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ABSTRACT

EXPERIMENTAL AND FINITE ELEMENT BASED INVESTIGATIONS OF
SHEAR BEHAVIOR IN REINFORCED CONCRETE

BOX CULVERTS

Publication No.

Anil Kumar Garg, Ph.D.

The University of Texas at Arlington, 2007

Supervising Professor: Ali Abolmaali

This study evaluates the shear behavior and capacity of the precast concrete box
culverts subjected to HS 20 truck wheel load. The most critical culvert behavior was
considered by studying culverts subjected to zero depth fill and placed on rigid
laboratory floor without bedding material. Three major phases were considered to
complete the study, which included: (1) experimental program; (2) finite element
modeling; and (3) development of distribution width and the determination of shear

capacity.



A full-scale experimental testing program was undertaken to perform tests on 24
typical precast concrete box culverts designated as per ASTM C 1433-05 with and
without distribution steel (Asg) which were produced by two different precast
manufacturers. The wheel load was simulated by a 25 cm x 51 c¢cm (10 in x 20 in) load
plate, which was placed, at the distance “d” from the tip of the haunch to the edge of the
load plate. An incremental loading history was adopted to capture the culvert’s
nonlinear behavior. The test results include load-deflection plots as well as the step-by-
step description of the events. The test results further indicated that flexure governed the
behavior up to and beyond AASHTO 2005 factored load. Independent shear cracks
formed before the ultimate load at approximately twice the AASHTO 2005 factored
load for most of the test specimens.

Complete detailed three-dimensional finite element models (FEM) of the test
specimens were developed and analyzed to simulate the experimental results. Three-
dimensional shell and solid elements were used to model the culvert systems. The
welded wire fabrics were modeled by using the rebar elements placed on the surface-
elements provided by the ABAQUS Software. The contact surface between the outside
face of the bottom slab and reaction floor was modeled by using non-linear node-to-
surface contact algorithm. The analysis algorithm consisted of an incremental loading
history to capture the problem non-linearity. Smeared crack model along with the Risk
Algorithm were incorporated to analyze the system for micro-cracks and to stabilize the
solution, respectively. The converged solution was obtained by using H-convergence

coupled with the difference between the external work done and the strain energy

vi



density of the system. The load-deflection plots obtained from the FEM analyses were
compared with those obtained from the experimental results, which showed close
correlation.

All the forty-two standard cases of the ASTM C 1433 were modeled using the
verified FEM model developed in Chapter 3. A regression analysis was conducted to
develop equations for the calibrated FEM parameters. The 3-D volumetric shear force
distribution on the top slab of the boxes was obtained. The peak shear force in each of
the plots was identified and a vertical plane was passed through it parallel to the box’s
joint length. This yielded to a 2-D shear force distribution diagram along the box joint
length from which the distribution width was calculated by dividing the area under the
2-D diagram with the peak shear force.

The distribution width for the ASTM C1433 boxes were compared with those
reported in the AASHTO 2005. The calculated values of the distribution width were
used to calculate the critical factored shear force for all the boxes, which were then
compared with the American Concrete Institute (ACI) shear capacity equations. It was
shown that the shear capacity exceeded the factored critical shear force for all the
ASTM C1433 boxes. This study concludes that the AASHTO 2005 provision with
regard to the shear transfer device across the joint is unsupported and it needs to be

revisited.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Culverts are mini version of bridges for conveyance of natural surface water
drainage under roads, taxiways, runways or railroads. Box culverts have been used
increasingly since 1965 to meet drainage requirements where the site conditions and
loads acting upon them have been appropriate.

Based on the author interviewing several pipe manufacturers it is believed that
80% of single barrel culvert installations are pre-cast. They are considered to be
efficient since they reduce project execution time, particularly, they are ideal when the
concrete batch plant is not near the construction site. Pre-cast box culverts are not
recommended for areas with excessive settlement where deep foundations are required
since deep foundations would have to be placed on shorter intervals with the use of
precast sections making the installation excessively expensive.

The precast concrete box culverts are manufactured in a range of span and rise
combinations. A typical cross-section of box culverts is shown in Figure 1.1. Box

culvert sections are typically defined by their span, rise, and design height of fill



measured from finished grade to the top of the box section. The joint or “laying” length
is a function of the form equipment accessible to the individual producer. The span of
the standard size culverts, as tabulated by the ASTM C1433 varies from 91 cm to 366
cm (3 ft to 12 ft), the rise varies from 61 cm to 366 cm (2 ft to 12 ft). The above
standard sizes are manufactured in both in 30 cm (1 ft) increments. The minimum top
and bottom slab thicknesses for the height of fill between 0 and 61 cm (0 and 2 ft) are
18 and 15 cm (7 and 6 in), respectively. While the values of minimum top and bottom
slab thickness for the height of fill, greater than 61 cm (2 ft) is 10 cm (4 in). Joint
lengths vary as a function of the form equipment available to the producer, but they
generally vary from about 122 cm (4 ft) as a practical minimum length up to 244 cm (8
ft). Joint lengths of 366 cm (12 ft) or even 488 cm (16 ft) is available on a regional
basis. The inside corners of the wall and slabs are tapered to create a haunch, which has
equal horizontal and vertical dimensions (Figure 1.2). The haunch dimensions are equal
to the wall thickness though some producers utilize form equipment, which yields a
fixed haunch dimension (usually either 20.3 cm (8 in) or 30.5 cm (12 in)). With the
exception of the special design cases, the thickness of culvert walls, top slab and bottom
slab varies from 10 cm to 30 cm (4 in to 12 in) and is a function of the span. The box
culverts are reinforced with the inside and the outside layers of plain/deformed steel
welded wire reinforcement per ASTM A 185 (2001) and A 497 (2001). These
reinforcing layers are proportioned to resist the calculated moments and thrusts in the
member’s sections. Inside concrete cover (C;) and outside concrete cover (C,) is 2.5 cm

(1 in) except for the unique cases where the height of fill is less than 61 cm (24 in), C,



is equal to 5.1 cm (2 in) per AASHTO LRFD Bridge Design Specifications (2005).
Precast box sections used to be designed as per ASTM C 789 for highway loading with
earth cover of 61 cm (2 ft) or more or as per ASTM C 850 for highway loading with
earth cover less than 61 cm (2 ft). Since 2003, ASTM C 1433 (2003) has replaced C
789 and C 850 for both loading conditions.

Precast box sections are typically cast with batches designed to yield 34.5
N/mm? (5000 psi). Precast sections are produced by either the drycast or the wetcast
method. Drycasting is characterized by the use of very low water/cement (w/c) ratios
(0.35 or less) while wetcast uses standard mix designs yielding to slumps in the range of
10 cm (4 in) to 15 cm (6 in).

The boxes are generally joined by placing the spigot into the bell end while

placing in position as shown in Figure 1.3.
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Figure 1.1 Typical Cross-Section of a Box Culvert
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1.2 Research Need

Box culverts are typically designed similar to bridges, and the new design concepts
for bridges are based on the Load and Resistance Factor Design (LRFD), which were
developed by the AASHTO (1998). These specifications introduced new provisions for
distributing live loads to the reinforced concrete bridge decks, which also apply to the
design of the reinforced concrete box culverts with depths of fill less than 61 cm (2 ft).

The AASHTO (1998) provisions introduced three separate equations for the height
of fill less than 61 cm (2 ft)., based on axle load, for distributing live load to the top slab
of box culverts. These equations include; one equation for spans greater than 4.6 m (15
ft) and two equations for spans less than 4.6 m (15 ft) depending on the sign of the
bending moment. McGrath et al. (2004) reported that the distribution width equation for
the spans greater than 4.6 m (15 ft) were developed based on the National Cooperative
Highway Research Program (NCHRP) Project 12-26, while, the distribution width for
the spans less than 4.6 m (15 ft) were based on the study conducted by Modjeski and
Masters (2003).

The AASHTO (2002) provided a single equation for the distribution width for the
height of fill less than 61 cm (2 ft), based on a single wheel load on the top slab of box
culverts, which also applies to all span lengths for both positive and negative bending,
and shear force. For depth of the fill, greater than 61 cm (2 ft), both the AASHTO
(1998) and AASHTO (2002) employ two equations each; for one wheel as load, and
two wheels as load, which are independent of the span dimension. They depend on the

depth of the cover multiplied by the live load distribution factors, which are noticeably



less for the AASHTO (1998) than the AASHTO (2002) provisions. Compatible
comparisons of the distribution width for depth of fill less than 61 cm (2 ft) calculated
based on AASHTO (1998) and AASHTO (2002) indicate noticeable differences
(McGrath et al. (2004)).

The AASHTO (1998) specifications require design check for shear at all depths of
fills, while, the AASHTO (2002) specifications only require it for the depth of fill more
than 61 cm (2 ft). This is due to the fact that shear strength characteristic of the box
culverts with the depth of the fill less than 61 cm (2 ft) is controversial since culverts
are constructed with spans as small as 91 cm (3 ft) with slabs thinner than typical bridge
decks. Prior to Interim AASHTO (2005) specifications, culverts were not required to be
designed with joints, to transfer direct shear across the joints. This concept was based
on the research studies conducted by James (1984) and Frederick et al. (1988), which
reported that shear transfer was not critical with zero fill depth across the joint due to
the small deflections and strains that caused no cracks at service load. However, both
the aforementioned studies placed the wheel live load at the edge of the bell or spigot-
ends, at the middle of the culvert’s span during their experimental testing and/or
modeling. Therefore, this raised concerns that the wheel load location may not have
produce the critical shear stresses since it was placed away from the vicinity of culvert’s
wall (support).

To address the aforementioned shortcomings, McGrath et al. (2004) used finite
element method (FEM) to investigate the live load distribution widths for reinforced

concrete box culverts by placing the wheel live load at a distance “d” (=the effective



depth of top slab) from the tip of the haunch to the edge of the load plate. Two
dimensional shell elements were used to conduct linear elastic analyses of several
parametric cases. This study concluded that the distribution width for shear in general
was narrower than that of positive and negative bending moments, and it governed the
behavior. The results of this study are implemented in the Interim AASHTO (2005)
with new distribution width equations based on shear force distribution, and it was
suggested that a shear transfer device should be provided across the joint, if the
calculated distribution width exceeds the length between the two adjacent joints.

Since the FEM analyses conducted by McGrath et al. (2004) were linear elastic
without experimental verification of the model, and the behavior of culverts subjected
to shear is not known, this study was undertaken. This study reports on the findings a
major and comprehensive full-scale experimental and finite element studies that
considers all practical culvert span sizes with and without compression distribution steel
in top slab, As6 (refer to Figure 1.1). Twenty four full-scale experimental tests were
conducted on the common ASTM C1433 box culverts with varying sizes. Several tests
were also conducted to identify the location of the wheel load which produces the
maximum shear effects. A comprehensive nonlinear inelastic three dimensional finite
element model is developed with capabilities to predict crack initiation and propagation
that is validated with the conducted full-scale tests. Finally, the developed models are
used to obtain the distribution width values for shear, which are then used to calculate

the shear capacity of the ASTM C1433 precast box culverts.



1.3 Literature Review
1.3.1 Experimental Studies

James (1984) conducted a study to determine the safety of the precast concrete
box culverts under the service and design load without the shear connectors. This study
used 152 cm (5 ft) and 213 cm (7 ft) clear span boxes as per ASTM C 850 and applied
load on the culvert’s span centerline at the supported male end, female end, and the
unsupported edge in different tests. This study measured steel stresses and deflections
and compared them with analytically predicted steel stresses. It was found that the box
culvert design was conservative, and the live load deflections and stresses caused by
design service wheel loads are acceptable without shear connectors.

Frederick et al. (1988) conducted theoretical studies, field-testing, and model
testing. They applied wheel load at center of the 366 cm (12 ft) and 305 cm (10 ft) span
boxes with and without installed shear connectors. The development of a 4-size
laboratory model was reported, which was field-tested. It was determined that the shear
connectors and the edge beams were not required for the ASTM C850 box culverts.

Sonnenberg et al. (2003) conducted thirty - eight concrete specimen tests. It was
found that the failure load of the specimens could be predicted using the Mohr-
Coulomb theory with an assumed friction angle of 35° provided that the normal stress
was greater than 0.15 f°, concrete cylinder compressive strength. It was concluded that
Mohr-Coulomb theory over estimated the shear capacity of the concrete, for normal
stresses less than 0.15 f°;, unless a modified cohesion value and friction angle were

used.



Smeltzer et al. (2004) conducted a study to determine the safety of the precast
concrete box culverts subjected to the brittle shear failures. It was recommended that
additional research was required to outline the adequacy of the box culvert design for

shear, and to identify the need for the shear reinforcement requirement.

1.3.2 Analytical Studies

Hillerborg et al. (1976) presented a method in which fracture mechanics is
introduced into the finite element analysis by means of a model where stresses are
assumed to act across a crack as long as it is narrowly opened.

Crisfield (1986) studied that the snap-through and snap-back response can also
be expected with the cracking of concrete structures besides buckling of shells.
Softening material is known to induce ‘strain localization’, which in the case softening
(cracking) of a local region, adjoining material unloads elastically. This leads to a
dynamic jump to a new load or displacement level, at a fixed displacement or load state,
respectively.

Rots and Blaauwendraad (1989) developed numerical tools to simulate cracking
in the concrete and similar materials. It was found that these materials show tensile-
softening behavior normal to the crack and the shear retention parallel to the crack. It
was reported that smeared cracks could introduce stress locking in a given finite
element model.

Kwak and Filippou (1990) proposed a new smeared finite element model based

on an improved cracking criterion. This study proposes that cracking to be concentrated



over a small region around the integration points and not over the entire finite element,
which retains the objectivity of the results for very large finite elements as being small
element only. This study showed that the tension stiffening is an important parameter,
and it should always be included in the crack models of the reinforced concrete
members.

Feenstra et al. (1991) modeled reinforced concrete with some salient features
such as the stress decomposition into a stress contribution of the concrete with a strain-
softening model. Also, the contribution of the reinforcing steel with an elasto-plastic
model and a stress contribution owing to the interaction between the concrete and the
reinforcement were considered.

Biggs et al. (2000) conducted analytical studies using the finite element
software, ABAQUS, for depicting the non-linear behavior of the concrete and the
reinforcing bars independent of the concrete. Three dimensional finite element models
were developed to determine the structural response with reasonable accuracy, which
was verified with the experimental data and certain manual calculations.

Hu and Liang (2000) employed numerical analysis using the ABAQUS finite
element software to predict the failure mode and the ultimate capacity of the boiling
water reactor (BWR Mark III) reinforced concrete containment at the Kuosheng
Nuclear Power Plant in Taiwan. Material non-linearities.such as the concrete cracking
tension stiffening, shear retention, concrete plasticity, and steel yielding were
considered. The effects of temperature were also simulated with a proper constitutive

model.
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Marzouk et al. (2002) developed a numerical model to predict the punching load
and deformations of the reinforced concrete slabs. Despite the low tensile strength of
the concrete, it was shown that considerable fracture energy; therefore, the fracture
process zone in front of a growing crack, contributed to the flexural concrete strength.
The model provided consistent and improved results compared to the cases analyzed by
using existing codes.

Mabsout et al. (2004) conducted a parametric study for the multi lane single
span reinforced concrete slab bridge slabs. This paper presented the results of a
parametric study related to the wheel load distribution in one-span, simply supported,
and multilane reinforced concrete bridge slabs. The finite element method was used to
investigate the effect of the span length, slab width (with and without shoulders) and the
wheel load conditions on typical bridges. A total of 112 highway bridge cases were
analyzed and studies by assuming that bridges as stand-alone structures carry one-way
traffic. The FEM results of one, two, three, and four-lane bridges were presented in
combination with four typical span lengths. Bridges were loaded with highway design
HS20 truck load placed at the critical locations in the longitudinal direction of each lane.
The FEM results for bridges subjected to edge loading showed that the AASHTO
(1996) standard specifications procedure overestimates the bending moment by 30% for
one lane and a span length less than 7.5 m (25 ft), but it agrees with the FEM bending
moments for longer spans. The AASHTO bending moment compared well with those of
the FEM when considering two or more lanes and a span length less than 10.50 m (35

ft). However, as the span length increases, AASHTO underestimates the FEM bending
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moment by 15% to 30%. It was shown that the presence of the shoulders on the both
sides of the bridge increases the load-carrying capacity of the bridge due to the increase
in the slab width. The new AASHTO (1998) load and resistance factor design (LRFD)
bridge design specifications overestimate the bending moments for normal traffic on
bridges. However, the LRFD procedure gives results similar to those of the FEM edge +
truck (a disabled truck at edge and another design truck in lane) loading condition.

Torres et al. (2004) conducted a study for cracked flexural concrete members
using the tension-stiffening model. They presented a general strategy to select the
numerical values of the coefficients defining uni-axial tensioned concrete equivalent
constitutive relationships to simulate, under serviceability condition, the instantaneous
and time-dependent flexural behavior of the reinforced and pre-stressed concrete
members.

Yee et al. (2004) investigated and performed tests on the shear behavior of the
precast reinforced concrete box culverts. This study concluded that all the designs based
on the Canadian Highway and Bridge Design Code (CHBDC) and the AASHTO (2003)
were conservative. Test results showed that the analysis tools used generated reasonably
reliable predictions of the moment distributions.

McGrath et al. (2004) conducted a study to investigate the live load distribution
widths for the reinforced concrete box culverts. It was established that equations
required the distribution of the axle loads on the top slabs of the box culverts, with 0 to
61 cm (0 to 2 ft) of the fill depth, by using finite element analysis. This study compared,

in details, the design equations for AASHTO LRFD with AASHTO Standard

12



Specifications, which concluded that the LRFD Specifications are more conservative
for the box culverts, particularly with spans less than 457 cm (15 ft). Based on FEM
analyses, it was reported that the distribution widths for the shear are less than the
widths for the bending moment criterion. Thus, it was concluded that the shear design
for box culverts bears some scrutiny.

Polak (2005) used 3D shell elements for punching and flexural analysis of the
reinforced concrete slabs. The influence of the material modeling was discussed on the
calculated results, and they were compared with the test results. It was found that the

3D shell finite elements are economical for studying punching shear effect analysis.

1.4 Objectives and Tasks
The main objectives of this study are:
1. To identify the behavior and mode of failure of the ASTM- C1433 precast

box culverts subjected to the HS-20 shear wheel load.

2. To evaluate the shear capacity of the ASTM- C1433 precast box culverts

based on the distribution width obtained from the ultimate shear force

distribution in this study.

To accomplish the aforementioned objectives the following tasks are performed:

1. Twenty-four full-scale experimental tests on the typical ASTM- C1433

culverts of varying lengths and spans are conducted. In the experimental
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program, the wheel load is simulated by a 25 cm x 51 cm (10 in. x 20 in.)
rigid plate. The location of the wheel load is varied to identify the load plate
location in which the maximum shear stresses are induced in the culvert’s
top slab. The crack initiation and propagation are monitored by marking the
cracks during the course of experiments. The load at which each crack is
initiated is recorded and compared to the AASHTO 2005 service and
ultimate loads.

Three-dimensional FEM of the box culverts are developed by using 3-D
shell and solid elements. The smeared crack model is adopted to predict
crack initiation and propagation. Material, geometric and contact
nonlinearities are incorporated in order to predict the culvert behavior up to
the ultimate load. Several mesh configurations and densities are tested to
obtain the optimum mesh. The developed finite element model and the
associated algorithm are compared and verified with the results. The tension
stiffening, tensile strength of concrete parameters used in the FEM for the
smeared crack model is determined for each of the test cases.

Regression equations are obtained for the calibrated FEM parameters in
terms of the geometric and force related culvert variables.

The verified optimized FEM is used to analyze all the sizes of the box
culverts listed in the ASTM C-1433 subjected to the AASHTO 2005
ultimate design load. The distribution width for shear is obtained by

calculating an equivalent width that when multiplied by the peak shear force
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represents the volume under the shear force diagram, per unit of the span
length under the wheel load, along the culvert joint length.

The distribution width for shear is then used to calculate the effective shear
area, which leads to the calculation of the ultimate shear capacity of each

box culvert listed in the ASTM C-1433, is obtained.
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CHAPTER 2
EXPERIMENTAL PROGRAM
2.1 Introduction

A full-scale experimental testing program was undertaken to perform test on
twenty-four typical box culverts designated as per ASTM C 1433-05. Several span and
joint length sizes were considered to cover a variety of geometrical dimensions which
included span of 91 cm (36 in), 122 cm (4 ft), 244 cm (8 ft) and 366 cm (12 ft), and
joint length of 122 cm (4 ft) and 244 cm (8 ft). Boxes from two major precast
manufacturers in the United States Hanson Pipe and Precast Products and Rinker
Hydro-Conduit were tested.

Two UT Arlington’s experimental testing facilities were used for the entire
testing program: (1) Structural Engineering Laboratory located at the Engineering Lab
Building, which will be referred to SEL-ELB from this point forward and (2) The pre-
construction temporary UT Arlington Center for Structural Engineering Research,
which will be referred to UTA-CSER.

The test set-ups and instrumentation were almost identical in the both testing
locations. The test frame consisted of W12x87 columns and built-up crossbeams. The

instrumentation, in general, consisted of: two laser-based optoelectronic displacement-
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sensors, wire potentiometer, which was placed at almost the same location at the
vicinity of the laser, for multiple displacement readings; and data acquisition system.
All the culverts were loaded similarly at 89 kN (2 kip) interval up to 178 kN (40
kip), when the load increment was changed to 22 kN (5 kip) until failure. The 178 kN
(40 kip) load was selected based on the observations during the initial testing phase
which indicated that the experimental load-displacement plots suffered from stiffness
degradation. Also the 178 kN (40 kip) load is almost equal to the factored wheel live

load of a HS 20 Truck per AASHTO (2005) (i.e.16 x1.75x1.33 =37.24 kip ).

Each test was performed with the assistance of a minimum of six researchers
who identified and marked each crack in addition to scribing each event of each test.
The load deflection plots, and detailed report on crack formation / initiation, and

discussion of the failure mode are reported.

2.2 Specimen Preparation

To prepare the specimens, the reinforcement cages were fabricated by the
manufacturer as per design/ASTM C1433-04, and they were transported to the SEL-
ELB for strain gauging in a controlled environment (Figure 2.1). After proper surface
preparation of the reinforcement, strain gauges were fixed, using adhesive
recommended by strain gauge manufacturer, and they were cured under the
recommended pressure for proper adhesion. The lead wires were soldered to the strain
gage using additional terminal fixed on rebar and the stain gauge as well as lead wire

connection were properly protected to withstand the heat and pressure during casting
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and curing. Strain-gauged cages were transported back to the plant for dry casting.
During the casting, the lead wires of the strain gauges were detoured out of the box via
PVC pipes fixed at the location of the lift hole. After curing for seven days, the boxes

were transported back to the laboratory.

02/24/2005

(©) (d)

Figure 2.1 Specimen Preparation (a) Steel Cages Prior to Strain Gauging;
(b) Placing of Form Work on Rebar Cage; (¢) Location of Lead Wires after
Casting; and (d) Lead Wires Extracted after Casting
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2.2.1 Specimen Handling at SEL-ELB

A special A-frame was manufactured to transport the boxes from the unloading
location of the laboratory to the testing frame as shown in Figure 2.2. The A-frame was
constructed by having “chain and pulley” arrangement at the three adjustable locations

to lift and to lower the boxes. Special hydraulic jacks were used to place the boxes in

the exact location under the loading frame.

Figure 2.2 Specimen Handling at SEL-ELB (a) Transportation of Steel Cages; (b)
Unloading of Box after Casting; and (c) Specimen Handling with A-frame
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2.2.2 Specimen Handling at UTA-CSER

At the preconstruction UTA-CSER, a 61 cm (2 ft) thick heavily reinforced
reaction floor was specially constructed for testing the large span culverts with weights
up to 98 kN (22 kip) (Figure 2.8).

High capacity forklifts were used to place the specimen on the reaction floor at

the desired location, under the test frame (Figure 2.3).

Figure 2.3 Specimen Handling at UTA-CSER
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2.3 Test Set-Up
2.3.1 Test Set-up at SEL-ELB

The ELB test setup consisted of a reaction frame with four W12x87 steel
columns welded to 90 cm x 90 cm (35 '2 in x 35 ' in) base-plates with a thickness of
5.1 cm (2 in) (Figure 2.4). The base-plates were bolted to the heavily reinforced
concrete reaction floor using 5 cm (2 in) diameter bolts. The center of each column
were spaced at 244 cm (8 ft in East-West and 122 cm (4 ft) in North-South). Two cross
beams were bolted to the reaction frame. A mild steel plate 61 cm x 75 cm x 5 cm (24
in x 29.5 in x 2 in) was bolted in soffit / underneath the pair of beams, and a hydraulic
cylinder was bolted underneath this plate. A steel t-stub column was fixed to the bottom
of the cylinder as a filler to transfer the load to the box culvert through the load cell as
shown in Figure 2.4 through 2.7.

A25cmx 51 cmx2.54 cm (10 in x 20 in x 1 in) mild steel load plate supported
by a 1.27 cm (1/2 in) thick rubber sheet, was placed on the top of the box culvert. This
was done to simulate the contact area of the wheel of a HS20 truck or tandem, having
an axle load of 142 kN (32 kip) and wheel load of 71 kN (16 kip). A 890 kN (200 kip)
capacity pre-calibrated load cell was placed on the top of the load plate. A load leveler
was also used on the top of the load cell to ensure the application of the concentrated
load to the culvert (Figure 2.10). Each test box culvert was placed directly on the top of
the reaction floor, with the exception of one test, and no bedding material for the culvert
was used. This was done to introduce the maximum stress state in the culvert and to

consider the most conservative behavior.
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Figure 2.7 Typical Schematic Test Set-up
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2.3.2 Testing Frame at Pre-construction UTA-CSER

A special testing frame was constructed at the preconstruction UTA-CSER to
complete this study, as heavy and bigger size boxes were difficult to handle. The author
designed a new reaction floor of size 6.4 m x 4.27 m x 0.61 m thick (21 ft x 14 ft x 2 ft
thick) using reinforced concrete, to resist 1334 kN (300 kip) load. The slab was cast at a
pre-existing concrete floor. Provision to hold 4 columns in tension were made in the
design and execution of reaction floor. A steel testing frame was designed and
fabricated to have a flexible arrangement for load position in plan and in height. Which
consisted of four W12x87 steel columns spaced at 488 cm (192 in) in the East-West and
274 cm (108 in) in the North-South. The frame was fixed with 16 - 5.1 cm (2 in) dia
bolts embedded in the reaction floor. A 1334 kN (300 kip) capacity pre-calibrated load
cell was placed on the top of the load plate. A load leveler was also used on the top of
the load cell to ensure the application of the concentrated load to the culvert (Figure
2.10).

