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Strut-Tie Models and Load Distribution Ratios for Reinforced Concrete
Beams with Shear Span-to-Effective Depth Ratio of Less than 3
(Il) Validity Evaluation
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ABSTRACT In this study, the ultimate strength of 335 simply supported reinforced concrete beams with shear span-to-effective
depth ratio of less than 3 was evaluated by the ACI 318-14's strut-tie model approach implemented with the indeterminate strut-tie
models and load distribution ratios of the companion paper. The ultimate strength of the beams was also estimated by using the
experimental shear strength models, the theoretical shear strength models, and the current strut-tie model design codes. The validity
of the proposed strut-tie models and load distribution ratios was examined by comparing the strength analysis results classified
according to the prime design variables of the shear span-to-effective depth ratio, flexural reinforcement ratio, and compressive

strength of concrete.
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Table 1 Specification of reinforced concrete deep beams

tested to failure

No. of
Investigators Sllje(zinzgn b (mm) | d (mm) | h (mm) (l\jlciﬁa) f, MPa)| a/d o/ p, ?Eecingf)l Pun (%)
vh
Clark” 62 | 152-203 | 314-391 | 381-457 |13.9-47.6| 321-400 | 1.17-2.42]0.31-1.02 ] -
vs;l?tlst?oti& 52 102 305 356 |16.1-23.7| 431-437 |1.00-2.08(0.91-1.23| 47 0.22-0.90
Aﬁjf;isr':;%‘g‘ 16 | 203-406 | 345-425 | 406-508 |29.2-42.8| 468-544 |2.15-2.65|0.82-1.15 - -
Tan et al.'¥ 19 110 463 500 |41.1-58.8| 504 [0.27-2.70|0.37-0.43 - -
Tan et al.') 20 110 | 398-448 | 500 |54.7-74.1| 353-538 |0.28-2.98(0.69-1.10 - -
Tan et al.'? 19 110 442 500 |56.2-86.3| 353-499 [0.85-1.690.54-0.76| 12 1.59-3.17
Shin et al.'® 30 125 215 250 [52.0-73.0| 414  |1.50-2.50|0.66-0.88 - -
Oh & Shin'” 53 | 120-130 | 500 560 |23.7-73.6| 414 [0.85-2.00|0.22-0.64| 44 0.24-0.94
Yang et al.'? 17 160 | 355-935 {400-1000{31.4-78.5| 400-804 |0.53-1.09 [0.24-0.89 - -
Kim & Park'® | 24 150 403 450 |28.9-37.7| 482 [0.76-1.50|0.69-0.83| 20 0.42-0.70
Lee et al.”? 23 | 250-300 | 300-369 | 350-450 |25.0-81.4| 379-790 |2.50-2.761.10-2.30 - -
Total 335 | 102-406 |215-1559]250-1000 | 13.9-86.3 | 321-804 |0.27-2.98(0.22-2.30| 123 | 0.22-3.17

a, b, d, h: shear span length, width, effective depth, height; f,: compressive strength of concrete; f,: yield strength of

steel; p: flexural reinforcement ratio; p,: balanced flexural reinforcement ratio
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Fig. 1 Geometrical shape and reinforcement details of beam 4C3-04 (from Smith & Vantsiotis®)
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(a) Determinate strut-tie model representing (b) Maximum provided cross-sectional areas of
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143.2
v (pro'd)
- o] 136.9
102 73.9 164.7
(pro’d) 46.1

102
(pro’d) ._/ .

