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Shear Reinforcement Spacing in Wide Members
by Adam S. Lubell, Evan C. Bentz, and Michael P. Collins

Large, wide beams and thick slabs are frequently used as transfer
elements where the total structural depth must be kept to a
minimum. While these members provide large cross-sectional
areas of concrete to resist shear demands, shear reinforcement
may still be required. For these wide members, design codes do not
provide guidance on appropriate limits for spacing of the shear
reinforcement legs across the member width. This paper presents
the results of 13 new experiments designed to investigate the influence
of this spacing on the one-way shear capacity of wide reinforced
concrete members. The capacity of members with well-distributed
shear reinforcement could be safely predicted by the ACI 318
shear model, but stirrup efficiency decreased significantly as the
stirrup leg spacing across the width increased. Limits are proposed
on the spacing of stirrup legs across the member width to ensure
that the shear reinforcement is effective.
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INTRODUCTION

Many structural framing schemes include the use of wide
members to carry direct forces, or to serve as primary
transfer elements. For example, in modern high-rise
construction, a system of wide beams may provide asimple
and economical system to transfer column loads from the
tower portion over required column free spaces in the
podium or parking areas below. Thick one-way transfer
slabs can serve similar roles when the column layout to be
transferred isirregular in the plan.

In many of these design situations, the width and height of
the concrete cross section will be sufficiently large such that
the one-way shear demand can be satisfied by the concrete
alone. This configuration would avoid the construction time
and expense associated with introducing shear reinforcement
in these large members. Recent research,14 however, has
highlighted the difficulty of accurately assessing the shear
capacrty for large, Irghtly reinforced WI ide members without
web reinforcement using ACI 318-08,° due to size effectsin
shear. Size effect refers to the decrease in shear stress at
failure observed as member depth increases, for members
without web reinforcement.*8 Thus, it has been recommended
that stirrups beincluded in al large membersto mitigate size
effect in shear and to enhance the member ductility.® In other
design situations, architectural limitations may require
shalower structura depths, thus requiring web reinforcement
to cope with the shear demands on the reduced cross section.
While shear reinforcement spacing limits measured along
the member length are provided in design codes such as ACI
318, few guidelines exist for appropriate limits on the
spacing of stirrup legs across the width of the cross section.

Leonhardt and Walther’ suggested that the transverse
spacing of stirrup legs should be minimized to adequately
anchor and suspend the diagonal compression struts associated
with the truss model used for shear reinforcement design.
The dr agonal compression force must flow toward the stirrup
legs,” as shown in Fig. 1(a). Anderson and Rami rez® likened
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Fig. 1—Force flow analogy in diagonal strut toward shear
reinforcement legs: (a) spreading model; and (b) effective
strut anchorage width for truss modeling.

thisto considering a series of effective truss planes oriented
in the longitudinal direction and centered on each line of
stirrup Iegs An effective width of this plane was not
defined,® but detailing rules for strut-and-tie models in the
AASHTO LRFD code, shown in Fig. 1(b), can serve as a
guide. These rules suggest that it may no longer be appropriate
to consider the web reinforcement as uniformly smeared over
the cross section, for memberswhere the legs of the stirrups are
spaced further apart than 12 times the bar diameter of the
longitudinal reinforcement.

Without specific ex;?erimental validation presented,
Leonhardt and Walther’ suggested a shear reinforcement
spacing limit in the width direction of d for low shear
stresses, but noted the spacing limit should decrease as a
function of the shear stress. For members with high shear
stresses, a transverse spacrng of 200 mm (7.9 in.) was
proposed. In comparison, Leonhardt and Walther’
recommended stirrup spacing limits of 0.6d or 300 mm
(11.8 in.) in the longitudinal direction, with the limits
decreased by 50% for shear stresses exceeding approximately
0.135f. . Eurocode 210 suggests spacing limits of 0.75d or
600 mm (24|n) in both thewrdth and longitudinal di rectrons
ACI 318-08,% CSA A23.3-04,1 and AASHTO LRFD? limit
the spacing in the longitudind direction to 0.5d, 0.63d, and
0.72d, respectively, but none of these codes provide stirrup
leg spacing limits across the width of sections.

Only asmall number of studies have directly examined the
influence of stirrup spacing across the width on the one-wa¥
shear capacity of large members. Hsiung and Frantz?
performed tests on members up to 457 mm (18 in.) in width
using different stirrup configurations and having shear
reinforcement ratios approximately 60% higher than the
ACI 318-08 minimum limit (A, fy/bys_~0.62 MPa[90 psi]).
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Fig. 2—Sectional model for force transfer at flexure-shear
cracks: (a) memberswithout stirrups; and (b) memberswith
stirrups.