The manufacturing of the test frame and reaction floor itself was a time and
resource-demanding project. Figure 2.8 shows the reaction floor and test frame at UTA-
CSER. Four various sizes of stub columns were used for different tests to fill the gap

between the load cylinder and the load cell at this location.
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T-stub Column

Self-Leveler

| Load Plate

Figure 2.10 Details of Load Cell and Load Plate Assembly

2.4 Instrumentation

A computerized instrumentation and data acquisition system was custom-
developed for this study. The measured variables were applied load (electronic load
cell), reinforcement strains at five locations (strain gauges), and culvert top slab
deflection (laser system). In addition, wire potentiometer was used to duplicate the data

recorded by laser-based optoelectronic displacement sensor.

2.4.1 Load Cell
The load cells used were standard 450 Q (single) full-bridge axial units with 890
kN (200 kip) and 735 kN (300 kip) capacities with a combined error of 0.15% of the

full-scale. It featured a stainless steel housing and hermetical seal design. (Figure 2.10)
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2.4.2 Strain Gauge

Culvert steel reinforcement strains were recorded with numerous general-
purpose uniaxial gauges (Figure 2.11). This basic gauging configuration was selected
on the expectation that reinforcements would experience a pure axial strain. The gauges
have a constantan 350 Q grid with a polyimide encapsulation and large-area copper
soldering tabs. Fatigue life and operating temperature of the gauges were not important
considerations for the testing conditions, and their advertised strain range of 3% was
well in excess of that expected. The grid size was selected to be as large as possible for
the ease of the application, while occupying a small area in the circumference of the
reinforcement bar. Strain gauges are delicate instruments and require great care in their
installation. This was of particular concern in the study at hand, because the gauges
would experience substantial impact during the concrete pouring. Following the
standard steel surface preparation practice, gauges were applied on the rebar wires.
Each gauge was soldered using standard three-conductor lead wire connections.

Gauge and connections were encapsulated with a special M-COAT J-3
compound to maximize the survival during the concrete pouring and casting. Lead
wires were fed to a central point in the box culvert where they would be protected from

the impact of pouring concrete as shown in Figure 2.11. The strain gauge locations

27



M(-) max Bottom Steel

(e)
Figure 2.11 Strain Gauging (a) Strain Gauge versus Penny; (b) Strain Gauged
Steel Wire; (c¢) Protecting Strain Gauges; (d) Protected Lead Wires; and
(e) Locations of Strain Gauges
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were at mid-span, directly under the load and at the position of maximum negative
bending moment as shown in Figure 2.11.
Some gauges were lost and became unusable for data collection during casting

and handling.

2.4.3 Laser-Based Optoelectronic Displacement Sensor

A moving laser-based optoelectronic displacement sensor (Figure 2.12) was used to
accurately measure the deflection profile of the top slab of the culvert. This device
measures distances within a 10 cm range (minimum standoff of 5 cm) with 20 um
resolution at 1 kHz. It operates by projecting a laser beam on the target, which is
reflected and imaged on a CCD-array element such that the target distance may be
computed by triangulation. Then this laser displacement unit (model MicroEpsilon IDL
1400-100) was mounted on a single-axis motorized stage powered by a Compumotor
AX step motor indexer/driver, allowing it to record a continuous stream of the top slab
deflection measurements along a 122 cm (4 ft) and 244 cm (8 ft) track. To ensure the
minimal skewing of the span position and the deflection measurements and to minimize
the acquisition system complexity, a retractable draw-wire potentiometer was attached
to the track shuttle to measure the span position as an additional analog instrumentation
channel as shown in Figure 2.10. Finally, the draw-wire potentiometer was directly

wired into the data acquisition board as a ratio metric input channel.
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Figure 2.12 Laser-Based Optoelectronic Displacement Sensor
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Figure 2.13 Details of Laser Instrumentation
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2.4.4 Cable-Extension Displacement Sensor

A 25 cm (10 in) full scale range Cable-Extension Displacement Sensor (CDS)
(Fig 2.14 - Fig 2.15) was used to measure the displacement of the inside face of the top
slab of the box. The CDS was hooked to the instrumentation to get the displacement of

box slab at each load step.

« INPUT (CCW> [11

COMMON (CW> [2]

SW1
« POT OUTPUT (31

R3 ﬁ R2

« BRIDGE OUT [&]

R4 INPUT (6]
/ - BRIDGE OUT (7]

* INPUT [3]

Figure 2.14 Circuit for Cable-Extension Displacement Sensor
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Figure 2.15 Cable-Extension Displacement Sensor during Test Set-up

2.4.5 Data Acquisition Unit

The above sensors are connected to a signal conditioning and data acquisition
unit. The load cell was connected to a precise ADMET unit and a proportional full-scale
analog output ranging from 0 to 10 V was then fed into the computer data acquisition
board (the use of the ADMET unit was not strictly necessary and was used for
convenience). The strain gauges were directly wired into the individual quarter-bridge
completion networks (model Omega BCM-1), and these were in turn connected directly
to the data acquisition board—which was capable of providing the required excitation
voltage. The laser displacement sensor required an external 24 V power supply and
provided a 4-20 mA output proportional to the displacement, which was turned into a

voltage signal and fed into the data acquisition board as well. Finally, the draw-wire
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potentiometer was directly connected to the data acquisition board as a ratio metric
input channel.

The data acquisition unit was an InstruNet model INET-100HC from Omega
Engineering. This was a high-performance, high-precision computer-based acquisition
system with the ability to interface directly to the most standard sensors. The HC
version features high-current output capability, which was employed to power the strain
bridges and ratio metric sensors. The software allowed the user to directly configure
each channel in terms of the specific sensor used; this was particularly useful for the
processing of the non-linear quarter-bridge strain gauge outputs. Other features included
automatic nulling of strain channels, two-point linear calibration and engineering unit
conversion, software-programmable input voltage ranges, programmable analog and
digital input filtering, programmable sampling rate (nominally set at 8§ Hz), and real-
time visualization and acquisition of input channels.

The InstruNet software was sufficient to acquire and store the data for each test,
thus no custom programming was necessary (except configuring the input channels). A
separate program was written in Visual Basic to independently control the motorized
shuttle carrying the laser displacement sensor. Since the position of the shuttle was
simultaneously acquired at all times along with the laser displacement channel, no
synchronization between the acquisition and motion programs was necessary. (Figure

2.16 and Figure 2.17)
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Figure 2.17 Data Collection System
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2.5 Selection of Test Cases
2.5.1 Box Sizes

Test cases were selected for various spans and joint lengths. Spans of 91 cm (3
ft), 122 cm (4 ft), 244 cm (8 ft) and 366 cm ( 12 ft) were tested with a joint length of
122 cm (4 ft) for all the spans tested and 244 cm (8 ft) for the spans of 122 cm (4 ft)
and 244 cm (8 ft).

Depending upon the span length, the thickness of the top slab varied from 17.8
cm (7 in) to 30.5 cm (12 in). The bottom slab thickness varied from 15.2 ¢cm (6 in) to
30.5 cm (12 in), and the wall thickness varied from 12.7 cm (5 in) to 30.5 cm (12 in).
The haunch dimensions also varied from 12.7 (5 in) to 30.5 cm (12 in).

The reinforcement cages consisted of plain welded wires as per ASTM A 185.
The sizes of the steel wires used for the reinforcement cages were W2.0 to W8.0 with
the nominal area of 12.90 mm? (0.02 in®) through 51.61 mm? (0.08 in?) per reinforced
wire. The nominal diameter of each wire ranged from 4 mm to 8§ mm (0.159 in to 0.319

in). Typical spacing of wires was 5 cm (2 in), 10 cm (4 in), and 15 cm (6 in).

2.5.2 Location of Load

The scope of the testing program was to cover culverts subjected to depth of fill
less than 61 cm (2 ft). Thus, the wheel load was placed directly on the outside face of
the top slab. The load plate was placed at the edge of the box, along the joint length in

order to introduce the minimum distribution width. The location of the load was varied
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along the span in order to identify the most critical location in which the shear capacity
is minimal.

Thus, the load plate was place at d, 1.5d and 2d in three different tests of
SP 244-122-122 Y (SP_8-4-4 Y) and the behavior of box was observed. Also in a test
of SP_122-122-122 Y (SP_4-4-4 Y) box the load plate was placed at 0d, 0.23d, and d.
Finite element analysis were also run for different load locations. It was found that the
distance d is the most critical section. When the load plate was placed at a distance less
than d, part of the load directly transferred to the adjoining wall without causing any
shear stresses, and shear stresses were reduced in the top slab. Also, when the load plate

was placed beyond the distance d the shear stresses on the near wall was reduced which

caused less effective shear, and more bending behavior.

Figure 2.18 Location of Load Plate from Tip of the Haunch in a Spigot End Test
(a) Load Plate at d; (b) Load Plate at 1.5d; and (c) Load Plate at 2d
2.6 Loading Procedure
The load was applied to the box culvert through the load plate by using a
hydraulic pump. The load increment was 4.45kN (1 kip) initially up to 44.5 kN (10 kip)

after which it was changed to 8.9 kN (2 kip) up to 178 kN (40 kip) where stiffness
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degradation was observed for most of the test specimens. For almost all the test
specimens, the load increment was 22 kN (5 kip) from the aforementioned 178 kN (40
kip) onward. The 178 kN (40 kip) was in the close range of the AASHTO factored

wheel load of 166 kN (16x1.75x1.33 =37.24 kip)

2.7 Crack Monitoring Process

While testing, to ensure consistency between the tests, a method was used for
identifying crack initiations. After a crack initiated, a black marker was used to draw a
line parallel to the crack. When the crack was no longer visible in the culvert, a bar was
drawn across the previously drawn line indicating the end of the crack for that load. The
load was written in kips next to the line for the ease of the referencing during the testing

and future evaluations (Figure 2.19).

Figure 2.19 Crack Monitoring Process
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2.8 Test Nomenclature

Different loading positions were tested to examine the behavior of the box
culverts. Tests were conducted on the spigot end or the bell end of each culvert. The
box was either with or without top slab compression distribution steel. The following
nomenclature was used to identify each test specimen. The test designations were
defined as: SPor BL S-R-L NorY _Ix where designations are:
SP — Spigot end
BL — Bell end
S-R-L — Dimension of the culvert in cm (ft) (span, rise, and the joint length)
N — No distribution reinforcement (Asge)

[x - Distance between the tip of the haunch to the edge of the load plate in

Y — With distribution reinforcement (Agg) terms of ‘d’

For example SP 244-122-122 Y d (SP_8-4-4 Y d), identifies a spigot-end
culvert test with the dimensions of: Span = 244 cm (8 ft); Rise = 122 cm (4 ft) and Joint
Length = 122 cm (4 ft) with distribution steel Ags. The edge of the load plate for this

test was located at the distance d from the tip of the haunch.

2.9 Experiment Results
2.9.1 Boxes of 122 cm (4 ft) Span and 122 cm (4 ft) Joint Length

In all the tests conducted, the load plate was placed on the right side of the
spigot /Bell end of the culvert. The major events recorded during the experiment are

presented in Appendix A. Table 2.1 shows the main events during the experiment. All
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the test specimens exhibited similar crack patterns with respect to the initiation and
propagation. Generally, the initial superficial flexural cracks occurred on the inside face
of the bottom slab or on the inside face of the top slab directly under the load plate near
the loading (spigot/ bell) end. Flexural cracks continued to occur in these two places
throughout the testing. At approximately 245 kN to 400 kN (55 kip to 90 kip), flexural
cracks initiated on the sidewalls of the culverts for all the five test specimens. In most of
tests the specimen failed due to the strut and tie action/ bond /flexural failure along the
loading (spigot/bell) end to the left of the load plate. The failure cracks were nearly
identical, extending from the left corner of the load plate diagonally to the edge of the
haunch.

The load deflection plots for this series of tests are shown in Figure 2.20. As per
AASHTO 2005, the permissible maximum deflection for 122 cm (4 ft) span is 1.52
mm (0.06 in) (span / 800) at the service load of 71 kN (16 kip). All the tests satisfied
this criterion.

Finally, Table 2.2 presents the summary of the test results, which include the
loads at which 0.25 mm (0.01 in) shear cracks occurred, the ultimate load, and the
failure mode for each test specimen. This table shows that the shear cracks for all the
test specimens ranged from 267 kN (60 kip) to 356 kN (80 kip) which are above the

strength limit state of 166 kN (16x1.75x1.33 =37.24 kip ) for the live load used in

designing per AASHTO 2005.
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Table 2.1 Crack Event Load in kN (kip) for 122 cm (4 ft) Span and 122 cm (4 ft)

Joint Length Boxes
Test/Load in kN (Kip)
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1. | 1* superficial flexure crack
appeared at loading end, on 156 133 107 156 200 111
the inside face of the bottom (35 | 30) | 24) | (35 | 45 (25)
slab under the load.
2. | 1% superficial flexure crack
appeared at loading end, on 178 133 156 133 133 111
the inside face of the top slab | (40) | (30) | (35) | (30) | (30) (25)
under the load.
3. | First flexural crack initiated
on the outside face of the left - 267 267 - - 245
wall. (60) | (60) (55)
4. | First flexural crack initiated 334 311 134 189
on the outside face of the - -
right wall. (75 | (70) (75) | (63)
5. | First serviceability flexure
crack (0.01 in wide) detected. - - - 245 467 289
(55) | (105) | (65)
6. | First shear crack initiated at 43 267 334 311 534
the Loadi d. -
¢ -oading en ©5 | 60) | 75 | (70) (120)
7. | First Serviceability sh
e 578 | 334 | 601 | 400 | - | 534
' (130) | (75) | (135) | (90) (120)
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Table 2.2 Summary of Test Results for 122 cm (4 ft) Span and 122 cm (4 ft) Joint

Length Boxes
Test First Shear crack 0.25 Failure Failure Mode
mm (0.01 in) wide Load
Load kN End kN (kip)
(kip) Location
#SP 122-122-122 Y 0 578 . 632 Strut & Tie
4 (SP 4-4-4 Y 0) (130) Spigot (142) | /Bond/Flexural
SP 122-122-122 Y 0 2607 . 712 Strut & Tie
(SP 4-4-4 Y 0) (60) Spigot (160) | /Bond/Flexural
SP 122-122-122 Y 0.23d 334 Soi 645 Strut & Tie
(SP_4-4-4 Y 0.23d) (75) pigot (145) | /Bond/Flexural
BL 122-122-122 Y 0.23d 400 Bell 498 | Strut & Tie
(BL_4-4-4 Y 0.23d) (90) © (112) | /Bond/Flexural
*BL 122-122-122 Y 0.23d - Bell 601 Strut & Tie
*(BL_4-4-4 Y 0.23d) © (135) | /Bond/Flexural
SP 122-122-122 Y d 356 , 578 Strut & Tie
(SP 4-4-4 Y d) (80) Spigot (130) | /Bond/Flexural
# With Bedding * Double Box
Deflection (mm)
0 5 10 15 20 25 30 35 40 45 50
160 ‘ ‘ F—ar 1 1 1 | | N 700
. 4 600
P L sp 12122122 ¥ 0 S0
= SP 122-1221122 Y 0.23d 1 400 5
< &
)
§ s --SP 12122122 Y d 3oo§
BL 122-122-122 Y _0.23d
4 200
= = =BL 122 122-122 Y 0.23d
(Double Box) 1 100
T T 0
0.5 0.75 1 1.25
Deflection (in)

Figure 2.20 Load versus Deflection Plots for 122 ¢cm (4 ft) Span and 122 c¢cm (4 ft)
Joint Length Boxes

41




2.9.1.1 Test: SP_122-122-122 Y _0 (SP_4-4-4_Y_0) (with Bedding)

This test had a bedding thickness of 7.5 cm (3 in) with nominal size of its coarse
aggregate as 20 mm (0.75 in), as shown in Figure (Figure 2.21). The load plate was
placed starting from the tip of the haunch, on the spigot end, to examine the effect of the
maximum shear force near the support. In this test, no shear crack detected until 356 kN
(80 kip) of load and the box failed at 632 kN (142 kip). The detailed events of this test
are presented in Table Al of Appendix A. The Photographs of the cracks and the

associated failure are shown in Figure B1 of Appendix B.

Figure 2.21 Test Specimen with Bedding
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2.9.1.2 Test: SP_122-122-122 Y _0 (SP_4-4-4 Y 0)

The load plate was placed with its edge at the tip of the haunch, on the spigot
end. In this test, no shear crack detected until 267 kN (60 kip) of load and the box failed
at 712 kN (160 kip). The detailed events of this test are presented in Table A2 of
Appendix A. The Photographs of the cracks and the associated failure are shown in
Figure B2 of Appendix B. Also, the deflection of the top slab, obtained from

optoelectronic displacement sensor, is shown in Figure 2.22.

Span vs Deflection
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Figure 2.22 Test: SP_122-122-122_Y_0 (SP_4-4-4_Y_0) Laser Sensor Deflections
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2.9.1.3 Test: SP_122-122-122_Y_0.23d (SP_4-4-4_Y_0.23d)

To examine the effect of maximum shear force, the load plate was placed on the
spigot end at a distance of 3.8 cm (1.5 in) from the tip of the haunch. In this test, no
shear crack detected until 334 kN (75 kip) of load and the box failed at 645 kN (145
kip). The detailed events of this test are presented in Table A3 of Appendix A. The
Photographs of the set up and the observed failure are shown in Figure B3 of Appendix

B.

2.9.1.4 Test: BL_122-122-122_ Y _0.23d (BL_4-4-4 Y _0.23d)

The load plate was placed on the bell end at the same distance as in the previous
test i.e. 3.8 cm (1.5 in) from the tip of the haunch. In this test, the first shear crack
detected at approximately 311 kN (70 kip) of load and the box failed at 498 kN (112
kip). The detailed events of this test are presented in Table A4 of Appendix A. The

Photographs of the set up and the failure are shown in Figure B4 of Appendix B.

2.9.1.5 Test: BL._122-122-122_Y_0.23 (BL_4-4-4_Y_0.23) (Double Box)

This was a double box test, in which, the load plate was placed at the joint, and
on the bell end at the same location as in the previous test i.e. 3.8 cm (1.5 in) from the
tip of the haunch. In this test, the load at which the shear crack occurred could not be
recorded due to an inaccessible joint while testing. The joint was not grouted, and no
shear key or any other transfer device was used. Failure of the arrangement of the boxes

took place at 601 kN (135 kip). The detailed events of this test are presented in Table

44



AS of Appendix A. The Photographs of the set up and the failure of the joint as well as
the individual box after the unloading and separation of the boxes are shown in Figure

BS5 of Appendix B.

2.9.1.6 Test: SP_122-122-122 Y_d (SP_4-4-4 Y _d)

The load plate was placed on the spigot end at a distance of d =16.5 cm (6.5 in)
from the tip of the haunch. In this test, the first shear crack detected at 534 kN (120 kip)
of load and the box failed at 578 kN (130 kip). The detailed events of this test are
presented in Table A6 of Appendix A. The Photographs of the set up and the failure are
shown in Figure B6 of Appendix B. Also, the deflection of the top slab, obtained from

optoelectronic displacement sensor, is shown in Figure 2.23.

Span (mm)
0 200 400 600 800 1000 1200
Il Il Il Il Il Il 4.72

120
+ 4.22

100 + —Baseline

+ 3.72

= Failure
+ 3.22

80 -
r2.72

Baseline
+2.22

r1.72

Deflection (mm)
Deflection (in)

r1.22
r 0.72
r 0.22

Faiture— L -0.28
0 10 20 30 X 40 50

Span (in)

Figure 2.23 Test: SP_122-122-122 ' Y_d (SP_4-4-4 Y _d) Laser Sensor Deflections
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2.9.2 Boxes of 122 cm (4 ft) Span and 244 cm (8 ft) Joint Length

In both the tests conducted, the load plate was placed on the right side of the
spigot /Bell end of the culvert. The major events recorded during the experiment are
presented in Tables A6 and A7 of Appendix A. Table 2.3 shows the main events during
the experiment. Both the test specimens exhibited similar crack patterns with respect to
the initiation and propagation. Generally, the initial superficial flexural cracks occurred
on the inside face of the top slab, directly under the load plate near the loading (spigot/
bell) end. At approximately 200 kN to 267 kN (45 kip to 60 kip), flexural cracks
initiated on the sidewalls of the culverts and the inside face of the top slab for both the
test specimens. Both specimens failed due to the strut and tie action/ bond /flexural
failure from the tip of haunch along the loading (spigot/bell) end to the edge of the load
plate.

The load deflection plots for both the tests are shown in the Figure 2.24. Finally,
Table 2.4 presents the summary of the test results, which include the loads at which
0.25 mm (0.01 in) shear cracks occurred, the ultimate load, and the failure mode for
each test specimen. This table shows that the shear cracks for both the test specimens
formed at 320 kN (72 kip) to 334 kN (75 kip) which are above the strength limit state of

166 kKN (16x1.75%x1.33 = 37.24 kip) for the live load used per AASHTO 2005.

2.9.2.1 Test: SP_122-122-244 Y_d (SP_4-4-8 Y _d)

The load plate was placed on the spigot end at a distance of ‘d’, 16.5 cm (6.5 in) from

the tip of the haunch. The first shear crack detected at 311 kN (70 kip) of load, and the
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box failed at 578 kN (130 kip). The detailed events of this test are presented in Table
A7 of Appendix A. The Photographs of the set up and the failure are shown in Figure

B7 of Appendix B.

2.9.2.2 Test: BL_122-122-244 Y _d (BL_4-4-8 Y _d)

The load plate was placed on the bell end at a distance of d=16.5 cm (6.5 in)
from the tip of the haunch. In this test, no shear crack detected until failure and the box
failed at 320 kN (72 kip). The detailed events of this test are presented in Table A8 of

Appendix A. The Photographs of the set up and the failure are shown in Figure B8 of

Appendix B.
Displacement (mm)
0 1 2 3 4 5 6 7
100 : : : : : : : 445
+ 395
80 1 A 1 345
a A
. +295 -
60 ‘4 " ) 245
= A . T =
'g/ A [ ] E
5 A L] + 195 5
g 401 4 L. g
- ? - {145 3
20 An 3 A SP_122-122-244 Y _d (SP_4-4-8_ Y_d) | g5
* a
F.?' ® BL_122-122-244 Y _d (BL_4-4-8_Y_d) | 45
O T T T T T ‘5
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Displacement (in)

Figure 2.24 Load versus Deflection Plots for
122 cm (4 ft) Span 244 cm (8 ft) Joint Length Boxes
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Table 2.3 Crack Event Load in kN (kip) for 122 cm (4 ft) Span and 244 cm (8 ft)

Joint Length Boxes
Test/Load in kN
(kip)
E
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1. | 1* superficial flexure crack appeared at loading end, on the
inside face of the top slab under the load. 142 133
(32) (30)
2. | 1" superficial flexure crack appeared at loading end, on the ) 24
inside face of the bottom slab under the load. 67 >
(60) (55)
3. | First flexural crack initiated on the outside face of the left
wall. 289 245
(65) (55)
4. fvlélslt flexural crack initiated on the outside face of the right 245 200
' (55) (45)
5. | First serviceability flexure crack (0.01 in wide) detected.
311 220
(70) (50)
6. | First shear crack initiated at the Loading end. 334
(75) )
7. | First Serviceability shear crack detected.
8. | Ultimate failure. 578 10
(130) (72)
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Table 2.4 Summary of Test Results for 122 cm (4 ft) Span and 244 cm (8 ft) Joint

Length Boxes
Test First Shear crack 0.25 Failure Failure Mode
mm (0.01 in) wide Load
Load kN End kN (kip)
(kip) Location
SP 122-122-244 Y d 334 . 578 | Strut & Tie
(SP 448 Y d) (75) Spigot (130) | /Bond/Flexural
BL 122-122-244 Y d 320 . 320 | Strut & Tie
(BL 4-4-8 Y d) (72) Spigot (72) | /Bond/Flexural

2.9.3 Test Results for 244 cm (8 ft) Span and 122 cm (4 ft) Joint Length Boxes

In all the tests conducted, the load plate was placed on the right side of the
spigot / Bell end of the culvert. The major events recorded during the experiment are
presented in Appendix A. Table 2.5 shows the main events during the experiment. All
the test specimens exhibited similar crack patterns with respect to the initiation and
propagation. Generally, the initial superficial flexural cracks occurred on the inside face
of the bottom slab or on the inside face of the top slab directly under the load plate near
the loading (spigot/ bell) end. Flexural cracks continued to occur in these two places
throughout testing. At approximately 187 kN to 334 kN (42 kip to 75 kip), some
flexural cracks initiated on the sidewalls of the culverts for all the six test specimens. In
most of the tests, the specimen failed due to shear/ bond / flexural failure along the
loading (spigot / bell) end to the right of the load plate. The failure cracks were nearly
identical, extending from the right corner of the load plate and diagonally to the edge of

the haunch.
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The load deflection plot for all the tests are shown in the graph of Figure 2.25.
As per AASHTO 2005, the permissible maximum deflection for 244 cm (8 ft) span is
3.05 mm (0.12 in) (span / 800) at the service load of 71 kN (16 kip). All the tests
satisfied this parameter.

