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Abstract. Prestressed hollow-core slabs (HCS) are widely used for modern lightweight precast floor
structures because they are cost-efficient by reducing materials, and have excellent flexural strength and
stiffness by using prestressing tendons, compared to reinforced concrete (RC) floor system. According to the
recently revised ACI318-08, the web-shear capacity of HCS members exceeding 315 mm in depth without
the minimum shear reinforcement should be reduced by half. It is, however, difficult to provide shear
reinforcement in HCS members produced by the extrusion method due to their unique concrete casting
methods, and thus, their shear design is significantly affected by the minimum shear reinforcement provision
in ACI318-08. In this study, a large number of shear test data on HCS members has been collected and
analyzed to examine their web-shear capacity with consideration on the minimum shear reinforcement
requirement in ACI318-08. The analysis results indicates that the minimum shear reinforcement requirement
for deep HCS members are too severe, and that the web-shear strength equation in ACI318-08 does not
provide good estimation of shear strengths for HCS members. Thus, in this paper, a rational web-shear
strength equation for HCS members was derived in a simple manner, which provides a consistent margin of
safety on shear strength for the HCS members up to 500 mm deep. More shear test data would be required
to apply the proposed shear strength equation for the HCS members over 500 mm in depth though.
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1. Introduction

The prestressed hollow-core slab (HCS) is a factory-manufactured precast member with
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Fig. 1 Various types of section of prestressed hollow-core slab
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circular or semicircular hollow-cores in its web section, as shown in Fig. 1. Due to its hollow-
cores and replacement of conventional reinforcement by high strength tendons, it is lighter and
more cost-effective than conventional reinforced concrete (RC) slabs, and it also has excellent
flexural strength and enhanced performance in crack or deflection control by introducing of
prestress (Lee and Kim 2011, Kim and Lee 2012(a), (b), Lee et al. 2013). Thus, the HCS units
have been widely used for lightweight floor structures in Europe and North America, and their
demand also increases gradually in other regions (Becker and Buettner 1985, Buettner and Becker
1998, Hawkins and Ghosh 2006). The HCS members are generally manufactured using the
extrusion method or the slip-form method. The extrusion method is a dry-cast method that
produces slabs by extruding the low-slump concrete on a long-line casting bed using the extruder
without any mold, whereas the slip-form method produces the slab units by casting normal- or
high-slump concrete onto a slip form. Both methods form the hollow-cores using a tube or auger.
Particularly, the extrusion method can reduce facility-related costs because it does not require any
steel mold and can reduce the labor costs by automated production process, which makes it better
for the mass production of members. For this reason, many precast factories have adopted the
extrusion method for the production of HCS units. In the extrusion method, however, it is difficult
to provide the shear reinforcement in the HCS unit because it uses very low-slump concrete and
extrude it in the longitudinal direction of the member (Buettner and Becker 1998, Hawkins and
Ghosh 2006).

The shear failure modes of prestressed concrete (PSC) members without shear reinforcement
can be generally categorized into web-shear and flexure-shear failure. The web-shear failure
occurs immediately after diagonal cracking when the principle tensile stress in the web reaches its
tensile strength, whereas the flexure-shear failure is caused by the diagonal-tension crack changed
from flexural cracks (Collins and Mitchell 1991, Nilson 1987, Nawy 2006). Shear strength of HCS
members is generally governed by the web-shear cracking capacity because they have multiple
thin webs, similar to the prestressed I-beams. A recent study (Hawkins and Ghosh 2006) reported
that the web-shear strength equation for PSC members specified in ACI1318-05, could overestimate
the web-shear strengths of HCS members. Accordingly, the ACI318-08 design code (ACI
Committee 318 2008) introduced the minimum shear reinforcement requirement for deep HCS
members, in which the HCS members exceeding 315 mm in depth should provide the minimum
shear reinforcement unless the half of their factored web-shear cracking strength(0.5¢4V.,) is

greater than the applied shear force(V, ). This means that the web-shear strength of the deep HCS

members without the minimum shear reinforcement should be halved. Such a limitation on the
deep hollow-core members, however, may provide excessively conservative results, and greatly
affects HCS manufacturing industry because it is very difficult to provide the shear reinforcement
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in the HCS member due to the unique manufacturing process as aforementioned. Thus, a more
deliberate investigation and review on the web-shear strength of the HCS members are necessary
(Palmer and Schultz 2011). This study carefully reviewed the current web-shear strength equations
for the HCS members (or prestressed concrete members) specified in Asian, European, and North
American design codes, including the ACI building code, and proposed the web-shear strength
equation for the HCS members, which provides a sufficient margin of safety and can help us
overcome the issue on the current codes.

