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Abstract: To date, no research has been conducted on high-strength concrete (HSC) box-girders reinforced
with basalt fiber reinforced polymer (BFRP) rebars and steel stirrups under combined actions of torsion, shear, and
bending. In this work, rectangular HSC box-girders utilized with BFRP bars as internal longitudinal reinforcement
under the combined state of loading are studied exclusively. A steel-reinforced (control) specimen and three other
rectangular HSC box-girders made of BFRP bars and steel stirrups were tested under combined torsion, shear, and
bending loading. Every specimen was 500 mm wide by 375 mm high, with a constant wall thickness of 120 mm, a
total length of 5000 mm. Each contained about 2.5 percent total reinforcement, equally distributed between the
longitudinal bars and transverse steel stirrups. The study aims to evaluate the torsional behavior of HSC box-girders
considering the effect of longitudinal reinforcement type, provision or elimination of diaphragms, and the method of
filling the hollow core. The experimental findings show that replacement of longitudinal steel bars with BFRP bars
result in a drop in the ultimate torsional capacity by 15 percent; in addition, while the deflections at comparable
loadings were lower in the entirely steel-reinforced specimen, but surprisingly, the final deflections were less in the
BFRP-replaced case. When the diaphragms are eliminated, the ultimate capacities drop significantly by about half
of that of a comparable specimen with diaphragms. When the hollow cores were left unfilled with Styrofoam, the
ultimate capacity decreased by 30 percent with comparable twist angles but lower deflections at failure.
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1. Introduction

Nowadays, fiber-reinforced polymer (FRP) bars
have been introduced as a modern, state-of-the-art
material used in reinforced concrete structures. FRPs
are reputable for their non-corrosive, light-weight, and
high-tensile strength properties, and compared to steel
reinforcement, FRPs offer better solutions for the
problems of steel corrosion, allow for easier
transportation, handling, and application, and it could
be as suitable as steel for structural reinforcement [1].
However, FRPs are non-isotropic and, hence, strong
only in the main longitudinal direction, which is in the
direction of the reinforcing fibers. The weakness in the
transverse direction affects shear strength, dowel action
of FRP bars, and bond performance when used with
concrete. Besides, FRPs have no plastic behavior and
yield point and behave only in a linearly elastic manner
up to failure. Therefore, their failure is not ductile.
From this, it can be expected that if FRP fails, there
will be extensive cracking together with abrupt and
catastrophic failure [2]. As argued in [3], in contrast to
steel reinforced members, for the FRP-reinforced
members, there should be explicit provision to control
failure by concrete crushing rather than FRP rupture.
The same strategy is followed by other Codes of
Practice [1, 4].

The NCHRP Report 620 [5] states that diaphragm
components in box-girders aid in preventing the cross-
sections from excessive distortions. Diaphragms also
help in distributing wheel loads and facilitate the
distribution of transverse loads. Concrete box-girders
are generally provided with end diaphragms and
intermediate ones. While the end diaphragms have
proven to be a very successful economic detail, the
intermediate  diaphragms are also very useful,
especially when a concentrated load is applied on a box
girder over the diaphragm per se. [5] From this
background, it can be deduced that the ignorance of the
diaphragms might harm the strength and performance
capabilities of any box girder.

Even that torsion occurs widely when any loading
deviates from the shear center of the section [6], the
literature which addresses the use of FRP-reinforced
members under the effect of torsion includes only a
limited number of experimental researches that are
carried out on solid- rectangular or spandrel FRP-
reinforced beams under either pure torsion or torsion
with flexure only [7-15]. Accordingly, it can be said
that there is no experimental research concerned with
BFRP reinforced hollow members under the combined
actions of torsion, shear, and flexure. Moreover, except

for the Canadian standards [4], other design codes do
not provide any provision for the torsional design of
FRP-reinforced members. This means that very scarce,
if any, experimental databases and design guidelines
exist on the behavior of FRP-reinforced hollow
members under combined loadings of torsion, shear,
and bending, which urges for new experimentally gap-
filling researches to be conducted. To date, no research
has dealt with the performance of high-strength
concrete box-girders reinforced with basalt fiber
reinforced polymer composite (BFRP) bars and steel
stirrups as internal reinforcement under the combined
loadings torsion, shear, and moment. Therefore, this
study mainly aims at examining the effects of
reinforcement type, diaphragms, and hollow-core type
on the torsional strength and stiffness, cracking pattern,
and failure modes experimentally; valuable information
is obtained regarding the performance of such
specimens.