Finally, Table 2.6 presents the summary of the test results, which include the
loads at which 0.25 mm (0.01 in) shear cracks occurred, the ultimate load, and the
failure mode for each test specimen. This table shows that the shear cracks for all the
test specimens formed at 311 kN (70 kip) to 423 kN (95 kip) which are above the

strength limit state of 166 kN (16x1.75x1.33=37.24 kip) for the live load used in

design per AASHTO 2005. The loaded failure Photographs for all the six tests are

shown in Figure 2.26.
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Figure 2.25 Load versus Center-Load Plate-Deflection Plots for
244 cm (8 ft) Span 122 cm (4 ft) Joint Length Boxes
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(e)

Figure 2.26 Photographs of the 244 cm (8 ft) Span and 122 c¢m (4 ft) Joint
Length Specimens at Failure (a) SP_244-122-122 N d (SP_8-4-4 N _d);
(b) SP_244-122-122_Y_d (SP_8-4-4_Y_d); (c) BL_244-122-122 N d
(BL_8-4-4 N_d); (d) BL_244-122-122 Y _d (BL_8-4-4_Y_d);
(e) SP_244-122-122_Y_1.5d (SP_8-4-4_Y_1.5d); and
(f) SP_244-122-122_Y_2d (SP_8-4-4_Y_2d)
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Table 2.5 Crack Event Load in kN (kip) for 244 cm (8 ft) Span and 122 cm (4 ft)
Joint Length Test Boxes

Test/Load in kN (kip)
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1. | First non-measurable flexural
crack detected on the inside 187 160 125 116 133 107
face of the top slab under the (42) (36) (28) (26) (30) (24)
load plate.
2. | First negative flexural crack
detected on the outside face of | 231 245 205 214 200 187
the top slab. (52) | (55) | (46) | (48) | (45) | (42)
3. | First flexural crack initiated on
the outside face of the wall. 222 334 311 214 200 187
(50) (75) (70) (48) (45) (42)
4. | Flexural crack detected at left
haunch on the inside face of 231 289 311 2607 245 222
the bottom slab. (52) | (65) | (70) | (60) | (55) | (50)
5. | First serviceability crack
detected (0.25 mm (0.01 in) 334 356 311 311 267
wide). (75) | (80) (70) | (70) | (60)
6. | First shear crack initiated at
the Loading end. 334 378 334 312 356 356
(75) (85) (75) (70) (80) (80)
7. | First Serviceability shear
crack detected. 334 423 400 334 356 311
(75) | 95) | 90) | (75) | (B0) | (70)
8. | Ultimate failure.
543 480 400 391 480 445
(122) | (108) | (90) (88) | (108) | (100)
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Table 2.6 Summary of Test Results for 122 cm (4 ft) Span and 122 cm (4 ft) Joint

Length Boxes
Test First Shear crack | Failure Failure Mode
0.25 mm (0.01 in) | Load
wide kN
Load | Location (kip)
kN
(kip)
SP 244-122-122 N d 334 Spigot- 543
(SP_8-4-4 N d) (75) end (122) Shear/flexure/bond
SP 244-122-122 Y d 423 Spigot- 480
(SP_8-4-4 Y d) (95) end (108) Shear/flexure/bond
BL 244-122-122 N d 400 400
(BL 8-4-4 N_d) (90) Bell-end (90) Shear/flexure/bond
BL 244-122-122 Y d 334 391
(BL 8-4-4 Y d) (75) Bell-end (88) Shear/flexure/bond
SP 244-122-122 Y 1.5d 356 Spigot- 480
(SP_8-4-4 Y 1.5d) (80) end (108) Shear/flexure/bond
SP 244-122-122 Y 2d 311 Spigot- 445
(SP_8-4-4 Y 2d) (70) end (100) Shear/flexure/bond

2.9.3.1 Test: SP_244-122-122 N d (SP_8-4-4 N d)

The load plate was placed at a distance of ‘d’ starting from the tip of the haunch, on the
spigot end of the box, being the critical location of the shear as verified by FEM model.
This specimen was lacking Asg, distribution steel in compression, in top slab. In this
test, no shear crack detected until 334 kN (75 kip) of load and the box failed at 543 kN
(122 kip). The detailed events of this test are presented in Table A9 of Appendix A.

The Photographs of cracks on all the faces after unloading are shown in Figure B9 of

Appendix B.
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2.9.3.2 Test: SP_244-122-122 Y_d (SP_8-4-4 Y _d)

The load plate was also placed at the distance d from the tip of the haunch, on
the spigot end of the box. This specimen was having compression distribution steel in
the top slab. The first shear crack detected at 378 kN (85 kip) of load and the box failed
at 480 kN (108 kip). The detailed events of this test are presented in Table A10 of
Appendix A. The Photographs of the cracks on all the faces are shown in Figure B10 of

Appendix B.

2.9.3.3 Test: BL_244-122-122 N _d (BL_8-4-4 N _d)

The load plate was placed at the distance d from the tip of the haunch, on the
bell end. This specimen was lacking Age, compression distribution steel, in the top slab.
The first shear crack detected at 334 kN (75 kip) of load and the box failed at 400 kN
(90 kip). The detailed events of this test are presented in Table A11 of Appendix A. The

Photographs of the cracks on all the faces are shown in B11 of Appendix B.

2.9.3.4 Test: BL_244-122-122 Y_d (BL_8-4-4_Y_d)

The load plate was placed at the distance d from the tip of haunch, on the bell
end. This specimen was having compression distribution steel in the top slab. The first
shear crack detected at 312 kN (70 kip) of load and box failed at 391 kN (88 kip). The
detailed events of this test are presented in Table A12 of Appendix A. The Photographs

of the cracks on all the faces after unloading are shown in B12 of Appendix B.
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2.9.3.5 Test: SP_244-122-122_Y_1.5d (SP_8-4-4_Y_1.5d)

The load plate was placed at the distance 1.5d from the tip of the haunch, on the
spigot end of the box. This specimen had Age, compression distribution steel, in top
slab. The first shear crack detected at 356 kN (80 kip) of load and the box failed at 480
kN (108 kip). The detailed events of this test are presented in Table A13 of Appendix
A. The Photographs of cracks on all faces after unloading are shown in B13 of

Appendix B

2.9.3.6 Test: SP_244-122-122 Y_2d (SP_8-4-4 Y _2d)

The load plate was placed at the distance 2d from the tip of the haunch to the
edge of the load plate on the spigot end. This specimen was having Ags, compression
distribution steel, in the top slab. The first shear crack detected at 356 kN (80 kip) of
load and the box failed at 445 kN (100 kip). The detailed events of this test are
presented in Table A14 of Appendix A. The Photographs of the cracks on all the faces

are shown in B14 of Appendix B.

2.9.4 Test Result for 244 cm (8 ft) Span and 244 cm (8 ft) Joint Length Boxes

In all the tests conducted, the load plate was placed on the right side of the
spigot / Bell end of the culvert. The major events recorded during the experiment are
presented in Table A15 through Table A18 of Appendix A. Table 2.7 shows the main
events during the experiment. All the test specimens exhibited similar crack patterns

with respect to the initiation and propagation. Generally, the initial superficial flexural
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cracks occurred on the inside face of the bottom slab or on the inside face of the top slab
directly under the load plate near the loading (spigot/ bell) end. Flexural cracks
continued to occur in these two places throughout testing. At approximately 200 kN to
289 kN (45 kip to 65 kip), some flexural cracks initiated on the sidewalls of the culverts
for all the four test specimens. In most tests, the specimen failed due to a shear / bond /
flexural failure along the loading (spigot / bell) end to the right of the load plate. The
failure cracks were extending from the right corner of the load plate and diagonally to
the edge of the haunch or at the joint of top right haunch and right wall.

The load deflection plots for all the tests are shown in Figure 2.27. The data for
one test was corrupted due to the power failure. Finally, Table 2.8 presents the summary
of the test results, which include the loads at which 0.25 mm (0.01 in) shear cracks
occurred, the ultimate load, and the failure mode for each test specimen. This table
shows that the shear cracks for all the test specimens formed at 298 kN (67 kip) to 400
kN (90 kip) which are above the strength limit state of 166 kN

(16x1.75%x1.33 =37.24 kip ) for the live load used in design per AASHTO 2005.
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Table 2.7 Crack Event Load in kN (kip) for 244 cm (8 ft) Span and 244 cm (8 ft)

Joint Length Boxes
Test/Load in kN (kip)
E
\'% -cl 'cl 'c| "5' —_
e - 3 o) “\ 3
SN I S S -
n Event 37 N R 3 o
t A% I a% N <
(o] ﬁl‘ -— 1 S ‘r -— 1
3% I :' + % I :'
N gl @ ) ,i",l é B
0- & 7 = 2
1. | First non-measurable flexural crack
detected on the inside face of the top 178 142 169 142
slab under the load plate. (40) (32) (38) (32)
2. | First negative flexural crack detected on
the outside face of the top slab. 267 334 222 200
(60) | (75) | (50) | (45)
3. | First flexural crack initiated on the
outside face of the wall. 200 245 245 289
4s) | (55) | (55) | (69)
4. | Flexural crack detected at left haunch
on the inside face of the bottom slab. - 151 220 -
34 | (50
5. | First serviceability crack detected (0.25
mm (0.01 in) wide). 400 178 267 311
(90) | @0) | (©60) | (70)
6. | First shear crack initiated at the
Loading end. 423 400 298 311
(95) (90) (67) (70)
7. | First Serviceability shear crack
detected. 525 525 334 334
(118) (118) (75) (75)
8. | Ultimate failure.
618 592 378 387
(139) (133) (85) (87)
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Table 2.8 Summary of Test Results for 244 cm (8 ft) Span and 244 cm (8 ft) Joint
Length Test Boxes

Test First Shear crack | Failure Failure Mode
(0.01 in) wide Load
Load | Location kN
kN (kip)
(kip)
SP 244-122-244 Y d 525 Spigot- 618
(SP_8-4-8 Y d) (118) end (139) Shear/flexure/bond
SP 244-122-244 N d 525 Spigot- 592
(SP_8-4-8 N d) (118) end (133) Shear/flexure/bond
BL 244-122-244 Y d 334 378
(BL _8-4-8 Y d) (75) Bell-end (85) Shear/flexure/bond
BL 244-122-244 N d 334 387
(BL_8-4-8 N _d) (75) Bell-end (87) Shear/flexure/bond
Displacement (mm)
0 1 2 3 4 5 6 7 8
100 : : : : e : : 445
X -
* - + 395
x -
807 X A - { 345
X A -
x N 2- . {205 -
60 X A - e °
= X LA 245
% 40 X a be T T %
3 if arY - 7 wspaas1zo2a4 v d(spsas v a) 1145 S
'—
- - SP_244-122-244_N_d (SP_8-4-8_N_d) | g5
20 gﬂ A BL_244-122-244_N_d (BL_8-4-8_N_d )
? ® BL_244-122-244_Y_d (BL_8-4-8_Y_d) T 45
0 T T T T T T '5

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Displacement (in)

Figure 2.27 Load versus Center-Load Plate-Deflection Plots for 244 cm (8 ft) Span
and 244 cm (8 ft) Joint Length Boxes
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2.9.4.1 Test: SP_244-122-244 Y _d (SP_8-4-8 Y _d)

The load plate was placed at the distance d from the tip of the haunch, on the
spigot end of the box, being the critical location. This specimen was having distribution
steel in the compression region of the top slab. The first shear crack detected at 525 kN
(118 kip) of load, and the box failed at 618 kN (139 kip). The detailed events of this test
are presented in Table A15 of Appendix A. The Photographs of the cracks on all the

faces are shown in Figure B15 of Appendix B.

2.9.4.2 Test: SP_244-122-244 N _d (SP_8-4-8 N _d)

The load plate was placed at the distance d from the tip of the haunch, on the
spigot end of the box. This specimen was without Age, compression distribution steel in
the top slab. The first shear crack formed at 525 kN (118 kip) of load and the box failed
at 592 kN (133 kip). The detailed events of this test are presented in Table A16 of
Appendix A. The Photographs of cracks on all the faces after unloading are shown in

Figure B16 of Appendix B

2.9.4.3 Test: BL._244-122-244 Y_d (BL_8-4-8 Y _d)

The load plate was also placed at the distance d from the tip of haunch being the
critical location. This specimen was having compression distribution steel in the top
slab. The first shear crack detected at 334 kN (75 kip) of load and the box failed at 378
kN (85 kip). The detailed events of this test are presented in Table A17 of Appendix A.

The Photographs of the cracks on all the faces are shown in Figure B17 of Appendix B.
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2.9.4.4 Test: BL._244-122-244 N _d (BL_8-4-8 N _d)

The load plate was placed at the distance d from the tip of the haunch, on the
bell end. This specimen was without Ags, compression distribution steel in the top slab.
In this test, no shear crack detected until 334 kN (75 kip) of load and the box failed at
387 kN (87 kip). The detailed events of this test are presented in Table Al8 of
Appendix A. The Photographs of the cracks on all the faces after unloading are shown

in Figure B18 of Appendix B.

2.9.5 Test Result for 366 cm (12 ft) Span and 122 cm (4 ft) Joint Length Boxes

In all the tests conducted, the load plate was placed on the right side of the
spigot / Bell end of the culvert. The major events recorded during the experiment are
presented in Appendix A. Table 2.9 shows the main events during the experiment. All
the test specimens exhibited similar crack patterns with respect to the initiation and
propagation. Generally, the initial superficial flexural cracks occurred on the inside face
of the top slab directly under the load plate near the loading (spigot/ bell) end. Flexural
cracks continued to occur in this place throughout testing. At approximately 151 kN to
222 kN (34 kip to 50 kip), some flexural cracks initiated on the sidewalls of the culverts
for all the four test specimens. In these tests, the specimen failed due to a shear / bond /
flexural failure along the bell end to the right of the load plate and at mid span. During
the test in which spigot end was loaded, the boxes did not fail until 667 kN (150 kip) of
load. The failure cracks were extending from the right corner of the load plate and

diagonally to the edge of the haunch or at the left edge of the load plate to the mid span.
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All the tests are shown in the graph of Figure 2.28. Finally, Table 2.9 presents
the summary of the test results, which include the loads at which 0.25 mm (0.01 in)
shear cracks occurred, the ultimate load, and the failure mode for each test specimen.
This table shows that the shear cracks for all the test specimens formed at 334 kN (75
kip) to 578 kN (130 kip) which are above the strength limit state of 166 kN

(16x1.75%x1.33 =37.24 kip ) for the live load used in design per AASHTO 2005.

Displacement (mm)

Displacement (in)

Figure 2.28 Load versus Center-Load Plate-Deflection Plots for
366 cm (12 ft) Span and 122 cm (4 ft) Joint Length Boxes
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Table 2.9 Crack Event Load in kN (kip) for 366 cm (12 ft) Span and 122 cm (4 ft)

Joint Length Boxes
Test/Load in kN (kip)
E - - - =
\4 | I —_ | —_ Z ~
e > e| :' i ~ N ' ;'
~ Z IS
n Event 2.“ :' 2- ‘{‘I 2." <! 2- ‘rl
t a & Q- I Q-
o - e s 1 - e
- e 1 (g\] 1
L — R © NS
N -3 - g || -3
o~ A o on o = =
0. | @/ ﬁdl ~ | a ql =
& 7 = =
1. | First non-measurable flexural crack
detected on the inside face of the top 178 200 133 98
slab under the load plate. (40) (45) (30) (22)
2. | First negative flexural crack detected on
the outside face of the top slab. 445 267 245 222
(100) (60) (55) (50)
3. | First flexural crack initiated on the
outside face of the wall. 178 222 169 151
(40) (50) (38) (34)
4. | Flexural crack detected at left haunch
on the inside face of the bottom slab. 423 267 245 245
(95) (60) (55) (55)
5. | First serviceability crack detected (0.25
mm (0.01 in) wide). 445 400 311 311
(100) (90) (70) (70)
6. | First shear crack initiated at the
Loading end. 578 445 467 334
(130) (100) (105) (75)
7. | First Serviceability shear crack
detected. 578 623 489 334
(130) (140) (110) (75)
8. | Ultimate load* /failure.
618%* 645%* 498 525
* Box did not fail (139) | (145) | (112) | (118)
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Table 2.10 Summary of Test Results for 366 cm (12 ft) Span and 122 cm (4 ft) Joint
Length Test Boxes

Test First Shear Max* / Failure Mode

crack (0.01 in) | Failure

wide Load

Load | Locati kN

kN on (kip)

(kip)

SP_366-122-122_Y_d 578 | Spigot | 618*
(SP_12-4-4 Y d) (130) | -end | (139) | Shearflexure/bond

SP_366-122-122_ N_d 445 | Spigot | 645
(SP_12-4-4 N_d) (100) | -end | (145 | Shearflexure/bond

BL_366-122-122_Y_d 467 | Bell- | 498
(BL_12-4-4_Y_d) (105) | end | (112) | Shearflexurefbond

BL_366-122-122_N_d 334 | Bell- | 525
(BL_12-4-4_N_d) (75) | end | (118) | Shearflexure/bond

2.9.5.1 Test: SP_366-122-122 Y _d (SP_12-4-4 Y _d)

The load plate was placed at the distance d from the tip of the haunch, on the
spigot end. This specimen was with compression distribution steel in the top slab. The
first shear crack detected at 578 kN (130 kip) of load and failure was not observed until
618 kN (139 kip). The detailed events of this test are presented in Table A19 of
Appendix A. The Photographs of the cracks on all the faces are shown in Figure B19 of

Appendix B.
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2.9.5.2 Test: SP_366-122-122 N d (SP_12-4-4 N _d)

The load plate was placed at the distance d from the tip of the haunch, on the
spigot end of the box. This specimen was without Age, compression distribution steel in
the top slab. The first shear crack detected at 445 kN (100 kip) of load and the box did
not fail up to 645 kN (145 kip). The detailed events of this test are presented in Table
A20 of Appendix A. The Photographs of cracks on all the faces after unloading are

shown in Figure B20 of Appendix B.

2.9.5.3 Test: BL_366-122-122_ Y_d (BL_12-4-4 Y _d)

The load plate was placed at the distance d from tip of haunch, on the bell end.
This specimen was with compression distribution steel in the top slab. The first shear
crack detected at 467 kN (105 kip) and the box failed at 498 kN (112 kip). The detailed
events of this test are presented in Table A21 of Appendix A. The Photographs of the

cracks on all the faces are shown in Figure B21 of Appendix B.

2.9.5.4 Test: BL_366-122-122 N _d (BL_12-4-4 N d)

The load plate was placed at the distance d from the tip of the haunch, on the
bell end. This specimen was without Ags, compression distribution steel in the top slab.
The first shear crack detected at 334 kN (75 kip) of load and the box failed at 525 kN
(118 kip). The detailed events of this test are presented in Table A22 of Appendix A.

The Photographs of the cracks on all the faces are shown in Figure B22 of Appendix B.
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2.9.6 Boxes of 91 cm (3 ft) Span, 61 cm (2 ft) Rise and 145 cm (4.75 ft) Joint Length

The load plate was placed on the right side of the spigot end of the culvert and
at the center of box. This is due to short span which caused the distance d to place the
load plate beyond the culvert’s mid-span. The major events recorded during the
experiment are presented in Appendix A. Table 2.11 shows the main events during the
experiment. Both the test specimens exhibited similar crack initiation and propagation
patterns. Generally, the initial superficial flexural cracks initiated on the inside face of
the top slab, directly under the load plate near the loading (spigot) end. At
approximately 200 kN to 267 kN (45 kip to 60 kip), the flexural cracks initiated on the
sidewalls of the culverts and inside face of top slab, for both test specimens. In both the
tests, the failure was not observed until 658 kN (148 kip). (Ref. Figure B23 and B24 of
Appendix B)

Both the load deflection plots for these tests are shown in Figure 2.29. Finally,
Table 2.11 presents the summary of the test results, which include the 0.25 mm (0.01
in) wide cracks load, the ultimate load, and the failure mode for each test specimen.
This table shows that the shear cracks for both the test specimens formed at 320 kN (72
kip) to 334 kN (75 kip) which are above the strength limit state of 166 kN

(16x1.75%1.33 =37.24 kip ) for the live load used in designing per AASHTO 2005.
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Table 2.11 Crack Event Load in kN (kip) for 91 cm (3 ft) Span, 61 cm (2 ft) Rise
and 145 cm (4.75 ft) Joint Length Boxes

Test/Load in kN
(kip)
E
= o~
: .o | 32
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1. | 1* superficial flexure crack appeared at loading end, on the
inside face of the top slab under the load. 178 289
(40) (65)
2. | 1" superficial flexure crack appeared at loading end, on the )% %
inside face of the bottom slab under the load. 9 /
(65) (60)
3. | First fl 1 k initiated on the outside f: f the left
wﬁl exural crack initiated on the outside face of the le 334 334
' (75) (75)
4. | First flexural crack initiated on the outside face of the right
wall. 245 311
(55) (70)
5. | First serviceability flexure crack (0.01 in wide) detected. 445
(100) i
6. | First shear crack initiated at the Loading end. 575
(118) i
7. | First Serviceability shear crack detected. 645
623 (145)
(140)
8. | Ultimate Load*/ failure. 663+ 658%
* Box did not fail (149) | (148)
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Table 2.12 Summary of Test Results for 91 cm (3 ft) Span, 61 cm (2 ft) rise and 145
cm (4.75 ft) Joint Length Boxes

Test First Shear crack 0.25 Max* / Failure Mode
mm (0.01 in) wide Failure
Load kN End Load
(kip) Location | kN (kip)
SP 91-61-145_ Y 0 - Soicot 663* -
(SP_3-2-4.75 Y 0) pig (149)
- * -
SP 91-61-145 Y 0.83d Soicot (615488)
(SP_3-2-4.75 Y 0.83d) pig

Displacement (mm)
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Figure 2.29 Load versus Deflection Plots for 91 cm (3 ft) Span,
61 cm (2 ft) Rise and 145 cm (4.75 ft) Joint Length Boxes

2.9.6.1 Test: SP_91-61-145_Y_0 (SP_3-2-4.75_ Y _0)
The edge of the load plate was placed on the spigot at the tip of the haunch. The

first shear crack detected at 311 kN (70 kip) of load, and the box failed at 623 kN (140
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kip). The detailed events of this test are presented in Table A23 of Appendix A. The

Photographs of the set up and the failure are shown in Figure B23 of Appendix B.

2.9.6.2 Test: SP_91-61-145_Y_0.83d (SP_3-2-4.75_Y_0.83d)

Due to the short span the load plate was placed on the spigot end at the mid
span. In this test, no shear crack detected until 663 kN (149 kip) of applied load. The
detailed events of this test are presented in Table A24 of Appendix A. The photographs

of the set up and the failure are shown in Figure B24 of Appendix B.

2.10 Cored Samples
Three cored samples were taken from each tested box in order to perform
compressive strength tests. The compressive strength test results are listed in Table D1

of Appendix D.

2.11 Cylinder Testing with Strain Gauge

Ten 15 cm x 30 cm (6 in x 12 in) concrete cylinders were strain gauged using 10
cm (4 in) long strain gauges in order to identify the modulus of elasticity of the concrete
in the boxes being tested. First, the surface of cylinders as prepared and filled with
adhesive and cured for 24 hours. After removing the extra adhesive using recommended
procedure for EA-00-40CBY-120 strain gauge were glued using adhesive. The gauges
were covered with cardboard and wrapped with tape along with concrete cylinder to

protect the gauge. The concrete cylinders were then loaded in horizontal position to put
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the gauge with adhesive under pressure for curing. After curing for 24 hours the gauges
were connected to the data acquisition unit and the cylinders were tested for
compression until failure (Figure 2.30). The load displacement plots are shown in
Figure 2.31, which indicates that the concrete modulus of elasticity varies from 17.2
kN.mm” to 29.4 kN/mm? (2500 ksi to 4260 ksi). The standard value per ACI 318-05 is

27.6 kN/mm? (4000 ksi) for a compressive strength of 34.5 N/mm? (5000 psi) concrete.

(@) (b)

(c) (d)

Figure 2.30 Concrete Cylinder Compression Test with Strain Gauge (a) Concrete
Cylinder with Strain Gauge; (b) Strain Gauge in Close up; (c) Concrete Cylinder
after Failure; and (d) Test Set up for concrete Cylinder Testing
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Figure 2.31 Stress Strain Plot for Concrete Cylinders

using Strain Gauges
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CHAPTER 3

FINITE ELEMENT ANALYSIS

3.1 Introduction

To study the behavior of all the possible standard box culverts three-
dimensional finite element models were prepared for all the standard sizes of box
culverts per ASTM C 1433-04. The models included 3-D solid and 3-D shell elements
having geometric and material non-linearities. The reinforcement was modeled as rebar
elements embedded in the surface element. The base support (strong reaction floor) was
also modeled by modeling a rectangular block with a high value of stiffness. The
contact between the box and the reaction floor was modeled using node-to-surface
contact elements. The boxes were loaded on an area equal to the wheel load plate 30 cm
x 51 cm (10 in x 20 in). The incremental wheel load was applied using Riks method up
to 445 kN (100 kip), the load at which most of the test specimens failed during the
experimental testing (refer to Chapter 2). The cracking strains were studied for all the
load steps for all the 11 size of boxes tested using brick (C3D8R) elements in ABAQUS
software. The amount of plastic strain needed to reduce the stresses to zero at crack,
known as tension stiffening was used in controlling the stiffness of the model. The
elements cracked at specified load levels were identified by using the cracking strain

value.
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3.2 Elements
3.2.1 Solid Element

Solid elements are volume elements, which are composed of a single
homogeneous material, or can include several layers of different materials. Even though
tetrahedral elements are relatively easy to model and cost effective when compared to ,
hexahedral elements, hexahedral elements are shown to yield accurate results for linear
and non-linear analysis involving contact, plasticity, and large deformations. The First
order (linear) interpolation element such as hexahedral (brick) exhibit stiff behavior
with slow convergence rate but prevents “mesh locking” when the material response is
approximately incompressible, whereas second order elements provides higher accuracy
than first order for problems not involving compact contact conditions. Thus, first order
elements were used in this study to accommodate the non-linear contact problem

present.

3.2.2 Thick Shell Element

The 8-noded quadrilateral in-plane general purpose continuum shell, reduced
integration, (SC8R), finite membrane strains, elements were used. This element is
capable of presenting results for the distribution of shear force and bending moments at
various load levels in the models. These elements are capable of accommodating rebar
layers at the specified locations in the given part known as rebar elements. The stiffness
of the rebar is transferred to the nearest nodes of the shell element. The bond slippage

model is not considered, and perfect bond between the concrete and rebar is presumed.
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Thus, even after concrete cracking stiffness is available at the nodes due to availability
of steel at those nodes having reinforcement in their vicinity till the failure rebar stress
is reached. Shell element needs to be defined by using stacking and orientation
direction. While meshing each and every partition of the model needs to be defined in
the direction outside the box using sweep mesh technique to have correct model
behavior. Since the haunch dimension is such that the width of the haunch varies (i.e.,

triangular shape), The ‘haunch’ was modeled by using hexahedral brick elements.

3.2.3 Brick Element

Thick shell elements show only inside and outside extreme surfaces of the top /
bottom slab, and walls in visualization mode for depicting stresses and strains. Thus,
viewing of stresses and strains in the thickness of the wall and slab was not possible.
Therefore, a separate model with reduced integration 8-noded linear brick elements
(C3D8R) were used for predicting the cracking strain at various load levels in the
model. These elements have a limitation of predicting shear force and bending moment
due to having only translational degree of freedom, whereas shell elements have

rotational degree of freedom.

3.2.4 Surface Element
Three-dimensional 4-node surface element (SFM3D4) was used on which the
rebars are placed. The stiffness and mass of the rebar layers are added to the surface

elements. These reinforced surface elements were embedded in the brick (C3D8R) and
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thick shell (SC8R) “host” elements. Surface parts are generated as inner rebar cage and
outer rebar cage for the box at the location of rebar in the actual box. These parts are
meshed using surface elements after embedding in concrete. Surface element have
inbuilt option of modeling of the box culvert’s welded wire fabrics with area, spacing

and direction of each rebar.

