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Abstract: 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 of the fill and placed on a rigid bedding
material. Full-scale experimental tests, with wheel load placed at the distance d from the tip of the haunch to the edge of the load plate,
were conducted on 24 typical precast concrete box culverts designated as per ASTM C1433-05. The test results further indicated that
flexure governed the behavior up to and beyond AASHTO 2005 factored load. Three-dimensional nonlinear finite-element models (FEMs)
of the test specimens were developed and verified with the experimental results. The three-dimensional volumetric shear force distribu-
tions on the top slab of the 42 ASTM C1433-05 boxes were obtained by using the FEM from which the distribution width for each box
was calculated. This was used to obtain the critical factored shear force for all the boxes which were then compared with the American
Concrete Institute shear capacity equations. It was shown that the shear capacity exceeded the factored critical shear force for all the
ASTM C1433-05 boxes. This study shows that the AASHTO 2005 provision with regard to the shear transfer device across the joint is

unsupported.
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Introduction

The shear behavior of precast box culverts with less than 0.61 m
(2 ft) has been somehow a controversial issue with different
viewpoints. The AASHTO (2005) specifications state that shear
transfer device should be provided across the joint, if the calcu-
lated distribution width exceeds the length between the two
adjacent joints. Prior to the AASHTO (2005) specifications
(AASHTO 1998; AASHTO 2002), culverts were not required to
be designed with joints for direct shear transfer. This 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 pro-
duced the critical shear stresses since it was placed away from the
vicinity of the culvert’s wall (support).
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To identify the effect of the wheel load location, McGrath
AASHTOet al. (2004) used the finite-element method (FEM) to
investigate the live load distribution widths for reinforced con-
crete box culverts by placing the wheel live load at a distance d
(=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 mo-
ments, and it governed the design. The results of this study are
implemented in 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, this study
was undertaken. This paper reports on the findings of a compre-
hensive full-scale experimental and analytical study to identify
the shear strength and behavior of the ASTM C1433-05 box cul-
verts. Twenty four culverts were designed per ASTM C1433-05,
and they were tested by placing the load at the distance d from the
tip of the haunch to the edge of the load plate, which were manu-
factured by Hanson Pipe and Products and Rinker Hydro Conduit
in the United States. Complete nonlinear three-dimensional FEMs
of the boxes were developed from which all the ASTM C1433-05
boxes were analyzed. The distribution width and the critical fac-
tored shear forces were calculated and compared with the Ameri-
can Concrete Institute (ACI) strength equations.

Test Cases

Twenty four cases were selected for various spans and joint
lengths. Spans of 91 cm (3 ft), 122 cm (4 ft), 244 cm (8 ft), and
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Fig. 1. Typical test setup and instrumentation

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.), bottom slab’s
thickness varied from 15.2 cm (6 in.) to 30.5 cm (12 in.), and
wall’s thickness varied from 12.7 cm (5 in.) to 30.5 cm (12 in.).
The haunches’ dimensions also varied from 12.7 (5in.) to
30.5 cm (12 in.).

The reinforcement cages consisted of plain welded wires as
per ASTM A 185 (ASTM 2001). The size of the steel wires used
for the reinforcement cages ranged from W2.0 to W8.0 with their
areas varying from 12.90 mm? (0.02 in.?) through 51.61 mm?
(0.08 in.2) per reinforced wire. The nominal diameter of each
wire ranged from 4 to 8 mm (0.159-0.319 in.). Typical spacing
of wires was 5 ¢cm (2 in.), 10 cm (4 in.), and 15 c¢cm (6 in.).

Different loading positions were tested to examine the behav-
ior of each box culvert. Tests were conducted on the spigot end or
the bell end of each culvert. The box was either with or without
compression distribution steel in the top slab known as Ag. The
following nomenclature was used to identify each test specimen
SP or BL_S-R-L_N or Y _Ix where SP=spigot end; BL=bell end;
S-R-L=dimension of the culvert [cm (ft)] (span of the top slab,
rise, and the joint length); N=no distribution reinforcement (Ag);
Y=with distribution reinforcement (Ag); [x=distance between
the tip of the haunch to the edge of the load plate in terms of d.