2. Review of previous research

The shear capacity of PSC members is generally governed by the web-shear capacity. In
general, the following two assumptions are introduced to estimate the web-shear strength of the
PSC members in a simple manner. (CEN 2004, ACI Committee 318 2005 and 2008) Firstly, as
shown in Fig. 2, the normal stress in the y direction (o, ) perpendicular to the longitudinal
direction of the member is assumed to be negligible. Secondly, the critical section (or the critical
point), i.e., the point at which the web-shear failure occurs, is located at the centroid of the section
that is (1, —1.) apart from the face of support in Fig. 2, where |, and | are the distance from the
member end to the face of support and to the critical section, respectively. Thus, the normal stress
in the longitudinal direction (o, ) and the shear stress (z,,) at the critical section can be expressed,
respectively, as follows:

fEAS
(e ®
_Q
Ty = bw|gvy 2

where, o is the coefficient that indicates the actual level of prestress at the critical section, which
is typically given by the ratio of the distance between the member end and the critical section (I, )
to the transfer length (I,). Also, f, is the effective prestress, A is the cross-sectional area of
prestressing tendons, and A, is the corss-sectional area. Q is the first moment of area about
centroidal axis, Iy is the moment of inertia of the gross section, b, is the sum of the web
widths, and V, is the shear force at the critical section. Based on the theory of elasticity (Ugural
and Fenster 2003), the principal tensile stress at the critical section (o;) can be calculated as
follows:

2 Na v ®)

where, o, is the normal stress in longitudinal direction of the member. The web-shear cracking

occurs when the principal tensile stress (o, ) in the web reaches the cracking strength of concrete.

Although the web shear cracking strength may be slightly different from the web-shear strength,
their difference is generally negligible, and it is generally considered as the web-shear strength of a
PSC member. Thus, this study assumes that they are identical. Accordingly, the web-shear strength

(V,,) can be expressed by substituting Egs. (1) and (2) to Eq. (3), as follows:
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Fig. 3 Critical section of HCS members (Yang 1994)
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The code equations in Europe (Eurocode2 2004, British Code of Practice 1972, BS8110 1997,
FIP recommendation 1988) use Eq. (4) as a basic form of the web-shear strength for PSC members

without shear reinforcement, which is governed by the concrete tensile strength ( f,) and «
factor that is determined by the ratio of the distance between the member end and the critical
section (1./1,) to the transfer length (I,). Based on Eq. (4), Eurocode2 (2004) presents the web-
shear strength (Vg, .) of PSC members, as follows:

I-b

Viae = TW fo” +4 Tp forg (5)

where, f, is «,0.7f,, /7., inwhich « isa coefficient taking account of long term effect on
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the tensile strength and of unfavorable effects, resulting from the way the load is applied, and the
recommended value, 1.0, is used in this study. y, is the partial safety factor for concrete that is

15, f,
f, <50MPa and 2.12In[1+(f +8)/10] for f'>50MPa; a is I /I
exceed 1.0, where |, is the distance of the critical section from the starting point of the transfer

length, and |,, the upper-bound value of the transfer length, is aa,d,f; /7,7 f,,, wherein

is the mean value of the concrete cylinder compressive strength that is 0.3( fc')Z/3 for

o2 that should not

pt2 1
@, and a, are 1.0 and 0.19, respectively, », and 7, are 3.2 and 1.0, respectively, d, is the

diameter of the tendon, fpi is the tendon stress right after the release; (o is the concrete

compressive stress at the centroidal axis due to the axial load or prestressing forces.
The British Code of Practice (1972) presents the web-shear strength, considering the sectional
properties of the web concrete only instead of those of the gross section properties, as follows:

IWk)W
VCW = S fCIZ + aO'cp fCt (6)

w

where, f, is 0.3, , f, is the compressive strength of the cubic concrete specimen, Q,

and |, are first moment of area and moment of inertia of web section about centroidal axis,

respectively, and « is0.8.
Walraven and Mercx (1983) applied the overall reduction factor of 0.75 into Eqg. (5) to consider

5% lower bound for shear-tension capacity, and proposed an equation for web-shear strength (V,,)
of HCS members, as follow

Ib,
Vcw=0'75? fct2+aacp fct (8)
where, o is
2

(It_lb)