4 - node element

Figure 3.1 Surface Element (Ref: ABAQUS (2006) Version 6.6)

3.2.5 Embedded Element

This is a technique used to have embedded node(s) at desired locations with the
constraints on translational degrees-of-freedom on the embedded element by the host
element. Both the rebar cages are modeled as embedded region in concrete using
constraints in interaction module, and making the concrete the host. Thus, rebar element
can only have translations/ rotations equal to those of the host elements surrounding

them.

74



3.3 Contact Modeling

The box was placed on strong reaction floor. During the application of the load
on the top slab, the outside face of the bottom slab moves in horizontal as well as
vertical direction at places. Friction behavior in the horizontal and the variation of
reactions in the vertical directions require contact modeling. To model this behavior,
non linear-contact algorithm was used in the modeling the contact between the box and
strong reaction floor. These two surfaces form as contact pairs. The strong reaction
floor was made as master surface and outside face of the bottom slab of box was
assigned to be the slave surface. The node-to-surface contact with small sliding
algorithm was used during analysis.

The typical parts used in the FEM of this study are presented in Figure 3.2,

which consist of inner cage, outer cage, concrete, and reaction floor.

Concrete Rebar
Box

Outer Cage

Reaction Floor

Figure 3.2 Parts Showing Inner Cage, Outer Cage of Rebar with Concrete Box
and Strong Reaction Floor
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3.4 Material

Material properties of concrete and steel were defined using standard properties.
Density, Modulus of elasticity, Poisson’s ratio, elastic strain, and plastic strain of
concrete and steel were incorporated. For concrete a density of 2400 kg/m® (150 pcf),
Modulus of Elasticity of 27579 MPa (4000 ksi), Poisson’s -atio 0.17, total strain 0.003
were used. For steel a density 7850 kg/m’® (490.0 pcf), Modulus of Elasticity 200,000

Reaction Floor
MPa (29000 ksi), Poisson’s ratio 0.3 were used.

3.5 Smeared Crack Model

This model is chosen to represent the discontinuous micro crack brittle behavior
of concrete. This model does not track individual macro cracks, rather constitutive
calculations are performed independently at each integration point of the finite element
model, and the presence of crack enters into these calculations by the way that the
cracks affects the stresses and material stiffness associated with the model. This
modeling approach inherently introduces mesh sensitivity in the solutions, resulting in
non-convergence to a unique result. Presence of rebar helps the model to converge as
the element does not loose entire stiffness of the element, on cracking due to presence
of rebar.

The responses of concrete in compression and cracking, incorporated in the

model are illustrated by the uniaxial response of a specimen shown in Figure 3.3.
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Figure 3.3 Uniaxial Behavior of Plain Concrete
(Ref: ABAQUS (2006) Version 6.6)

The concrete, on loading in compression, exhibits elastic response initially. As
the stress is increased, some non-recoverable (inelastic) straining occurs, and the
response of the material softens. An ultimate stress is reached, after which the material
softens until it can no longer carry any stress. If the load is removed at some point after
inelastic straining has occurred, the unloading response is softer than the initial elastic
response: this effect is ignored in the model. When a uniaxial specimen is loaded into
tension, it responds elastically until, the tensile strength of concrete, (typically 7-10%
of the ultimate compressive strength), and than cracks abruptly, causing very difficult to
observe/ record the actual behavior of concrete while tensile failure in comparison to

compression failure.
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3.6 Tension Stiffening

It is assumed that the material loses strength through a softening mechanism
and that this is dominantly a damage effect. Alternatively opening of cracks can be
represented by the loss of elastic stiffness. The model neglects any permanent strain
associated with cracking; that is, we assume that the cracks can close completely when
the stress across them becomes compressive.

Tension stiffening (refer ABAQUS (2006) version 6.6) is required in the
concrete smeared cracking model. It is specified by means of a post-failure stress-strain
relation.

Tension stiffening is defined as plastic strain at which the cracking stresses
causing tensile failure of the concrete reduces to zero. The stresses remain as tensile
cracking stresses, until it is defined as, at which plastic strain the cracking stress reduces
to zero. This reduction of tensile cracking stresses with plastic strain, can be linear or
multi-linear. Faster the drop in stresses, faster will be the degradation in the stiffness of

the model (Figure 3.4).
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Figure 3.4 “Tension Stiffening” Model (Re: ABAQUS (2006) Version 6.6)

In ABAQUS (20006), the failure stress, Gut, occurs at a failure strain (defined by

the failure stress divided by the Young's modulus); however, the stress goes to zero at
an ultimate strain (€"). The gap between failure strain and ultimate strain controls the
stiffness of the model. This was played with for calibration of the models, which was
found by varying tension stiffening from 0.001 to 0.005 for the thick shell element
models having experimental results. For brick models tension stiffening was 0.05 to
0.07 for the models having experimental results. This vanishing of stresses at crack /

failure is done in linear or bilinear arrangements.
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3.7 Shear Retention

With the initiation of cracks in concrete, it loses shear stiffness. This effect is
defined by specifying the reduction in the shear modulus as a function of the opening
strain across the crack. The finite element model does not reduce the shear modulus,
and it gives higher strength. One can also specify a reduced shear modulus for closed
cracks. This reduced shear modulus will also have an effect when the normal stress
across a crack becomes compressive. The new shear stiffness will have been degraded

by the presence of the crack.
The modulus for shearing of cracks is defined as pG, where G is the elastic

shear modulus of the un-cracked concrete and p is a multiplying factor. The shear
retention model assumes that the shear stiffness of open cracks reduces linearly to zero
as the crack opening increases:

@3.1)

max

p=1-g/£™) for e<e™, p=0 for >

where € is the direct strain across the crack and €™ is a user-specified value.
3.8 Failure Ration
To define the concrete smeared crack model the following rations was defined

1. Ratio of the ultimate biaxial compressive stress to the uniaxial

compressive ultimate stress. A value of 1.16 was used.
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2. Absolute value of the ratio of uniaxial tensile stress at failure to the
uniaxial compressive stress at failure. A value of 0.085 was used
initially, but calibrated later.

3. Ratio of the magnitude of a principal component of plastic strain at
ultimate stress in biaxial compression to the plastic strain at ultimate
stress in uniaxial compression. A value of 1.28 was used.

4. Ratio of the tensile principal stress value at cracking in plane stress,
when the other nonzero principal stress component is at the ultimate
compressive stress value, to the tensile cracking stress under uniaxial

tension. A value of 0.333 was used.

3.9 Modified Riks Algorithm

During cracking of concrete, a local region softens while the adjoining material
unloads elastically. These local effects may be accompanied by sudden change in load
keeping displacement constant or sudden change in displacement keeping load constant
(Figure 3.5). To obtain nonlinear static equilibrium solutions for unstable problems,
where the load-displacement response can exhibit this type of behavior, the modified
Riks method (refer ABAQUS (2006) version 6.6) is used which is an algorithm that

allows effective solution of such cases.
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Figure 3.5 Typical Unstable Static Response (Re: ABAQUS (2006) Version 6.6)

In this method using Newton method, automatic load increment is given, if the
solution does not converge then the increment is reduced by a certain predetermined
ratio. Again, the solution is checked and if convergence is not achieved, the process is
repeated for a number of predefined iterations or until the solution convergences,

whichever is earlier (Figure 3.6).
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Figure 3.6 Modified Riks Algorithm (Ref: ABAQUS (2006) Version 6.6)

3.10 Model Convergence

Various mesh sizes are shown in Figures 3.7 and 3.8 for a SP 244-244-
122 N d (SP_8-4-4 N d) model. These figures show number of elements and nodes in
a given model. Element size is decreasing from first to the last photograph. The number
of elements in the coarsest and finest models were 1055 and 16166, respectively.
Energy convergence was sought due to the non-linear nature of the problem and the fact
that monotonic convergence of non-linear problems based on mesh density refinement
alone is not guaranteed (Razavi (2004)). The error in energy (external work done —
strain energy density) is plotted against the number of elements in the typical boxes

SP 244-122-122 N_d (SP_8-4-4 N d) and SP 366 122-122 N d (SP_12-4-4 N _d)
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(Figure 3.9 and 3.10). The coarsest model, in which the error in energy is insignificant
in the subsequent mesh with increased element number, is selected for the further

analysis. Thus, Mesh with 1427 elements of Figure 3.7 (b) was selected.
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Energy Convergence 244-122-122 N_d (8-4-4_N_d)
W=External Work Done (Ib-ft) U=Interbal Energy (Ib-ft)
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Figure 3.9 Energy Convergence Study for SP_244-122-122 N_d (SP_8-4-4 N _d)

Energy Convergence 366-122-122 N_d (12-4-4_N_d)
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Figure 3.10 Energy Convergence Study for SP_366 122-122 N d (SP_12-4-4 N d)
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3.11 Typical Finite Element Results

The output database files in ABAQUS were read by visualization module to
create contour plots, animations, XY plots, and tabular output of the results. Crack is
not supported by visualization mode so it is read in data file, which identifies the
cracked elements and the level of stress at that point. Alternatively, strain contour is
plotted in the visualization mode with the limits of cracking: compressive and tensile

strains.

3.12 Deflected Shape

Figure 3.11 Typical Deflection Shape of the Box (Solid — Deformed, and
Wireframe — Undeformed)

Upon the application of the load, through the load plate, on the outside face of
the top slab at the distance, d from the tip of haunch, the box undergoes deflection. The

top and bottom slabs deflect inside of the box and side walls deflect outside of the box.
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Figure 3.11 shows the deformed shape (solid) compared to the un-deformed shape (wire
frame) of SP_244-122-122 N d (SP_8-4-4 N d) box, at the load of 356 kN (80 kip).

The deformation is magnified 50 times.

3.13 Crack Strain Contours

The contours of the cracking strain on the SP 244-122-122 N d (SP_8-4-
4 N _d) box surface are shown in the Figure 3.12 at a load of 356 kN (80 kip). Once
again, the deformation is magnified 50 times. The limit to strains in compression as well
as in tension is provided, so that the part of the box having strains beyond these limits
are identified as cracked in compression and tension. This figure shows that cracking at
locations of the maximum sagging and hogging moments on the top slab, bottom slab,
and both walls, which cause tensile cracks. The cracked and intact portions are shown in

grey and red colors, respectively.

LE, Max. Principal

[Avg: T75%)
+9,3962-03
+1.410=-04

-3.000e-032

Figure 3.12 Typical Contours for Cracking Strain (Cracked Region: Grey Color)
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3.14 Bending Moment Contours

The contours of moment for a typical box surface are shown in Figure 3.13 at a
load of 178 kN (40 kip) with the magnification factor of 50. The maximum moments
shown are 572 N-m (5060 Ib-in) and -1105 N-m (-9779 lb-in). This figure shows that
the maximum sagging moment under the load plate and maximum hogging moment
near to left haunch are located on the loading end. With these contours, the values and
location of moments at every load steps were known and studied to understand the

behavior of box at every load step.
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Figure 3.13 Typical Contours for Moment

3.15 Shear Force Contours
The contours of shear force for a typical box surface are shown in Figure 3.14 at

a load of 178 kN (40 kip) with the magnification factor of 50. The maximum absolute
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value of shear force is 7575 N (1703 Ib). It shows that maximum shear force is detected

between the load plate and the tip of the haunch at the loading end.

SF,. 5F4
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Figure 3.14 Typical Contours for Shear Force

Using the developed FEM model, an investigation was conducted to identify the
location of the maximum shear force in the culverts when the wheel load is placed at the
distance “d” from the tip of the haunch (refer to Chapter 2). Table 3.1 presents the
location of the maximum shear force obtained from the FEM analyses measured from
the tip of the haunch for different span sizes of the ASTM C1433 boxes. From the
values presented in the table, it is concluded that the maximum shear force falls
between the tip of the haunch and the load plate. It is interesting to note that in 70% of

the cases the maximum shear force falls at 2 the distance between the tip of the haunch
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and the edge of the load plate. In only one of the cases (122C cm (4 ft) span), the
maximum shear force is under the load plate.

Table 3.1 Location of Peak Shear along Span, When Load at ‘d’ from the Tip of

the Haunch
cms(ft) e/d
91 (3) 1.05
122 (4) 1.20
152 (5) 0.50
182 (6) 0.50
213 (7) 0.50
244 (8) 0.50
274 (9) 0.38
305 (10) 0.50
335 (11) 0.50
366 (12) 0.50

Load Location: ‘d’ from tip of haunch
d: Effective depth of top slab

e: Distance of peak shear from tip of haunch

3.16 Model Calibration

The experimentally obtained load-deflection plots are compared with the FEM
analysis for model calibration. The parameters calibrated were: modulus of elasticity of
concrete, E, the absolute value of the ratio of uniaxial tensile stress at failure to the

uniaxial compressive stress at failure, f,/ f'_, and the tension stiffening parameter, TS.
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Table 3.2 Model Calibration Parameters

Absolute Value of
the ratio of uniaxial
tensile stress at

Modulus failurhe tg the Tension
of uniaxial Stiffening
Elasticity compressive stress
KN/mm> at failure
Test (ksi) (f /%) (TS)
SP(SI ;2;‘1_ 2_22;22‘(4213){‘(1 0.0340 0.0015
BL(_]; 1%2;11- 421-2é24Y4_dﬁ)(_d 0.0425 0.0010
SP(éf)M;g l_iiléz/ﬁYg—d 0.0850 0.0015
BL 244-122-122 Y/N d 0.0640 0.0015

(BL 8-4-4 Y/N d)

SP 244-122-244 Y d

(SP_8-4-8 Y _d) 20.7 00519 b
Taia | 0 [ ome | o
SP(_S?i)6_61- 21 _242_4 1_25/_13(_%} 0.0340 0.0025
P BL 1244 YN 4 00170 00050

(7 324757 T) 00425 oo
SP 91-61-145 Y 0.85d 0.0340 0.0015

(SP_3-2-4.75 0.85 Y 0.85d)

Table 3.2 shows the values of the aforementioned parameters used for the
calibration of the models. The calibrated parameters is compared with the standard
parameters of modulus of elasticity (E) = 27.6 kN/mm® (4000 ksi), and absolute value
of the ratio of uniaxial tensile stress at failure to the uniaxial compressive stress at
failure = 0.085. The necessity for model calibration was due to the fact that

displacement-based finite element was used which in the case of crack modeling yields
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to stress locking ((Rots and Blaauwendraad (1989). This would yield to stiffer finite
element solution. Thus, calibrating the above coefficient is necessary to soften the

solution in order to represent the true behavior.

3.17 Comparison of Experimental and FEM Results

The comparison of the calibrated FEM and the experimental results for crack
initiation and propagation of cracks showed close correlation. The crack predictions by
the FEM analyses were similar to those observed in the experiments for the particular
load level and crack location. The crack prediction obtained from the FEM analyses for
all the boxes tested is presented in Appendix C.

The FEM analysis generally predicts cracks initially on the inside face of the top
slab at the loading end and with the increase in load the cracks are detected on the
outside face of the side walls. With further increase of load, cracks are predicted on the
outside face of the top slab. Similar behavior was observed in 24 full-scale tests. For the
test designated SP 244-122-122 N d (SP_8-4-4 N d) tested on spigot end, per FEM
Figure C14, Appendix C, FEM predicts crack on the inside face of the top slab at a load
of 169 kN (38 kip), which is confirmed in test as tabulated in Table A9 of Appendix A
as 187 kN (42 kip) and also presented in experimental Figure B9 of Appendix B.

Next, the FEM predicted the crack at the out side face of the top slab on the top
of haunch and outside face of the right wall near to load plate at 222 kN (50 kip), which
was documented experimentally in Table A9 of Appendix A at 222 kN (50 kip) for side

wall and 231 kN (52 kip) for the top slab as shown in Figure B9 of Appendix B.
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The FEM continued predicting crack at the outside face of the left wall at 276
kN (62 kip) (Figure C15) which was similar to the experimentally observed crack at 289
kN (65 kip) as shown in Figure B9 of Appendix B. Also, FEM predicted crack at the
joint between the bottom slab and the left haunch at 383 kN (86 (kip) (Figure C17). The
same phenomenon was observed during the experiment at 289 kN (65 kip) (Figure B9
of Appendix B). Thus, it was found that the crack prediction was similar in location and

load levels.

Box SP_ 122-122-244_Y_d (4-4-8)
Displacement (mm)
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Figure 3.15 Comparison of FEM with Experimental Data for
SP_122-122-244 Y_d (SP_4-4-8 Y_d)

Comparisons of FEM versus experimental data are shown through the load
deflection plots of Figures 3.15 though 3.24. For SP_122-122-122 Y d (SP_4-4-
4 Y d) due to moving optoelectronic displacement sensor the displacement recorded

under the load plate were not reliable and were not used for calibration. In these figures,
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the experimental load deflection plots are presented for the AASHTO factored load.

These figures show close relationship between the FEM and experimental results.
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Figure 3.16 Comparison of FEM with Experimental Data for
BL_122-122-244 Y_d (BL_4-4-8 Y_d)
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Figure 3.17 Comparison of FEM with Experimental Data for
SP 244-122-122 Y d (SP_8-4-4 Y d)
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Figure 3.18 Comparison of FEM with Experimental Data for
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Figure 3.19 Comparison of FEM with Experimental Data for
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Figure 3.21 Comparison of FEM with Experimental Data for
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Figure 3.23 Comparison of FEM with Experimental Data for
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CHAPTER 4
DETERMINATION OF SHEAR CAPACITY OF PRECAST BOX CULVERTS

4.1 Introduction

All the forty-two standard cases of the ASTM C 1433 were modeled using the
verified FEM model developed in Chapter 3. A regression analysis was conducted to
develop equations for the calibrated FEM parameters identified in Chapter 3 in terms of
the geometric parameters of the box culverts. These equations were used to obtain the
calibration model parameters for all the aforementioned boxes based on their geometric
parameters. The verified model and the calibration parameters were used to perform
complete 3-D FEM analyses of the ASTM-C1433 boxes by placing the load plate at the
distance “d” from the tip of the haunch to the edge of the load plate.

The FEM model analyses were used to plot the 3-D volumetric shear force
distribution on the top slab of the boxes analyzed. The peak shear force in each of the
plots was identified and a vertical plane was passed through it parallel to the box’s joint
length. This yielded to a 2-D shear force distribution diagram along the box joint length
from which the distribution width was calculated by dividing the area under the 2-D

diagram with the peak shear force.
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The distribution width for the ASTM C1433 boxes were compared with those
reported in the AASHTO 2005. The calculated distribution widths were used to
calculate the critical factored shear force for all the boxes, which were compared with
the American Concrete Institute (ACI) shear capacity equations. It was shown that the

shear capacity exceeded the factored critical shear force for all the ASTM C1433 boxes.

4.2 Regression Analysis Concept

In statistics, regression equations are developed from sample data collected
from numerous experiments conducted to determine the values of the dependent
parameters for predetermined values of independent parameters, to use them to predict
the values of dependent parameters by varying independent parameters. To perform the
regression analysis, it is a common procedure to represent the response of dependent
parameter as functions of the independent parameters. In this parametric study, the two
parameters of the boxes are the response measured as functions of the independent
parameters. These independent parameters for the 15 experimentally calibrated models
were listed in Tables 4.1. The regression equations were solved for the tensile strength
coefficient and tension stiffening of concrete. Thus, the objective of the regression
analysis was to develop equations for parameters defining tensile strength coefficient
and tension stiffening of concrete for the boxes as functions of geometric and force-
related parameters of the box. For example, the following would be the form of the

equation, which is a function of certain parameters:
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K=f(S,L,d,b)
4.1)
Determination of the function f'is discussed in general terms as follows. Let

X = (X, Xy, Xy oo X.) (4.2)

be a function of n independent parameters, intended to fit data collected from a study. A

linear (or summation) regression model for the function is written as

x=C,+CX,+C, X, +C; X, + v, +C, X, +C,X X,
+C XX, Fene +C X, X, +C o X, XX+
+Cp (XXX X.,) (4.3)

This techniques yield information on the relative significance of not only the main

parameters X, X,,...,X,, but also the interactions between these same
parameters X, X, X;,...,(X,X,...X ). However, in most practical problems, such as the

one studied, many of the higher-order interactions may be eliminated on the basis of
physical and intuitive considerations. Probable interactions must, however, be included
in the model. The behavior of the pole seems to be a simple solution considering the
cantilever profile of the member, but there are many more parameters that can be
considered in an analytical study and regression analysis. For example, bolt diameter,
base diameter, base condition and connection, yield stress, plate thickness, and tapering
can be factors contributing to the outcome. This possibility makes this type of an
analytical study and regression analysis a complex and interesting study, but does not

facilitate the complete defining of all the interactions.
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If a linear regression model is not found satisfactory, an alternative method is

the product regression model of the form:
C1 C2 Cn
x=C,X, "X, .. X, (4.4)
This nonlinear regression method was used in this project because of the complexity of

the interactions involved. This may be reduced to a linear regression model if

logarithms are taken of both sides as shown below:

Inx=InCy+C, InX, +C,In X, +..+C_ In X 4.5)

Denoting the logarithms of the various parameters by prime superscripts, Equation 4.5
becomes

x =C, +C,X, +C,X, +..+C X, (4.6)

This is similar to the first group of terms in Equation 4.2. It should be noted that in

Equation 4.6 product terms of the formX,,X,,X,,..X, do not occur, so no

interactions are present.

In this study, the coefficient C{and the exponents C,,C,,...,C, in Equation 4.5

are determined by multiple regression analysis, so as to obtain the best least square fit to
the data. With this method, the best-fit regression equation is taken as the one, which
minimizes the sum of the squares of the deviations of the data points from the equation

fitted to the data. To demonstrate the basic principles, say that the value of the

dependent variable predicted from the best-fit equation is Xi’, for any particular set of
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values, X, , X, , X5, ,..., X, while it is measured (or directly determined) value isX. .
Deviation of the predicted value from the measured value is given by

xi—x, =xi—(C, +Cx, +Coxy +..+Cx, ) 4.7)

1

The sum of the squares,S for m number of data is given by

S = Zm: (ii' - xi')z (4.8)

i=1
The unknown coefficients C,,C,,C,....,C, are determined by minimizing the quality

S with respect to each coefficient, in other words by setting it equal to zero as shown

below.

6s _os_8 _ _ 8 _,

(4.9)

ec, oc, ac, T ac,
This will result in (n+1) linear simultaneous equations from which the coefficients

C,,C,,C,...,C, can be determined. To determine C, the anti-logarithm of C} must

be found.
A “goodness of fit” of the prediction equation is a comparison of S, the sum of

the squares, and the deviations for the constant term C,above. The constant term model
is
S=C, (4.10)

and the sum of the squares of this model can be written as
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I (o “\2
S, =Y [xi =%, (4.11)
in which xo is the mean. The difference between S, and S is called as “sum of

(So _S)

0

squares due to regression” and the ratio is called as “coefficient of multiple

determinations”, R* which can also be written:

R =1-> (4.12)
SO

A value of R* =1 implies that S is zero and the regression prediction equation passes
through all the data points. A value of R? =0.80 means that 80 % of the sum of squares
of the deviations of the observed (or directly determined) xi values about their XOY can

be explained by the prediction equation obtained.

4.3 Regression Equations for FEM Calibration

Using the above concept, the calibration parameters obtained from the
experimental data (Table 4.1) were used to conduct nonlinear regression analyses. Table
4.2 presents the values of the calibration parameters obtained from regression analysis.
Equations for dependent variables; f (the ratio of tensile to compressive strength) and t
(tension stiffening parameter) in terms of the independent variables (span, length,

effective depth, and spigot/bell test) were obtained (Equations 4.13 and 4.14).
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Table 4.1 FEM Calibration Parameters Obtained from Experimental Data

Independent Variable

Dependent Variable

Span Length | Eff. Depth Tensile Strength /
em cm cm Spigot / Compressive Tension
(in) (in) (in) Bell End Strength Stiffening
2 L d b fl e TS
(31?&) (14282) (ﬁ) 1 0.034 0.0025
(iii) (14282) (ﬁ) 1 0.034 0.0025
(ﬁi) (14282) (ﬁ) 2 0.017 0.005
(:;?12) (14282) (i% 2 0.017 0.005
%gg) (2946AS 2.78; 1 0.051 0.002
(2945 (2;(:3 (175; 2 0.034 0.002
(294f; (2;(;3 (178) 2 0.034 0.002
(29463 (Z;S (178) 1 0.085 0.0015
(29453 (14282) (178) 1 0.085 0.0015
(29484) (14282) (178) 2 0.064 0.0015
(29453 (14282) (178) 2 0.064 0.0015
%jg) %gg) %2_55) 1 0.034 0.001
%282) %gé) %255) 2 0.0425 0.003
(%%3) g?) (165) 3 0.0425 0.0015
(gé) (1:753 (165) 4 0.034 0.0015
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Table 4.2 Data Obtained from Regression Analysis for Model Calibration

Independent Variable

Dependent Variable

Tensile
Span Eff. Depth Strength /
cm Length cm cm Spigot / Compressive Tension
(in) (in) (in) Bell End Strength Stiffening
S L d b f/fe TS
(igi) (1382) (ﬁ) 1 02903 0.00302
("igg) (1382) (21%) 1 0.0367 0.0025
("igg) (1582) (299; 1 0.04756 0.00203
éé;‘) (14282) (28(; 1 0.06359 0.00161
(294‘;‘3 (14282) (175; 1 0.08847 0.00124
(281:; (1582) (17% 1 0.08305 0.00122
(1;323) (1582) (17% 1 0.0772 0.0012
(16502) (1382) (178) 1 0.07082 0.00117
(14282) (1382) (16%5) 1 0.07893 0.00099
(%16) (1382) (165) 1 0.08681 0.00083
*R? = 1.0 corresponds to a perfect fitting

R”=0.91035143 for Tensile Strength /Compressive Strength
R%=0.77630541 for Tension Stiffening
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Tensile Strength (f):

f, = 5000[(6(4‘17) (S)(0.473) (L)(70A809) «d )(—2.89) (b)(70542) )]

(4.13)

Tension Stiffening:

TS = (7120 (§)(0120) (| )(0444) ( )(156) () (0:468)

(4.14)

4.4 Distribution Width Concept
Distribution width is a concept used in design of slabs in which the strength of a
specified width is required to resist the bending moment developed due to any standard
loading, which is commonly adopted by the AASHTO specifications for designing the
bridge decks. In AASHTO (2005), same concept is utilized by McGrath et al. (2004) to
conclude that since shear distribution width was reported to be small, a shear transfer
device may be needed across the joint of the connected culverts. Since the experimental
testing program of this study indicted that the shear behavior was not the governing
factor in any of the box culverts tested until the loads up to at least twice the factored
design load (Chapter 2), it led the investigators to believe that the relationship between
the magnitude of the distribution width and the actual box behavior as presented in the
AASHTO 2005 is misleading. Thus, the distribution width for all the boxes of ASTM

1433 was calculated and compared with the ACI shear strength equations.
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To calculate the shear distribution width the volumetric shear force distribution
for the top slab is plotted as shown in Figure 4.1 (a). A vertical plane is passed through
the location at which the shear force is maximum along the joint length. To obtain the
distribution width the area under the shear force diagram obtained from the vertical cut
(Figure 4.1 (b)) is calculated and then divided by the value of maximum shear force.
This basically means that by multiplying the distribution width with the peak shear
force, an equivalent rectangular area representing the area under the 2-D shear force

distribution is obtained.