Test Setup

The Engineering Lab Building, University of Texas, Arlington
(ELB) test setup consisted of a reaction frame with four W12

X 87 steel columns welded to 90 cmX90 cm (351/2 in.
X 351/2 in.) base plates with a thickness of 5.1 cm (2 in.),
(Fig. 1).

A 25 cmX51 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 as shown in Fig. 1. 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 preca-
librated load cell was placed on the top of the load plate. Each test
box culvert was placed directly on the top of the reaction floor to
produce the maximum stress state in the culvert which would
yield to the most critical condition. A laser-based optoelectronic
displacement sensor in addition to a displacement transducer was
used to accurately measure the deflection under the load plate in
two different ways. An incremental loading history was applied in
order to accurately capture the nonlinear load deflection behavior
(Abolmaali and Garg 2008; Garg 2007).

Finite-Element Modeling

Nonlinear three-dimensional (3D) FEM of the test condition was
developed by using ABAQUS 6.6 software (ABAQUS 2006), the
results of which were compared with the three experimental tests
(Fig. 2). The models included (3D) solid (C3D8R) and 3D shell
(SC8R) elements having geometric and material nonlinearities.
The reinforcement was modeled by rebar elements which were
placed on three-dimensional four-noded surface element
(SFM3D4). The base support (strong reaction floor) was also
modeled by modeling a rectangular block with a high stiffness
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Fig. 2. Typical FEM mesh

value. The contact between the box and the reaction floor was
modeled by 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 ap-
plied using Riks method (Crisfield 1986) up to 445 kN (100 kip),
the approximate load at which most of the test specimens failed
during the experimental testing. The cracking strains were studied
for all the load steps for all the boxes tested using brick (C3D8R)
elements. The amount of plastic strain needed to reduce the
stresses to zero at crack, known as tension stiffening (Biggs et al.
2000) was used in controlling the stiffness of the model. The
tension stiffening parameter was determined and compared with
those reported by Torres et al. (2004). The smeared crack model
algorithm was adopted as introduced by Kwak and Filippou
(1990). The elements cracking strain at specified load levels were
identified. The energy convergence approach was adopted due to
the nonlinear nature of the problem, and the fact that monotonic
converges of nonlinear problems based on mesh density refine-
ment (H-convergence) alone are not guaranteed (Razavi 2004 and
Razavi et al. 2006).

Experimental and FEM Results

The full-scale experimental tests indicated that flexure governed
the behavior for all the test specimens up to and beyond the
AASHTO (2005) 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 (2005) 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 approxi-
mately one third from the top slab. These cracks normally ex-
tended 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 the 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 (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.

A comparison of the FEM and the experimental results for
crack initiation and propagation of cracks showed close correla-
tion. The crack predictions by the FEM analyses were similar to
those observed in the experiments for the particular load level and
crack location. The comparison of the crack pattern of a typical
test specimen with the FEM results is presented in Fig. 3. In
general, the FEM predicted the crack patterns closely for all the
test specimens.

The typical load deflection plots obtained from the experi-
ments are compared with those obtained from FEM analyses and
are presented in Figs. 4 and 5 for 244 c¢m (8 ft) and 366 cm (12 ft)
span culverts, respectively. In these figures, the experimental load
deflection plots are presented for the AASHTO (2005) factored
load. Fig. 5 shows the experimental results for tests with and
without top slab distribution steel (Asg). As shown, the effect of
Asg is negligible and this comparison was consistent for all the
test specimens. A comprehensive FEM verification for all the test
specimens is presented by Abolmaali and Garg (2008), Garg and
Abolmaali (2008), and Garg (2007).

Shear Capacity of ASTM C1433

Distribution width is a concept used in the design of slabs in
which the strength of a specified width is required to resist the
bending moment developed due to any standard loading. This is
commonly adopted by the AASHTO specifications for designing
the bridge decks. In AASHTO (2005) the same concept is utilized
based on the McGrath et al. (2004) study to conclude that since
shear distribution width was reported to be small, a shear transfer
device was required 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, it led the investigators to believe that the relationship
between the magnitude of the distribution width and the actual
box behavior, as presented in 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.