2. Experimental Program

2.1. Specimen Details

For the purposes of this study, four specimens out of
25 box-girder specimens from a wide-scope Ph.D.
program are chosen by the authors. The cross-sections
were 500 mm wide by 375 mm deep with 120 mm wall
thickness and a gross length of 5000 mm for each. In
general, all the specimens were reinforced with a total
reinforcement ratio of 2.5 percent, equally divided
longitudinally and transversally. The box-girders are
denoted as B-20 (control), B-23, B-24, and B-25. B-24
had no diaphragm, meaning that it was hollow
throughout. The rest were provided with two hollow
parts separated by a 400 mm wide solid diaphragm in
the center and another two 450 mm wide solid
diaphragms at both ends. Heavier reinforcement was
utilized at the diaphragms to avoid excessive cross-
sectional distortions and to minimize warpage. The
hollow parts are selected as test zones 1850 mm long
divided symmetrically from each side of the middle
span of the beam. These hollow cores were formed
using low-elastic polystyrene blocks in all the
specimens, excluding B-25, in which a 0.2 mm thick
steel plate is formed to enclose the hollow space
without any Styrofoam (polystyrene). Table 1 presents
the details of the reinforcement used in each specimen.
Further, the details of specimen cross-sections, their
geometry, reinforcement layout, and the
instrumentations used per cross-section are as shown in
Figure 1.
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Fig. 1 Specimen details. Top-2: Longitudinal profile, Bottom-3: Reinforcement configuration & instrumentation

Table 1 Properties of box-girder specimens

# Variables Reinforcement S, A, A, =4 — AXPh g
: 2 2 =7 Pe= o
BFRP Bars Stirrups  mm mm mm % oh oh
B-20 Steel reinforcement & Styrofoam & Diaphragm 4016 + 20010  B08 88 2384 50 1.27 1.21
B-23 BFRP bars & steel stirrups & Styrofoam & Diaphragm 4016 + 20010  B08 88 2384 50 1.27 121
B-24 BFRP bars & steel stirrups & Styrofoam but Without 4016 + 20010  B08 88 2384 50 1.27 1.21
B-25 Diaphragm 4016 +20010  G08 88 2384 50 1.27 121
BFRP bars & steel stirrups & Diaphragm but Without
Styrofoam

After assembling the reinforcement cages as shown
in Figure 2, a total of 16 strain gauges were mounted
on the longitudinal bars and steel stirrups at two
sections: one at 50mm from the face of the midspan
diaphragm and the other at 50mm from the face of one
of the support diaphragms. Next, plywood molds were
prepared, and then the reinforcement cages were
positioned inside the molds and adjusted to get the

Fig. 2 Reinforcement cages

required covers, and also for each hollow part, the
collapsible void formers were put through to create the
required hollow core. Ready-mix concrete was then
used to cast the specimens together with quality-control
samples (cylinders, cubes, and prisms), and all the
samples were allowed 24 hours to harden, and
thereafter the forms were removed. The samples, then,
were kept moisturized for at least 28 days according to
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the ASTM standard [16]. The box-girder specimens
were then painted using acrylic emulsion paint. One of
the test zones was highlighted with equal grids to
facilitate detecting and recording the propagation of
cracks during each test.

2.2. Material Properties

2.2.1. Concrete

The experimental program consists of using high-
strength concrete (HSC) for all the specimens. Hence,
the HSC concrete used to cast the specimens has been
designed for a targeted 28-day cylinder compressive
strength of 60 MPa. Table 2 shows the proportions used
in the mix design with the maximum size of coarse
aggregate of 10 mm.

Table 2 HSC mix proportions
Mix proportions, kg/m?
Target strength, 60 MPa

Constituents

Cement 550
Sand 670
Gravel 980
Water 180

Superplasticizer, Hyperplast 200 5.5

To determine the compressive strength, elastic
modulus, tensile strength, and flexural strength of
concrete, a range of specimens from the same batches
as the main box girders were prepared and tested.
Samples consisting of a total of twelve cylinders
(9100x200) mm, six (®#150x300) mm cylinders, six
(@ 150 x 300) mm cylinders, and a set of six
(100%x100x500) mm concrete prisms were prepared
and tested at the Salahaddin University Laboratory at
the age of 68-days to determine the required

compressive strength, modulus of elasticity, tensile
strength, and flexural strength of concrete, respectively.
The results are as shown in Table 3. The table also
shows the average values of the tested strengths at the
age of 68-days, considering time-effects, the strength
values at 28-days age were re-calculated using the
provisions of the fib Code [17] and entered in the last
column of the table for evaluation purposes.