Plots of the 2-D shear force distributions are presented in Figure 4.2 for various
culvert span lengths, which show that the area under the shear distribution increases as
the span length increases. It should be noted that the wheel load plate is placed at a
distance “d” from the tip of the haunch to the edge of the load plate, and since the span
length increases in a larger magnitude (3 ft to 12 ft) compared to the increase in “d” (7
in. to 12 in.), the “d”/span ratio is smaller for the larger span boxes. This means that for
the shorter span boxes, the load plate is closer to the center of the span, which forces the

bending rather than shear behavior.

Figures 4.3 through 4.12 show the 2-D shear distribution for 91 cm (3 ft) to 366
cm (12 ft) span boxes. These figures indicate that the shear distribution is entirely

dependent on the span length and independent of the rise and joint length dimensions.
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Figure 4.1 Typical Shear Force Plot on the Top Slab of the Box (a) Typical
Volumetric Shear Force Plot Showing a Cutting Plane at the Point of Maximum
Shear Force; and (b) Shear Force Plot in Volume and in Area at the Point of

Maximum Shear Force

110

~

Shear Force (N



The FEM Obtained Maximum Shear Distribution Along the Culverts
Length for ASTM C 1433
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Figure 4.2 Shear Force Plot Along Joint Length at Peak Shear Location on Span

The FEM Obtained Maximum Shear Distribution Along the Culverts
Length for ASTM C 1433
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Figure 4.3 Shear Force Plot Along Joint Length at Peak Shear Location on 91 cm
(3 ft) Span Boxes
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The FEM Obtained Maximum Shear Distribution Along the Culverts
Length for ASTM C 1433
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Figure 4.4 Shear Force Plot Along Joint Length at Peak Shear Location on 122 cm
(4 ft) Span Boxes

The FEM Obtained Maximum Shear Distribution Along the Culverts
Length for ASTM C 1433
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Figure 4.5 Shear Force Plot Along Joint Length at Peak Shear Location on 152 cm
(5 ft) Span Boxes
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The FEM Obtained Maximum Shear Distribution Along the Culverts
Length for ASTM C 1433
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Figure 4.6 Shear Force Plot Along Joint Length at Peak Shear Location on 183 cm
(6 ft) Span Boxes
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Figure 4.7 Shear Force Plot Along Joint Length at Peak Shear Location on 213 cm
(7 ft) Span Boxes
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The FEM Obtained Maximum Shear Distribution Along the Culverts
Length for ASTM C 1433
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The FEM Obtained Maximum Shear Distribution Along the Culverts
Length for ASTM C 1433
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Figure 4.12 Shear Force Plot Along Joint Length at Peak Shear Location on 366
cm (12 ft) Span Boxes

4.5 Shear Capacity

Table 4.3 presents the values of distribution width for the ASTM C1433 boxes
calculated in this study based on the factored load, which are less than those calculated
per AASHTO 2005. Indeed, the AASHTO distribution width is at least three to four
times of those calculated in this study for the ASTM C1433 box geometry (Table 4.3).
Furthermore, the distribution width values were used to calculate the critical factored

shear force values as presented in Column 3 of Table 4.4, which was compared with the

two ACI shear capacity equations: 2b,d,/ f'. (referred from this point forward as

lower bound shear strength equation) and 3.5b,d,/ f'. (referred to from this point

forward as upper bound shear strength equation). It should be noted that the former is

used for scenarios in which shear cracks form at the tip of existing flexural cracks while
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the latter is used for cases in which shear cracks initiates at a 45-degree angle
independent of flexural cracks. All the experimental testing (Chapter 2) indicated that

the shear cracks initiated independently at the tip of the haunch at approximately twice
the factor loads with nearly 45 degree angles, which indicate that the 3.5b,d,/ f', is the

applicable shear strength equation for the precast box culverts.

Referring back to Table 4.4, the ratio between the aforementioned lower and
upper bound strength equations and the critical factored shear force is calculated and
presented in Columns 5 and 6, respectively. Column 5 shows that the range of these
ratios varies from 0.64 to 1.04 with 60% of them between 0.90 and 1.04, and the
remaining 40% falls between 0.64 and 0.90. Also, Column 6 shows that 100% of the
calculated ratios are above 1.0 with their range varying from 1.10 to 1.80 from which
over 50% of the ratios are above 1.50. Thus, it is shown that the shear strength of the
ASTM C1433 box culverts is more than adequate with the upper bound shear
(applicable) strength equation. When comparing with the lower bound shear strength
equation, 60% of the ASTM C1433 boxes are considered adequate.

It should be noted that the lower bound shear strength equation is not applicable
to the precast box culverts based on the experimental observations (Chapter 2), and it is
only presented here for the comparison purposes. However, since this study was
conducted based on the culverts subjected to the most critical stresses (no bedding
materials and zero depth of the fill), it is anticipated that for the less severe loading
condition when bedding material, depth of fill, and lateral soil are accounted for, the

majority of the boxes will satisfy the lower bound shear strength equation.
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Table 4.4 also shows that the minimum calculated ratios of strength to critical
shear force are obtained for the 183 cm (6 ft), 213 (7 ft), and 244 cm (8 ft) span box
culverts. This is due to the fact that there is negligible difference between the peak shear
force for boxes with spans 183 cm (6 ft), 213 (7 ft), 244 cm (8 ft), 274 (91t), 305 (10 ft),
335 (11 ft), and 366 (12 ft) (refer to Figure 4.2) while the top slab thickness for the 183
cm (6 ft), 213 (7 ft), and 244 cm (8 ft) span boxes are 18 cm (7 in), 20 cm (8 in), 20 cm
(8 in), respectively, which are considerably less that the slab thickness of 23 cm (9 in),
25 cm (10 in), 28 (11 in), and 30 cm (12 in) for the 274 (9ft), 305 (10 ft), 335 (11 ft),
and 366 (12 ft) span boxes, respectively.

The above observations further contradicted the relationship between the
distribution width and shear capacity presented in AASHTO 2005, which was based on
the study conducted by McGrath et al. (2004). While distribution width values
calculated in this study were less than those calculated based on AASHTO 2005, it was
shown that the shear capacity of the ASTM C1433 boxes were more than adequate.
This conclusion is drawn based on the experimental observation and analytical studies
conducted in this research. Thus, it is concluded that the distribution width equations
presented in AASHTO 2005 for the box culverts is subject to criticism and should not
be relied on. This statement is particularly supported since the study presented by
McGrath et al. (2004) was based on 2-D linear elastic finite element analyses on 3-D
geometry, which was neither supported nor validated by experimental observations.
Moreover, since linear elastic analyses were conducted, they were unable to establish a

relationship between the distribution width and the box culvert failure mode. Thus, they
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compared the distribution width for shear to the distribution width for bending moment,
and they concluded that the lesser distribution width controls the failure mechanism.
This study disputes the McGrath et al. findings and argues that the small
distribution width for shear is due to two scenarios: small shear force and large shear
force. We believe that the former is true in the case of box culverts subjected to shear
loading since the governing mode of failure is flexure rather than shear even though the
wheel load is placed at the distance “d” from the tip of the haunch. This behavior was
observed during the extensive experimental testing and analytical investigations of this
research, which led us to believe that the behavior of the box culverts is typically
different from the bridge slabs due to the additional joint rotation induced during
loading. The aforementioned joint rotation will introduce additional bending moment in
the culvert’s top slab which causes the flexural cracks to govern the behavior up to and

beyond the AASHTO factored wheel load.
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Table 4.3 Shear Load and Shear Strength of Concrete Boxes

(bW)AASHTO/
Span-Rise- Shear Force AASHTO (bw)cammed
Length_with/without Fg?i?i)cr;d Distribut- Distzr?t?uStion
Dist. Steel_&y Maximum | Shear | ion Width Width
cm kN cm-kN/cm cm cm
(ft) (kip) (in-kip/in) (in) (in) (5)/(4)
(1) 2 3) 4) (5) (6)
SP_366-366-122_N_d 2.68 133 50 166 3
(SP_12-12-4_N_d) (1.53) (30.00) (19.59) (65.28) 3
SP_366-305-122_N_d 2.66 133 50 166 3
(SP_12-10-4_N_d) (1.52) (29.93) (19.67) (65.28) 3
SP_366-244-122 N_d 2.65 133 50 166 3
(SP_12-8-4 _N_d) (1.52) (30.00) (19.80) (65.28) 3
SP_366-183-122_N_d 2.66 135 51 166 3
(SP_12-6-4_N_d) (1.52) (30.44) (20.03) (65.28) 3
SP_366-122-122_N_d 2.62 136 52 166 3
(SP_12-4-4 N_d) (1.50) (30.53) (20.39) (65.28) 3
SP_335-335-122_N_d 2.70 131 49 162 3
(SP_11-11-4_N_d) (1.54) (29.46) (19.12) (63.84) 3
SP_335-305-122_N_d 2.69 131 49 162 3
(SP_11-10-4_N_ N_d) (1.54) (29.51) (19.18) (63.84) 3
SP_335-244-122 N_d 2.66 130 49 162 3
(SP_11-8-4_N_d) (1.52) (29.30) (19.29) (63.84) 3
SP_335-183-122_N_d 2.68 133 50 162 3
(SP_11-6-4_N_d) (1.53) (29.80) (19.51) (63.84) 3
SP_335-122-122 N_d 2.67 134 50 162 3
(SP_11-4-4_N_d) (1.52) (30.09) (19.75) (63.84) 3

120




Table 4.3 - continued

(bW)AASHTO/
Span-Rise- Shlfar Force . AA2%|(_)|5TO (bw)camated
Length_with/without S | Sior | Distribution
Dist. Steel_ &y Maximum |  Shear Width Width
cm kN cm-kN/cm cm cm
(t) (kip) (in-kip/in) (in) (in) (5)/(4)
1) 2 3) 4) (5) (6)
SP_305-305-122_N_d 2.58 128 50 158 3
(SP_10-10-4_ N_d) (1.47) (28.88) (19.59) (62.40) 3
SP_305-274-122_N_d 2.58 129 50 158 3
(SP_10-9-4 N_N_d) (1.47) (28.96) (19.64) (62.40) 3
SP_305-244-122_N_d 2.58 129 50 158 3
(SP_10-8-4_N_d) (1.48) (29.06) (19.69) (62.40) 3
SP_305-213-122_N_d 2.58 130 50 158 3
(SP_10-7-4_N_d) (1.47) (29.21) (19.84) (62.40) 3
SP_305-183-122_ N_d 2.59 130 50 158 3
(SP_10-6-4_N_d) (1.48) (29.28) (19.83) (62.40) 3
SP_305-152-122_ N_d 2.59 131 51 158 3
(SP_10-5-4_N_d) (1.48) (29.44) (19.92) (62.40) 3
SP_274-274-122_N_d 2.65 126 48 155 3
(SP_9-9-4 N_d) (1.51) (28.38) (18.76) (60.96) 3
SP_274-244-122 N_d 2.66 127 48 155 3
(SP_9-8-4_ N_N_d) (1.52) (28.44) (18.75) (60.96) 3
SP_274-213-122_N_d 2.65 127 48 155 3
(SP_9-7-4_N_N_d) (1.51) (28.49) (18.83) (60.96) 3
SP_274-183-122_N_d 2.66 127 48 155 3
(SP_9-6-4_N_N_d) (1.52) (28.55) (18.83) (60.96) 3
SP_274-152-122_N_d 2.65 128 48 155 3
(SP_9-5-4 N _d) (1.52) (28.67) (18.92) (60.96) 3
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Table 4.3 - continued

(bW)AASHTO/
Span-Rise- Shear Force AASHTO (bw)camu.ated
Length_with/without Crten) | Distribut. | Distribution
Dist. Steel_ &y Shear | ionWidth |  Width
cm Maximum | cm-kN/cm cm cm
(ft) kN (kip) (in-kip/in) (in) (in) (5)/(4)
(1) 2 3) 4) 5) (6)
SP_244-244-122 N_d 2.53 121 48 151 3
(SP_8-8-4_N_d) (1.45) (27.15) (18.77) (59.52) 3
SP_244-213-122 _N_d 2.54 121 48 151 3
(SP_8-7-4_N_d) (1.45) (27.25) (18.82) (59.52) 3
SP_244-183-122 N_d 2.54 122 46 151 3
(SP_8-6-4_N_d) (1.45) (27.35) (18.88) (59.52) 3
SP_244-152-122 N_d 2.54 122 48 151 3
(SP_8-5-4 N_d) (1.45) (27.46) (18.92) (59.52) 3
SP_244-122-122 N_d 2.55 123 48 151 3
(SP_8-4-4_N_d) (1.46) (27.60) (18.97) (59.52) 3
SP_213-213-122_ N_d 2.72 124 45 148 3
(SP_7-7-4_N_d) (1.55) (27.79) (17.88) (58.08) 3
SP_213-183-122_N_d 2.72 124 46 148 3
(SP_7-6-4_N_d) (1.55) (27.88) (17.96) (58.08) 3
SP_213-152-122_N_d 2.72 124 46 148 3
(SP_7-5-4_N_d) (1.55) (27.97) (18.00) (58.08) 3
SP_213-122-122 N_d 2.72 125 46 148 3
(SP_7-4-4_N_d) (1.55) (28.12) (18.09) (58.08) 3
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Table 4.3 - continued

(bW)AASHTO/
. Shear Force AASHTO (bW)CaIcuIated
Lengstﬁf\?v}glliveiihout Fgc_tqred o . 2905.
ritical Distribution | Distribution
Dist. Steel_ &y Maximum |  Shear Width Width
cm kN cm-kN/cm cm cm
(t) (kip) (in-kip/in) (in) (in) (5)/(4)
1) 2 3) 4) 5) (6)
SP_183-183-122 N_d 2.58 118 46 144 3
(SP_6-6-4_N_d) (1.47) (26.60) (18.04) (56.64) 3
SP_183-152-122 N_d 2.58 119 46 144 3
(SP_6-5-4_ N_d) (1.48) (26.68) (18.08) (56.64) 3
SP_183-122-122 N_d 2.58 119 46 144 3
(SP_6-4-4_N_d) (1.47) (26.80) (18.18) (56.64) 3
SP_183-91-122 N d 2.59 120 46 144 3
(SP_6-3-4_N_d) (1.48) (26.96) (18.24) (56.64) 3
SP_152-152-122 N_d 243 112 46 140 3
(SP_5-5-4_N_d) (1.39) (25.23) (18.19) (55.20) 3
SP_152-122-122 N_d 243 113 46 140 3
(SP_5-4-4_N_d) (1.39) (25.29) (18.23) (55.20) 3
SP_152-91-122_ N_d 2.41 113 47 140 3
(SP_5-3-4_N_d) (1.38) (25.46) (18.50) (55.20) 3
SP_122-122-122 N_d 1.55 60 39 137 4
(SP_4-4-4_N_d) (0.89) (13.52) (15.27) (53.76) 4
SP_122-91-122 N_d 151 59 39 137 3
(SP_4-3-4_N_d) (0.86) (13.35) (15.50) (53.76) 3
SP_122-61-122_N_d 1.47 58 39 137 3
(SP_4-2-4_N_d) (0.84) (13.02) (15.51) (53.76) 3
SP_91-91-122 N_d 1.62 61 38 133 4
(SP_3-3-4_N_d) (0.93) (13.81) (14.90) (52.32) 4
SP_91-61-122_N_d 1.58 59 38 133 4
(SP_3-2-4_N_d) (0.90) (13.32) (14.79) (52.32) 4
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Table 4.4 Shear Strength versus Shear Load on Box Culvert at Factored Load per

AASHTO 2005
Shear Strength kN (kip)
bwd\/ f'c /6 0'3bwd f'c Shear Strength /
Shear Force
SpanTRise_— Factored
Length_with/without Critical
Dist. Steel_ AN Shear cm- 2bwcI \Y} f 'c 35bwd'\/ f 'c
cm kN/cm
(ft) (in-kip/in) 3)/(2) DI(2)
1) () Q) (4) (5) (6)
SP_366-366-122 N d 133 136 237
1.02 1.78
(SP_12-12-4 N_d) (30.00) (30.48) (53.34)
SP_366-305-122 N d 133 136 238
1.02 1.79
(SP_12-10-4 N_d) (29.93) (30.60) (53.56)
SP_366-244-122 N d 133 137 240
1.03 1.80
(SP_12-8-4 N _d) (30.00) (30.80) (53.89)
SP_366-183-122 N d 135 139 243
1.02 1.79
(SP_12-6-4 N _d) (30.44) (31.16) (54.53)
SP_366-122-122 N d 136 141 247
1.04 1.82
(SP_12-4-4 N _d) (30.53) (31.72) (55.50)
SP 335-335-122 N d 131 120 210
0.92 1.61
(SP_11-11-4 N_d) (29.46) (27.04) (47.32)
SP 335-305-122 N d 131 121 211
0.92 1.61
(SP_11-10-4 N_N_d) (29.51) (27.13) (47.47)
SP_335-244-122 N_d 130 121 212
0.93 1.63
(SP_11-8-4 N_d) (29.30) (27.28) (47.73)
SP_335-183-122 N d 133 123 215
0.93 1.62
(SP_11-6-4 N _d) (29.80) (27.58) (48.27)
SP_335-122-122 N d 134 124 217
0.93 1.62
(SP_11-4-4 N _d) (30.09) (27.94) (48.89)
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Table 4.4 - continued

Shear Strength kN (kip)

' '
de f . /6 0'3bwd f c Shear Strength /
Shear Force
Span-Rise- Factored
Length_with/without aclore
_ Critical -
Dist. StEE|_ AN Shear cm- 2bWd V f c 35bwd f'c
cm kN/cm
(ft) (in-Kkip/in) (3)/(2) D(2)
(1) (2) 3) (4) (5) (6)
SP_305-305-122_N_d 128 111 194
0.86 151
(SP_10-10-4_ N_d) (28.88) (24.93) (43.63)
SP_305-274-122_N_d 129 111 195
0.86 151
(SP_10-9-4 N_N_d) (28.96) (25.00) (43.75)
SP_305-244-122 N_d 129 112 195
0.86 151
(SP_10-8-4_N_d) (29.06) (25.07) (43.87)
SP_305-213-122_N_d 130 112 197
0.86 151
(SP_10-7-4_N_d) (29.21) (25.25) (44.19)
SP_305-183-122_N_d 130 112 196
0.86 151
(SP_10-6-4_N_d) (29.28) (25.23) (44.16)
SP_305-152-122_N_d 131 113 197
0.86 1.51
(SP_10-5-4_N_d) (29.44) (25.35) (44.37)
SP_274-274-122_N_d 126 94 165
0.75 131
(SP_9-9-4_N_d) (28.38) (21.23) (37.15)
SP_274-244-122 N_d 127 94 165
0.75 131
(SP_9-8-4 N_N_d) (28.44) (21.22) (37.13)
SP _274-213-122 N_d 127 95 166
0.75 1.31
(SP_9-7-4 N_N_d) (28.49) (21.30) (37.28)
SP_274-183-122_N_d 127 95 166
0.75 131
(SP_9-6-4_N_N_d) (28.55) (21.30) (37.28)
SP_274-152-122_N_d 128 95 167
0.75 131
(SP_9-5-4_N_d) (28.67) (21.41) (37.47)
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Table 4.4 — continued

Shear Strength kN (kip)

' 0.3b,.d,/ f' Shear Strength / Shear
b,dyf'. /6 ! ’ Force
Span-Rise-
Length_with/without Fgﬁtt?g;d
Dist. Steel_ 4y Shear | 2bwd~/f'c| 3.5b,d /T,
cm cm-kN/cm
(ft) (in-kip/in) /(2 D2
1) 2 3) (4) (5) (6)
SP_244-244-122 N_d 121 83 145
0.68 1.20
(SP_8-8-4_N_d) (27.15) (18.59) (32.52)
SP_244-213-122 N _d 121 83 145
0.68 1.20
(SP_8-7-4_N_d) (27.25) (18.63) (32.60)
SP_244-183-122_N_d 122 83 145
0.68 1.20
(SP_8-6-4_N_d) (27.35) (18.69) (32.71)
SP_244-152-122 N_d 122 83 146
0.68 1.19
(SP_8-5-4_N_d) (27.46) (18.73) (32.78)
SP_244-122-122 N_d 123 84 146
0.68 1.19
(SP_8-4-4_N_d) (27.60) (18.78) (32.86)
SP_213-213-122_N_d 124 79 138
0.64 1.11
(SP_7-7-4_N_d) (27.79) (17.70) (30.97)
SP_213-183-122_N_d 124 79 138
0.64 1.12
(7-6-4_N_d) (27.88) (17.78) (31.11)
SP_213-152-122 N _d 124 79 139
0.64 1.11
(SP_7-5-4_N_d) (27.97) (17.82) (31.18)
SP_213-122-122 N_d 125 80 139
0.64 1.11
(SP_7-4-4_N_d) (28.12) (17.90) (31.33)
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Table 4.4 — continued

Shear Strength kN (kip)

Span-Rise- Factored 2b,dy/f'. | 0.3b,dyf' Shear Strength /
Length_with/without Critical Shear Force
Dist. Steel 4y Shear '
cm em-kN/em B, Ay T 1615 gy
(f (in-kip/in) T @ @
(1) (2) (3) 4) (5) (6)
SP_183-183-122_ N_d 118 79 139
0.67 1.17
(SP_6-6-4_N_d) (26.60) (17.86) (31.25)
SP_183-152-122 N_d 119 80 139
0.67 1.17
(SP_6-5-4_N_d) (26.68) (17.90) (31.32)
SP_183-122-122_ N_d 119 80 140
0.67 1.18
(SP_6-4-4_N_d) (26.80) (18.00) (31.50)
SP 183-91-122 N_d 120 80 141
0.67 1.17
(SP_6-3-4_N_d) (26.96) (18.06) (31.60)
SP_152-152-122 N_d 112 80 140
0.71 1.25
(SP_5-5-4 N_d) (25.23) (18.01) (31.52)
SP_152-122-122 N_d 113 80 140
0.71 1.25
(SP_5-4-4_N_d) (25.29) (18.04) (31.58)
SP_152-91-122 N_d 113 81 143
0.72 1.26
(SP_5-3-4_N_d) (25.46) (18.31) (32.05)
SP_122-122-122 N_d 60 62 109
1.04 1.82
(SP_4-4-4_N_d) (13.52) (14.04) (24.56)
SP_122-91-122 N_d 59 63 111
1.07 1.87
(SP_4-3-4_N_d) (13.35) (14.25) (24.94)
SP_122-61-122 N_d 58 63 111
1.09 1.92
(SP_4-2-4_N_d) (13.02) (14.26) (24.95)
SP_91-91-122_ N_d 61 56 98
0.92 1.60
(SP_3-3-4_N_d) (13.81) (12.64) (22.13)
SP 91-61-122 N _d 59 56 98
0.94 1.65
(SP_3-2-4_N_d) (13.32) (12.55) (21.96)
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CHAPTER 5
SUMMARY, CONCLUSIONS, AND RECOMMEDATIONS

5.1 Summary

This study evaluated the shear behavior and capacity of the precast concrete box
culverts subjected to HS 20 truck wheel load. The most critical culvert behavior was
considered by studying culverts subjected to zero depth of the fill and placed on a rigid
bedding material. Three major phases were considered to complete the study, which
included: (1) experimental program; (2) finite element modeling; and (3) development
of distribution width and the determination of shear capacity.
5.1.1 Phase 1 - Experimental Program

A full-scale experimental testing program, presented in Chapter 2, was
undertaken to perform tests on 24 typical box culverts designated as per ASTM C 1433-
05 with and without distribution steel (Asg). Several span and joint length sizes were
considered to cover a variety of geometrical dimensions. To consider variable casting
process, boxes from two major precast manufacturers in the United States, were tested.

Two UT Arlington’s experimental testing facilities were used for the entire
testing program: (1) Structural Engineering Laboratory located at the Engineering Lab
Building, which will be referred to SEL-ELB from this point forward and (2) The pre-
construction temporary UT Arlington Center for Structural Engineering Research,

which will be referred to UTA-CSER.
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The test set-ups and instrumentation were almost identical in the both testing
locations. The test frame consisted of W12x87 columns and built-up crossbeams. The
instrumentation, in general, consisted of laser-based optoelectronic displacement
sensors, to measure vertical displacements; displacement transducers, which was placed
at almost the same location as the laser for multiple displacement reading; and data
acquisition system.

A 25cmx 51 cm (10 in x 20 in) load plate was placed, at the distance “d” from
the tip of the haunch to the edge of the load plate, on the outside face of the top slab to
transfer the load from the load cylinder and the load cell to each test culvert. All the
culverts were loaded similarly at 89 kN (2 kip) intervals up to 178 kN (40 kip), when
the load increment was changed to 22 kN (5 kip) until failure. The 178 kN (40 kip) load
was selected based on the observations during the initial testing phase which indicated
that the experimental load displacement plots suffered significantly from stiffness
degradation. Also the 178 kN (40 kip) load is almost equal to the factored wheel live

load of a HS 20 Truck per AASHTO (2005) (i.e. 16x1.75x1.33 =37.24 kip ) 166 kN.

Each test was conducted with the assistance from the team of at least five
researchers in which crack initiation and propagation were marked. The load-deflection
plots for each of the test specimens are presented in Chapter 2. The step-by-step test
events were recorded and are presented in the Appendix A for each test specimen.
Photographs of the test specimens including crack marks are presented in the Appendix

B.
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5.1.2 Phase 2 - Finite Element Modeling

Complete detailed three-dimensional finite element models (FEM) of the test
specimens were developed and analyzed to simulate the experimental results, which are
presented in Chapter 3. Three- dimensional shell and solid elements were used to model
the culvert systems. The models shell elements were used to obtain the values of the
bending moment and shear forces while the models with solid elements were developed
for crack detection. The welded wire fabrics were modeled by using the rebar elements
placed on the surface-elements provided by the ABAQUS Software. The contact
surface between the outside face of the bottom slab and reaction floor was modeled by
using non-linear node-to-surface contact algorithm.

The analysis algorithm consisted of an incremental loading history to capture
the problem non-linearity. Smeared crack model along with the Riks Algorithm were
incorporated to analyze the system after micro-cracks and to stabilize the solution,
respectively. The converged solution was obtained by using H-convergence coupled
with the difference between the external work done and the strain energy density of the
system. Three critical parameters were calibrated based on the experimental results to
treat the stress locking inherent to the displacement-based-only finite element
algorithm. These parameters were: tension stiffening; concrete modulus of elasticity;
and the ratio of tensile to compressive strength.