: req'd)
} (pro'd) 147'2 102 ):> . | 102
*
.

v 0
91.8 Node 1
Unit: kN, mm

18217
Node 4 (pro’d) 160.2 d
Unit: kN, mm 101.9 (req’d) 102

y o ted) 39 N

57.6 (req’d)
73.9 102 (pro'd)

(c) Strength verification of nodal zones

Fig. 2 Determinate strut-tie model of beam 4C3-04 for application of ACI 318-14 specifications
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Table 2 Specification of reinforced concrete deep beams tested to failure

(a) Strength verification of struts and tie

Element | Ele. Type |/, faMPa) | f. (MPa) | F, (kN) | w,, (mm) | w,, (mm) |w,,/w,,| Safety
S1 Strut 0.85 18.50 15.73 255.8 159.5 150.9 0.946 X
S2 Strut 0.64 18.50 11.79 286.3 238.0 136.9 0.575 X
Element | Ele. Type | 5, | f, (MPa) | f, (MPa) | F, (kN) | A, (mm))|A, ., (mm’)|w,,/w,,| Safety
T1 Tie 1.00 431.0 431.0 255.8 593.5 600.0 1.011 (¢}
Refer to Fig. 2(a) for S1, S2, TIl; F,=cross-sectional force under experimental failure load; eff. strength of strut

for =B, eff. strength of tie f, =0,f,; w,,=F, /bf..,
(b) Strength verification of nodal zones
NOde NO' I;;)s: ﬁn f{‘k (Mpa) fru (Mpa) EL (kN) I‘E(] (mm) [)701 (mm) )[)7'01,'/,wreq Safety
R 73.9 57.6 102.0 1.770 o
1 CCT 0.68 18.50 12.58 S2 164.7 121.9 143.2 1.184 o
Tl 147.2 114.7 102.0 0.889 X
\% 73.9 46.1 102.0 2.213 0]
2 Cccc 0.85 18.50 15.73 S1 147.2 91.8 150.9 1.644 0]
S2 164.7 101.9 182.1 1.788 0]

Refer to Fig. 2(a) for node no.

reaction; V=applied load (57.5% of experimental failure load); eff. strength of nodal zone f,,
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1 and 2; F,=cross-sectional force under 57.5% of experimental failure load; R=support

= ﬁnfdc; wreq = Fu /bfcu
Aok AEA 4C3-04°] FRAAWS(a/d=1.5, f, =185
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Initial Loading Stage

Initial Loading Stage

Transfer of Applied Load P by Horizontal Truss and Arch Load Transfer

Mechanisms after Determining Load Distribution Ratio (0ty)

‘ Transfer of Applied Load P by Vertical Truss and Arch Load Transfer

Mechanisms after Determining Load Distribution Ratio (Olh)

I

First Failure Stage | ¢

First Failure Stage I ¢
Failure of Strut C causing ‘

Failure of Strut B(D,F,G) or Tie E

causing Failure of H. Truss Mechanism

Failure of Strut E causing Failure of Strut C(F) or Tie D causing
Failure of Arch Mechanism Failure of V. Truss Mechanism

Failure of Arch Mechanism

Second Failure Stage l

Second Failure Stage | ¢

Transfer of Load (applied after
Failure of Arch Mechanism)

Transfer of Load (applied after
Failure of V. Truss Mechanism)
by Arch Mechanism

Transfer of Load (applied after
Failure of Arch Mechanism)
by V. Truss Mechanism

Transfer of Load (applied after Failure
of H. Truss Mechanism)

by H. Truss Mechanism by Arch Mechanism

'

Failure of V. Truss Failure of V. Truss Failure of Arch

Failure of H. Truss
Mechanism
(Ultimate strength is
determined by the
failure of tie E when
tie E fails earlier
than strut B(D,F,G))

Failure of H. Truss
Mechanism (Ultimate
strength is determined
by the failure of strut

B(D,F,G) when
B(D,F,G) fails earlier
than tie D)

Failure of Arch
Mechanism
(Ultimate strength is
determined by the
failure of strut C)

Mechanism
(Ultimate strength is
determined by the
failure of tie D when
tie D fails earlier
than strut C (or F))

Mechanism (Ultimate
strength is determined
by the failure of strut C
(or F) when strut C (or
F) fails earlier than
tie D)

Mechanism
(Ultimate strength is
determined by the
failure of strut E)

Refer to Fig. 2(b) of companion paper.