Table 3 Properties of HSC concrete

Test age (day) Test
Parameter 28 68 Standard
Compressive strength, ., MPa 61 65.6 [18]
Density, kg/m3 2426 2426 [19]
Elastic modulus, GPa 38 39.5 [20]
Tensile strength, f;, MPa 3 3.21 [21]
Flexural strength, f;,, MPa 6 6.59 [22]

2.2.2. BFRP Bars and Steel Stirrups

All the BFRP bars and factory-made BFRP stirrups
were ordered from Chongging Yangkai Co., China.
Their technical datasheet has been provided by the
same manufacturer in which all BFRP test results
conform to the Chinese Standard GBT228 [23]. The
conventional steel bars used to make the stirrups were
ordered from a local market and tested per the ASTM
standard [24]. Table 4 presents the required properties
of the BFRP bars and steel stirrups. It should be noted
that different codes use different limits on the yield
strength of steel reinforcement to avoid brittle failure
due to web concrete crushing before yielding
reinforcement. The EC2 [25] limits the yield strength
of torsional reinforcement to 600 MPa, whereas the
ACI Code [26] limits it to a lower limit of 420 MPa.

Table 4 Properties of steel and BFRP bars

Bar dia, mm Type f,,MPa &, mm/mm f, MPa &, mm/mm Weight,g/m Density, g/cm® E, GPa
8 Steel 600 0.0030 954 0.222 387 7.85 200

10 Steel 446 0.0022 657 0.195 617 7.85 200

16 Steel 353 0.0017 558 0.135 1580 7.85 200

10 BFRP - - 1088 0.019 150 2.10 58

16 BFRP - - 1004 0.017 388 2.10 58

2.3. Torsion, Shear and Moment Diagrams

From a structural point of view, the applied
eccentric load in this test setup will induce a
simultaneous bending, shear, and torsional action.
Considering the case of a fixed-fixed beam loaded by a
point load and a concentrated torque at midspan, the

corresponding shear, torsion, and bending diagrams are
as shown in Figure 3. The analysis produces a (T:M: V)
ratio of (1.67:1.11: 1), which is equivalent to an M:T
ratio of (1.5:1). Depending on this ratio, it is predicted
that mostly torsion-dominated cracking and failure
modes will govern in each test.
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Fig. 3 Shear, torsion, and moment diagrams

2.4. Test Setup and Instrumentation

Figure 4 presents a schematic view of the test setup
for a rectangular box-girder under test. All model
testing was carried out at the laboratory of the Civil
Engineering Department of Salahaddin University. Two
new supports were constructed using welded steel
frames to newly casted reinforced concrete footings.
Further, two steel frames for gripping specimen ends,
one steel lever arm, and two auxiliary frames for fixing
instrumentations were fabricated and used to ease the
conduction of the experiments. In addition, for the
connections of the lever arm and support frames, strong
bolts were used.

The instrumentations were mainly concentrated in
the vicinity of the middle and support sections and at
the quarter span to provide detailed results of
deflection, twists, and strains. At both middle and
support sections, four strain gauges were fixed to the
center of the outer legs of the stirrups in addition to
another four strain gauges for the four longitudinal
corner bars. Besides, eight concrete strain gauges with
a gauge length of 80mm were mounted on the concrete
surface at 45-degrees to the beam axis, measured in a
counterclockwise direction to quantify concrete surface
principal strains. Further, six LVDTs were also fastened
to the concrete surface at the other part of the test zone,
and these are used to record the average crack widths
and/or as a supplementary aid to check the concrete
strains. The instrumentations for measuring load,
concrete surface strain, reinforcement strain, and
surface displacements of each specimen were
connected to a 48-channel data logger, which works
alongside a personal computer and the final recorded
data was in the form of CSV file formats.