The load-deflection obtained from the FEM analyses were compared with those
obtained from the experimental results which are presented in Chapter 3. The crack

initiation and propagation obtained from FEM at different load levels are presented in
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the Appendix C. Finally, the FEM was used to locate the location of the maximum
shear force on the outside face of the top slab when the culvert is subjected to the wheel
load placed at the distance “d” from the tip of the haunch.

5.1.3 Phase 3 - Distribution Width and Shear Capacity

All the forty-two standard cases of the ASTM C 1433 were modeled using the
verified FEM model developed in Chapter 3. A regression analysis was conducted to
develop equations for the calibrated FEM parameters identified in Chapter 3 in terms of
the geometric parameters of the box culverts. These equations were used to obtain the
calibration model parameters for all the aforementioned boxes based on their geometric
parameters. The verified model and the calibration parameters were used to perform
complete 3-D FEM analyses of the ASTM-C1433 boxes by placing the load plate at the
distance “d” from the tip of the haunch to the edge of the load plate.

The FEM model analyses were used to plot the 3-D volumetric shear force
distribution on the top slab of the boxes analyzed. The peak shear force in each of the
plots was identified and a vertical plane was passed through it parallel to the box’s joint
length. This yielded to a 2-D shear force distribution diagram along the box joint length
from which the distribution width was calculated by dividing the area under the 2-D
diagram with the peak shear force.

The distribution width for the ASTM C1433 boxes were compared with those
reported in the AASHTO 2005. The calculated distribution widths were used to

calculate the critical factored shear force for all the boxes which were compared with

131



the American Concrete Institute (ACI) shear capacity equations. It was shown that the

shear capacity exceeded the factored critical shear force for all the ASTM C1433 boxes.

5.2 Conclusion

The conclusion of this study advances in the following forefronts:

The full-scale experimental tests indicated that flexure governed the
behavior for all the test specimens up to and beyond the AASHTO factor
live load. For all the test specimens the flexural cracks formed initially on
the inside face of the top or bottom slab, which extended to the spigot or
bell toward the middle of the load plate. No flexural cracks were observed

at loads below the AASHTO service load,

The second series of cracks, for all the test specimens, were negative
moment cracks which formed on the wall closest to the load plate along the
joint length at a distance equal to approximately one-third from the top slab.

These cracks normally extended to the spigot and bell ends.

The third series of cracks were noticed to be the negative moment cracks
which initiated at both walls and extended to the outside face of the top slab.
In some tests, these cracks extended along the span on the outside face of

top slab.

The shear cracks were among the final cracks observed. For all of the test

specimens shear cracks formed at approximately 320 kN (72 kip) of load
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(almost twice the AASHTO factored load). These cracks initiated
independently from the tip of the haunch (on the testing end (spigot or bell))
and extended toward the edge of the load plate. By independent shear crack,
we mean that it did not initiate at the tip of the flexural cracks. No shear

crack was observed before flexural cracks in any of the specimens tested.

Even though the load plate was place at the distance “d” from the tip of the
haunch to the edge of the load plate, the culverts behavior governed by
flexural cracks during the experiment up to high load levels. This is due to
culvert’s joint rotation, which contributes significantly to culvert’s bending
moment. Thus, it was concluded that the behavior of the box culverts is
different than that of the bridge slabs. Furthermore, the AASHTO bridge

design concept for the distribution width is not justifiable for culverts.

The comparison of the test results, for with and without top slab distribution
steel showed that the effect of the compression distribution steel (Asg) in the
top slab is insignificant. This comparison was made with respect to crack
initiation and propagation as well as the load-deflection plots. The overall
culverts behaviors during the course of experiments were almost identical

for the specimens with and without top slab compression distribution steel.
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The final failure for all the test specimens was due to shear/bond failure at
loads ranging from 320 kN (72 kip) to 712 kN (160 kip) or above for all the

box culverts tested.

The finite element model exhibited close correlation with the experimental
results for load-deflection and crack prediction for all the test specimens.
The calibration parameters identified to defuse the stress locking inherent in
the displacement-based-only finite element were identified as: modulus of
elasticity; the ratio of tensile to compressive strength; and the tension

stiffening parameter.

The FEM analyses showed that when the load plate was placed at the
distance “d” from the tip of the haunch to the edge of the load plate, the
value of the maximum shear force was located between the edge of the
haunch and the edge of the load plate for all the culverts’ geometry used in
the experimental program. Indeed, for 70% of the culvert’s tested, the
maximum shear force value was at one-half the distance between the tip of

the haunch and edge of the load-plate.

It was shown that the maximum value of the shear force increased as the

culvert’s span increased for the same load. This counter intuitive finding is

due to the fact that the wheel load plate is placed at a distance “d” from the
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tip of the haunch to the edge of the load plate, and since the span increases
in a larger magnitude 91 cm (3 ft) to 366 cm (12 ft) compared to the
increase in “d” 15 cm (6 in.) to 30 cm (12 in.), the span /“d” ratio is larger
for the larger span boxes. This implies that for the shorter span boxes the
load plate is closer to the center of the span which forces more bending

rather than shear behavior.

The values of the distribution width calculated based on the validated FEM
analyses in this study were between one-fourth and one-third of those
calculated based on the AASHTO 2005. Since experimental testing of
twenty four test specimens and FEM analyses of forty two ASTM C1433
box culvert geometries confirmed that shear was not governing the
behavioral mode (particularly at service and factored AASHTO loads), it is
concluded that there are no relations between the AASHTO 2005
distribution width equations and the culvert’s behavior. It should be noted
that AASHTO 2005 distribution width equations are based on the McGrath
et al. (2004) study which compared the values of distribution width for
shear and moment and concluded that the smaller of the two governs the
behavior. This study disputes McGrath et al. (2004) conclusion that small
values of distribution width are indicative of cases with induced critical

shear.
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This study concludes that small distribution width is the result of two
scenarios: (1) large shear forces and (2) small shear forces. In the case of the
box culverts in which the joints undergo rotations and increase the bending
moment in the top slab, the latter is the case and shear forces are not the

governing mode of the failure.

The critical factored shear force for all the ASTM C1433 precast box

culverts were calculated and were compared with the two ACI shear
capacity equations: 2b,d,/ f'. (lower bound) and 3.5b,d. f'. (upper

bound) . It was shown that the shear capacity exceeds the critical shear force

for all the aforementioned cases considered.

This study concludes that the behavior of the box culverts is significantly
different than that of bridge slab. Thus, the AASHTO provisions for box
culverts, which are obtained from McGrath et al. (2004) study based on
linear elastic finite element analysis, which is not capable of predicting

culvert’s behavior and failure modes should be revisited.

This study concludes that the AASHTO 2005 provisions that states “shear
transfer device should be provided across the joint, if the calculated
distribution width exceeds the length between the two adjacent joints” is not

justified and not scientifically supported. The authors are aware that the
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AASHTO 2005 provisions also applies to non ASTM C 1433 culverts in
which relatively thin slab thicknesses are used for special cases. However,
there are no indications from the McGrath et al. (2004) research report that
they incorporated thin slab thicknesses in their study. Thus the merit of
AASHTO shear provisions for box culverts based on McGrath et al. study

remain questionable.

5.3 Recommendations

This study recommends the following future research studies to complement the work

presented here:

This study investigated the shear capacity of all the ASTM C1433 precast
box culverts with minimum slab thickness of 18 c¢cm (7 in) which are
fabricated with standard forms. Thus, special design cases with thinner top

slab thickness and varying lengths need to be studied.

The finite element modeling and analysis presented in this study considers
smeared crack model only which can successfully model the crack widths
less than 0.10 in. It is recommended that coupled smeared crack and
discrete crack models to be employed in order to predict culvert’s behavior
with more accuracy when crack width exceeds 0.10 in. across which

stresses do not transfer.
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This study recommends that the AASHTO 2005 distribution width for the
box culverts needs to be revisited. It is highly recommended the following
statement “shear transfer device should be provided across the joint, if the
calculated distribution width exceeds the length between the two adjacent

joints” be eliminated from the AASHTO 2005 provisions.
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APPENDIX A

REPORTS OF EXPERIMENTS CONDUCTED
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Table A1 Test: SP_122-122-122 Y_0 (SP_4-4-4 Y_0) (with bedding)
Manufacturer: Hanson Pipe & Products

Load Events

kN (Kkip)

156 (35) The 1% superficial flexural crack detected on the inside face of the bottom
slab under the load.

178 (40) The 1% superficial flexural crack detected on the inside face of the top
slab under the load.

200 (45) The 2" superficial flexural crack detected on the inside face of the top
slab under the load.

222 (50) The 2" superficial flexural crack detected on the inside face of the
bottom slab under the load.

289 (65) The 1% and 2" superficial flexural cracks, on the inside face of the top
slab, extended further and became visible at spigot face and bell face.

289 (65) The 1% and 2" superficial flexural cracks on the inside face of the top
slab extended further in the full joint length.

289 (65) The 1% and 2" superficial flexural cracks on the inside face of the bottom
slab extended further.

356 (80) The 1% superficial flexural crack on the inside face of the top slab
extended further in the full joint length.

356 (80) A shear crack at the tip of the right haunch detected on the spigot end.

400 (90) The cracks in the left sidewall propagated and moved up around the load
plate.

400 (90) The cracks in the right sidewall propagated in the full joint length.

400 (90) A crack appeared on the bell face.

423 (95) An inclined crack (towards the load plate) in the center of the spigot face
in the top slab developed.

423 (95) Near the right haunch, a crack detected on the inside face of the bottom
slab in the full joint length.

445 (100) The shear crack moved up towards the center of the load plate.

534 (120) At the Bell end, a new crack detected on the inside face of the bottom
slab.

534 (120) The new cracks in the right sidewall and the left sidewall widened in the
full joint length.

534 (120) Another inclined shear crack from the left edge of the load plate towards
the left side wall detected and reached the inside face of the top slab at 31

578 (130) The shear crack appeared at 356 kN (80 kip) widened at the top slab on
the right haunch.

632 (142) Ultlmate failure.
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Table A2 Test: SP_122-122-122 Y 0 (SP_4-4-4 Y 0)
Manufacturer: Hanson Pipe & Products

Load Events

kN (kip)

133 (30) The 1% superficial flexural crack detected at the spigot end on the inside
face of the bottom slab, under the load.

133 (30) The 1% superficial ﬂe)fural c'ra'ck, at the spigot end on the inside face of
the top slab extended in the joint length.

200 (45) Tlhle) 2" superficial flexural crack detected at the spigot end face at the top
slab.

222 (50) Tlhle) 3" superficial flexural crack detected at the spigot end face at the top
slab.

267 (60) A non measurable shear crack at the tip of the right haunch detected on
the spigot face.

267 (60) Tlhi cracks in the left sidewall propagated and moved up around the load
plate.

334 (75) The shear crack at the tip of the right haunch widened on the spigot face.

334 (75) The new gracks in the right sidewall and the left sidewall propagated in
the full joint length.

512 (115) The new gracks in the right sidewall and the left sidewall propagated in
the full joint length.

512 (115) An inclined crack (towards the load plate) detected in the center of the
spigot face on the top slab.

645 (145) An inclined crack (towards the load plate) detected in the center of the
spigot face on the top slab.

645 (145) The new cracks detected on the right and the left sidewalls.

712 (160) Ultimate failure.
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Table A3 Test: SP_122-122-122_Y_0.23d (SP_4-4-4_Y_0.23d)

Manufacturer: Hanson Pipe & Products

Load Event

kN (kip)

107 (24) The 1% superficial flexural crack detected at the spigot end on the inside
face of the bottom slab, under the load.

156 (35) The 1% superficial flexural crack detected at the spigot end on the inside
face of the bottom slab at 61 cm (24 in) extended in joint length.

156 (35) The 1% superficial flexural crack detected at the spigot end on the inside
face of the top slab, under the load.

178 (40) The 2" superficial flexural crack detected at the spigot end on the inside
face of the top slab, under the load.

222 (50) | The 2" superficial flexural crack detected at the bell end, on the inside

(50)
face of the bottom slab.

267 (60) The 2" superficial flexural crack, on the inside face of the top slab,
extended to the bell end.

267 (60) The 1% superficial flexural crack detected at the spigot end on the outside
face of the left sidewall near the load plate (31 cm (12 in) below the top
slab).

289 (65) The 3" superficial flexural crack detected at the spigot end, on the inside
face of the top slab.

289 (65) The 2" superficial flexural crack at the bell end in the inside face of the
bottom slab, extended further.

311 (70) The 1% superficial flexural crack detected at the spigot end, in the right
side wall near the load plate (31 cm (12 in) below the top slab and 76 cm

334 (75) | A shear crack developed at the west haunch (far from the load) in the full

(75) | ..
joint length at the top slab.

334 (75) The 1% superficial flexural crack detected at the spigot end on the outside
face of the left sidewall near the load plate (31 cm (12 in) below the top

378 (85) Another shear crack detected at the west haunch (far from the load) in the
line of the haunch at the bell end, at the top slab.

423 (95) The 1% superficial crack at the spigot end, on the right side wall near the
load plate propagated in the full joint length.

423 (95) Another flexural crack detected on the outside face of the right side wall
in the full joint length.

423 (95) The 3" flexural crack at the spigot end, on the inside face of the top slab,
extended upwards.

423 (95) On the spigot end of the top slab, a new small crack detected.
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Table A3 — continued

467 (105)

On the spigot end of the top slab, two new small cracks detected.

467 (105)

On the inside face of the bottom slab, cracks detected at 245 kN (55 kip)
and 289 kN (65 kip) connected by a new crack in the span direction.

467 (105)

A new crack detected on the outside face of the right side wall at the both
ends.

512 (115)

A shear crack joining the left haunch & the load plate detected.

512 (115)

The two new full joint length cracks detected on the outside face of the
east wall.

512(115)

A new crack detected at the bell end near the left wall on the top slab.

512 (115)

A new crack on the inside face of the bottom slab, 61 cm (24 in) long 38
cm (15 in), detected from the left wall.

512(115)

A new crack on the outside face of the right wall of 41 cm (16 in)
detected at the spigot end.

512(115)

A new crack on the right wall of 41 cm (16 in) detected in the center of
the joint length.

556 (125)

The cracks on the outside face of the right side wall detected at 467 kN
(105 kip) propagated from the both sides and join.

601 (135)

A new crack detected on the outside face of the west wall.

601 (135)

A shear crack detected at the spigot end.

645 (145)

Ultimate failure.
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Table A4 Test: BL._122-122-122_ Y _0.23d (BL_4-4-4 Y _0.23d)
Manufacturer: Hanson Pipe & Products

Load Event

kN (ki)

133 (30) A superficial flexure crack detected on the bell end on the inside face of
the top slab.

A superficial flexural crack detected on the bell end on the inside face

156 (35)
of the bottom slab.

200 (45) The 1* flexural crack became visible on the bell end on the inside face
of the top slab.

222 (50) The 1% visible flexural crack, on the bell end on the inside face of the
top slab, propagated towards the spigot end.

245 (55) The 1* superficial flexural crack transformed to the 1% serviceability
flexural crack, wider than 0.25 mm (0.01 in), on the bell end on the
inside face of the top slab.

311 (70) The 2™ superficial flexural crack detected at the center on the bell end
on the inside face of the top slab.

311 (70) The 3™ superficial flexural crack detected at the center between the
center of the box and the edge of the load plate on the bell end on the
inside face of the top slab and extended in the full joint length.

311 (70) A superficial shear crack detected at the edge of the haunch (near the
load) on the bell end.

311 (70) A shear crack on the right wall (close to the load) detected first moving
towards the spigot end and then going upwards rounding the load plate.

356 (80) The 1% superficial shear crack widened, however, less than 0.25 mm
(0.01 in), on the bell end at the edge of the haunch (near the load).

400 (90) A visible shear crack, not wider than 0.25 mm (0.01 in), detected on the
left wall running through the joint length near the top slab.

400 (90) The 1™ superficial shear crack transformed to the 1% serviceability
shear crack wider than 0.25 mm (0.01 in) on the bell end at the edge of
the haunch (near the load).

400 (90) A superficial shear crack detected at the edge of the haunch (near the
load) on the spigot end. It seems that this was an extension of the crack
from the bell end.

445 (100) A serviceability shear crack wider than 0.25 mm (0.01 in) detected on

the bell end starting from the left edge of the load plate and moving
towards the center of the box.
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Table A4 — continued

445 (100) | A visible shear crack, on the left wall running through the joint length
near the top slab, transformed to the serviceability shear crack wider
than 0.25 mm (0.01 in).

489 (110) | All cracks widened.

498 (112) | Ultimate failure.
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Table AS Test: BL_122-122-122_Y_0.23d (BL_4-4-4 Y _0.23d) (Double Box)
Manufacturer: Hanson Pipe & Products

Load Event

kN (kip)

133 (30) A superficial flexural crack detected on the bell box at the bell end,
under the load on the inside face of the top slab.

200 (45) A superficial flexural crack detected on the bell box at the bell end,
under the load on the inside face of the bottom slab.

200 (45) The superficial flexural crack on the bell box at the bell end, under the
load, on the inside face of the top slab extended further.

289 (65) The 2" superficial flexural crack detected on the bell box at the bell
end, under the load, on the inside face of the top slab.

289 (65) The 1% superficial flexural crack on the bell box at the bell end, on the
inside face of the top slab extended further.

289 (65) The 3" superficial flexural crack detected on the bell box at the bell
end, near the haunch, on the inside face of the top slab.

334 (75) The 1% superficial crack on the bell box on the outside face of the right
side wall (near the load) detected.

378 (85) The 1% superficial flexural crack on the bell box at the bell end, on the
inside face of the top slab extended up to the spigot end.

467 (105) The 1% superficial flexural crack in the bell box at the bell end on the
inside face of the top slab transformed to the 1% serviceability flexural

467 (105) A crack detected on the bell box at the spigot end on the inside face of
the bottom slab.

467 (105) A crack on the side of the bell box detected and moved towards the
outside face of the top slab, moving around the load plate.

556 (125) The crack, on the bell box at the spigot end on the inside face of the
bottom slab, transformed to the 2" serviceability flexural crack and

556 (125) All cracks widened.

601 (135) Ultimate failure.

Note The load of the appearance of the cracks at the joint could not be

recorded being not accessible.
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Table A6 Test: SP_122-122-122 Y _d (SP_4-4-4 Y _d)

Manufacturer: Hanson Pipe & Products

Load Event
kN (kip)
111 (25) The 1* superficial flexural crack detected on the spigot end on the inside
face of the top slab under the load.
111 (25) The 1* superficial flexural crack detected on the spigot end on the inside
face of the bottom slab under the load.
133 (30) The 1* superficial flexural crack on the spigot end on the inside face of
the top slab extended further.
133 (30) The 1* superficial flexural crack on the spigot end on the inside face of
the bottom slab extended further.
156 (35) The 1* superficial flexural crack on the spigot end on the inside face of
the top slab extended further.
156 (35) The 1* superficial flexural crack on the spigot end on the inside face of
the bottom slab extended further.
178 (40) The 1* superficial flexural crack on the spigot end on the inside face of
the top slab extended further.
178 (40) The 1* superficial flexural crack on the spigot end on the inside face of
the bottom slab extended further.
178 (40) The 2™ superficial flexural crack detected on the spigot end on the inside
face of the top slab under the load.
200 (45) The 2™ superficial flexural crack on the spigot end on the inside face of
the top slab extended further.
200 (45) The 1* superficial flexural crack on the spigot end on the inside face of
the bottom slab extended further.
245 (55) A crack on the outside face of the left wall detected at the spigot end.
289 (65) A crack on the outside face of the right wall detected at the spigot end.
289 (65) The 1* superficial flexural crack transformed to the 1% serviceability
flexural crack wider than 0.25 mm (0.01 in) on the bell end on the inside
356 (80) Arilother crack on the outside face of the right wall detected at the spigot
end.
400 (90) A layer peeled off right under the load plate.
534 (120) A shear crack detected on the haunch at the spigot end.
534 (120) The shear crack developed wider than 0.25 mm (0.01 in).
534 (120) All cracks widened.
578 (130) Ultimate failure.
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Table A7 Test: SP_122-122-244 Y _d (SP_4-4-8 Y _d)

Manufacturer: Rinker Materials

Load

KN (Kip) Event

142 (32) The first superficial crack initiated at the inside face of the top slab under
the load plate.

173 (39) The first non-measurable flexural crack detected on the spigot end and
extended towards the mid of the load plate.

178 (40) The second non-flexural crack detected on spigot end extended towards
the left edge of the load plate.

222 (50) The third flexural crack detected under spigot extended towards the
inside face of the top slab under the left edge of load plate.

245 (55) A flexure crack initiated on spigot end about the right edge of load plate
extended vertically toward the middle of the load plate at an angle.

245 (55) The crack initiated at 173 kN (39 kip) load extended towards the inside
face of the top slab towards the lift-hole.

245 (55) A negative moment flexural crack initiated at right wall about 1/3 rise
from top and extended towards the outside face of the top slab.

267 (60) The flexural crack on right wall initiated at the 245 kN (55 kip) load
further extended towards the outside face of the top slab.

267 (60) The flexural crack initiated on the spigot just to the left of the load plate
and extended at an angle towards the load plate.

267 (60) The first superficial crack seen at the inside face of bottom slab under the
load extended about half of the joint length from the edge.

289 (65) The flexural crack initiated on the spigot about the left of load plate and
extended at an angle towards load plate at 267 KN (60 kip) further
extended to the left edge of load plate.

289 (65) A negative superficial flexural crack detected on the left wall.

289 (65) The negative flexural crack initiated at 245 kN (55 kip) load on right wall
extended across the top slab towards the left wall.

311 (70) The flexural crack occurred at 267 kN (60 kip) load on spigot end on left
of load plate widened to a serviceability crack [0.25 mm (0.01 in) wide].

334 (75) The first shear crack initiated at the right edge of load plate extended
towards the right haunch.

356 (80) The shear crack initiated at 334 KN (75 kip) load became a serviceability
crack [0.25 mm (0.01 in) wide].

356 (80) All instrumentation removed.

578 (130) Failure load. The failure crack was inclined from the right edge of the

load plate to the right wall through the right haunch.
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Table A8 Test: BL_122-122-244 Y _d (BL_4-4-8 Y _d)

Manufacturer: Rinker Materials

Load
kN (kip) Event

116 (26) The first superficial flexural crack initiated at the bell end towards the
left edge of the load plate.

133 (30) The crack initiated at 116 kN (26 kip) extended towards the inside face
of the top slab.

146 (33) A superficial flexural crack detected at the bell end approximately
towards middle of the load plate.

177 (40) I]l“hle crack initiated at 133 kN (30 kip) extended towards the right lift

ole.

200 (45) A flexural crack initiated at the bell end at the right edge of load plate
and extended towards the inside face of the top slab. On the other
direction it extended at an angle towards the middle of the load plate.

200 (45) First negative flexural crack detected at right wall and extended towards
the outside face of top slab and towards load plate.

200 (45) A negative flexural crack detected on the bell end at the left haunch and
extended towards the outside face of the top slab.

222 (50) A negative moment flexural crack initiated at the right wall and extended
along the joint length about 2/3 rise from bottom.

222 (50) The crack initiated at 200 kN (45 kip) on the left haunch widened to be a
serviceability crack [0.25 mm (0.01 in) wide].

245 (55) A superficial flexural crack detected at the intersection of the left haunch
and the inside face of the bottom slab.

245 (55) The crack detected on the right wall approximately 1/3™ of the rise from
the top extended towards the lift hole on the outside face of top slab.

245 (55) The crack detected at 50 kip on the wall widened to become a
serviceability crack [0.575 mm (0.023 in) wide].

245 (55) The crack initiated at the bell end towards the right edge of load plate
extended at an angle towards the centre of the load plate.

245 (55) A crack initiated on the left wall about 1/3 rise from the top and extended
towards the outside face of top slab near the load plate.

245 (55) 'l}‘lhe craclk 1ti)nitiated at 222 kN (50 kip) on the right wall extended towards
the top slab.

245 (55) A superficial flexural crack initiated at the top edge near the left wall and
extended across the top slab towards the right wall.

267 (60) A serviceability crack [0.25 mm (0.01 in) wide] detected from the left

edge of load plate in an inclined fashion on bell end.
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Table A8 - continued

289 (65) | The inclined crack initiated at 222 kN (50 kip) from centre of load plate
towards left of the load plate widened to serviceability crack [0.6 mm
(0.024 in) wide].

289 (65) | The inclined crack at 200 kN (45 kip) towards the right haunch and
widened to become a serviceability crack [0.6 mm (0.024 in) wide].

289 (65) [ All instrumentation was removed.

320 (72) | Failure load. The failure crack extended from the left haunch to the tip

of the left edge of the load plate, and failed in shear and bond. Also, the
top reinforcement of the top slab from the left haunch to center of the
load plate failed in bond.
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Table A9 Test: SP_244-122-122 N_d (SP_8-4-4 N _d)

Manufacturer: Hanson Pipe & Products

Load Event

kN (kip)

187 (42) First non-measurable crack detected at the inside face of the top slab,
directly under the load place.

214 (48) The first crack extended to the bell end, this crack was still non-
measurable.

222 (50) Nlon—measurable crack propagated around the side wall near the load
plate.

222 (50) The crack detected at 187 kN (42 kip) extended to the spigot end.

222 (50) A crack detected in the inside face of the bottom slab.

231 (52) A crack detected at the top of the haunch at the far side of the load
and extended to the top of the slab and then, to the bell end.

267 (60) The crack, on the outside face of the wall close to the load plate,
extended to the bell end.

289 (65) A non-measurable crack detected on the outside face of the wall near
to the load plate extended to the far joint, the bottom of the haunch.

289 (65) A crack initiated and extended at the inside face of the bottom slab at
the intersection at the bottom tip of the haunch in all the joint length.

289 (65) A non-measurable crack detected at the inside face of the top slab and
extended to the spigot end, 15 cm (6 in) to the left of the edge of the
load plate.

311 (70) A crack detected at 214 kN (48 kip) extended to the bell end side at
the tip of the haunch (non-measurable).

334 (75) A non-measurable superficial shear crack detected at the center of the
load place and 45 degree at the spigot end.

334 (75) A crack, initially detected at the inside face of the top slab, widened
to 0.2 mm (0.008 in).

334 (75) A crack on the outside face of the top slab detected at 231 kN (52 kip)
widened to 0.25 mm (0.01 in).

356 (80) The shear crack detected at 334 kN (75 kip) extended to the tip of the
haunch and widened to 0.15 mm (0.006 in).