Specimens had width-to-height aspect ratios (b, /h) from
0.33 to 1.0. Higher web reinforcement strains in interior
stirrup legs were reported, but the stirrup leg spacing across
the width, ranging from d/4 to d, did not result in discernible
changes in ultimate shear capacity or differences in crack
widths measured across the specimen width. Anderson and
Ramirez® tested members 406 mm (16in.) deep with b, /h=
1.0 and sectional shear stresses of approximately 60% of
ACI 318-08 maximum limits (A,f)/bWsL 2.14MPa[310 ps])
They concluded that the stirrup spacing limits proposed in
Reference 7 were appropriate for members subject to high
shear stresses. Serna-Ros et al.!3 tested beams 750 mm
(29.5in.) wideand 250 mm (9.8in.) high, with different web
reinforcement configurations (A, f,/b,,s_~0.76 MPa[110psi]).
They concluded that capacity predictions using the ACI 318
model could be improved by adjusting the web reinforcement
fraction Vg of the total one-way shear capacity V,, by theratios
Jdis) and J(dls,), wheres; andswrepresent the spacing
of the web reinforcement legs in the longitudinal and width
directions, respectively. Earlier tests on reinforced concrete
shells at the University of Toronto with rectilinear patterns
of shear reinforcement showed that the shear capacity
decreased as the spacing across the width increased for
constant shear reinforcement ratios.** A staggered pattern of
web reinforcement of shear studs was found to improve the
performance of cyclically loaded shells with superimposed in-
plane tension and compression by preventing excessive
transverse splitting along the longitudinal reinforcement and
by improving the confinement of the concrete core.1®

The present study was designed to examine the relationship
between one-way shear capacity and shear reinforcement
spacing across the width for members with large b, /h aspect
ratios. These can be considered as wide beams, or as design
strips taken from one-way dlabs or large shell structures. A
primary objective wasto establish appropriate spacing limits
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for which the existing ACI 318 modified truss model for
sectional one-way shear would produce safe predictions of
member capacity. The research focused on members with
shear reinforcement ratios close to the ACI 318 minimum
requirements, consistent with the relatively low levels of
shear stress that would typically be encountered in wide
members within building-type structures.

RESEARCH SIGNIFICANCE

Shear reinforcement legs for one-way shear must be
appropriately spaced along the member length and acrossthe
member width. While spacing limits are provided in design
codes for the longitudinal direction, little guidance is available
for spacing across the width. Laboratory test results for
membersupto 1170 mm (46.1in.) wide are presented, where
the web reinforcement pattern within the cross section was a
primary test parameter. This study proposes new guidelines
for the maximum transverse spacing of shear reinforcement
to ensure adequate safety of wide members designed using
the ACI 318-08 truss model for one-way shear.

ROLE OF WEB REINFORCEMENT
Shear failures in dender flexural members are associated
with the formation of inclined cracks.® After the diagonal
cracks form, the structure relies on the transfer of forces
across this division to maintain equilibrium. Thus, it is
important to understand the force transfer mechanisms so
that adequate levels of safety are achieved.

In a slender diagonally cracked member without web
reinforcement (Fig. 2(a)), resistance to shear is provided by
the uncracked compression block, V,; aggregate interlock
along the crack surface, Vg and dowel action from the
Iongltudl nal re| nforcement, \9 Most design code models
for shear®®11 do not attempt to isolate each mechanism, but
instead provide a strength term to estimate the equivalent
combined action of all three modes. Indeed, ACI 318-08°
design provisions use an empirical estimate of the force to
cause significant diagonal cracklng as a proxy to the
mechanisms described previously 1’ The commonly used
ACI 318-08 expression for one-way shear capacity of a
member without web reinforcement, which is subject to
flexure and shear, is (ACI 318-08, Eqg. (11-3))

V,=0.166,/f{ byd  (MPa, mm units) (1a)
Ve=2/f, byd  (ps, in. units) (1b)

where f! is the compressive strength of concrete cylinders,
by, is the web width, and d is the effective depth of the
longitudinal tensile reinforcement measured from the
compression face.

When web reinforcement is introduced, the behavior after
the formation of a principal diagonal crack is considerably
more ductlle Based on truss models originall %/ developed by
Ritter’® and Morsch,® the ACI 318 model® estimates the
direct contribution to shear capacity from theweb reinforcement,
Vs, using a45-degree truss analogy (ACI 318-08, Eq. (11-15))

V. = ALtL 2
S
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Fig. 3—AW Series specimen configuration.

where A, isthe areaof web reinforcement within across section
taken perpendicular to the member longitudinal axis, and fy is
the yield drength of the web reinforcement. Equation (2)
assumes that al shear reinforcement within an averaged
distance of +0.5d of the critical section for shear will have
reached the yield strength at the time of shear failure.

Joint ACI-ASCE Committee 3267 recognized that
members with web reinforcement tested in the laboratory
were consistently stronger than the predictions developed
from Eq. (2) alone. Furthermore, at loads after cracking but
prior to failure, stirrup strains were lower than would be
predicted from the truss model alone. Thus, the ACI 318-08
modified truss model for shear relies on the observation that
test results of narrow members containing well-distributed
web reinforcement can be safely predicted by the summation
of amechanics-based truss component Vg, with the empirically
derived diagonal cracking load, V.

V=V + Vs 3

While Eqg. (3) is convenient for design, the actual force
transfer mechanisms can be more readily represented by
Fig. 2(b).1® In addition to forces carried directly through the
web reinforcement (Vg in Fig. 2(b)), the force transfer
mechanisms corresponding to the compression block, Vg;
aggregateinterlock, V,4; and dowel action, Vy, are enhanced
from the correspondi ng valuesin a geometrlcally identical
member without web reinforcement.’® Well-detailed web
reinforcement will provide confinement to the compression
block, control crack widths (and thereby enhance aggregate
interlock on the crack surfaces), and control splitting action
along the longitudina bars from dowel action. Thus, it is
reasonable to assume that the magnitude of V. in Eq. (3)
would be sensitive to the web reinforcement arrangement if
taken by the customary interpretation as concrete contribution
rather than the ongmally defined dlagonal cracking load.
Both the AASHTO LRFD® and CSA ™ codes assume that the
introduction of minimum web reinforcement mitigates the
size effect in shear for the V, component. For this assumption
to be accurate, the web reinforcement must be sufficiently
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well distributed over the member cross section to control
crack widths.

