AISC — verification examples

IDEA StatiCa
November 2, 2020

1 Bolted flange plate moment connection — LRFD

A beam with cross-section W12x40 is connected to a column with cross-section W10x45.
The joint is designed as a moment connection and is realized as bolted flange plate moment
connection. All steel is grade A36 (f, = 36ksi, f, = 58ksi) and bolts are grade A307 (f, =
50ksi, f, = 65ksi). Fin plates at the beam flanges are with the thickness of 5/8” and the fin
plates at the beam web are with the thickness of 3/8”. The column is stiffened at the location
of fin plates at the beam flanges and are with the thickness of 5/8”. The column is loaded by
compressive force 200 kip, the beam by bending moment 800 kip-in and shear force 30 kip.

1.1 Geometry
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Figure 1: Investigated connection
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Figure 2: Cross-sections of column (left) and beam (right)
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Figure 3: Geometry of fin plates



1.2 Manual assessment

Manual assessment is provided according to AISC 360-16. For simplification, the bending
moment is considered to be transferred only by the flanges and the shear force only by the web.
The shear force is assumed to be acting at the face of the column. The following checks are
required:

e Bolt strength in shear — J3.6

Bearing and hole tearout strength at bolt holes — J3.10

Block shear strength — J4.3

Tensile strength of connected elements — J4.1

Shear strength of connected elements — J4.2

e Weld strength — J2.4

The design of beam and column is assumed to be checked elsewhere.

1.2.1 Distribution of forces

The bending moment is transferred via bolts on the beam flange. The distance between shear
planes is 11.929”. The force acting on the group of bolts at flanges is 67.06 kip.

The bending moment is further transferred via welds connecting fin plates to the column
flange. The distance between centers of gravity of welds is increased by the thickness of the fin
plate, i.e. 11.929+5/8 =12.554". The welds are loaded by force 63.72 kip.

The bolts at the web are loaded by the shear force 30 kip and by a small shear force resulting
from the bending moment caused by the eccentricity of assumed shear force acting at the column
face, 1.75”. This shear force is neglected here because the utilization of bolts at the beam web
is not expected to be very high and there is enough reserve.

The welds at the fin plate connecting the beam web are loaded by shear force 30 kip.

1.2.2 Bolt check

Bolts at the beam flange: The shear force 67.06 kip is assumed to be evenly distributed
between 8 bolts 3/4” A307.
Shear strength:
OoR, = ¢F,,Ap = 0.75- 27 - 0.442 = 8.938kip (1)

Bearing strength:
OR, = ¢2.4dtF, =0.75-2.4-0.75-0.516 - 58 = 40.394 kip (2)
Hole tearout strength:
OR, = ¢1.20tF, =0.75-1.2- (1.4 — 0.406) - 0.516 - 58 = 26.77kip (3)

The shear resistance of one bolt is 8.938kip, i.e. the resistance of a group of 8 bolts is
67.184 kip. The resistance is sufficient to transfer shear force 67.06 kip.

Block shear strength:

gbRn = ¢(06FuAm} + UbsFuAnt) S ¢(O6FyAgU + UbsFuAnt) (4)
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¢R, =0.75-(0.6-58-2.97+1-58-0.82) <0.75-(0.6-36-4.44+1-58-0.82) = 143kip (5)

This example shows the block shear strength of the upper flange of the beam. The expected
rupture is presumed to span across 4 bolts next to the beam web. Thus, it must resist half the
load acting on the bolt group, i.e. 30.03 kip. The reserve is very high.

Tensile yielding of the fin plate:

oR, = ¢F,A; =0.9-36-5.00 = 162kip (6)
Tensile rupture of the fin plate:

oR, = oF, A, =0.75-58 - 3.98 = 173 kip (7)

The plate is utilized at 41 %.

Bolts at the beam web: The shear force 30 kip is assumed to be evenly distributed between
4 bolts 3/4” A307.
Shear strength:
OR, = ¢F,, Ay = 0.75- 27 - 0.442 = 8.938kip (8)

Bearing strength:
OR, = ¢p2.4dtF, = 0.75-2.4-0.75-0.295 - 58 = 23.1kip 9)
Hole tearout strength:
OR, = ¢1.21tF, =0.75-1.2- (1.365 — 0,406) - 0.375 - 58 = 17.81kip (10)

The shear resistance of one bolt is 8.938 kip, i.e. the resistance of a group of 4 bolts is 36 kip.
The resistance is sufficient to transfer shear force 30 kip.
Shear yielding of the fin plate:

oR, = ¢0.6F, A, =1-0.6-36-3.72 = 80kip (11)

Shear rupture of the fin plate:
oR,, = ¢0.6F,A,, = 0.75-0.6 - 58 - 2.50 = 65 kip (12)
The shear strength of the fin plate, i.e. 65kip is sufficient to transfer the shear load 30 kip.