(b) With a strut-tie model representing
vertical combined mechanism

Refer to Fig. 2(a) of companion paper.
(a) With a strut-tie model representing
horizontal combined mechanism

Fig. 3 Procedures for evaluating ultimate strength of deep beams with indeterminate strut-tie models
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Fe1=-91.40
Fs2=-255.8
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d=305 ¢ = 1290
_ Fes=-81.70
=230 Fre=91.90
Fr2=255.8
1 Frs= 164.4
b=102
Symmetric Model
~—— al2 —»F— al2 ——‘ Unit: kN, mm
R

(a) Indeterminate strut-tie model representing vertical combined mechanism

T 129.6
g N
102 - —Pp-164.4
P
# } # Unit: mm
Node 1

Unit: mm

Node 4

(b) Provided strut widths at nodal zones 1 and 4

min(56.9,52.4)  + 102 —

4 150.9

As proy=286.8mm’

—(» 102.0
\

Unit: mm

A prov=600mm?

=102 —

(c) Maximum provided widths (areas) of strut-tie model's elements

Fig. 4 Indeterminate strut-tie models of beam 4C3-04
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AR FAAARS HoddE A4S S A 3(a)°l WEhd 23} o] =2 EY A viAYSS A
1, 2, 3, 49 & EZ Bergmeister et al””¢] o] 9] T 2ES S37F HUE S s e dH, S A8
Aste] 242t 1.39f,,, 0.80f,,, 0.80f,, 1.59f,% AA s}, 93] 3152] 89.2%2 114.6 kNoI|A LAY} 12} 913
AES Bl dAge] £AR3AEY] HudAdEs A4 ¥ Fig. 5(b)%} 2ol obx] wlAYF] ~AESIF} Bl o
Table 3 Strength evaluation of beam 4C3-04 by proposed approach
(a) Strength verification of struts and ties at first failure
Element | Ele. Type B, fa. MPa) | f,, (MPa)| F, (kN) | w,, (mm) | w,, (mm) ww,o,u/w,,eq Safety
S1 Strut 0.95 18.50 17.57 91.4 51.0 58.7 1.150 o
S2 Strut 1.00 18.50 18.50 255.8 135.6 150.9 1.113 o
S3 Strut 0.68 18.50 12.55 129.6 101.3 90.3 0.892 X
S4 Strut 0.80 18.50 14.87 129.6 85.4 83.1 0.973 X
S5 Strut 0.89 18.50 16.45 81.7 48.7 52.4 1.076 0]
Element | Ele. Type B, f, MPa) | f,, MPa)| F, (kN) | 4, (mm?) Ay prov (mm?) W,/ w,.,|  Safety
T1 Tie 1.00 437.0 437.0 91.9 210.2 286.8 1.364 o
T2 Tie 1.00 431.0 431.0 255.8 593.5 600.0 1.011 o
T3 Tie 1.00 431.0 431.0 164.4 381.4 600.0 1.573 o

F,=cross-sectional force under experimental failure load; eff. strength of strut f,

—F/b

VE/]