EXPERIMENTAL INVESTIGATION

Experiments were conducted on reinforced concrete wide
beams and slab strips as part of a Iarger study on shear in
wide reinforced concrete members.3 This paper reports the
results of 13 specimens in two different series, where each
serieswas established by nominal specimen dimensions. The
specimens were intended to be full-scale models of typical
wide beams and slab strips and contained web reinforcement
ratios consistent with therelatively low levels of shear stress
that would be encountered in wide beams and slabs within
building structures. Shear reinforcement spacing was a
primary test variable.

It is important to note that in the verification of Eq. 3),
ACI Committee 326" examined the results of 166 experiments
and found an average ratio of Vieq/V, of 1.44 with a coefficient
of variation of 23.7%. With the analytical model having this
degree of conservatism and scatter, it isdifficult to determine
if the spacing of the web reinforcement is excessive by just
comparing the observed failure shear to the ACI 318
predicted failure shear. This study uses companion specimens
that did not contain web reinforcement as an additional basis of
comparison. If adding widely spaced shear reinforcement
has little effect on the shear strength of a member compared
to the companion, then presumably the spacing of the web
reinforcement is excessive.

Specimen configuration

The seven specimens in the AW series, which are
described in Fig. 3 and Table 1, were constructed to nominal
dimensions of 1170 mm (46.1 in.) width, 590 mm (23.2 in.)
tota height, and 4880 mm (192.1in.) tota length. The specimens
were tested under three-point bending with a central span of
3700 mm (145.7 in.), giving a shear span-depth ratio (a/d) of
approximately 3.65. Four of these specimens, AW2, AW3,
AW4, and AW5, were loaded and supported via 305 x
305 mm (12 x 12 in.) steel plates to simulate column loads
and column supports. The other three specimens, AW6,
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Fig. 4—AX Series specimen configuration.

Table 1—AW specimen properties and test results
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Narrow load and support conditions

AW2|[ ]| 1172 | 501 | 507 (365 393 168 0514 | 1080 (213| 818 1858 1031 0.305 0.88
AW3 1165 | 593 | 509 363 37.2 |169] 0517 800 |157| 837 1902 9.01 0.365 0.92
Awa4|[ ]| 1168 | 590 | 506 [3.66| 399 [1.69] = — — | —| 725 1561 6.39 — 117
AW5|[T 17| 1170 | 590 | 511 [362 348 |167] 0355 375 |0.73| 963 2268 1323 1122 1.20
Full-width load and support conditions
Aws|[__7| 1169 | 593 | 509 (363 437 168 0515 | 1080 [212| 841 1876 9.29 0.134 0.87
AW?[[TT]| 1170 | 501 | 512 |361) 358 [167]  0.355 370 |0.73| 1074 | 2366 14.69 1.288 1.33
Aws|[ ]| 1169 | 501 | 507 |365 394 |L69 = — — | — | 800 1710 7.75 — 1.29

Note: Vieq represents applied shear force (including specimen self-weight and apparatus weight) at ACI 318 critical section for beam shear d for edge of support plate; s, represents
maximum spacing between adjacent stirrup legs in same cross section; 1 mm = 0.0394 in.; 1 MPa = 145.04 psi; and 1 kN = 0.2248 kips.

AW?7, and AWS8, were loaded and supported by full-width
platesto simulate wall loads and wall supports. The five AW
specimens with web reinforcement had stirrups spaced at
300 mm (11.8 in.) along the length of the member. That is,
5 was approximately 0.59d. This spacing was chosen
because it seemed likely that members where the longitudinal
spacing of the stirrups was close to the maximum permitted
by various codes would be more sensitive to any detrimental
effects of wide spacing acrossthe width of the member. Web
reinforcement patterns included four legs across the width,
two legs near the specimen edges, and two legs concentrated
within a central column-strip. It isimportant to note that the
arrangement with four stirrup legs across the width resulted
in a stirrup clamping stress parameter, (A, fyy)/(bys.), only
69% as great as that produced by the two-stirrup-leg
arrangements (refer to Table 1). All seven of the AW
specimens had the same longitudinal reinforcement,
resulting in a p,, ratio of 1.68%. This relatively high
percentage was chosen so that the calculated flexural failure
load exceeded the nominal ACI 318 shear failure load by
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approximately 40%, thus making flexural failure unlikely.
Top longitudinal bars used to anchor the stirrups varied, but
would have minimal influence on overall member response.
The six AX series specimens, which were all loaded and
supported with full width plates, are described in Fig. 4 and
Table 2. Nominal dimensions for the specimens were 700 mm
(27.6 in.) width, 335 mm (13.2 in.) total height, and 2800 mm
(110.2 in.) total length. The central span was 2080 mm
(81.9in.), giving a/d = 3.65. The smaller dimensions for the
AX specimens were chosen so that a wider variety of web
reinforcement configurations could be investigated within
the scope of the project. The five AX specimens with web
reinforcement had stirrups spaced at 175 mm (6.9 in.) along
the member length (s, = 0.61d) and contained either two,
three, or four web reinforcement legs across the width.
Corresponding differences in the leg diameter or yield
strength of the web reinforcement gave similar valuesfor the
stirrup clamping stress parameter in all specimens (refer to
Table 2). Specimen AX5 used stirrups with two legs across
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Table 2—AX specimen properties and test results