=1-| b/
“ [ ] ©)
where, f, is 0.05f,+1, |, is the transfer length, and |, is the bearing length. The FIP

recommendation (1998) also adopted the Equation (5) to estimate the web-shear strength of PSC
members (Vq43,) With an additional reduction factor of 0.9, as follows

Ib,
VRd12 = ?\/fmdz +O'9ao-cp fcm (10)

where, f, is 0.3(f')"

determined using Eq. (9).
In the case of the HCS members with non-circular hollow-core section, the web-shear cracking

as presented in the CEB-FIP Model Code (1990), and « is
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often occurs at the bottom of the web where sectional area is changed rapidly, which means that
the critical point is located below the centroidal axis as shown in Fig. 3. For this reason, Yang
(1994) considered the eccentric moment induced by tendons in calculating the normal stress in the

longitudinal direction, and proposed the web-shear strength (V,,) of HCS members by assuming

that the critical point is located at the bottom web where the 35 degree angle line from the center
of the support intersects, as follows

S dN
b fxy+ﬂ{i—%’] F

Ae lctlep Y
o 125 T 1, As, )

ow S 2 1/2 (11)
cp b e A: 1 Yo 2
+ fct XepYe J +{__ : j fctxc Y. +[__ . ]N fct + fct
[[ 25, @@ | T3 Tas, | el AT )

y y

where, A, is the sectional area above the critical point, Sep is the first moment of area of the

section above the critical point, x_ is the horizontal distance between the critical point and the

cp
center of the support, z, is the vertical distance between the critical point and the centroidal axis,
e is the distance from the centroid of the prestressing tendons to the centroid of the cross section,
and N is the effective prestressing force in the tendons at the critical point. Pajari (2009) also
proposed a web-shear strength equation similar to that of Yang (1994), considering the case in

which tendons are provided in the compression area of the section.
The Japanese design standard, JSCE (2007), provides the web-shear strength equation for PSC

members without shear reinforcement (V,,., ) in a very simple form, as follows
Vied = fucabod /7 (12)

where, f, is 1.25\/f_c' , f. isthe compressive strength of concrete, 7, isthe member factor
that is generally taken to the value of 1.3, and d is the effective member depth.

The North American concrete design standards, such as ACI 318-08 (2008) and AASHTO-
LRFD bridge design specification (2007), use the average shear stress (z,,), simplifying the

parabolic shear stress distribution expressed in Eqg. (2), as follows

\Y,

y

Y (13)

w=p

and the web-shear strength (V,,) of PSC member was linearized in ACI 318-08 (2008) and
AASHTO-LRFD bridge design specification (2007), respectively, as follows

Vo, =(020% +031,, )b, d, +V, (14)

V. (0_16\/{- +O.3fpc)bwdv +V, (15)
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where, d is the distance from the extreme compression fiber to the centroid of the prestressing

steel, d, is the effective shear depth, f' isthe compressive strength of concrete, and V, is the

vertical component of prestressing force. Also, the transfer length is estimated by 50d, in ACI
318-08 (2008) and 60d, in AASHTO-LRFD (2007), respectively, and the effective prestress (
f,) at the section within the transfer length should be reduced properly in calculation of web-

shear capacity. The vertical component of the prestressing force (V) is typically zero in HCS units
because tendons are placed straightly.

3. Evaluation and modification of code equation

Table 1 shows the database collected from shear test results of HCS members reported in
previous studies (Walraven and Mercx 1983, Becker and Buettner 1985, Pajari 2005, TNO 2005,
Bertagnoli and Mancini 2009, Celal 2011, Rahman et al. 2010). The database consists of 145 shear
test results on HCS members, including slender and relatively deep prestressed hollow-core
members ranging from 190 to 558 mm in depth with circular or non-circular sections. Their shear
span-to-depth ratio (a/d ) ranges from 1.66 to 6.73, the compressive strength of the concrete
ranges from 40 MPa to 114 MPa, and the prestressing tendons ratio (o, ) ranges from 0.26% to
2.12%. All HCS members in this database failed in shear near the support region, and web-shear
failure was their dominant failure mode.

3.1 Effect of key parameters

Fig. 4 shows the normalized average shear strength of the HCS members (v, /./f. ) obtained
from experimental test data according to the key influential parameters. Fig. 4(a) shows the effect
of the member depth (h) on the normalized average shear strength (v, /[f;"), which gives an
almost uniform trend of v,/ [f; along the section height. This indicates that the size effect is at

least minimal or negligible in the HCS members under 600 mm in depth, and such a result was
also reported by Palmer and Schultz (2010). Due to the scant data on the HCS members thicker
than 500 mm, however, additional experimental efforts are still required. Figs. 4(b) to Fig. 4(d)

show the effects of the prestress ( p,f, ), shear span-to-depth ratio (a/d ), and concrete
11 ). While the values of
Vit / \/f_ against a/d did not show any bias along the shear span-to-depth ratio, it tended to

c

compressive strength ( f.'), on the normalized shear strength (v,

test

increase slightly as the prestress (o, f ) or the concrete compressive strength ( f.') increased.