(u

(b) Strength verification of struts and ties at second failure

=0,f4; eff. strength of tie Jeo =Bif >

Element | Ele. Type B, fa. MPa) | f.,, (MPa) | F, (kN) w,,, (mm) | w,, (mm) |w,,/w.,,| Safety
S2 Strut 1.00 18.50 18.50 255.8 135.6 30.0 0.221 X
S5 Strut 0.89 18.50 16.45 286.3 170.6 12.2 0.071 X
Element | Ele. Type B, f, MPa) | f.,, (MPa) | F, (kN) | 4., (mm?) A prov (mm?) ’(umw/u;mq Safety
T2 Tie 1.00 431.0 431.0 255.8 593.5 70.9 0.119 X
T3 Tie 1.00 431.0 431.0 255.8 593.5 260.0 0.438 X
F,=cross-sectional force under experimental failure load; Refer to Fig. 5(b) for w,,,
(c) Strength verification of nodal zones
Node No. |Node Type B, fa. (MPa) | f., (MPa) F, (kN) w,,, (mm) |w,,(mm) wp,.o,u/w,,ﬁq Safety
R 123.7 473 102.0 2.156 O
. S3 115.5 .
1 CCT 1.39 18.50 25.63 S5 932 78.0 144.3 1.849 0]
T3 164.8 63.0 102.0 1.619 O
S1 81.5 54.0 150.9 2.795 )
2 CCT 0.80 18.50 14.80 S3 115.5 75.0 273.8 3.650 (¢
T1 81.9 54.2 228.5 4213 D.S
S4 115.5 71.5 250.2 3.498 )
3 CTT 0.80 18.50 14.80 T1 81.9 54.2 228.5 4213 D.S
T2-T3 81.5 54.0 102.0 1.889 O
\% 123.7 41.2 102.0 2.476 O
S1 81.5
4 ccc 1.59 18.50 29.45 S4 115.5 91.0 181.1 2.001 (¢}
S5 93.2
S2 246.3 82.0 150.9 1.840 @)

F,=cross-sectional force under 96.3%(=89.2+7.1) of experimental failure load; R=support reaction; V=applied load (=96.3%
of experimenatl failure load); D.S: widely distributed shear reinforcement
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114.6kN
43.4

Asreq=187.4mm’

ﬁ120.9

—N— 102.0
\

Unit: mm

|
As req=340mm?

Asreq=529.1mm?*
114.6kN
(a) Required cross-sectional widths (areas) of struts and ties at first failure

Unit: mm

A prov=70.9mm’

26.7

26.7 =182.1-37.7
-43.0-74.7

Node 1 12.8=144.3-90.3 -41.2

(b) Remaining capacity of strut and tie after first failure

9.1kN

¥

\

Unit: mm

| [— ‘ .
! 5 Unit: mm As prov=28.6mm
As req=42.3mm

9.1kN
(c) Required cross-sectional width (area) of

] . (d) Unstable strut-tie model after second failure
struts and tie at second failure

Au.a

(prov)

78.0 (req)

‘/\/“\\ ’ 1155

03

102 Unit: kN, mm Unit: kN, mm

63.0 (req)
47.3 (req)

123.7 102 (prov)

(e) Strength Verification of Nodal Zone 1

123.7

Fig. 5 Strength evaluation of beam 4C3-04 by proposed approach
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Table 4 Ultimate strengths of deep beams

(a) Ultimate strengths classified by evaluation methods

T2 EdA wAUFEY B AEZ-Eo] Rl A
3+ AASHTOS} ACI 318-149] AEE.- E}Ol nd AA7E
wdt 7 FaHeE A9 sEe 1.66, 1.72, 1410
AR BB skl om, %ﬁlft 23.1%, 39.4%,
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fesf/ predicted

Evaluation Method Sectional Method Strut-Tie Model Method
Investigators ACI 318-99” EC 2% FIBY AASHTO® | ACI 318-14° |Present Study*

Clark” 1.44 1.43 1.65 1.70 1.46 0.99
Smith & Vantsiotis® 1.17 1.13 1.70 2.47 1.77 1.06
Anderson & Ramirez” 1.12 0.90 1.19 1.17 1.09 1.05
Tan et al.'” 1.87 0.70 1.66 1.53 1.39 1.12
Tan et al.') 2.04 1.11 1.71 1.32 1.15 0.98
Tan et al.'? 1.19 1.99 1.74 1.52 1.17 1.10
Shin et al."® 1.66 1.23 1.86 1.67 1.41 0.99
Oh & Shin' 1.44 1.88 1.47 1.30 1.27 1.04
Yang et al."” 1.91 2.27 1.82 1.34 1.46 1.13
Kim & Park'® 1.38 1.20 1.74 2.22 1.58 1.05
Lee et al.'” 1.16 1.16 1.80 1.95 1.25 1.03
Mean 1.45 1.39 1.66 1.72 1.41 1.04
Total STDEV 0.50 0.68 0.38 0.68 0.40 0.21
COV (%) 34.4 48.9 23.1 39.4 28.2 20.2