Specimen By, MM h, mm|d, mm| a/d |f¢. MPa) p, 96 |Afy/bys, MPalsy,, mm| s,/d |Viest, KN |gjong 8t Viest: 1| Amax @ Viest» MM|Vs* e/ Vs aci | Viest/Vin
AX1 703 | 330 | 289 |360| 420 |172| 0506 625 |216| 460" 5623 12.25 1718 | 143
AX2 703 | 336 | 286 [364| 420 |174| 0502 625 |219| 340 2090 5.56 0564 | 107
AX3 707 | 335 | 285 |365| 420 |174| 0574 350 |123| 452° 3466 11.10 1457 | 135
AX4 698 | 335 | 285 [365| 420 |176| 0527 235 [082| 417 2625 9.59 1276 | 130
AX5 697 | 333 | 283 [367| 410 [177| 0511 470 |166| 361 2385 7.85 0772 | 116
Axs|[ ]| 703 | 338 | 288 |361| 410 |173 — — | —| 283 1673 4.24 — 131

“Strain gauge results indicate some yielding of some longitudinal reinforcement.

Notes: Vieq represents applied shear force (including specimen self-weight and apparatus weight) at ACI 318 critical section for beam shear d for edge of support plate; s, represents
maximum spacing between adjacent stirrup legs in same cross section; 1 mm = 0.0394 in.; 1 MPa = 145.04 psi; and 1 kN = 0.2248 kips.

Table 3—Reinforcement characteristics

Barno. | Apar, Mm?(in?) | f,, MPa(ks) f,, MPa (ksi)
25M 500 (0.775) 467 (67.7) 637 (92.4)
15M 200 (0.310) 452 (65.6) 618 (89.6)
Ji0 68.0 (0.105) 458 (66.4) 642 (93.1)

D4 51.6 (0.080) 600 (87.0) 668 (96.9)
D6 38.7 (0.060) 613 (88.9) 660 (95.7)
D8 25.8 (0.040) 625 (90.6) 649 (94.1)

the width, but these stirrups were installed in an alternating
pattern (refer to Fig. 4).

I nstrumentation for each specimen was designed to capture
the load-deformation response, strain in the reinforcing bars,
and crack development. Vertica displacement measurements
across the width of the members were recorded from linear
variable displacement transformers (LVDTS). Deflection
values have been corrected for measured settlements
occurring at the supports. A system of LVDT-based bulging
gauges, which measured the increase in member thickness
caused by diagonal cracking, was also installed in the AX
specimens (refer to Fig. 5). The holesthrough the concretefor
the bulging gauge were formed with 6 mm (1/4 in.) diameter
flexible plastic tubing that was removed prior to the tests.
The free movement of the LVDT piston prevented the gauge
from acting as a force-resisting element. Applied load,
including the weight of the apparatus, was recorded from the
machine head. Electrical strain gauges were placed on some
longitudinal reinforcement barsin each specimen. Locations
were selected to investigate variations in bar forces across
the specimen width and along the length. Additional
instrumentation details are provided in Reference 3.

Materials

Reinforcement used in the AW series consisted of
deformed bars for the longitudinal and web reinforcement.
AX specimens used deformed longitudinal bars and
deformed bars or deformed wire for the web reinforcement.
The properties of the reinforcement are provided in Table 3.
Reinforcement bar areas reported are nominal values.
Tension coupon tests were used to determine the yield
strength from randomly selected samples of each bar stock.
The 25M and 15M reinforcing bars exhibited well-defined
yield points. The yield point for the J10 reinforcement and
the deformed wire were found using the 0.2% of fset method.
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All AW specimens were cast sequentialy in the same
plywood formwork over a 10-month period. AX specimens
were cast in two sets, approximately 4 weeks apart. Concrete
was supplied from a local ready mixed concrete company,
contained 9 mm (3/8in.) coarse aggregate, and had a nominal
specified strength of 25 MPa (3.6 ksi). The aggregate was
crushed limestone or river gravel for the AW and AX
series, respectively. Specimens were cured under moist
burlap and plastic for approximately 7 days and then stored in
theambient laboratory conditions prior to testing. Standard 152
x 305mm (6 x 12in.) cylinderswere cast with the specimens.
The average specimen age at testing was approximately 66
days for AW specimens with narrow supports (AW2 to
AWS5), 217 days for AW specimens with wide supports
(AW6 to AWS), and 335 days for the specimens in the AX
series. Thef! valuesin Tables 1 and 2 represent the average
strength of cylinders tested on the same day as the specimen
after having been cured under similar laboratory conditions.

Testing procedures

All tests were conducted using a 5400 kN (1200 kip)
capacity universal testing machine, where the applied force
was controlled through manual operation of the hydraulic
valves for the loading piston. Each specimen was loaded in
6 to 11 load increments to failure. At each load stage, the
load was decreased by approximately 10% for safety while
the cracks were marked, measured with comparator gauges,
and photographed. Continuous recording of the load,
displacements, and reinforcement strains were provided
throughout each test.