There are, however, only few test results on HCS members with high-strength concrete over 90
MPa in compressive strength available in literature, which indicates that additional tests are
necessary on these HCS members.
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Fig. 6 Evaluation of web-shear cracking strengths of HCS members as specified in ACI318

Table 1 Details of collected shear test data

Dimensions Materials Prestress and Loading Test
§ o o geometry result
SE 8F - - _& .3 28 = T L T %o
57 77 BE 2g Tf g Ff e% Bg &g ST g Sg
1saf  NC 2250 2040 730 sea0 90 640 18500 379 358 6000 2342
1sbi NG 2250 2040 L0 sea0 %90 640 18600 379 204 6000 2583
laf  NC 2250 2040 730 sea0 90 640 18600 379 358 6000 2459
16bf NG 2250 2040 00 sea0 °9° 640 18600 379 204 6000 2820
ar NC 2250 2040 00 es00 °09 ea0 18600 632 204 G000 2843
awi  NC 2250 2040 00 a0 ®% 6a0 18600 632 358 6000 2683
saf NG 2250 2040 00 oa00 °M9 640 18600 632 204 6000 2863
soi NG 2250 2040 00 es00 °09 es0 18600 632 511 G000 2521
6t NC 2250 2040 '73% o400 °0® 640 18600 632 667 6000 2133
7at NC 2650 250.0 1830 4700 56007 640 18600 272 204 6000  216.0
76t NC 2650 250.0 1880 4700 56007 640 18600 272 357 6000 2315
g8t  NC 2650 250.0 1880 4700 56007 640 18600 272 166 6000 1816
10at  NC 2600 250.0 1880 940.0 57635 640 18600 543 208 6000 2085
llat NC 2600 250.0 1880 940.0 57635 640 18600 543 363 6000 224.6
bt NC 2600 2500 2N 9a00 57 610 18600 543 208 6000 2393
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12 NC 2600 2500 000 9400 °T® 640 18600 543 575 6000 2262
18 C 2300 2600 ‘78 6760 P! 640 18600 437 500 6000 2406
19ar  C 2300 2600 ‘[0 6760 2% 640 18600 437 350 6000 2763
19f  C 2300 2600 ‘0 6760 2T 640 18600 437 200 6000 2639
SS;ZT NG 1700 4318 2% as00 B 414 17225 204 448 4575 1558
SS;ZT NG 1700 4318 Y520 ase0 B 414 1225 204 673 4575 1153
86;‘” NG 1700 4318 0% 7225 B 414 17225 454 as8 4575 2719
86;‘” NG 1700 4318 2% 7225 B 414 17225 454 as8 4575 2092
86;‘” NG 1700 4318 0% 7225 NP 414 17225 454 448 4575 135
10%14 NC 2159 3378 o0 7225 D7 414 17225 391 353 4575 2492
10%14 NC 2159 3378 0% 7225 7 414 1225 391 3s3 4575 257
10620 \c 2159 3378 1058 1082 4452, 1905 530 424 10363 g1
f 06 2 8 2

31'_?“ c 2000 2300 20 es10 %% ags : 602 450 6643  80.0
33'_?“ c 2000 2380 200 es10 0P a5 - 602 345 4998  108.0
40'T2H c 2000 2030 2% es10 BT 702 - 568 432 6257 950
63?* c 2000 2620 2% es10 P 525 . 517 276 4006 950
7‘){'}?}?5 c 250 2190 ‘120 aes0 BT 726 . 297 271 5199 1490
9?';?5 c 250 2280 ‘120 w300 % s . 595 273 5253 2090
1?;‘%2%6 c 2650 2440 ‘120 320 VP a0 . 216 260 5004 1250
1?;%2%6 c 2650 2300 ‘10 z20 TP a2 . 216 260 5007 1230
12%6 c 250 2420 ‘100 w300 *%T s1g - 541 260 4997  178.0
151%6 c 2650 2200 ‘00 7aa0 Ut 522 - 454 261 5015 1840
151%6 c 2650 2260 90 g7 T 578 - 280 260 4997  170.0
114.26 1630 4557