2.5. Test Procedure

Generally, the following procedure is followed in
conducting all the experiments:

I. Before testing any specimen, the midspan and
support frames are attached. The midspan frame
provides a lever arm of 1.67 m. It transfers the
eccentric load from the application center-point of the
machine actuator with a capacity of 2500 kN to the
center of the specimens.

Il.  After checking the tolerances and fixing each
specimen, the remaining instrumentations, including
the concrete strain gauges and the KPM-LVDTs, are
fastened to their locations.

I1l.  An auxiliary frame independent of the rest of
the test frame is used for the right test zone to provide a
stable base for the operation of KTR-LVDTs.
Displacement measurements are taken using a total of
16 LVDTs and considering two LVDTs for each face of
the beam at each section.

IV. Due to symmetry, the highlighted test zone on
the left side of the specimen is utilized for the
measurements related to cracks, crack propagations,
number, and width of cracks.

V. The load is applied at a rate of 5 kN/min, and
a compression load cell of 50-ton capacity is used to
record the applied vertical loads.

VI. The data from the LVDTs, load cell, and
strain gauges which produce deflection, angle of twist,
concrete, and reinforcement strains, is automatically
measured and recorded by the automatic 48-channel
data logger. The raw data is then processed, and
required relations are extracted out.
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Fig. 4 Schematic view of the test ‘setup

Table 5 Principal test results

Specimens P, kN A ,,mm P, kN A, mm T, kNm ¢, rad T, kNm ¢, rad
B-20 48 0.83 176 45.03 80.16 0.001 293.92 0.096
B-23 60 6.85 149 35.77 100.20 0.001 248.83 0.058
B-24 47 0.37 79 6.33 78.49 0.001 131.93 0.033
B-25 30 0.816 104 24.995  50.10 0.001 174 0.061

3. Results and Discussion

Table 5 presents the principal test results, which
includes the cracking load (P.,.), deflection at cracking
(A.), ultimate load (kN), maximum deflection (A,),
cracking torque (kN.m), twist at cracking (@),
ultimate torque (kN.m), and maximum twist (¢,,).

3.1. Load-Deflection Behavior

Figure 5 shows the load-deflection responses for all
the samples. The circular (o), triangular (A), square
(O), and the (x) signs represent the cracking load,
yield of longitudinal bars, the yield of steel stirrups,
and ultimate strain of concrete at 3000 micro-strains,
respectively.
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Fig. 5. Load-deflection relationships

Generally, the relationship is steep and linear before

and after cracking (denoted by circular marks), except
in B-20, entirely steel-reinforced. Hence, a curvilinear
trend represents the stage after cracking. The linear
trends could be attributed to the linear tensile response
of HSC concrete and because the flexural behavior is
mainly controlled by the response of longitudinal
BFRP-reinforcement in each specimen. However, the
post-cracking nonlinear trend in B-20 refers to the
more ductile and nonlinear behavior of steel
reinforcements used. The ultimate flexural capacities
range from 79 to 176 kN, and the ultimate deflections
were between 6 to 45 mm. In B-23, there is a shift in
the position of the circular mark, indicating that the
first crack could have occurred due to torsion but not
flexure and that the first crack occurred farther from
midspan due to a combination of torsional shear and
bending stresses. After the flexural cracking initiates,
flexural stiffness drops significantly.

B-20 (with steel reinforcement) shows 15% higher
flexural capacity than B-23 (with BFRP bars and steel
stirrups), 176 kN vs. 149 kN, respectively. However,
surprisingly, the final deflection was higher in the
former than the latter, 45.04mm compared to 35.77mm.
However, a closer look at the curves reveals that at an
equivalent loading of, say 149kN, the total deflection in
B-20 was only 25mm compared to 35mm in B-23.
Hence, it can be stated that the deflection of a BFRP-
reinforced beam is larger for equivalent loadings in
comparison to a steel-reinforced counterpart as
expected theoretically.

B-24, with hollow cores throughout (i.e., without
the diaphragms), offers the least ultimate flexural
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capacity of 79 kN, representing only about half of the
total capacity of B-23. This proves that B-24 fails
prematurely due to a kind of support bearing failure as
a result of excluding the diaphragms, which will be
further discussed in Section 2.5. The first crack in B-24
also occurred earlier than that of B-23, 47 kN vs. 60
KN, indicating again the effect of excluding the
diaphragms, which weakens the resistance of the
specimen in bearing the applied loads, and hence the
first crack appeared earlier, even at relatively very
smaller deflections. As B-24 bears the least ultimate
load, therefore, its final deflection was also the least,
6.33mm, compared to all the other specimens.