Experimental results: AW series
Load-deflection response—Figure 6(a) provides a
comparison of the |oad-deflection relationships for the three
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serieswith full-width loads and supports; (b) AW serieswith

narrow loads and supports, and (c) AX series with full-

width loads and supports.

specimens of the AW series that had full-width loads and
supports. A horizontal offset (2 mm [0.08 in.]) of the curves
has been used to facilitate comparisons because the three
specimens exhibited amost the same load-deflection
behavior up to the flexure-shear cracking load, which was
very similar for the three specimens. Specimen AWS,
without web reinforcement, failed in shear at the formation
of the first major diagonal crack. Specimen AW?7, with four
stirrup legs across the member width (s, /d = 0.72), was able
to carry aload 34% higher than AWS8, which is close to the
increase in shear capacity predicted by ACI 318 for the addition
of this quantity of shear reinforcement. The failure of AW7
at the peak load was characterized as brittle, where buckling
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of the top reinforcement between the stirrup legs and
blowout of the concrete was observed on the top of the east
span near the loading point. The corresponding applied load
decreased suddenly by 22% from the peak. Specimen AW6
contained 45% more shear reinforcement than AW7 and
hence was predicted by ACI 318 to have a shear failure load
55% greater than the specimen with no stirrups (AW8).
Because of the wide spacing of the stirrup legs (s,,/d = 2.12)
in AW6, however, the actual increase in failure load was
only approximately 5% compared with AWS8 (with no stirrups).
While these widely spaced stirrup legs did little to increase
the shear failure load, they did make the failure considerably
more ductile. The maximum displacement of AW6, shown
in Fig. 6(a), was limited by the test setup.

Figure 6(b) provides a comparison of the load-deflection
relationships for the four specimens of the AW series that
had loads and supports that occupied only 26% of the width
of the specimens. It can be seen that for these specimens, the
reduction in support and load width has caused the failure
loads to be reduced by approximately 10% from the corre-
sponding specimens in Fig. 6(a). This detrimental effect,
whichisneglected in most codes®>1%11 s discussed in more
detail in Reference 3. Once again, the specimen with the
closely spaced stirrup legs, AWS5, where s,,/d = 0.73, failed
at a load approximately 33% higher than the companion
specimen with no stirrups (AW4). The specimen with the
widely spaced stirrup legs, AW2 (s,/d = 2.13), failed at a
shear not much higher than AW4 (with no stirrups).
Specimen AWS3, which had stirrups arranged within a
narrow column strip (refer to Fig. 3), displayed a similar
load-deformation response to AW2. Specimens AW2 and
AW3 were assigned similar s, parameters because the
maximum transverse spacing in AW3 was assumed from one
leg to the location where the next leg would occur in aseries
of paralel, joined, AW3 strips. For AW2 and AW3, the ACI
expressions predict that these two specimens should be 49%
and 46% stronger, respectively, than the companion specimen
without stirrups, AW4. Because of the wide spacing of the
stirrup legs, however, they were only 13% and 15% stronger,
respectively, than AW4. Once again, while the widely spaced
stirrup legs of AW2 and AW3 were relatively ineffective
at enhancing the shear strength, an increase in failure ductility
was observed. Specimen AWS5 exhibited some post-pesk
energy absorption, whereas AW4 without stirrups was charac-
terized by a brittle failure. Maximum displacements achieved
for AW2, AW3, and AWS5 were limited by the test setup.

Crack development—Figure 7 shows the crack patterns
after failure for the seven AW specimens. At comparable
load levels, the crack patterns and crack widths among the
specimens with web reinforcement were qualitatively
similar. Furthermore, the crack development was similar on
both side faces of the members. Measured widths of cracks
prior to failurefor the two specimenswithout web reinforcement
(AW4 and AWS) were very small, 0.05 mm (0.002 in.), with
brittle failure occurring at or soon after the formation of the
principa diagond crack. On the other hand, Specimen AW7 had
measured diagonal crack widths of approximately 4.0 mm
(0.157 in.) just prior to the peak load. The corresponding
specimen with narrow supports, AWS5, exhibited diagonal
crack widths of approximately 2.0 mm (0.08 in.). From the
specimens with wide U-stirrup configurations, AW6 on full-
width supports had crack widths in the region of the failure
crack of approximately 0.1 mm (0.004 in.). The peak load
was reached soon after the formation of the principal
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diagonal crack. In comparison, AW2 on narrow supports
had a diagonal crack width of approximately 1.2 mm
(0.047 in.) on one shear span just before the peak, but the
peak load was reached when a diagonal crack formed in the
other shear span. Specimen AW3, which had the same
stirrup areaas AW2 but with the stirrup legs further from the
specimen side faces, had diagonal crack widths of 3.0 mm
(0.12in.) prior to the peak load. It is also noted from Fig. 7
that in the case of narrow loads (AW2 to AWS), the fina
failure crack extended past the centerline of the specimen,
wheresas it stopped at the loading plate edge for specimens
with full-width loads (AW6 to AWS).

Reinforcement strains—Up to fivelongitudinal reinforcement
bars acrossthewidth wereinstrumented for each AW specimen,
and the maximum measured strain value corresponding to
the peak machine load is provided in Table 1. For all AW
specimens, al longitudina strain gauges showed a linear
response with increasing load, indicating that yielding of the
longitudinal reinforcement did not occur.