STDEV: standard deviation; COV: coefficient of variation; *: with Yun’s®*" strut strength and Bergmeister et al.‘s>” nodal

zone strength were used.
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Table 4 Ultimate strengths of deep beams (Continued)

(b) Ultimate strengths classified by primary design variables

Evaluation Method Sectional Method Strut-Tie Model Method
Design Variables ACI 318-99”| EC 2? FIB" AASHTO” |ACI 318-14% |Present Study
Mean 1.98 1.53 1.73 1.15 1.29 1.05
a/d<1.0 (69)*
COV (%) 33.9 54.1 22.9 25.5 20.9 21.5
Mean 133 1.42 1.65 2.00 1.49 1.05
1.0 < a/d< 2.0 (175)
COV (%) 26.6 49.8 19.9 34.3 23.9 19.3
Mean 1.27 1.22 1.64 1.63 1.35 1.01
2.0 < a/d<3.0 (91)
COV (%) 27.4 35.3 27.8 34.1 36.8 20.4
Mean 1.29 1.28 1.65 2.00 1.57 1.02
f.. <30 MPa (127)
COV (%) 23.8 37.1 16.0 34.3 25.0 11.5
Mean 1.49 1.40 1.69 1.64 1.38 1.06
30 < f, <60 MPa (138)
COV (%) 32.4 55.0 25.8 39.4 24.7 20.1
Mean 1.66 1.56 1.64 1.38 1.19 1.03
f.. = 60 MPa (70)
COV (%) 443 49.8 27.1 34.7 31.8 29.7
Mean 1.57 1.62 1.53 1.34 1.30 1.05
plpy <05 (95)
COV (%) 31.1 47.1 23.7 37.3 26.9 17.4
Mean 1.46 1.36 1.71 1.77 1.42 1.02
0.5 < p/p, <1.0 (182)
COV (%) 36.4 50.0 222 33.3 23.3 20.3
Mean 1.22 1.11 1.74 2.21 1.54 1.07
p/p, = 1.0 (58)
COV (%) 33.9 31.9 21.0 36.6 36.6 23.0
Mean 1.62 2.18 1.58 1.44 1.36 0.98
/)zv//)rumin <1 (6])
o COV (%) 312 29.4 26.0 37.8 39.7 26.1
M 1.39 1.78 1.58 1.61 1.42 0.99
1< 0/ puin <3 (86) [
COV (%) 26.5 32.7 26.7 38.4 31.9 18.4
Mean 1.42 0.96 1.73 1.87 1.42 1.10
/)zv//)rumin >3 (188)
o COV (%) 39.4 29.6 19.6 37.4 20.9 17.6
M 1.58 1.34 1.66 1.59 1.36 1.03
pu =0 212) =
COV (%) 35.6 44.9 23.5 34.7 28.4 21.9
Mean 1.23 1.47 1.67 1.96 1.50 1.08
/)1,'11 >0 (]23)
COV (%) 25.8 53.9 21.9 40.6 26.1 16.6

*: number of specimens

(c) Ultimate strengths classified by strut-tie model type and load distribution ratio

. Determinate . .
Effective Strength Strut-Tie Model Indeterminate Strut-Tie Model P,
. LDR by Foster 4 LDR by Boredicted
Concrete Strut Nodal Zone Without LDR & Gilbert? LDR by FIB Present Study
Beremeister 1.20 1.29 1.15 1.04 Mean
YUHZI) g 20)
et al. 31.0 46.1 31.1 20.2 COV (%)
s s 1.41 1.43 1.31 1.25 Mean
ACI 318-149 ACI 318-14%
28.2 39.0 25.7 20.0 COV (%)
. . 1.72 1.62 1.55 1.52 Mean
AASHTO? AASHTO”
394 36.2 28.8 27.0 COV (%)
. . 1.80 1.75 1.66 1.58 Mean
FIBY FIBY
25.3 30.1 23.1 22.5 COV (%)

LDR: load distribution ratio
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