To assess the effect of filling the hollow cores, B-
25, in which no void filler is used, is compared to B-23,
utilized with a low-density Styrofoam. The ultimate
flexural capacity of B-25 was 104 kN, which
constitutes about 70% of the ultimate capacity of B-23.
Similarly, the flexural cracking strength of B-25 scores
less than that of B-23, 30 kN compared to 60 kN,
which is lower by 50%. This result indicates that even
Styrofoam has a negligible density. However, when
used as a void-filler, it has a substantial role as a
confinement medium to enhance the flexural resistance
of the surrounding reinforced concrete webs and
flanges.

3.2. Torque-Twist Response

The torque-twist curves are extracted from the data
of the same LVDTs used for the load-deflection curves,
as represented by Figure 6. The symbols represent the
same designations as those used for the load-deflection
curves.

300 T

Torque [KN.m]

-0:01 0,2)1 O,I03 U,IOS 0,I07 O,I09 O,Ill
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Fig. 6. Torque-twist relationships

As it can be seen, the torque-twist relationships
come in the same order as those for the flexural
responses, with B-20 and B-24 occupying the upper
and lower bounds, respectively. There was a wide
scatter in the ultimate torsional capacities, ranging from
132 to 294 kN.m and the ultimate twists were between
0.033 to 0.096 radians.

B-20, which acts as a control specimen in this study,

shows higher torsional capacity than B-23, 249 kN.m
vs. 194 kN.m, which accounts for a difference of 22%,
and the twist angles were also larger in the former than
the latter, 0.096 compared to 0.058 radians,
respectively. This indicates that replacing steel
longitudinal bars with lower-modulus BFRP bars will
result in a drop in the total torsional capacity by almost
22%. Conservatively, it could be stated that the drop in
the total torsional capacity of BFRP-longitudinally
reinforced box-girders compared to steel-reinforced
counterparts is analogous to the drop in the elastic
modulus of BFRP bars as opposed to steel bars.

As expected, the specimen with diaphragms, B-23,
performs stronger than the specimen without
diaphragms, B-24. B-23 bears a total torque of 249
kKN.m while B-24 resists torques up to 132 kN.m,
nearly about half that of B-23. As B-24 fails
prematurely due to excluding the diaphragms, the final
twists were higher in B-23 due to its bearing for more
torques than B-24, respectively (0.058 vs. 0.033). The
much lower torsional performance of B-24 in
comparison with B-23 proves the practical significance
of providing the midspan and end diaphragms in box-
girders in resisting the applied torsional and combined
loadings.

Comparing the specimen with Styrofoam, B-23, to
that without Styrofoam, B-25, it can be seen that the
torsional capacity dropped from 249 kN.m to 174
kN.m; however, the ultimate twist remains about the
same, with a slightly higher value for B-25 compared
to B-23, 0.061 vs. 0.058 radians. It can be deduced that
if a box-girder is not provided with a void-filler, then
the ultimate torsional capacity will drop by about 30%.
In other words, a void-filler such as Styrofoam has the
potential to enhance the torsional capacity of a box-
girder essentially. As in reality, the true-scale box-
girders are not provided with any kind of void-fillers,
hence for a void-free box-girder, a 30% decrease in the
torsional strength should be accounted for when
Styrofoam is used as void-filler.

3.3. Torsional Stiffness

Table 6 compares uncracked (K,,) and cracked
(K,,) torsional stiffness for the tested specimens. It can
be stated that a member which achieves higher
torsional strength than another may not necessarily
achieve the same priority in terms of stiffness. For
instance, the results reveal that B-23 with BFRP bars
and steel stirrups scores the highest pre-cracking
torsional stiffness of 100,200 kN.m? followed by
80,160 kN.m?in B-20 with entirely steel reinforcement.
As the pre-cracking torsional strength and stiffness in
B-23, which is higher by 25% than that of B-20, could
not be easily interpreted theoretically; therefore, further
experimental studies are recommended to be
conducted. On the other hand, B-23 is stiffer than B-20
by about 24% regarding the post-cracking torsional
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stiffnesses. However, this enhanced post-cracking
stiffness could be easily attributed to the lower angle of
twist of B-23 compared to that of B-20. However, the
post-cracking stiffness trend might change when the
torsional stiffness at 85% of ultimate torque is
considered, as is the case in B-23 and B-20. The
computations in the last column of Table 6 demonstrate

that at 85% of comparable loadings, the torsional
stiffness of B-20 is higher by (100-73=27%). This
indicates that at comparable loadings in the post-
cracking stage before failure, steel-reinforced box-
girders are reasonably stiffer by 27% than their BFRP-
longitudinally reinforced specimens.