The results showed that the longitudinal reinforcement
will not be evenly strained across the width of a wide
member, with different sections showing higher, lower, or
similar strains in the outer bars compared with the middle
bars. It is noted, however, that local reinforcing bar strain
magnitudes are sensitive to the proximity of the nearest
crack, which can vary across the width. Strain readings in
this study were inconclusive for establishing a strain
distribution pattern in relation to location in the span, to the
stirrup leg arrangement, or to load and support conditions.

Experimental results: AX series

Load-deflection response—Figure 6(c) provides a
comparison of the load-deflection relationships for each of
the web reinforcement patterns studied in the AX series,
along with the companion specimen that did not contain web
reinforcement (AX6). Once again, a horizontal offset of the
curves is provided to avoid overlapping the curves. All six
specimens exhibited virtudly identical load-deflection behavior
up to the flexure-shear cracking load, which was similar for
all specimens. Specimen AX6, without web reinforcement,
suffered an abrupt shear failure a the formation of the first
significant diagonal crack. Specimens AX1, AX3, AX4, and
AX5 al showed significant increases in peak force capacity
beyond the shear cracking load. AX5 had a lower post-
cracking stiffness compared with AX1 through AX4, which
was attributed to influences on crack devel opment dueto the
use of a staggered shear reinforcement pattern as compared
with arectilinear grid. The shear cracking load of AX2 was
not well defined by the test data, but little additional capacity
over the shear cracking load of AX6 wasobtained. Neverthe-
less, a large midspan displacement was achieved with
reducing capacity, indicating that the web reinforcement
provided additional energy absorbance capacity to the failure
mechanism. Indeed, locations of stepsin the postpesk response
of AX2, AX3, and AX5 in Fig. 6(c) corresponded to audible
stirrup rupture, further highlighting the potential ductility
improvement of members with web reinforcement in the post-
peak range. Rupture and associated necking of gtirrups was
observed with AX4, where a brittle failure occurred and a
sudden 73% decrease in the load from the pesk was measured.
A nearly total loss of capacity occurred for AX6 (without
stirrups) at the brittle failure condition.

Crack development—Figure 8 shows the final crack
patterns for the AX series specimens. At comparable load
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Fig. 7—Crack patterns after failure for AW series specimens.

levels, the crack patterns and crack widths among the AX
specimens with symmetrical web reinforcement patterns
(AX1, AX2, AX3, and AX4) were qualitatively similar.
Crack development was also qualitatively similar for both
side faces of the same member. Widths of principal diagonal
cracks near the peak |oad condition for these specimenswere
typically 0.6 to 1.2 mm (0.024 to 0.047 in.). Specimen AX2
showed crack widths of 0.1 mm (0.004 in.) as compared with
AX1 with 0.6 mm (0.024 in.) crack widths, which had a
similar web reinforcement pattern. For comparison, the
crack widths for AX6 without web reinforcement were
approximately 0.05 mm (0.002 in.) at approximately 90% of
the failure load.

In the case of AX5, with a staggered pattern of web
reinforcement legs, larger cracks were present at load levels near
failure, and a difference in crack development was observed in
relation to the proximity of the nearest web reinforcement leg to
thesideface. Diagonad crack widthsof 2.5mm (0.098in.) were
measured on the failure crack on the east Sde of the specimen at
98% of the failure load. On the west side of AX5, where the
stirrup leg at the corresponding cross section was toward the
middle of the specimen, maximum diagonal crack widths
were approximately 3.0 mm (0.118 in.). In the postpeak
region, the cracks on the east face increased dlightly, but the
cracks on the west side increased to approximately 19 mm
(0.75in.), even while the specimen was maintaining a force
capacity of approximately 98% of the peak load. Even for
such large crack widths, the postpeak response exhibited
reasonable levels of deformation capacity, unlike the brittle
failure of AX6 without web reinforcement. Cracks on the
specimen soffitswere generally perpendicular to the span for
most AX specimens. For Specimen AX5, however, the soffit
cracks were heavily influenced by the locations where the
bottom portions of the U-stirrup were not continuous across
the full specimen width (Fig. 9).
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Fig. 9—Soffit cracks for AX5 after failure.