O

St 265.0 226.0 00 853.7 5 57.8 - 471 2.60 4997 179.0
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151%6 2650 2150 000 5580 % 551 342 258 4963  166.0
52;?6 2650 2240 010 9300 7 632 598 365 5501  272.0
52%6 2650 2240 010 9300 7 632 598 365 5501 2610
5;’%6 2650 2160 020 9300 7 637 514 366 5998  240.0
5?;%16 2650 2180 120 9300 Dt 547 514 366 5995  219.0
5;’%6 2650 2170 1120 o300 0 623 514 366 509 2110
551%5;’ 2650 2210 100 9300 B 637 520 442 5999  265.0
551%6 2650 2230 100 9300 ¥ 630 520 442 6001  267.0
1‘;:?'7?2 3200 2560 2000 ss80 O s1g 272 254 5890  199.0
1‘;?'?2 3200 2630 2000 M 80 435 553 258 5985  238.0
15T1T'$2 3200 2100 2000 8370 BF 578 384 250 6003  240.0
13;3%?2 3200 2610 2500 102 00 ggy 432 253 6995 2750
13;‘;?2 3200 2430 2500 1023 S0 gg7 432 303 6990  269.0
5%?2 3200 2880 530 M7 O 545 833 395 9504 2310
5#1?2 3200 3000 loo0 M0 M0 s79 700 363 7198 3330
sﬁ':z 3200 310 100 1Y TP s79 700 363 7200 329.0
sﬁfz 3200 2890 000 1023 9B g0 568 363 5800  320.0
5%?2 3200 2870 00 1023 9% g4 568 363 5800  329.0
1?2'57 3700 2720 00 M6 7Y g 505 259 7002  286.0
1%;7?7 3700 2760 o0 M6 M gug 505 309 6993  262.0
16?;(“ 4000 2880 2330 M6 8T g7 576 345 10017 287.0
17%‘” 4000 2860 Zgo0 1A% 8 gy 610 262 7626  269.0
18%‘” a000 2850 g0 1A% 86 507 607 275 7626  269.0
51?{” w000 2030 2500 1% T2 g5 576 288 8390  433.0
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51%‘” | 4000 2030 2300 129 8812 gyp . 576 28 8390 5070
52%‘” | 4000 2010 2300 102 88SL g . 536 242 5504 4430
52;%‘” | 4000 2010 2300 102 88SL g . 536 242 554 3820
19;%5T | 5000 3250 OO0 M8 120 g0 . 49 273 10995 3260
19;’%5T | 5000 3350 ‘000 NP 2% 690 : 496 270 8470  386.0
19%5T | 5000 3120 °000 14 HTL 37 : 558 270 8499  452.0
19T8ﬁ | 5000 3200 000 MOB T gpg - 496 295 8492 4420
19T9ﬁ I 5000 3260 ‘000 TP 224 660 : 651 270 8516  528.0
20%57 15000 3270 000 1P 2 660 : 651 295 8510  485.0
20%57 15000 3220 000 1P 2% 660 : 651 320 8512  462.0
260-13 | 2550 347.0 1830 976.5 68371 81.9 - 731 250 4000  399.0
26021 1 2550 3470 ‘100 ores O ang - 731 250 4000 417.0
26033 1 2550 3470 100 ores %% ang - 731 250 4000 4110
32013 1 300 3o 30 12800 g . 788 250 4800 4340
3202t | 3200 317.0 2880 1258' 76220 825 - 788 250 4800  463.0
32033 1 a0 3o 0 28 T00 g . 788 250 4800 4780
0013 1 4000 3080 20 128 92 g5 . 658 250 6000 6520
a002f 1 4000 3080 20 1228 92 g5 . 658 250 6000  616.0
a003; 1 4000 3080 20 1228 92 g5 . 658 250 6000  640.0
128\(’)1 c 2650 2a70 120 es37 N gs0 . 695 250 4000 2280
5&91 c 2650 2070 120 ss37 N gs0 . 695 250 4000 2240
53?1 c 2650 2070 120 ss37 N es0 . 695 250 4000  265.0
13\2;81 c 3200 2010 ‘000 B 5L 902 - 933 250 4800 3520
320 ¢ 3200 o410 2080 1373 5801 44, - 933 250 4800 314.0