To calculate the shear distribution width, the volumetric shear
force distribution for the top slab is plotted as shown in Fig. 6(a),
and 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 ob-
tained from this vertical cut is calculated and then divided by the
value of maximum shear force. This basically means that by mul-
tiplying the distribution width with the peak shear force, an
equivalent rectangular area representing the area under the 2D
shear force distribution is obtained [Fig. 6(b)].

The values of distribution width for the ASTM C1433 boxes
calculated in this study are based on the factored wheel load,
which are less than those calculated per AASHTO (2005). Indeed,
the AASHTO distribution width for each box of C 1433 is at least
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Fig. 6. Typical volumetric shear force plot showing cutting plane at point of maximum shear force: (a) typical volumetric shear force plot
showing cutting plane at point of maximum shear force; (b) shear force plot in volume and in area at point of maximum shear force

three to four times those calculated based on the FEM in this
study (Abolmaali and Garg 2008, Garg and Abolmaali 2006, and
Garg et al. 2006). Furthermore, the distribution width values were
used to calculate the critical factored shear force values as pre-
sented in column 3 of Table 1, which was compared with the two
ACI shear capacity equations: 2bwdw/]Té (referred from this point
forward as lower bound shear strength equation) and 3.5bwd\/]€’
(referred 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 the latter is used for cases in which shear cracks initiates at

a 45° angle independent of flexural cracks. All the experimental
testing conducted by Abolmaali and Garg (2008) and Garg (2007)
indicated that the shear cracks initiated independently at the tip of
the haunch at approximately twice the factor loads with nearly
45° angles. This indicates that the 3.5bwd\/j§=applicable shear
strength equation for the precast box culverts.

Referring back to Table 1, the ratio between the aforemen-
tioned 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
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Table 1. Shear Strength versus Shear Load on Box Culvert at Factored Load per AASHTO (2005)

Shear strength

i [kN (kip)]
Span-rise- Factored applicable SI unit strength Shear strength/
length_with/without critical equation shear force
dist. steel_ 1, shear V, — = — —
[cm (ft)] [cm kN/em (in. kip/in.)] 2b,,d\f! 3.5b,d\f. 2b,d\fIIV, 3.5b,d\fIV.
SP_366-366-122_N_d 133 133 237 1.02 1.78
(SP_12-12-4 N _d) (30.00) (30.00) (53.34)
SP_366-305-122_N_d 133 133 238 1.02 1.79
(SP_12-10-4_N_d) (29.93) (29.93) (53.56)
SP_366-244-122_N_d 133 133 240 1.03 1.80
(SP_12-8-4_N_d) (30.00) (30.00) (53.89)
SP_366-183-122_N_d 135 135 243 1.02 1.79
(SP_12-6-4_N_d) (30.44) (30.44) (54.53)
SP_366-122-122_N_d 136 136 247 1.04 1.82
(SP_12-4-4 _N_d) (30.53) (30.53) (55.50)
SP_335-335-122_N_d 131 131 210 0.92 1.61
(SP_11-11-4_N_d) (29.46) (29.46) (47.32)
SP_335-305-122_N_d 131 131 211 0.92 1.61
(SP_11-10-4_N_N_d) (29.51) (29.51) (47.47)
SP_335-244-122 N_d 130 130 212 0.93 1.63
(SP_11-8-4_N_d) (29.30) (29.30) (47.73)
SP_335-183-122_N_d 133 133 215 0.93 1.62
(SP_11-6-4_N_d) (29.80) (29.80) (48.27)
SP_335-122-122_N_d 134 134 217 0.93 1.62
(SP_11-4-4 _N_d) (30.09) (30.09) (48.89)
SP_305-305-122_N_d 128 111 194 0.86 1.51
(SP_10-10-4_N_d) (28.88) (24.93) (43.63)
SP_305-274-122_N_d 129 111 195 0.86 1.51
(SP_10-9-4_N_N_d) (28.96) (25.00) (43.75)
SP_305-244-122_N_d 129 112 195 0.86 1.51
(SP_10-8-4_N_d) (29.06) (25.07) (43.87)
SP_305-213-122_N_d 130 112 197 0.86 1.51
(SP_10-7-4_N_d) (29.21) (25.25) (44.19)
SP_305-183-122_N_d 130 112 196 0.86 1.51
(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 1.31
(SP_9-9-4_N_d) (28.38) (21.23) (37.15)
SP_274-244-122 N _d 127 94 165 0.75 1.31
(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 1.31
(SP_9-6-4_N_N_d) (28.55) (21.30) (37.28)
SP_274-152-122_N_d 128 95 167 0.75 1.31
(SP_9-5-4_N_d) (28.67) (21.41) (37.47)
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)
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Table 1. (Continued.)