400 (90) The shear crack widened to serviceability crack.

445 (100) The shear crack widened to 0.63 mm (0.25 in).

543 (122) Ultimate failure.
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Table A10 Test: SP_244-122-122 Y _d (SP_8-4-4 Y _d)

Manufacturer: Hanson Pipe & Products
Load Event

kN (kip)

160 (36) The first non-measurable flexural crack detected at the center of the load
plate on the spigot end.

169 (38) Th((la first crack detected at 160 kN (36 kip) extended further to the spigot
end.

169 (38) The first crack detected at 160 kN (36 kip) extended further to the inside
face of the top slab towards the lift hole.

222 (50) The first crack detected at 160 kN (36 kip) widened but was still less
than 0.25 mm (0.01 in).

245 (55) The second flexural crack started from the inside face of the top slab on
the left of the load plate and extended to the half joint length.

245 (55) The third flexural crack started from the inside face of the top slab on
the left of the load plate and extended to the half joint length.

245 (55) The first negative flexural crack in the left side of the top slab (near the
wall) detected on the spigot end and extended to the outside face of the
top slab.

The fourth flexural crack detected on the inside face of the top slab at

289 (65)
the center of the load plate.

289 (65) The negative moment crack detected at 245 kN (55 kip) extended to the
spigot end.

289 (65) The first flexural crack extended to the full joint length at the inside face
of the top slab.

289 (65) Two flexural cracks detected at the bell end opposite to the load plate in
the top slab.

289 (65) A crack detected at the joint of the bottom slab and the left haunch.

311 (70) The first serviceability flexural crack detected at the negative moment
near the left wall on the top slab.

311 (70) The crack at the left haunch or the bottom slab, detected at 289 kN (65
kip), extended further.

334 (75) The crack at the left haunch or the bottom slab, detected at 289 kN (65
kip), extended to the full joint length.

334 (75) A ﬂex'ural crack detected on the left wall in the half joint length from
the spigot end.

356 (80) :H;e third flexural crack at the spigot end developed to 0.25 mm (0.01
in).

356 (80) The flexural crack in the left wall, detected at 334 kN (75 kip), extended
to the full joint length on the bell end.
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Table A10 - continued

A flexural crack detected at the mid span on the spigot end.

356 (80)

378 (85) The first shear crack, initiated at the spigot end at the mid of the load
plate, extended towards the tip of the haunch (not 0.25 mm (0.01 in)
long).

378 (85) A negative moment crack detected on the top slab on the right side of
the load plate.

423(95) The second shear crack detected at the right of the first shear crack.

445 (100) The first shear crack became the serviceability shear crack.

445 (100) The laser was removed from the inside of the box.

480 (108) Ultimate failure (it is holding 267 kN (60 kip) load after failure).
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Table A11 Test: BL_244-122-122 N_d (BL_8-4-4 N _d)

Manufacturer: Hanson Pipe & Products

Load Event

kN (kip)

125 (28) The first non-measurable flexural crack detected at the center of the load
plate on the bell.

151 (34) The first crack detected at 125 kN (28 kip) extended further to the inside
face of the top slab.

178 (40) The first crack detected at 125 kN (28 kip) extended further to the inside
face of the top slab, but still remained less than 0.254 mm (0.01 in).

187 (42) The first crack detected at 125 kN (28 kip) extended further to the inside
face of the top slab, measured 0.05 mm (0.002 in).

196 (44) The second flexural crack detected at the bell end at the edge of the load
plate and extended to the center of the inside face of the top slab.

196 (44) The first crack detected at 125 kN (28 kip) extended further to the inside
face of the top slab, measured 0.76 mm (0.003 in).

196 (44) Tlhle) first flexural crack detected in the wall 46 cm (18 in) below the top
slab.

205 (46) The first negative flexural crack detected on the right side of the (near)
wall, in the top slab.

222 (50) The first crack detected at 125 kN (28 kip) extended further to the inside
face of the top slab, measured 0.15 mm (0.006 in).

222 (50) A negative flexural crack detected at the far end of the top slab and
continued to the outside face of the top slab.

240 (54) The first crack detected at 125 kN (28 kip) extended further to the inside
face of the top slab, measured 0.22 mm (0.009 in).

249 (56) The negative flexural crack detected at 222 kN (50 kip) at the far end of
the top slab extended to the outside face of the top slab and in the full
joint length.

249 (56) A perpendicular crack joins two cracks on the inside face of the top slab.

276 (62) The third flexural crack detected under the load plate on the inside face
of the top slab.

285 (64) A flexural crack detected on the inside face of the top slab at far end,
extended to center of the top slab.

311 (70) A flexural crack detected at the mid span at the inside face of the top slab
extended to the bell end.

311 (70) A crack detected at the tip of the haunch at the inside face of the top slab.

311 (70) A flexural crack detected in the wall at the far end in the full joint length.

154




Table A11 — continued

The first non measurable shear crack detected at the bell end at 15.2 cm

334 (75
(73) (6 in) from the tip of the haunch and extended to the mid of the load
plate.
334 (75) A crack extended from the hole 1 to the hole 2 in the top slab.
400 (90) Ultimate failure in shear.
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Table A12 Test: BL_244-122-122 Y _d (BL_8-4-4 Y_d)

Manufacturer: Hanson Pipe & Products

Load Event

kN (kip)

116 (26 ) Non-measurable-flexural crack at the inside face of the top slab under
the load plate.

133 (30) The first crack 116 kN (26 kip ) extended to the bell-end

160 (36) The ﬁ'rst crack 116 kN (26 kip) extended; still, it is less than 0.25 mm
(0.01 in).

187 (42) The second non-measurable-flexural crack at the inside face of the top
slab on the right of the first crack and expanded toward the bell-end
under the load plate.

214 (48) The third non-measurable crack on the outside face of the right wall

214 (48) The fourth crack on the outside face of the top slab near the load plate

222 (50) The third 214 kN (48 kip) crack extended toward the bell end

245 (55) The fifth non-measurable-flexural crack on the left of the first crack at
the inside face of the top slab (near load plate) extended towards bell
end

245 (55) The first 116 kN (26 kip) and second 187 kN (42 kip) cracks
expanded; still, they are less than 0.01”

245 (55) The sixth non-measurable crack on outside of top slab

267 (60) The seventh at inside of bottom slab at edge of slab and haunch

267 (60) The sixth crack 245 kN (55 kip) extended full length of the outside
face of the top slab (left)

267 (60) The eighth crack on outside face of the top slab close to the load plate
and extended down to the inside face of top slab at edge of haunch

267 (60) The third crack (48 kip) on the outside face of the right side wall
extended on full length of the wall

289 (65) The ninth crack on outside face of left wall extended on full length of
the wall, towards spigot end and bell end

289 (65) The tenth crack at inside of top slab extends to the bell end (non-
measurable-flexural)

311 (70) The sixth crack 245 kN (55 kip) on the outside face of the top slab
(left edge) widened to 0.01”

311 (70) The first shear crack at tip of the haunch (45 degrees) at bell end
under load plate

311 (70) The fourth crack 214 kN (48 kip) on the outside face of top slab

extended on the middle of the top slab through the left lift hole toward
the second lift hole.
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Table A12 - continued

334 (75) The first shear crack 311 kN (70 kip) widens from 0.25 mm (0.01 in)
to 0.635 mm (0.25 in).

334 (75) The eighth 267 kN (60 kip) crack widened to 0.25 mm (0.01 in).

334 (75) | The eleventh crack on the outside face of right wall

351 (79) | Laser removed

391 (88) | Ultimate Failure
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Table A13 Test: SP_244-122-122_Y_1.5d (SP_8-4-4_Y_1.5d)

Manufacturer: Hanson Pipe & Products

Load Event

kN (kip)

133 (30) The first non—measurable flexural crack detected at the center of the load
plate on the spigot end.

160 (36) The first crack detected at133 kN (30 kip) extended further to the inside
face of the top slab.

178 (40) The first crack detected at 133 kN (30 kip) extended further on the inside
face of the top slab, but was still less than 0.25 mm (0.01 in).

200 (45) The first negative flexural crack on the outside face of the right side
(near) the wall, near the load, at 406 mm (16 in) down of the top slab.

200 (45) The first crack detected at 133 kN (30 kip) extended further on the inside
face of the top slab, but was still less than 0.25 mm (0.01 in).

222 (50) The second flexural crack detected at the right edge of the load plate on
the spigot.

222 (50) The first flexural crack detected at 133 kN (30 kip) extended further on
the inside face of the top slab, and joined “lift hole”.

222 (50) The first side wall crack detected at 200 kN (45 kip) extended further
towards the spigot end.

245 (55) A crack detected on the inside face of the bottom slab along the tip of the
haunch on the left side (far side).

245 (55) A negative flexural crack detected on the spigot end on the left of the
load (far side) and extended to the outside face of the top slab.

245 (55) Tlhe third flexural crack detected on the spigot end on the left of the load
plate.

267 (60) The fourth flexural crack detected on the top the spigot end.

267 (60) The second crack detected at 222 kN (50 kip) extended further on the
inside face of the top slab, up to the center of the load plate.

267 (60) The crack in the bottom slab at tip of haunch detected at 245 kN (55 kip)
extended to the full joint length.

267 (60) }"ll“he si}clle wall crack detected at 200 kN (45 kip) extended towards the

aunch.

311 (70) The second flexural crack detected at 222 kN (50 kip) widened to 0.25
mm (0.01 in) as the first serviceability crack in flexure.

334 (75) The flexural crack in the right wall developed in the full joint length.

334 (75) The negative flexural crack of 200 kN (45 kip) extended toward the load

plate.
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Table A13 — continued
334 (75) The crack detected at 222 kN (50 kip) extended toward the center of the
load plate.
334 (75) The negative flexural crack detected at 245 kN (55 kip) extended in the
full joint length.
The second flexural crack detected at 222 kN (50 kip) extended to the
outside face of the top slab.
356 (80) The first serviceability shear crack developed on the spigot end at
the tip of haunch to the right of the load plate.
356 (80) The bottom laser was removed.
480 (108) Ultimate failure in shear flexure and bond.
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Table A14 Test: SP_244-122-122_ Y _2d (SP_8-4-4 Y _2d)

Manufacturer: Hanson Pipe & Products

Load Event

kN (kip)

107 (24) The first non-measurable flexural crack detected at the left of the load plate
on the spigot end.

133 (30) An undetectable crack detected at the right wall.

142 (32) The second flexural crack surface at the right edge of the load plate on the
spigot end.

178 (40) The second crack, on the inside face of the top slab under the load,
extended to the bell end and the spigot end.

178 (40) The second flexural crack detected at 142 kN (32 kip) was now visible but
not measurable.

187 (42) The first negative flexural crack, in the left side of the top slab (near) the
wall, detected on the spigot end and extended to the center of the outside
face of the top slab.

187 (42) The first flexural crack detected on the right wall.

The first negative crack detected on the top slab at 187 kN (42 kip)

196 (44) .
extended to the spigot end.

205 (46) The second flexural crack detected on the right wall above the crack
detected at 187 kN (42 kip).

205 (46) The first negative moment crack detected on the top slab at 187 kN (42
kip) extended to the full joint length on the bell end.

222 (50) The negative moment crack detected at 187 kN (42 kip) widened but was
still less than 0.25 mm (0.01 in).

222 (50) A non-measurable crack detected at the intersection of the left haunch and
the inside face the bottom slab.

222 (50) The first left wall flexural crack detected near the spigot end.

The first non measurable inclined crack detected at the right edge of the

222 (50) )
load plate forming an angle of 60 degree.

The inclined crack detected at 222 kN (50 kip) extended to the bottom of

245 (55)
the center of the load plate.

267 (60) | The left negative moment crack in the top slab detected at 187 kN (42

kip) widened to 0.25 mm (0.01 in).
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Table A14 - continued

289 (65) | The first flexural crack in the top slab, detected at 107 kN (24 kip),
widened to 0.25 mm (0.01 in).

289 (65) | The right wall cracks, detected at 187 kN (42 kip) and 205 kN (46 kip),
extended to the full joint length.

311 (70) | The inclined crack at the spigot end, detected at 222 kN (50 kip), widened
to 0.25 mm (0.01 in).

311 (70) The crack detected at 222 kN (50 kip) at the joint of the left haunch at the
bottom slab widened to 0.25 mm (0.01 in).

334 (75) A non measurable inclined crack detected on the spigot end.

356 (80) The first 45 degree inclined shear crack detected at the right of the load
plate.

356 (80) The laser was removed from the inside.

356 (80) A negative moment crack detected on the right of the load plate in the top
slab and extended towards the load plate.

400 (90) The second 45 degree crack detected at the spigot end and extended
towards the load plate on the outside face of the top slab.

445 (100) Ultimate failure in bond and shear.
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Table A15 Test: SP_244-122-244 Y _d (SP_8-4-8 Y _d)

Manufacturer: Rinker Materials

Load Event

kN (kip)

89 (20) First superficial flexural crack detected on the spigot end towards the left
edge of the load plate.

98 (22) First superficial flexural crack detected on the spigot end at the left edge
of the load plate extended further towards the load plate.

178 (40) Second superficial flexural crack detected on the spigot end at the center
of load plate extended towards the inside face of top slab.

200 (45) The crack detected at 178 kN (40 kip) on the spigot end below the center
of load plate further extended towards the middle of load plate.

A superficial flexural crack detected on the right wall about 1/3 rise

200 (45) ) .
from top extending along the joint length.

222 (50) The cragk .detected at 200 kN (45 kip) on the right wall extended further
towards joint length.

267 (60) The first negative moment flexural crack detected on the tip of right
haunch extended towards the outside face of top slab.

267 (60) A superficial flexural crack detected‘on'the spigot end at the right edge of
load plate and extended towards the inside face of the top slab.

267 (60) Th§ crack detected at 178 kN (40 kip)'on the spigot end extended to the
inside face of the top slab towards the lift hole.

267 (60) Th§ crack found at 267 kN (60 kip) on the spigot end extended to the
inside face of the top slab towards the lift hole.

311 (70) A superficial flexural crack detected on the right wall at mid height

334 (75) A superficial flexural crack'de.tected on spigot end at the left edge of load
plate extended towards the inside face of top slab.

334 (75) A superﬁcial flexural crack detected at‘ spigf)t end extending towards the
inside face of the top slab along the entire joint length.

334 (75) The crack formed at 311 kN (70 kip) on spigot end at left edge of load
plate extended further towards the inside face of top slab and ended into
the lift hole.

356 (80) First negative moment flexural crack detected on the left haunch at spigot
end in the top slab.

356 (80) A superficial flexural crack detected at the right edge of load plate and
extended towards tip of right haunch.

356 (80) A superficial flexural crack detected 10 cm (4 in) left of the left edge of

load plate on spigot end and extended towards inside face of top slab.
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Table A15 - continued

A superficial flexural crack detected on the right wall at 1/3™ rise from

378 (85)
top.

378 (85) A superficial negative flexural crack detected at mid of right haunch and
extended towards outside face of top slab.

378 (85) A superficial negative flexural crack appeared 1/3" span from left wall of
inside face of bottom slab extending along joint length.

378 (85) The crack detected on the left wall at 1/3™ rise from top extended along
joint length.

400 (90) The crack formed at 356 kN (80 kip) near the left edge of the load plate,
extended towards the right edge of load plate.

400 (90) The crack formed at 378 kN (85 kip) on the left wall at 1/3 rise from top
extended towards the outside face of top slab and curved around the load
plate.

400 (90) The crack formed at 200 kN (45 kip) widened to become a serviceability
crack [0.25 mm (0.01 in) wide].

423 (95) The crack detected at 400 kN (90 kip) on the right edge of‘ load plate
widened to become a serviceability crack [0.25mm (0.01 in) wide].

423 (95) The first shear crack detected on the spigot epd starting from right edge
of load plate and extended towards the tip of right haunch.

445 (100) Instrumentation removed.

618 (139) Failure load. The failure cracks were at the joint of the right haunch and

right wall in shear, and under the load plate in top slab in flexure.
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Table A16: Test: SP_244-122-244 N_d (SP_8-4-8 N_d)

Manufacturer: Rinker Materials

Load

kN (kip) Event

116 (26) First superficial flexural crack detected on spigot end at the middle of the
load plate

142 (32) A superficial flexural crack initiated‘on' the spigot end at the left edge of
load plate and extended towards the inside face of the top slab and ended

151 (34) Flexural cracks initiated at ‘th middle on the inside face of the bottom
slab and branched along the joint length.

151 (34) A flexural crack detec‘Fed on the left‘ half of the inside ‘face of l?ottom slab
and extended in an inclined fashion towards the intersection of left
A flexural crack detected on the right half of the inside face of bottom

160 (36) slab.

160 (36) A superﬁchzie.ll‘ﬂexural crack detect§d on the spigot end on the left side of
the crack initiated at 142 kN (32 kip).

169 (38) Cr?ck detected at 116 kN (26 kip) at the middle of load plate on the
spigot end extended towards the load plate.

169 (38) Crack initiated at 151 kN (34 kip) and 16Q kN (36 kip) on the inside face
of bottom slab extended further along the joint length.
A superficial flexural crack detected on spigot end on right edge of load

178 (40) plate.

178 (40) The crgck detected on middle Qf ins?de face of bottom slab at 1‘51 kN (34
kip) widened to become a serviceability crack [0.25 mm (0.01 in) wide].

222 (50) Thp crack detected at 116 kN (26 kip) at thg middle of load plate on the
spigot end branched and extended to the inside face of top slab.

245 (55) A superficial negative flexural crack initiated on spigot end at the tip of
left haunch.

245 (55) The crack detected at 178 kN (40 kip) extended further towards the
middle of the load plate.

245 (55) First igv@sible negative moment flexural crack detected on the right wall
at 1/3" rise from the top.

245 (55) A superficial flexural crack detected 1§ cm (6 in) left from the left edge
of load plate and extended towards the inside face of top slab.

289 (65) A .ﬂexural cr'ack detected on the lower spigot face and extended to the
spigot top going towards the middle of load plate.

289 (65) | Aninvisible flexural crack detected on left wall at 1/3" rise from the top.

311 (70) A negative moment flexural crack detected on upper spigot face at the

location of the right haunch.
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Table A16 - continued

The crack detected at 289 kN (65 kip) on the lower spigot face extended

311(70) all the way towards the middle of load plate.

311 (70) The crack formed at 245 kN (55 kip) on the right wall at 1/3™ rise from
the top extended towards mid height of right wall.

334 (75) A superficial flexural crack detected on lower spigot face at the left edge
of load plate.

334 (75) The crack formed at 290 kN (65 kip) on lower spigot face widened to
become a serviceability crack [0.25 mm (0.01 in) wide].

334 (75) The crack formed at 290 kN (55 kip) on tip of left haunch on upper
spigot face extended to the outside face of top slab.
The second negative moment flexural crack detected on the right wall

356 (80) | above the crack formed at 245 kN (55 kip) and extended towards the
outside face of top slab.

356 (30) The crack formed at 245 kN (55 kip) on the tip of left haunch widened to
become a 0.25 mm (0.01 in) thick crack.

400 (90) First shear crack detected at 15 cm (6 in) left from the left edge of load
plate in an inclined fashion towards the load plate.

423 (95) Crack detected on the lower spigot face and extended towards inside face
of top slab.

423 (95) The crack formed at 289 kN (65 kip) on the lower spigot face widened to
become a serviceability crack [0.25 mm (0.01 in) wide].

423 (95) The negative moment flexural crack formed on the right wall at 356 kN
(80 kip) extended towards the right haunch.

445 (100) | Instrumentation removed.
Failure load. Failure crack was at the joint of right haunch and right wall

592 (133) | including right wall. The flexural failure crack formed under the load

plate.
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Table A17: Test: BL_244-122-244-Y_d (BL_8-4-8 Y_d)

Manufacturer: Rinker Materials

Load

kN (kip) Event

89 (20) A superficial flexural cracks detected on the inside face of bottom slab
near the right haunch and extended along joint length.

107 (24) Crack formed at 89 kN (20 kip) on the inside face of bottom slab
extended further towards the bell end.

151 (34) A superficial flexural crack detected on the bottom face of bell end at
right edge of load plate.

151 (34) A superficial flexural crack detected on the bottom face of bell end and
extended towards the top face of bell end at middle of the load plate.

169 (38) The crack detected at 151 kN (34 kip) on the bottom face of bell end
extended to the inside face of top slab.
The crack formed at 89 kN (20 kip) on the inside face of bottom slab

200 (45) | branched along the joint length and widened to become a serviceability
crack [0.25 mm (0.01 in) wide].

200 (45) The crack formed at 151 kN (34 kip) on the left edge of load plate
extended towards the inside face of top slab.
The first negative moment flexural crack detected at the middle of right

222 (50) | haunch on the load plate and curved around the load plate towards the
outside face of top slab.
The crack formed at 151 KN (55 kip) on the bell end extended towards

245 (55) | the centre of the load plate and further towards the right haunch on the
inside face of top slab.
A superficial flexural crack detected on the right wall about 1/3™ rise

245 (55) | from the top and extended towards the outside face of top slab curving
around the load plate.

267 (60) The crack formed at center of load plate at 151 kN (34 kip) widened to
become a serviceability crack [0.25 mm (0.01 in) wide].

267 (60) A flexural crack detected on the right wall at 1/3™ rise from bottom.

267 (60) A flexural crack initiated on the top face of bell end and extended
towards the outside face of top slab and curving around the load plate.

298 (67) A flexural crack detected with a cracking sound at the tip of right haunch
on the top face of bell end.

298 (67) The first shear crack formed at the tip of right haunch and extending
towards the right edge of load plate

298 (67) The crack formed at 151 kN (34 kip) at the center of load plate became a

serviceability flexural crack.
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Table A17 - continued

298 (67) | Instrumentation removed

334 (75) | Serviceability shear.

Failure Load. The failure took place on the left side of the load plate as a

378 (85) shear crack and extended towards mid span as bond failure.
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Table A18 Test: BL_244-122-244 N_d (BL_8-4-8 N _d)

Manufacturer: Rinker Materials

Load

kN (kip) Event

116 (26) First superficial flexural crack detected on the bell end at the middle of the
load plate.

116 (26) A superficial ﬂexural crack detected on'the inside face of the bottom slab
under the loading and branched along the joint length.

133 (30) The cracl'< detected on the inside face qf bottom slab under the loading at 116
kN (26 kip) extended further along the joint length.

142 (32) The' crgck formed at 116 kN (26 kip) on the bell end extended further towards
the inside face of top slab.

151 (34) A superficial flexural crack fietected a't 1§ cm (6 in) toward the left to the
crack formed at 116 kN (26 kip) on the inside face of the bottom slab.

160 (36) A superficial flexural crack detected on the '10\‘7ver face of bell end at the left
edge of load plate and extended towards the inside face of top slab.

200 (45) A flexural crack detected on the top face of bell end at the tip of right haunch
and extended towards outside face of top slab.

200 (45) The crack detected at 160 kN (36 kip) on the bottom face of bell end extended
towards left edge of load plate.

222 (50) An invisible ﬂexural' cr'ack detected on the bottom face of bell end and
extended towards the inside face of bottom slab.

245 (55) A diagonal f:raf:k initiated at the center of box under the load and extended
towards the inside face of bottom slab.
A superficial flexural crack detected on the right haunch and extended

267 (60) | {owards the outside face of top slab and curved around the load plate.
The first serviceability flexural crack found on the middle of the load plate on

289 (65) | the upper face of bell end.
A superficial flexural crack detected on the right wall extending towards the

289 (65) | qutside face of top slab at about 1/3" rise from the top.
The first shear crack detected on bell end joining the right edge of load plate

311.(70) | and the tip of right haunch.
The crack detected at 116 kN (26 kip) at the middle of load plate on the bell

311.(70) | end widened to become a serviceability crack [0.25 mm (0.01 in) wide].
Second shear crack detected on the upper face of bell end and at the tip of left

311.(70) | haunch.

311 (70) | On the outer face of the top slab, flexural cracks curved around the load plate.
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Table A18 - continued

334 (75) | All cracks on the bell end widened.

First shear crack detected at 311 kN (70 kip) widened to become a

334(75) serviceability crack [0.25 mm (0.01 in) wide].

334 (75) A superficial negative moment flexural crack detected on the top face of bell
end on the left haunch.

356 (80) | All instrumentation removed.

Shear failure of the specimen joining the right edge of the load plate and the
387 (87) | tip of the right haunch. Another pair of diagonal shear cracks detected at mid
span on the bell end.
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Table A19 Test: SP_366-122-122_Y_d (SP_12-4-4 Y _d)

Manufacturer: Hanson Pipe & Products

Load

kN (kip) Event

178 (40) The first flexural crack detected on the insi.de face of the top slab under
the load plate and extended towards the spigot end.
The flexural crack detected on the left wall at 2/3" rise and extended

178 (40) | towards the spigot end.

222 (50) Second superficial ﬂexu'ral crack detected on the left wall at 1/3" rise and
extended towards the spigot end.

245 (55) A spperﬁcial flexural crack seen directly under the load plate on the
inside face of the top slab.

245 (55) A superficial flexural crack detected on the inside face of the top slab
near the left edge of the load plate.

289 (65) The first ﬂexur'al crack seen on the right wall at 2/3" rise and extended
towards the spigot end.
The flexural crack initiated at 245 kN (55 kip) directly on the inside face

289 (65) | of top slab under the load plate extended further and merged into the lift
hole.

334 (75) A ﬂex‘ural crack initiated at an angle under the left side of load plate on
the spigot end.

334 (75) The flexural crack initiated at 245 kN (55 kip) under the left side of load
plate extended further towards the spigot end.
The flexural crack detected on the left edge of the load plate and extended

334(75) | towards the spigot end and than on the inside face of the top slab.

356 (80) The crack detected at 334 kN (75 kip) on the left edge of the load plate
extended further towards the right edge of the load plate.

400 (90) A flexural crack initiated at the Bell end and extended towards the lift
hole on the outside face of the top slab.

423 (95) | First distinct crack seen on the inside face of bottom slab at left haunch.

445 (100) First servigeability ﬂexpral crack measuring 0.25 mm (0.01 in) detected
on the outside face of right wall.

445 (100) First' negative moment crack detected on the top left haunch wall on the
outside face of the top slab.