Wi 00 5 9
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3331 3200 2010 2000 13 S g0 933 250 4800 3220
260- 1860 8956
1E§M 2600 4490 000 9300 ¥ s11 465 250 4000  416.0
260- 1860 8956
2E§M 2600 4490 000 9300 ¥ s11 465 250 4000  386.0
260- 1860 8956
3E§M 2600 4490 00 9300 ¥ s11 465 250 4000  376.0
320 2060 9086
1E§5M 3200 3780 2000 9300 F° 509 420 250 4800  396.0
320 2060 9086
2E§;M 3200 3780 2000 9300 °F° 509 420 250 4800  387.0
320 2060 9086
SEEM 3200 3780 2000 9300 F° 509 420 250 4800 3910
v 2600 3040 500 1039 7O gg7 691 250 4000 4150
o 2600 3040 500 1039 7O gg7 691 250 4000 4020
o 2600 3040 500 1039 7O gg7 691 250 4000  424.0
ﬁoi- 3200 3250 1830 1225 TS g1y 756 250 4800  372.0
2?301' 3200 3250 590 125 TSR g1y 756 250 4800  368.0
iioi' 3200 3250 590 125 TSR g1y 756 250 4800 3580
A}%Oi_ 400.0 318.0 2550 12725' 94876 86.9 6.18 250 6000 4440
3%01' w00 3180 2520 125 M0 ghg 618 250 6000 4520
g%oi- 400.0 318.0 2550 12725' 94876 86.9 6.18 250 6000  452.0
?\;?1 2600 3050 fo0 1084 S80S gy 1041 250 4000  302.0
%f% 2600 3050 [o0 1094 S gp3 1041 250 4000  300.0
if,oi 2600 3050 ‘[0 1084 SO gy g 1041 250 4000 2950
e 3200 3180 o0 Mg¥ T80 sap 747 250 4800 3450
ff% 3200 3180 o0 Mg¥ T80 o 747 250 4800  368.0
ff% 3200 3180 000 Mg¥ T80 sap 747 250 4800 3020
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‘;(\’/01 | 000 3g70 2000 B3 9 463 . 565 250 6000  487.0
‘;(\’/01 | 4000 3g70 2000 B3 U9 463 - 565 250 6000 5320
‘3‘(\’5’1 | 000 3g70 2000 B3 U9 463 - 565 250 6000 5380
3 1 2000 4130 o0 sea9 OO 557 - 403 300 4100 1650
agp 1 2000 asa0 100 seag M 557 - 403 300 4100 1660
sip 1 2000 4250 o0 soa9 O30 g7 - 403 300 4100 1950
%‘1‘_‘;1' | 4215 3sa0 2500 M B0 65y . 804 249 6400 4780
%;_‘fi' | 4215 330 o001 M0 g5y - 804 249 6400 4310
%3‘121 | 4215 3350 Coo0 M L 65y - 804 249 6400  460.0
Hlf’i C 1620 a140 30 3755 B0 5gg - 382 231 4200 1810
H1§01 C 1530 406.0 1(1)30 3755 45240 58.1 - 402 245 4200 1770
H1§01 c 1510 4060 200 2401 *4P sg1 - 271 248 4200 1570
T e 2030 200 57 asea Y sea . 506 246 4200 2580
IR0 2ss0 240 T sasa T sea . aT2 247 4200 2420
H2§Oi c 230 2230 20 258 U ssa . 238 257 4200 1770
HZiSOi C 2480 2400 1330 548.4 45049 58.1 - 454 252 4200 2740
H3goi c a0 250 10 a7 M s - 316 249 4700 2410
H3i601 | 3600 2600 ‘po0 7440 2P sg1 - 474 250 5600 2410
H3i601 | 3600 244.0 1380 591.4 68215 58.1 - 390 250 5600 3530
H3i601 | 3640 2300 510 7607 %% sga - 494 247 5600  366.0
H‘?Oi | 3870 3200 500 sr04 O sga . 521 258 6200 5010
T aseo a0 P MPROE sea . 516 252 7000 6410
HSEOI | 4970 3200 200 M0 A28 gy - 669 252 7000 7140
300- 1802 4041

P1-A* C 255.0 219.0 21 888.3 5 67.9 1860.0 6.88 2.99 - 275.0
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b, 2550 21900 0% see3 ‘O 657 18600 688 299 - 2280
o, C 2550 2310 T00% ses3 B 632 18600 687 299 - 2970
b, C 2550 2310 0% see3 ‘2P 638 18600 687 299 - 1940
o, C 2070 2300 o3 628 P 633 18600 656 3.07 - 2120
b C 2010 200 0 es28 S 651 18600 656 307 - 1930
o, C 1580 2830 o2 5025 3° 649 18600 541 380 - 1980
ob.  C 1580 2830 0% 5025 5% 629 18600 541 380 - 1630
sivs ¢ 2120 3157 00 so22 70 400 10600 474 283 " 2165
stz C 2120 3157 o8 s022 70 400 10600 475 283 . 1985
S137  C 2620 3254 20 7896 °0°0 400 19600 403 229 . 2645
S14* C 2620 3254 1121 789.6 70040 400 19600 404 229 . 2989
SI5=  C 2620 3254 20 7896 B 400 19600 404  2.29 . 2540