Shear strength

) [kN (kip)]
Span-rise- Factored applicable SI unit strength Shear strength/
length_with/without critical equation shear force
dist. steel_ 1, shear V, — = — —
[em (f)] [em kN/cm (in. kip/in.)] 2b,d\f. 3.5b,d\f" 2b,d\fLIV, 3.5b,d\f.IV,
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)
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)

1.04, and the remaining 40% falls between 0.64 and 0.90. 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 compar-
ing 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 experi-
mental observations, and it is only presented here for comparison
purposes. However, since this study was conducted based on the
culverts subjected to the most critical stresses (no bedding mate-
rials 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 as well.

Table 1 also shows that the minimum calculated ratios of
strength to critical shear force are obtained for the 183 cm (6 ft),
213 cm (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 cm (7 ft), 244 cm
(8 ft), 274 cm (9 ft), 305 cm (10 ft), 335 cm (11 ft), and 366 cm
(12 ft) (Garg et al. 2006) while the top slab thickness for the
183 cm (6 ft), 213 cm (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 values of slab thickness for 23 cm
(9 in.), 25 ¢cm (10 in.), 28 cm (11 in.), and 30 cm (12 in.) for the
274 c¢m (9 ft), 305 ft (10 ft), 335 cm (11 ft), and 366 cm (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. Since this conclusion is drawn
based on the experimental observation and FEM studies con-
ducted in this research, it is concluded that the distribution width
equations presented in AASHTO (2005) for the box culverts does
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not represent the true culvert behavior. This statement is particu-
larly supported since the study presented by McGrath et al. (2004)
was based on 2D linear elastic finite-element analyses on 3D
geometry, which was neither supported nor validated by experi-
mental 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 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. (2004) findings and
argues that 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
(Abolmaali and Garg 2008). Furthermore, the culvert’s behavior
unlike the traditional bridge slab is governed by the additional
joint rotation induced during loading, which will introduce addi-
tional bending moment in the culvert’s top slab and cause the
flexural cracks to govern the behavior up to and beyond the
AASHTO factored wheel load.

The writers acknowledge that AASHTO specifications apply
to culverts other than ASTM C1433 (ASTM 2003) such as those
with thin slab thickness for special type designs. However, all the
values of the slab thickness used in the McGrath et al. (2004)
study were based on slab thicknesses similar to ASTM C1433
boxes, which forces the writers to insist on the shortcomings of
AASHTO (2005) with respect to governing distribution width
based on shear.

Conclusion

All the 42 standard cases of the ASTM C 1433 (ASTM 2003)
were modeled using the experimentally verified FEM. The FEM
model analyses were used to plot the 3D 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,
parallel to the box’s joint length, was passed through it. This
yielded to a 2D shear force distribution diagram along the box
joint length from which the distribution width was calculated.

The calculated values of the distribution width were used to
evaluate the critical factored shear force for all the boxes of
ASTM C 1433 and were then compared with the American Con-
crete 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 provisions for box
culverts, obtained from the McGrath et al. (2004) study based on
their linear elastic finite-element analysis, is incapable of predict-
ing culverts’ behavior, and it needs to be revisited.

Furthermore, the AASHTO (2005) provisions, which state
“shear transfer device should be provided across the joint, if the
calculated distribution width exceeds the length between the two
adjacent joints” is unsupported.
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