Each of the AX specimens was instrumented with bulging
gaugesto adlow for an estimation of differencesin crack widths
acrossthe cross sectionin rdlaion to the stirrup leg configuration
(refer to Fig. 5). Of the members with web reinforcement, the
flexure-shear crack corresponding to thefailure crack intersected
the plane of the bulging gauges for AX1 and AX3. Average
gauge measurements of approximately 4.0 and 3.3mm (0.16 and
0.131in.), respectively, were recorded a the peak machine load,
corresponding to approximately 1.3% of d. The gauge
measurements were larger than the width of the face cracks
because the gauge measurements may reflect the cumulative
width of several cracks (refer to Fig. 8). Nevertheless, the
readings suggest that the principal diagonal cracks were
sufficiently large that the aggregate interlock capacity on the
crack face near the failure load would be significantly smaller
than that available just after flexure-shear cracking. Near the
flexure-shear cracking load, face cracks were small and a large
proportion of the total shear could be carried by interlock &t this
stage. The interlock will decrease, however, as the cracks open
at higher load. For the other AX specimens, where the failure
crack occurred on the opposite shear span, the bulging gauge
measurements were from 0.2 to 1.2 mm (0.008 to 0.047 in.). In
all cases, measurements across the specimen width did not
differ by more than approximatey 10%. This variation
appeared consistent with random variations in cracking, and no
discernible pattern of crack width across the specimen width or
in relation to the web reinforcement patterns was observed.
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In AX1, the final failure crack was along a steep flexure-
shear crack much closer to the loading plate compared with
the other AX specimens. The very high longitudinal strains
in AX1, discussed in the following, suggest that the failure
mechanism of AX1 cannot be readily modeled using a
sectional shear approach. In thisregard, it would appear that
AXZ1isan outlier result, and AX2 would be more typical of
thefailure condition for the web reinforcement configuration
with widely spaced legs. Note that AX1 and AX2 were cast
simultaneously. It was also observed that the shape of the
AXA4 failure crack appeared more linear than the rounded
shapes of the other specimens in the AX and AW series,
which may account for a capacity dightly lower than what
the trends discussed in the following suggest. Overal, the
AX series test results suggested a trend of decreasing shear
capacity as the web reinforcement spacing s, increased.

Reinforcement strains—Like the AW specimens, strain
gauges affixed to severa longitudina reinforcement bars
acrossthewidth of each specimen dsoindicated somevariationin
strain distribution between the bars along the length. For most
AX specimens, middle bars had higher strains compared with
outer bars near the support locations, and dightly higher outer
bar strains compared with middle bars at midspan, with the
variation typicaly increasing in the postpeak regime. These
could not be correlated against discernible patternsin the AW
specimens, however, where some specimens had narrow loads
and supports. For AX5, the outer bars on the west side showed
significantly higher strains near the face of the support, but
much lower strains at the quarter-span point. This variation
was attributed to the influence of the stirrup pattern on the
flexural cracking pattern, as shown in Fig. 9.

Maximum strain values at midspan for the peak applied
load are provided in Table 2. It is noted that the maximum
strain recorded in AX1 (5623 pe) greatly exceeded the yield
strain of the longitudinal reinforcement. Thus, AX1 is
considered an outlier result for the evaluation of sectional
shear capacity. Specimen AX3 had a peak strain in the
middle bar at midspan of 3466 pe, which exceeds the yield
strain of the longitudinal reinforcement. The outer bars at
midspan, however, had linear strain responses up to strain
magnitudes of approximately 2500 pe at failure, indicating
that only some of the bars had yielded. Whilethefinal failure
was observed to be by shear, including audible stirrup
rupture, the partial yielding of thelongitudinal reinforcement
suggests that the failure may have been influenced by
combined flexure and shear action. The peak machine load
for AX3 was approximately 13% above the flexural capacity
predicted by ACI 318-08.

INFLUENCE OF STIRRUP LEG SPACING
ON SHEAR CAPACITY

As discussed previously, the ACI 318-08 shear model
assumes a constant contribution to shear capacity from the
concrete (Vo) if web reinforcement is introduced in a
member. Thus, according to this model, the influence of the
stirrup leg spacing on shear capacity can be determined by
comparing the shear strength of amember withweb reinforcement
againg a comparable specimen where the web reinforcement is
omitted. A new parameter was established (Vs* o) and
defined as Vieq for a member with stirrups less the Vieq
magnitude for a comparable specimen without tirrups. The
stirrup efficiency relativeto Eq. (2) from the ACI 318 model
was then evaluated with reference to anormalized efficiency
ratio (Vs* exp/Vsaci)- It isassumed in this study that changes
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in the test-to-model ratio for geometrically identical
members with identical reinforcement ratios result from
changes in the shear reinforcement pattern.

Stirrup efficiency values for specimens reported in this paper
arepresentedin Tables 1 and 2. All Vg resultswere established
at acritical section d from the face of the support plete, including
the effect of salf-weight. The results reported do not make an
adjustment for f{ because smilar values were established for
companion specimens. Figure 10 illustrates the relationship
between the stirrup efficiency factor and the normalized spacing
of dtirrup legs across the specimen width. A similar trend of
decreasing tirrup efficiency with increased transverse spacing is
observed for specimenswith either full-width or narrow load and
support conditions. When the transverse spacing exceeded
approximately d for the AW series, the gtirrup efficiency ratio
was below 1.0. These are consigtent with results reported by
Serna-Ros et al.13 for much thinner members (d = 206 mm
[8.1in.]), and having shear reinforcement ratios approximately
50% higher than the AW and AX specimens.

Specimens in the AW and AX series represent wide
members with large b,,/d and s,,/d ratios. For comparison
with more traditional |aboratory tests with smaller b,,/d and
s,,/d ratios, often cited test datafrom Bresler and Scordelis?
is also shown in Fig. 10. Specimens A-1 and A-2 had shear
reinforcement ratios of A, fy; /by, s ~0.33 MPa (47 psi), 5,,/d
and s /d ratios of approximately 0.46, p,, of 1.80% and
2.27%, a/d of 3.97 and 4.90, and effective depths of 460 mm
(18 in.). The stirrup efficiency of Specimens A-1 and A-2
relative to the companion members without stirrups (OA-1
and OA-2) were 1.43 and 1.44, respectively, falling on the
trend lines established from the AW and AX specimens
reported in this paper.