Total 145 Specimens

Cf. void type : NC (noncircular), C (circular), I (I shape)

fou : specified tensile strength of prestressing steel

foc - compressive stress in concrete at the centroid of the section due to effective prestres
Ref. T: Walraven and Mercx (1983), ': Becker and Buettner (1985), "': Pajari (2005), *: TNO building and
Constructions Research (2005), *: Bertagnoli and Masini (2009), ~ : Celal (2011), ™ : Rahman et al. (2010),
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3.2 Evaluations of code equations

As aforementioned, according to the recently revised provisions on the minimum shear
reinforcement in ACI318-08 building code, the web-shear strength of HCS members without the
minimum shear reinforcement exceeding 315 mm in depth should be reduced in half. This revision
was based on the study by Hawkins and Ghosh (2006), in which they investigated the shear
strengths of 28 deep prestressed hollow-core slabs manufactured by three US precast concrete
manufacturers that ranged from 300 mm to 400 mm. They reported that the web-shear capacity of
HCS members thicker than 300 mm could be overestimated by web-shear strength equation
specified in ACI318-05, i.e., Eqg. (14) in this paper. To examine it in more detail, Fig. 5 shows the
comparison of the web-shear strength estimated by ACI318-05 equation and AASHTO-LRFD
simplified method, i.e., Eq. (15) in this paper, with the test results collected from literature. The

larger the ratio of the prestress to the concrete tensile strength ( f /«/fc' ) was, the greater the

HCS member shear strength (v, /JT; ) was, which both equations captured well. Both equations

provided relatively accurate results with a similar COV of about 0.24. The ACI318-05 equation,
however, overestimated the shear capacities of a large number of specimens, whereas ASHTTO-
LRFD provided safe results for all the specimens. This is because, while the two equations equally
consider the effect of prestress, the shear strength contributions of concrete are very different, and
their transfer lengths are also differed by about 20%.

Fig. 6(a) shows the ratio of the web-shear strengths estimated by ACI318-05 and the test results
with respect to the member depths, and Fig. 6(b) also shows the same but for ACI1318-08, in which
the web-shear strength of the HCS members thicker than 315 mm were reduced in half according
to the revised minimum shear reinforcement requirement. It can be seen that the web strength
ratios by ACI318-05 are indeed unconservative for deep HCS members, which is the reason for the
revision on the minimum shear reinforcement in ACI318-08. Fig. 6(b) shows that, however,
ACI1318-08 are excessively conservative for deep HCS members. On the other hand, ACI318-08
still provides unconservative web-shear capacities for many slender HCS members, and its
accuracy is also lower than ACI318-05. Therefore, rather than reducing the shear strength of the
deep PHC members without shear reinforcement as in the current ACI code, it is reasonable to
revise the code equation for the safe estimation of web-shear capacity, maintaining the accuracy of
web-shear strength at least similar to that of ACI318-05 throughout the whole range of member
depths.

Fig. 7 compares the web-shear strengths estimated by Eurocode2 (2004) and JSCE (2007) with
the test results. Both Eurocode2 (2004) and JSCE (2007) showed similar COVs to that of ACI318-
05. There are, however, a considerable number of test results that are unsafe in the web-shear
strength when estimated by those two codes.

3.3 Modification of web shear strength based on parabolic shear stress distribution

The average shear stress concept adopted in North American design standards is based on the
tooth model proposed by Kani (1964), as shown in Fig. 8 (MacGregor 2005). The force
equilibrium between adjacent flexural cracks in the concrete member shown in Fig. 8(a) can be
expressed as Fig. 8(c), and from the free body diagram cutting on the upper surface of the bottom
tension reinforcement shown in Fig. 8(b), the tensile force increase (AT,) in the reinforcement