Table 6 Comparison of torsional stiffnesses

B. T kNm @ rad Ty, KNm  Tyogs, KNM @, rad  @uogs rad K, kNm?> K, Kr085 KN.m? Kun Ker Keross
kN.m? Kung-200  Kerg—200  Kerg—20)

20 80.16 0.001 293.92 250.5 0.094 0.050 80,160 2,298 3,476 1.00 1.00 1.00

23 100.2 0.001 248.83 2115 0.058 0.045 100,200 2,608 2,530 1.25 1.24 0.73

24 78.49 0.001 131.93 112.0 0.033 0.025 78,490 1,670 1,417 0.98 0.73 0.41

25 50.10 0.001 174.00 147.9 0.061 0.040 50,100 2,065 2,508 0.63 0.90 0.72

where K, = uncracked torsional stiffness = T../¢. and K_. = cracked torsional stiffness = (T, — T,,) /(@4 — @)

The least torsional stiffness after cracking is
attributed to B-24. This means that the exclusion of
diaphragms has a substantial effect on the post-
cracking torsional stiffness, and hence this option
should be considered with great care in reality. Last and
not least, the post-cracking torsional stiffness of B-25
with a decline of only 10% shows that it is not
substantially affected compared to that of B-20.

3.4. Crack Pattern

3.4.1. First Crack

Before testing, the beams were painted white so that
the crack development could be easily observed. Each
specimen includes two test zones located on each side
of the midspan diaphragm. One of these zones was
highlighted to form a grid of equally spaced cells in
both longitudinal and transverse directions on three
faces only (front, top, and rear). The other test zone
was not highlighted as similar cracks were expected to
form due to symmetry on either side

Generally, the first cracks appeared at the bottom
face and then extended towards the tensile flexural
zone of the vertical faces and then inclined at
approximately 45-degrees to the axis of the members.
Table 7 presents the details of the first cracks in the
tested specimens. The first cracks in B-23 and B-20,
which have the highest flexural and torsional
stiffnesses, were a combination of torsional shear and
flexural-shear cracks and occurred at 60 and 48 kN in
the range of middle to quarter span, respectively. These
cracks were formed in both the flexural tensile zone
and the shear webs concurrently and thus denoted by
“torsional-shear” and “flexural-shear” cracks. While
the “flexural shear” cracks initiated vertically in the
webs and later inclined; however, the “torsional shear”
cracks in B-20 were diagonal cracks.

Table 7 Details of first cracks

Beams P..,kN Type Nearest position
B-20 48 Torsional shear  Mid-Quarter span
B-23 60 Flexural-shear ~ Mid-Quarter span
B-24 47 Flexure Mid-Quarter span
B-25 30 Flexure Midspan

The first cracks in B-24 and B-25 were initiated
earlier than the first cracks in B-23 and B-20. In B-24,
the first crack appears at 47 kN vertically near quarter-
span, and the earliest crack occurs vertically in the
webs in B-25 at the lowest loading of 30 kN only, and
hence these cracks are named flexural cracks. These
cracks reflect the direct effect of bending due to the
lower elastic modulus of the BFRP reinforcements, in
addition to the exclusion of diaphragms in B-24 and the
void fillers in B-25. Additionally, the initial flexural
crack in B-25, which occurs close to the midspan,
could be attributed to the effect of using lower modulus
BFRP bars and the exemption of the void-fillers, which
combinedly lead to evident midspan deflections.

