938.16 1236.35 876.05 62.11 7.09 1 

     Average 6.77  
R-4 362.32 893.63 1214.2 851.88 41.75 4.90 2 

R-5 207.91 915.53 1074.72 866.81 48.72 5.62 2 

R-6 353.78 857.71 1166.88 813.1 44.61 5.49 2 

     Average 5.34  
R-7 193.15 967.65 1103.4 910.25 57.4 6.31 3 

R-8 188.26 950.74 1086.27 898.01 52.73 5.87 3 

R-9 193.49 904.75 1045.26 851.77 52.98 6.22 3 

     Average 6.13  



 

206 | P a g e  
 

 

Table D. 6 Granular fill compaction quality control data determined using Zorn LWD 
 

Culvert Rehabilitation Project (MSI Shotcrete Lined Specimen) --Granular fill--Compaction Quality 
Control--Zorn Light Weight Deflectometer (LWD) Data 

Zorn LWD -- 300 mm/10 kg       
Granular Fill--2nd Lift--06 June 2018---15" Height  

Sr. 
No. 

s1 
(mm) 

s2 
(mm) 

s3 
(mm) 

sm 
(mm) s/v 

Evd 

(MN/m2) 
Time 

recorded 
Result 

# 
Sample 

Location 
% of 

compaction 
1 0.418 0.41 0.398 0.407 3.27 55.28 14:23 14 Centerline West 89.65 

2 0.384 0.38 0.384 0.383 3.31 58.75 14:25 15 Centerline East 95.28 

3 0.389 0.39 0.394 0.39 3.1 57.69 14:27 17 Centerline South 93.56 

4 0.436 0.41 0.408 0.419 2.93 53.7 14:28 18 Centerline North 87.09 

     
 

   
Avg. 

Compaction 91.40 

Granular Fill--3rd Lift--06 June 2018--18" Height  

Sr. 
No 

s1 
(mm) 

s2 
(mm) 

s3 
(mm) 

sm 
(mm) s/v 

Evd 
(MN/m2) 

Time 
recorded 

Result 
# 

Sample 
Location 

% of 
Compaction 

1 0.398 0.38 0.38 0.387 3.1 58.14 15:26 19 Centerline West 94.29 

2 0.394 0.39 0.37 0.386 3.21 58.29 15:28 20 Centerline East 94.53 

3 0.421 0.4 0.399 0.406 3.11 55.42 15:30 21 Centerline South 89.88 

4 0.41 0.4 0.381 0.396 3.27 56.82 15:32 22 Centerline North 92.15 

5 0.417 0.41 0.4 0.41 3.05 54.88 15:34 23 Far South 89.00 

6 0.424 0.42 0.413 0.42 3.62 53.57 15:36 24 Far North 86.88 

     
 

   
Avg. 

Compaction 91.12 

Target Zorn LWD on Modified Proctor Mold  Dt. 09 July 2018--13" dia 27 cm ht. 

Sr. 
No 

s1 
(mm) 

s2 
(mm) 

s3 
(mm) 

sm 
(mm) s/v 

Evd 
(MN/m2) 

Time 
recorded 

Result 
# 

Sample 
Location 

% of 
Compaction 

1 0.377 0.37 0.37 0.371 2.76 60.65 11:30 1 Proctor Mold 100 

2 0.363 0.36 0.357 0.359 2.73 62.67 11:34 2 Proctor Mold 100 
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Appendix-E 

This appendix provides the load-strains plots of metal pipe under applied loads at spring lines 

location along center region and all other instrumented locations along east offset region, as 

discussed in Chapter-4 Section 4.3.2. 

 
Figure E. 1 Load vs. strains in metal pipe at springline-1 location, center region 
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Figure E. 2 Load vs. strains in metal pipe at springline-2 location, center region 
 

 

 
 

Figure E. 3 Load vs. strains in metal pipe at crown location, east offset region 
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Figure E. 4 Load vs. strains in metal pipe at shoulder location, east offset region 
 

 

 
Figure E. 5 Load vs. strains in metal pipe at springline-1 location, east offset region 
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Figure E. 6 Load vs. strains in metal pipe at springline-2 location, east offset region 
 

 

 