between the adjacent flexural cracks should be equilibrated to the sum of the shear flow developed
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on the upper surface of the element between the cracks. Therefore, as shown in Fig. 8(d), the
magnitude of shear stress on the section along the height of the crack is the same and is the
average shear stress. The HCS members without shear reinforcement, however, is generally failed
in shear simultaneously with the diagonal cracking in the web, and only few discrete flexural
cracks may be developed when web-shear cracking occurs. (Im et al. 2012) Therefore, the average
shear stress analogy may not be applicable to estimate the web-shear strength of the HCS members.
Rather, it is more reasonable to consider it as the elastic state up to the diagonal cracking in the
web. Thus, the parabolic distribution of shear stresses, as adopted in Eurocode2, is more suitable
for the HCS members with respect to the web-shear failure. Fig. 9 shows the ratio of the average to

the parabolic shear stress, that is, 1,/ (de), at the sectional centroid of the specimens listed in
Table 1. The ratios of I /(de) tend to be consistent with an average value of about 0.76. The

web-shear strength equation in ACI318-05 that is based on the average shear stress, therefore,
should be reduced as much as the relative ratios of I /(de) . Then, the web-shear strength (V,,)

can be expressed, as follows:
. b, |
VCW:(o.zg/u/fc +o.3fpc) L, 15)

Fig. 10(a) shows the comparison of the calculated web-shear strengths (V,,.q) and the test

results (V, . ). The web-shear strength ratios by EQ. (15) (Vpesea /Vures ) ShOW an enhanced

accuracy with a COV of 0.23, compared to those from the existing code equations, and provided
proper margin of safety for most of the specimens. Considering that there were only few HCS
specimens that were more than 500 mm deep and that their safety margins were somewhat low,
however, the web-shear strengths of such deep members are better to be reduced as stipulated in

|
AL

Cracks T

(a) Cracked beam (b) Bottom part of beam

[

¥

(c) Portion of beam between two cracks (d) Average shear stresses

Fig. 8 Concept of average shear stress assumption (MacGregor 2005, Kani 1964)
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ACI1318-08 provision for the deep HCS members without shear reinforcement. Therefore, until
further investigations are made, and thereby more test results are available, the safer and more
accurate web-shear strengths can be obtained by reducing the web-shear strength in half for the
HCS members that are more than 500 mm deep when applying the minimum shear reinforcement
regulation, as shown in Fig. 10(b). In other words, due to the lack of test results on the HCS
members that are more than 500 mm deep, the web-shear strength reduction in half shall be
applied to the HCS members that were more than 500 mm in depth, instead of more than 315 mm
deep as in ACI318-08, which also can be an alternative way to consider the size effect in such deep
concrete members without shear reinforcement.

In order to use of Eq. (15), however, it is somewhat cumbersome to calculate the sectional

constants, such as first area moment and moment of inertia. Adopting the average 1 /(de) ratio

of 0.76, as shown in Fig. 9, Eqg. (15) can be further simplified to give the web-shear strength
equation (V,, ), as follows:

V. = (0221, +023f, J,d, 16)

Fig. 10(c) shows the comparison of the web-shear strengths calculated by Eq. (16) (Vgupitiea )
and the test results (V,, . ), wherein the web-shear strength is halved when the HCS members are

more than 500 mm deep. It is shown that the proposed Eq. (16) is simple to use but also provides a
considerable accuracy with a consistent margin of safety.

5. Conclusions

In this study, the test results on the HCS members failed in web-shear were collected, and a
parametric analysis on web-shear strength was performed using the collected test data. Also, the
code equations on web-shear strength and related regulations were evaluated thoroughly, and a
simple and reasonable web-shear strength equation for HCS members was proposed. Based on this
study, the following conclusions can be drawn:

1.  Based on the parametric analysis on the shear test results of the HCS members, the size
effect was not clearly shown in their web-shear strength. For the HCS members with more than
500 mm in depth, however, it is difficult to affirm any observation on the size effect in web-shear
strength at this point due to the lack of test data, and additional experimental investigation on deep
HCS members would be required.

2. The web-shear strength equation for HCS members in ACI318 showed a reasonably good
level of accuracy. As previous studies have also pointed out, however, it provided unconservative
estimation on the shear strength of many HCS members, and such a tendency was also shown in
the web-shear strength equations presented in European and Japanese.

3. The simplified shear equation in AASHTO-LRFD had a similar accuracy to the equation
in ACI318, but it was excessively conservative.

4.  The revised ACI318-08 estimated the web-shear strength of HCS members with more
than 315 mm in depth very conservatively when the minimum shear reinforcement requirement is
applied. On the other hand, however, the web-shear strength equation in ACI318 provided
unconservative estimation for slender HCS members as well.
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5. Inthis study, a simplified web-shear strength equation was proposed, which is easy to use
and provides a good accuracy with a proper margin of safety.
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