534 (120) All Instrumentation removed.
Several non-serviceability shear cracks on right edge of load on the spigot

623 (140) | end detected.
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Table A20 Test: SP_366-122-122_N_d (SP_12-4-4 N_d)

Manufacturer: Hanson Pipe & Products

Load
KN (kip) Event
0 (0) Pre existing crack on the inside face of bottom slab along the joint length.
0(0) Pre-existing crack on the right wall along joint length at distance 1/3™
rise on the outside face of right wall.
0 (0) Pre-existing crack at the bell end about 2/3™ of span from loaded edge.
The first flexural crack detected on the inside face of the top slab at 2/3™
H1@25) | of span from right wall on the spigot end.
The first superficial flexural crack detected on the spigot end at the
178 (40) | middle of the load plate.
The flexural crack at spigot end that detected at 178kN (40kip) extended
200 (45) | to the inside face of top slab and upwards towards the load plate.
The flexural crack that detected at 111kN (25 kip), extended towards the
200 (45) spigot end.
The pre-existing crack on the outside face of the right wall detected
222.(50) | extended towards the bell end.
A superficial crack initiated on the inside face of bottom slab along the
267 (60) | haunch along the joint length.
The first negative flexural crack initiated on the spigot end on left haunch
267 (60) | and extended on outside face of the top slab.
Second non-measurable flexural crack initiated on spigot end just at the
289 (65) | left of the load plate.
The negative flexural crack initiated at 267kN (60 kip) on the left spigot
311.(70) | end extended to the outside face of top slab and extended at bell end.
311 (70) | Five superficial flexural cracks detected on right wall.
There were no serviceability cracks [0.25mm (0.01 in) wide cracks up to
334.(75) | 334 kN (75 kip)].
378 (85) | An inclined superficial crack detected on spigot end under the load plate.
A Negative flexural crack on right haunch detected and moved to the
378 (85) | outside face of the top slab.
The flexural crack seen at 178 kN (40 kip) on right wall widened to a
400 (90)

serviceability crack [0.25 mm (0.01 in) wide].
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Table A20 - continued

445 (100)

The first shear flexural crack initiated on the spigot on the right side of
the load plate and extended towards center of load plate.

467 (105)

The flexural crack seen at 289 kN (65 kip) extended towards the inside
face of the top slab.

467 (105)

A flexural crack detected on the spigot end.

467 (105)

All instrumentation removed.

645 (145)

A shear crack detected at the tip of the haunch toward the center of the
load plate.
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Table A21 Test: BL_366-122-122 Y d (BL_12-4-4 Y _d)

Manufacturer: Hanson Pipe & Products

Load
kN (kip) Event
The first non-measurable superficial flexural crack initiated at the bell
107 (24) | end at the middle of load plate. There was a pre-existing damage at the
end of crack.
125 (28) Tlhe crack formed at 107 kN (24 kip) extended towards the center of load
plate.
133 (30) The crack formed at 107 kN and 125 kN (24 kip and 28 kip) extended
towards the inside face of the top slab.
142 (32) The crack formed at 107 kN (24 kip) became visible.
169 (38) The first Xisible negative moment crack was initiated on the right wall
about 1/3" rise from the top slab.
The first invisible crack occurred at the spigot end to the left of load
169 (38) plate.
The second flexural crack occurred on the bell end to the left of load
222 (50) plate.
The crack formed at 107 kN (24 kip) extended to the inside face of the
222(30) top slab.
The second negative moment flexural crack occurred on the right wall
222 (50) | above the negative moment crack occurred at 169 kN (38 kip). This crack
extended to the right wall toward the bell end.
222 (50) The crack detected on 222 kN (50 kip) on the right wall extended on the
spigot end.
222 (50) The flexural crack formed at 169 kN (38 kip) on the spigot end extended
towards the inside face of the top slab.
245 (55) The first negative moment crack appeared on the left wall about 1/3™ rise
from the top.
245 (55) The first flexural crack formed on the bell end of the left haunch. This
crack was extended toward the outside face of the top slab.
245 (55) The flexural crack that detected at 222 kN (50 kip) extended towards the
inside face of the bell end.
245 (55) The flexural crack that detected at 107 kN (24 kip) extended to the inside
face on the top slab and extended to the left wall.
245 (55) The third negative moment flexural crack occurred at the mid height on

the right wall extending the entire joint length.
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Table A21 - continued

A flexural crack formed at the bell end at the middle of the haunch region

267 (60) and extended to the outside face of the top slab along the joint length.

267 (60) The fourth negative moment flexural crack was formed on the right wall.

267 (60) A rilion-measurable crack occurred at the inside face of bottom slab on left

267 (60) Another flexural crack detected on the bell end about 1 feet to the left of
load plate.

267 (60) The first negative moment crack on the right wall extended toward the
joint length to the spigot end.

267 (60) The crack that detected at 222 kN (50 kip) extended across the left wall.

289 (65) A sgpgrﬁcial flexural crack initiated on spigot end and extended towards
the inside face of the top slab.

289 (65) Crack formed at 267 kN (60 kip) extended across the joint of inside face
of bottom slab and the left haunch.

311 (70) The flexural crack that detected at 267 kN (60 kip) extended vertically
towards haunch.

311 (70) The initial ﬂe‘xural' (?rack that detected at IQ7 kN (24 kip) widened to
become a serviceability crack [0.25mm (0.01 in) wide].

311 (70) The first visible shear crack occurred at tip of haunch moving towards the
center of load plate.

356 (80) Most of the ﬂex.ural (;racks widened to become serviceability cracks
[0.25mm (0.01 in) wide].

378 (85) | First negative moment flexural crack formed at bell end at tip of haunch.
The crack formed at 267 kN (60 kip) extended at outside face of top slab

378 (85) | and widened to become a serviceability crack [0.25mm (0.01 in) wide]
and moved around the load plate.

378 (85) The crack forrped a‘F 245 kN (55 kip) on tip of left haunch widened to
become a serviceability crack [0.05mm (0.02 in) wide].
The crack formed at the front of the inside face of bottom slab and

378 (85) | haunch widened to become a serviceability crack [0.25mm (0.01in)

wide].
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Table A21 - continued

A flexural crack occurred parallel to the crack seen at 267 kN (60 kip) at

400 (50) the intersection of inside face of bottom slab and the left haunch.

400 (90) | All instrumentation removed.

467 (105) | Shear crack formed below the load plate.

498 (112) | Failure load
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Table A22 Test: BL_366-122-122 N_d (BL_12-4-4 N_d)

Manufacturer: Hanson Pipe & Products

Load

kN (kip) Event

08 (22) The first superficial flexural crack detected on bell end at middle of load
plate and extended towards inside face of top slab.

133 (30) The crack which detected at 98 kN (22 kip) extended towards the middle
of the load plate on the bell end.

151 (34) An invisible flexural crack occurred on the bell end at 15 cm (6 in) to the
left of load plate and extended towards the inside face of the top slab.
The crack formed at 98 kN (22 kip) extended towards inside face of the

169 (38) top slab.

178 (40) | The crack formed at 98kN (22 kip) became visible.

178 (40) The crack formed at 169 kN (34 kip) extended towards the inside face of
the top slab.

178 (40) | A flexural crack detected on the top edge of right wall.

178 (40) An invisible flexural crack detected at midspan of the inside face of
bottom slab.
The second flexural crack formed on bell end at right side of the load

200 (45) plate.

200 (45) | An invisible flexural crack detected at the top edge of left wall.

200 (45) The first invisible negative moment flexural crack detected on right wall
at 1/3" of the height from the top.
A flexural invisible crack detected on inside face of bottom slab at mid-

222 (50) span.

222 (50) The first negative moment flexural crack occurred on outside face of the
top slab on the bell end at right haunch

245 (55) The second negative moment flexural crack formed on right wall and
extended along the joint length.

245 (55) An invisible flexural crack detected at the intersection of the inside face
of bottom slab and the left haunch.
A negative moment flexural crack formed on bell end at tip of left haunch

245 (55) | and extended to the outside face of top slab across the joint length and
ended on spigot end.

245 (55) The crack formed on the right wall at 222 kN (50 kip) at mid-height

became a serviceability crack [0.25mm (0.01 in) wide].
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Table A22 — continued

245 (55) | A flexural crack detected on bell end on right edge of the load plate.

245 (55) The crack detected at 200 kN (45 kip) extended towards inside face of
top slab and ended in the lift hole.

267 (60) The first 98 kN (22 kip) flexural crack extended on bell end towards
middle of load plate.

267 (60) A negative moment flexural crack occurred on bell end at the edge of the
right haunch.

289 (65) A flexural crack detected on bell end at the left edge of load plate and
extended towards the inside face of top slab.

289 (65) The negative moment flexural crack detected at 222 kN (50 kip) extended
towards the right edge of right haunch.

289 (65) A flexural crack occurred on the left wall at 1/3™ rise from top across the
left wall.

311 (70) The flexural crack on the top of haunch widened to become a
serviceability crack [0.25mm (0.01 in) wide].

334 (75) The crack which detected at 245 kN (55 kip) widened to become a
serviceability crack [0.25mm (0.01 in) wide].

334 (75) The crack formed at 290 kN (65 kip) at left edge of load plate extended
towards inside face of top slab along the joint length.

334 (75) | The first shear crack formed at the tip of the right haunch.
The crack formed at 290 kN (65 kip) at joint of left haunch and inside of

334 (75) | bottom slab widened to become a serviceability crack [0.25mm (0.01 in)
wide] and it also extended towards the bell end and the spigot end.

334 (75) | Bond failure occurred both on the bell end and on the right wall.

400 (90) All negative moment flexural cracks widened to become more than
0.25mm (0.01 in) thick cracks

400 (90) | A flexural crack detected on bell end towards left to the mid span.

400 (90) | All instrumentation removed.

489
(110) Numerous shear cracks appeared
525 .
(118) Failure Load
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Table A23 Test: SP_91-61-145 Y 0 (SP_3-2-4.75_Y_0)

Manufacturer: Rinker Materials

Load

kN (kip) Event

151 (34) Ap invisible flexural crack formed on spigot end approximately at the
middle of the load plate.

169 (38) The second invisible flexural crack formed on the spigot end at the
middle of the load plate.
The crack formed at 151 kN (34 kip) extended towards inside face of the

178 (40) top slab.
The crack detected at 169 kN (38 kip) extended more towards the load

245 (55) plate.

267 (60) The second invisible flexural crack formed on spigot end at left edge of
the load plate.

267 (60) A superﬁcial flexural crack' detected on the %nside face of top slab starting
from spigot end and extending towards the lift hole.

289 (65) The third flexural crack formed on spigot end extending towards right
edge of the load plate.

311 (70) A negative moment ﬂe>‘(ura1 crack dete'ct'ed on right wall at mid-height
and extended towards mid length of the joint length.

311 (70) ljhe second negat‘ive. moment flexural crack detected at the intersection of
right haunch and inside face of the bottom slab.

334 (75) | A flexural crack detected on the left wall at mid height.

334 (75) The crack formed at 267 kN (60 kip) on left edge of load plate and
extended further towards load plate on spigot end.

334 (75) The neg'at'ive moment flexural crack formed on right wall extended
towards joint length.

356 (80) A flexural crack formed on spigot end which was inclined towards the
left edge of the load plate.

356 (80) The crack formed at 334 kN (75 kip) on left wall extended along entire
joint length.

356 (80) Superficial flexural crack detected at the joint of left haunch and inside
face of bottom slab.

378 (85) | There were no serviceability cracks [0.25mm (0.01 in) wide].

378 (85) | No crack found on outside face of top slab at this load.
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Table A23 - continued

Negative flexural crack on the right wall widened to become a

445 (100) serviceability crack [0.25mm (0.01 in) wide].

A superficial flexural crack detected on the middle of bell end and

445 (100) | extended towards the inside face of top slab.

A flexural crack formed at the tip of the haunch going up straight towards

467 (105) | the load plate.

A flexural crack formed on spigot end on tip of haunch and extended

489 (110) | owards the outside face of top slab.

489 (110) | All instrumentation removed.

663 (149) | Specimen didn’t fail at this load.
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Table A24 Table: SP_91-61-145_Y_0.83d (SP_3-2-4.75_Y_083d)

Manufacturer: Rinker Materials

Load
kN (Kip) Event
245 (55) | First superficial flexural crack detected on right wall at mid height.
A superficial flexural crack detected at the intersection of left haunch and
289 (65) | the inside face of the bottom slab.
A superficial flexural crack detected on the inside face of top slab starting
289 (65) | near the middle of the load plate and extending along the entire joint
length.
First Negative moment flexural crack detected at mid height on the left
334 (75) | wall.
Crack formed on the right wall at 245 kN (55 kip) extended along the
378 (85) joint length.
378 (85) | Instrumentation removed
658 (148) | Specimen didn’t fail at this load.
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APPENDIX B

EXPERIMENTAL PHOTOGRAPHS
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Figure B1 Experimental Photograph for SP_122-122-122 ' Y_0 (SP_4-4-4 Y _0)
(with bedding): (a) Spigot End; (b) Bell End; (c) Inside Face of Bottom Slab; (d)
Inside Face of Top Slab; (e) Outside Face of Right Wall; and (f) Outside Face of

Left Wall.
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@ (b)

(e) ®

Figure B2 Experimental Photograph for SP_122-122-122 Y _0 (SP_4-4-4 Y _0):
(a) Spigot end; (b) Spigot end in Close-up; (¢) Inside Face of Top Slab; (d)
Inside Face of Bottom Slab; (e) Outside Face of Right Wall; and (f) Outside
Face of Left Wall
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(c) (d)

) @)

Figure B3 Experimental Photograph for Test: SP_122-122-122_Y_0.23d
(SP_4-4-4 Y 0.23d) (a) Spigot End; (b) Inside Face of Bottom Slab; (¢) Spigot
End in Close up; (d) Spigot End; (e) Outside Face of Right Wall; and
(f) Inside Face of Bottom Slab
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Figure B4 Experimental Photograph for Test: BL._122-122-122 Y _0.23d
(BL_4-4-4 Y 0.23d) (a) Test Set-up; (b) Ultimate Failure; and (c) Inside Face of
Top Slab
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Figure BS Experimental Photograph for Test: BL_122-122-122_Y_0.23d

(BL_4-4-4 Y _0.23d) (Double Box) (a) Test Set up; (b) Failure (Double Box); (c)
Failure (Spigot Box); and (d) Failure Bell Box
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Figure B6 Experimental Photograph for Test: SP_122-122-122 Y _d (SP_4-4-
4 Y_d) (a) Spigot End ((b) Outside Faced of Top Slab; (c¢) Inside Face of Top Slab;
(d) Inside Face of Bottom Slab; (e) Outside face of Right Wall; and (f) Outside face
of Left Wall
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Figure B7 Experimental Photograph for Test: SP_122-122-244 Y _d
(SP-4-4-8 Y _d) (a) Spigot End; (b) Inside Face of Bottom Slab; (c) Inside Face of
Top Slab; (d) Outside Face of Top Slab (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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(e) M1

Figure B8 Experimental Photograph for Test: BL._122-122-244 Y _d.
(BL-4-4-8 Y _d) (a) Bell End; (b) Inside Face of Bottom Slab; (c) Inside Face of
Top Slab; (d) Outside Face of Top Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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(e) ®
Figure B9 Experimental Photograph for Test: SP_244-122-122 N d
(SP-8-4-4 N _d) (a) Outside Face of Top Slab; (b) Inside Face of Top Slab; (¢)
Inside Face of Bottom Slab; (d) Spigot End; (e) Outside Face of Left Wall; and
(f) Outside Face of Right Wall
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M1
Figure B10 Experimental Photograph for: Test: SP_244-122-122 Y d

(SP-8-4-4_Y _d) (a) Outside Face of Top Slab; (b) Inside Face of Top Slab; (c)
Inside Face of Bottom Slab; (d) Spigot End; (e) Outside Face of Left Wall; and
(f) Outside Face of Right Wall
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O] ®
Figure B11 Experimental Photograph for Test: BL._244-122-122 N d (BL-8-4-
4 N_d) (a) Outside Face of Top Slab; (b) Inside Face of Top Slab; (c¢) Inside Face
of Bottom Slab; (d) Bell End; (e) Outside Face of Left Wall; and (f) Outside Face
of Right Wall
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) ®
Figure B12 Experimental Photograph for Test: BL_244-122-122 Y d
(BL-8-4-4_Y _d) (a) Outside Face of Top Slab; (b) Inside Face of Top Slab; (¢)
Inside Face of Bottom Slab; (d) Bell End; (e) Outside Face of Left Wall; and
(f) Outside Face of Right Wall
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(a) (b)
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®
Figure B13 Experimental Photograph for Test: SP_244-122-122 Y _1.5d(SP-8-4-

4 Y _1.5d) (a) Outside Face of Top Slab; (b) Inside Face of Top Slab; (c¢) Inside
Face of Bottom Slab; (d) Spigot End; (e) Outside Face of Left Wall; and
(f) Outside Face of Right Wall
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M1
Figure B14 Experimental Photograph for Test: SP_244-122-122 Y _2d (SP-8-4-
4 Y _2d) (a) Outside Face of Top Slab; (b) Inside Face of Top Slab; (c) Inside Face
of Bottom Slab; (d) Spigot End; (e) Outside Face of Left Wall; and (f) Outside
Face of Right Wall
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Figure B15 Experimental Photograph for Test: SP_244-122-244 Y d
(SP_8-4-8 Y d) (a) Spigot End; (b) Inside Face of Bottom Slab; (c) Inside Face of
Top Slab; (d) Outside Face of Top Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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(e) AR oy i e (t)

Figure B16 Experimental Photograph for Test: SP_244-122-244 N d
(SP_8-4-8 N _d) (a) Spigot End; (b) Inside Face of Bottom Slab; (¢) Inside Face of
Top Slab; (d) Outside Face of Top Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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(a) ®)

(e)

Figure B17 Experimental Photograph for Test: BL._244-122-244 N d
(BL_8-4-8 N_d) (a) Bell End; (b) Inside Face of Top Slab; (c) Outside Face of Top
Slab; (d) Inside Face of Bottom Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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(e) U

Figure B18 Experimental Photograph for Test: BL_244-122-244 Y d
(BL_8-4-8 Y_d) (a) Bell End; (b) Inside Face of Bottom Slab; (c¢) Inside Face of
Top Slab; (d) Outside Face of Top Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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Figure B19 Experimental Photograph for Test: SP_366-122-122 Y d

(SP_12-4-4 Y _d) (a) Spigot End; (b) Inside Face of Bottom Slab; (c¢) Inside Face of
Top Slab; (d) Outside Face of Top Slab ; (e¢) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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(e) ®
Figure B20 Experimental Photograph for Test: SP_366-122-122 N_d (SP_12-4-
4 N_d) (a) Spigot End; (b) Inside Face of Bottom Slab; (¢) Inside Face of Top
Slab; (d) Outside Face of Top Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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(d)

e

(e) ()
Figure B21 Experimental Photograph for Test: BL_366-122-122 Y d
(BL_12-4-4 Y _d) (a) Bell End; (b) Inside Face of Bottom Slab; (c) Inside Face of
Top Slab; (d) Outside Face of Top Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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() ®
Figure B22 Experimental Photograph for Test: BL_366-122-122 N _d (BL_12-4-
4 N _d) (a) Bell End; (b) Inside face of Bottom Slab; (c) Inside Face of Top Slab;
(d) Outside Face of Top Slab(e) Outside Face of Right Wall; and (f) Outside Face
of Left Wall
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(@) (b)

(e ®
Figure B23 Experimental Photograph for SP_91-61-145_Y_0 (SP_3-2-4.75_Y_0)
(a) Spigot End; (b) Inside Face of Bottom Slab; (c) Inside Face of Top Slab; (d)
Outside Face of Top Slab; (e) Outside Face of Right Wall; and (f) Outside Face of
Left Wall
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(e)

Figure B24 Experimental Photograph for Test: SP_91-61-145_Y_0.83d (SP_3-2-
4.75 Y _0.83d) (a) Spigot end; (b) Inside Face of Bottom Slab; (c) Inside Face of
Top Slab; (d) Outside Face of Top Slab; (e) Outside Face of Right Wall; and
(f) Outside Face of Left Wall
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APPENDIX C

FINITE ELEMENT MODEL CRACK PREDICTION
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Figure C11 FEM Crack Prediction of Model
BL_122-122-244 N_d (BL_4-4-8 N_d)
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Figure C12 FEM Crack Prediction of Model
BL_122-122-244 N_d (BL_4-4-8 N_d)
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Figure C13 FEM Crack Prediction of Model BL._122-122-244 N d
(BL_4-4-8 N _d)
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At 222 kN (50 kip) Load

Figure C14 FEM Crack Prediction of Model SP_244-122-122 N_d (SP_8-4-4 N _d)
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At 276 kN (62 kip) Load

At 294 kN (66 kip) Load

Figure C15 FEM Crack Prediction of Model SP_244-122-122 N d (SP_8-4-4 N d)
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At 320 kN (72 kip) Load

At 351 kN (79 kip) Load

Figure C16 FEM Crack Prediction of Model SP_244-122-122 N_d (SP_8-4-4 N _d)
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At 383 kN (86 kip) Load

Figure C17 FEM Crack Prediction of Model SP_244-122-122 N_d (SP_8-4-4 N _d)
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Figure C18 FEM Crack Prediction of Model BL._244-122 122 N d
(BL_8-4-4 N _d)
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Figure C19 FEM Crack Prediction of Model BL._244-122 122 N d
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Figure C20 FEM Crack Prediction of Model BL._244-122 122 N d
(BL_8-4-4 N d)
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Figure C21 FEM Crack Prediction of Model BL._244-122 122 N d
(BL_8-4-4 N d)
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At 298 kN (67 kip) Load

Figure C22 FEM Crack Prediction of Model BL._244-122 122 N d
(BL_8-4-4 N d)
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At 325 kN (73 kip) Load

Figure C23 FEM Crack Prediction of Model SP_244-122 244 N d
(SP_8-4-8 N _d)
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At 374 kN (84 kip) Load

Figure C24 FEM Crack Prediction of Model SP_244-122 244 N d
(SP_8-4-8 N _d)

230



sl g)
AT .
I o oo e o £ A

VandH Bar

At 418 kN (94 kip) Load

Figure C25 FEM Crack Prediction of Model SP_244-122 244 N d
(SP_8-4-8 N _d)
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At 427 kN (96 kip) Load

Figure C26 FEM Crack Prediction of Model SP_244-122 244 N d
(SP_8-4-8 N _d)
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Figure C29 FEM Crack Prediction of Model BL._244-122 244 N d
(BL_8-4-8 N_d)
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Figure C30 FEM Crack Prediction of Model BL._244-122 244 N d
(BL_8-4-8 N _d)
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At 120 kN (27 kip) Load

At 178 kN (40 kip) Load
Figure C31 FEM Crack Prediction of Model SP_366-122 122 N d
(SP_12-4-4 N d)
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At 254 kN (57 kip) Load

At 307 kN (69 kip) Load

Figure C32 FEM Crack Prediction of Model SP_366-122 122 N d
(SP_12-4-4 N d)
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Figure C33 FEM Crack Prediction of Model SP_366-122 122 N d
(SP_12-4-4 N d)
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At 467 kN (105 kip) Load

Figure C34 FEM Crack Prediction of Model SP_366-122 122 N d
(SP_12-4-4 N d)
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At 116 kN (26 kip) Load

At 160 kN (36 kip) Load

Figure C35 FEM Crack Prediction of Model BL._366-122 122 N d
(BL_12-4-4 N d)
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At 191 kN (43 kip) Load

At 222 kN (50 kip) Load

Figure C36 FEM Crack Prediction of Model BL_366-122 122 N d
(BL_12-4-4 N _d)
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At 276 kN (62 kip) Load

Figure C37 FEM Crack Prediction of Model BL._366-122 122 N d
(BL_12-4-4 N d)
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At 334 kN (75 kip) Load

Figure C38 FEM Crack Prediction of Model BL._366-122 122 N d
(BL_12-4-4 N d)
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At 343 kN (77 kip) Load

Figure C39 FEM Crack Prediction of Model BL._366-122 122 N d
(BL_12-4-4 N d)
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At 165 kN (37 kip) Load

Figure C40 FEM Crack Prediction of Model SP_91-61 145 N 0
(SP_3-2-4.75 N 0)
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At 276 kN (62 kip) Load

Figure C41 FEM Crack Prediction of Model SP_91-61 145 N 0
(SP_3-2-4.75 N 0)
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At 280 kN (63 kip) Load

Figure C42 FEM Crack Prediction of Model SP_91-61 145 N 0
(SP_3-2-4.75 N 0)
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At 151 kN (34 kip) Load

Figure C43 FEM Crack Prediction of Model SP_91-61 145 0.83d
(SP_3-2-4.75 N_0.83d)
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At 173 kN (39 kip) Load

At 187 kN (42 kip) Load™ = 5

Figure C44 FEM Crack Prediction of Model SP_91-61_145 0.83d
(SP_3-2-4.75 N _0.83d)
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Figure C45 FEM Crack Prediction of Model SP_91-61 145 0.83d
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Figure C46 FEM Crack Prediction of Model SP_91-61_145 0.83d
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APPENDIX D

CORE TEST RESULTS
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Table D1 Cored Samples Test Results

Test Box Core Strength N/mm” (psi)
SP 122-122-244 Y d e o
(SP 4-48 Y d) e P
4-4-8_Y_ 45.8 6649
BL 122-122-244 Y d o o1
(BL_4-4-8_Y_d) o .
A48 Y _ 43.5 6314
SP_244-122-122 N_d i?é gég
(SP_8-4-4 N _d) 333 4833
SP_244-122-122 Y d §§3 ‘5%
(SP_8-4-4 Y d) 336 4868
BL 244-122-122 N d o pr
AR IR N 453 6573
_8-4-4 N_ 51.3 7434
BL 244-122-122 Y d o 845
(BL 844 Y d) o 2553
844 Y 38.3 5553
SP 244-122-122 Y 1.5d vy <145
(SP_8-4-4 Y 1.5d) 22 o
8-4-4 Y _1. 34.7 5026
SP 244-122-122 Y 2d o2 Jo19
~ Y 26.5 3849
(SP_8-4-4 Y 2d) 383 5553
SP_244-122-244 Y d 2;5 g(l)?g
(SP_8-4-8 Y d) 539 8444
SP 244-122-244 N _d ZS‘? }8(2)3
(SP_8-4-8 N _d) 70.0 10149
BL_244-122-244 Y d ;éé 1(1)?2;
(BL 8-4-8 Y d) 73.9 10720
BL 244-122-244 N d 3{2 190736826
(BL_8-4-8 N _d) 619 8980
SP 366-122-122 Y d iy 0309
(SP 12-4-4 Y d) o o104
(SP_12-4-4 Y _d) 44.8 6494
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Table D1 - continued

Core Strength

Core Strength

Test Box (psi) N/mm?
SP_366-122-122_N_d 51.7 7501
SP 12-4-4 N d 53.8 7809
BP9 51.1 7410
BL 366-122-122 Y d 39.1 5671
(BL_12-4-4 Y d) 35.0 5082

_ i 413 5997

BL 366-122-122 N d 45.1 6538
(BL_12-4-4 N d) 42.4 6148

_ i 45 .4 6581
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