3.4.2. Crack Propagation

The crack marks are re-drawn by a CAD tool to
better visualize the crack pattern on all faces,
understand the crack pattern, and easily measure the
angle between the cracks and the axis of the beam (see
Figure 7). The main trends show that the vast majority
of the cracks were due to torsion, which dominates the
other combined actions. In specimens B-23, B-24, and
B-25, the occurrence of the flexural cracks in the webs
and the bottom face could be partly attributed to the use
of BFRP longitudinal bars, which have a lower
modulus of elasticity compared to steel and are thus
prone to more relative deflections. There were more
intensive cracks on the two vertically loaded web (LW)
and the unloaded web (UW) sides, denoted by back and
front faces in Figure 7, respectively” rather than the
horizontal top and bottom faces. More cracks form on
the LW face rather than the UW face since diagonal
tension stresses due to transverse shear and torsion
were additive on the LW side but subtractive on the
UW one. With more progress in loading, the initial
cracks were extended to the upper portions of the webs
and then jumped to the top face, and eventually, the
cracks on all faces were reached each other forming
complete spirals in a helical form.

B-20 presents the most densified and regular arrows
of diagonal cracks and complete-formed spirals
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showing its improved torsional capacity compared to
other specimens. This box-girder could withstand the
highest loading and eventually witnessed excessive
spalling and crushing of concrete compression
diagonals close to the midspan, as indicated by the
hatched area in Figure 7. On the contrary, B-24 shows
the most widespread and irregular cracks, incomplete
spiral cracks, and no signs of spalling or crushing,
reflecting its lowest torsional capacity amongst the
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other specimens. A widened spiral crack extended from
the quarter span to the diaphragm-removed ends
causing the premature failure of this specimen. The
crack pattern of B-23 was uniform and regular, but
there were relatively much fewer cracks in B-23 as
opposed to B-20. The above shows that the extent of
cracks is a good indication of the strength; the more the
cracks, the stronger the member and vice versa.
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Fig. 7 Schematics of crack pattern and average strut angles

3.4.3. Crack Inclination Angle

In all the specimens, the reinforcement was
approximately equally distributed both longitudinally
and transversally with the intention that when cracks
formed, the angle of diagonal concrete struts remains
approximately around 45 degrees. The torsional cracks
on all the faces had approximate inclinations of 43, 50,
51, and 48 degrees for the specimens B-20, B-23, B-24,
and B-25, respectively, measured clockwise from the
beam axis for the left-hand test zone as is shown
previously in Figure 7. The crack inclination angle for
the steel-reinforced specimen does not deviate much
from the recommended 45-degrees angle specified by
the ACI 318 Code [26]. The average crack inclination
angle for other BFRP-longitudinally reinforced
specimens, which is about 50 degrees, also varies
within the ACI range of 30-degrees to 60-degrees.
However, as the average value is higher than 45-
degrees, this indicates that the performance of the
BFRP-reinforced box-girders is lower than that of the
steel-reinforced counterpart. On the other hand, as
there are minor deviations in the crack angles among
the three BFRP-reinforced specimens, hence it can also
be concluded that the cracking angle of the BFRP-

reinforced specimens is only slightly affected by the
method of void-filling or the exemption or the
consideration of the diaphragms.

3.5. Analysis of Failure Modes

In general, all the specimens experienced yielding
of concrete and steel stirrups before failure; however,
the rate of damage was severe in the fully steel-
reinforced specimen than the other BFRP-
longitudinally reinforced specimens. As depicted by
Figure 8 (left), in B-20, the failure zone concentrated
near the midspan, which shows a combination of wide
cracks, severe crushing and spalling of concrete cover
accompanied by yielding of longitudinal steel bars
transverse steel stirrups. B-23, as shown in Figure 8
(right), presents fewer cracks and few spalling prior to
failure compared to B-20; its failure mode is
distinguished mainly by crushing concrete compression
struts in the loaded web side close to the midspan
diaphragm.

Regarding B-24, the failure occurs close to the
supports, as shown in Figure 9 (left), due to high
concentrated stresses at the diaphragm-less ends that
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lead to premature bearing failure at the supports.
Eventually, this specimen was unable to attain its full
potential capacity. The failure mode in the specimen
without the void-filling substance, B-25, concentrated

2 TS

S wce s

close to the midspan due to widened cracks at the top
and loaded web side and spalling at the top face as
shown by Figures 7 and 9 (right).