Predictions of the nominal one-way shear capacity for
each specimen in the current test program using Eq. (3) were
also completed and compared against the maximum shear
force determined from the tests (Tables 1 and 2). The model
provided asEq. (3) resulted in Vieq/V,, shear capecity prediction
ratios greater than 1.0 for members with well-distributed
web reinforcement (AW5, AW7, AX3, and AX4). Because
there was little increase in shear capacity observed for
members with wider stirrup leg spacing compared with
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geometrically similar members without web reinforcement,
the Vieq/V}, ratio was below 1.0 for members AW2, AW3,
and AWG6. The ratio was only dlightly above 1.0 for the
thinner specimenswith large s, /d ratios (AX2 and AX5). In
generd, the test-to-model ratio for shear capacity decreased
as the normalized stirrup spacing increased. From the
Viest/Vy trend established by these results, a maximum
stirrup spacing of d would ensure that Vieq/V,, was above 1.0.
The use of narrow bearing plate sizes at the load and
support locations reduced the comparable test-to-model
predictions, as shown in Fig. 10. The influence of _bearin
plate size has been studied by several researchers® /13212
and methods to account for its influence in capacity models
have been provided elsewhere 313 The present study examinesthe
full-width load and support case, which would represent the
practical case, once corrections for load and support widths
have been completed. The trends of decreased tirrup efficiency
and decreased V4 /V,, for increased s, /d in the current test
program are similar, regardless of the load or support condition.

Recommended spacing limit for s,

The influence of s, on the shear capacity permits the
establishment of design guidelines for maximum spacing of
web reinforcement legs across the member width. Design
limits must ensure that safe structures are always produced.
From a design context, a quantity of web reinforcement
would be selected assuming full efficiency. The current
study considered the maximum leg spacing across the width
at which the overal quality of the existing shear capacity
model would not be unduly diminished. Spacing limits were
assessed based on a fraction of the member depth, the
applied shear stress, and an absolute value.

Maximum spacing of d across the width—For the specimens
presented in Fig. 10, the trend observed for specimens with
full width loads and supports will give stirrup efficiency
ratios greater than 1.0, provided that s,, remains smaller than
approximately d. Furthermore, this limit will result in Vieg/V,
ratios greater than 1.0.

Absolute spacing of 600 mm (24 in.)—Maximum absolute
dimensions should be specified for s, to cater to very thick
dabs or wide beams. The largest members available for
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systematic validation are the 590 mm (23.2 in.) deep specimens
in the current study. Moreover, very limited data are available
for members with different geometrical ratios (b,,/d, a/d,
b,/a). In view of the limited data, an upper limit of 600 mm
(24 in.) for spacing across the width is recommended,
which is the same as the upper limit defined by ACI 318-08
for spacing in the longitudinal direction. A review of this
limit should be completed as new tests data are developed for
large, wide members with web reinforcement.

Soacing reduction in high shear stress regions—The tests
described previoudy, from which these limits were devel oped,
al contained relatively low web reinforcement ratios. In
practice, most designs that might result in alow number of
web reinforcement legs of small size are expected to fall in
thisrange. At higher shear levels, the greater total quantity of
web reinforcement required would permit adesigner to usea
larger number of small-diameter legs, thus giving a well-
distributed condition. Because members subject to higher
shear stresses have a greater proportion of their total shear
strength from the stirrup contribution (Vy), it is essential that
a high stirrup efficiency factor is achieved. Furthermore,
members subject to high shear stresses are expected to be
more heavily cracked at failure, emphasizing the importance
of ensuring that crack widths and crack propagation are
adequately controlled to maintain the shear transfer modes
assumed by the V. component of Eq. (3). Because of limited
data in this area, it is recommended that each of the afore-
mentioned spacing guidelines be reduced by 1/2 when the
nominal shear stress on the section exceeds 0.42,/f; MPa
(5 ﬁ psi). This adjustment is consistent with the use of
reduced longitudinal spacing limits in ACI 318-08 for
members subject to high shear stresses. Furthermore, it is
conastent with the recommendations of Anderson and
Ramirez.8 Additional testing of large wide members subjected
to high shear stresses may allow future review of this reduced
spacing requirement.

CONCLUSIONS

Thefollowing conclusions can be drawn from thisinvesti-
gation of shear strength influences from web reinforcement
configurations in wide reinforced concrete members:

1. The effectiveness of the shear reinforcement decreases
as the spacing of web reinforcement legs across the width of
amember increases;

2. The use of few web reinforcement legs, even when
widely spaced up to adistance of approximately 2d, has been
shown to decrease the brittleness of the failure mode compared
with ageometricaly smilar member without web reinforcement;

3. For a wide, simply-supported member with a central
concentrated load, the digtribution of strains in the longitudinal
reinforcement varies across the member width. Furthermore,
this distribution changes from that of typically higher strains
in the outer bars at midspan to higher strains in the middle
bars near the supports, but the pattern may be influenced by
the support geometry; and

4. To ensure that the shear capacity of al members with
web reinforcement are adequate when designed according to
ACI 318-08, the transverse spacing of web reinforcement
should be limited to the lesser of: @) the effective member
depth d; and b) 600 mm (24 in.). These limits should be
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reduced by 1/2 when the nominal shear stress exceeds
0.42./f; MPa(5,/f; psi).
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