Fig. 9 Failure zones in B-24 (left) and B-25 (right)

4. Conclusions

The vast majority of torsional studies, to date,
mainly deal with solid concrete members reinforced
with conventional steel reinforcement under either pure
torsion, torsion with shear, or torsion combined with
bending action only. Further, due to the complexity of
the problem, only a few studies have addressed solid or
hollow members under combined loadings using
conventional steel reinforcement. FRP-related works
also focus mostly on tests of FRP-reinforced members
under pure torsion. Consequently, FRP codes of
practice and design guidelines, while including
provisions for the case of pure torsion, but all lack
provisions regarding the torsional strength of box-
girders under the more practical actions of torsion,
shear, and bending altogether. This is partly because
FRP is a new-age material but mainly because tests of
specimens under combined loadings are complex,
costly, and time-worthy. With this milestone, the
current research attempts to put the first steps forth
towards exploring this essential domain. Experimental
tests on three HSC box-girders reinforced with BFRP
bars, steel stirrups, and one traditionally steel-
reinforced companion were conducted under torsion,
shear, and bending. The variables were the type of
longitudinal reinforcement (BFRP vs. mild steel), the
role of middle and support-diaphragms, and the effect
of filling the internal cores with Styrofoam compared
to the void-free case. The main conclusions are:

1)  The entirely steel-reinforced specimen, B-20,
offers a higher flexural and torsional performance by

18% than its BFRP-longitudinally reinforced
counterpart, B-23. The exclusion of diaphragms as in
B-24 leads to the lowest flexural and torsional capacity
of 79 kN and 132 kN.m, respectively, which constitutes
a decrease of 53% in the total capacities. In addition,
leaving the internal space unfilled as in B-25 adversely
affects the flexural and torsional strengths leading to a
drop of 30% in the ultimate capacities.

2)  Although the lower elastic modulus of the
BFRP-longitudinally reinforced specimen, surprisingly,
the ultimate deflection in B-23 was less than that of B-
20, 36mm vs. 45mm. This was due to the resistance of
B-20 to more loadings than B-23. However, the
deflection values at comparable loadings showed a
reverse trend, 25 mm in B-20 compared to 36 mm in B-
23, i.e., at comparable loadings, the deflection of the
steel-reinforced specimen is lower than its BFRP
longitudinally-reinforced pair as expected. The same
findings for the deflections also apply to the angles of
twist and the torsional stiffness values.

3)  First cracking in the weakened specimens
(due to either the removal of the diaphragms or the
void-fillers) occurred at earlier loadings due to flexure
only at 30 kN and 47 kN in B-25 and B-24,
respectively. In the other specimens, B-23 and B-20
(both with void-fillers and diaphragms), the first cracks
appear at higher loadings of 48 kN and 60 kN,
respectively. The latter two specimens also bear higher
ultimate loadings than the former two.

4)  The inclined torsional crack angles were in
the range of 43 to 51 degrees. The crack angle in the
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BFRP-longitudinally reinforced box-girders (B-23, B-
24, and B-25) were about 50-degrees, while in the
steel-reinforced one, B-20, it was about 43-degrees.
This indicates that the lower the crack inclination is,
the more enhanced the performance of the box-girders
could be.

5)  This work was limited to rectangular non-
prestressed HSC box-girders without overhangs
subjected to torsion, shear, and bending. Therefore,
further research is needed to study the behavior of
trapezoidal prestressed HSC box-girders with or
without overhangs reinforced entirely with FRP bars
and FRP stirrups under the combined loading.
Moreover, from the authors' perspective, it is essential
that further experiments need to be conducted in this
emerging field in the future to supplement the FRP
codes and design guidelines with a broader database.
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Notation

f. - Compressive strength of concrete cylinders,
MPa

fru.€pu- Ultimate tensile strength and strains of FRP
bars;

fy:€y - yield strength and strains of steel bars;

fur€u - Ultimate tensile strength and strains of steel
bars;

Ay, A, - Longitudinal and transverse reinf., mm?;

p1, pr - Longitudinal and transverse reinforcement
ratio;

Aon - Area enclosed by the outer legs of stirrups,
mm?;

pr - Periphery enclosed by outer stirrup legs, mm;

s - center to center distance of vertical stirrups, mm;

T, - measured cracking torque of beam specimens;

@ - measured angle of twist at cracking;

T.r 085 - Cracked torque at 85 percent of ultimate
torque;

®cro8s - Angle of twist at 85 percent of ultimate
torque;

T,, - measured ultimate torque of beam specimens;

¢, - measured angle of twist at ultimate torque
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