1.2.3 Weld check

Welds near the beam flange: Welds connecting the fin plate at the beam flanges to the
column flange are required to transfer 63.72kip. Welds are loaded at an angle 90°. Weld
electrode E70XX is used and its size is 3/8”.

Frw = 0.6Fpxx(1+0.5sin"°0) = 0.6 - 70 - (1 + 0.5sin"" 90°) = 63ksi (13)

OR, = ¢FppAue = 0.75-63 - 4.213 = 199kip (14)
The weld strength is sufficient.



Welds near the beam web: Welds connecting the fin plate at the beam web to the column
flange are required to transfer 30 kip. Welds are loaded at an angle 0°. Weld electrode E70XX
is used and its size is 5/16".

Frw = 0.6Fpxx(1+0.5sin"°0) = 0.6-70 - (1 + 0.5sin*° 0°) = 42ksi (15)

OR, = ¢F,pAwe = 0.75 - 42 - 4.374 = 138kip (16)
The weld strength is sufficient.

1.3 Check in IDEA StatiCa

The plates are checked by finite element analysis. The bilinear material model is used with
the yield strength multiplied by steel resistance factor ¢ = 0.9. The forces acting on other
components of the connection, i.e. bolts and welds, are also determined by finite element
analysis but their resistance is checked using standard formulas from AISC 360-16. The most
stressed weld element is checked and with further loading, the stress in weld is spreading into
further weld elements. Therefore, the ultimate weld resistance is higher than simply dividing
the force by weld utilization.
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Figure 4: Von Mises stress
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Figure 5: Plastic strain including the tensile forces in bolts
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Check of members and steel plates for extreme load effect

Status | ltem L"] Loads '[’;:'.‘]' T%P]'
> | @ |cobfi1 |58 |LET (325 |02
@ |ctf1 |58 [LET [324 |04
@ |[cw1 |38 [LE1 (325 |04
@ |e-bfin |20 BT (204 |00
@ [Btfi1 |20 LB [290 |00
@ |Bw1 |56 [LET 204 |00
® (F1 (38 BT [285 |00
@ (P2 |5 [LE1 [325 |02
@ (P2 |58 [LE1 (325 |04
O |sTFF1a|set [LET (315 |00
@ |[sTFFIb|5/8"  |[LET 314 |00
@ |sTiFF2a|ser [LET [324 |00
@ |[sTFFzb|sem |LET [324 |00
Design data
Grade E’ﬁ] f.;:]'“

> |A36 36.0 5.0

Figure 6: Check of stress and strain of plates



Check of holts for extreme load effect

Status |fem |Loads | por i ner e e | P

> @ (g1 |LE1 |0129 |0803 (23126 0.9 9.0 - ()
@ |B2 |LE1 (0428 |2606 [13.719 29 21 |- ®
@& ez |LE1 0208|1501 [23.126 14 168 |- (v
@ |4 |LE1 0382 |3120 |[23.126 24 49 |- (V)
@ |B5s |LE1 0861 |7.812 [403%4 5.8 874 |- ®
@ |es |LE1 1550 |7.869 [32441 104 (880 |- ®
@ |e7 BT |1513 |7.230 40394 102|876 |- (]
@ |8 |LE1 3453 |7662 [26.760 32 |87 |- ®
@ |es |LE1 0855 |7.810 [40.394 5.7 874 |- ®
@ |0 |[LE1 1558 |7.867 [32438 105 880 |- ®
@& |11 LB 1483|7825 [40.394 100 875 |- (v
@ |e12 |LE1 3439 |7651 |[26.760 231 |86 |- (V)
@ |B13 |LE1 0746 |7.506 [40.394 1.0 840 |- ®
@ |e1a LBt 0338|7574 [40.394 23 a7 |- ®
@ |B15 |LE1 |0162 7606 |40.394 1.1 81 |- (]
@& |16 |[LE1 0000 |7.739  [40.394 0.0 866 |- ®
@ |e17 LB |07149 |7.506 [ 40.394 1.0 840 |- ®
@ |1z |[LE1 (0344 |7576 [40.3%4 23 848 |- ®
@ |e13 |[LE1 0184 |7.600 [40.394 1.2 850 |- (v
@ |B20 |LE1 0000 |7.724 |40.394 0.0 864 |- (V)

Design data
e [ o

> |3/4A307-1|14.897 8.938

Figure 7: Check of bolts




Check of welds for extreme load effect (Plastic redistribution)

Staws fem [Bdge X i gy g G "% Gl | £ | DS
> @ |Cbfl1FPT ETOoc 41/4°N | 45/16"W|9.898 | 0619 |LET 4011 |5741 | 699 (v
(v E70ioc| 41/4'n | 45/16'W.|0.898 0619 |LE1 |4023 5720 |703 (v]
@ | C-bfl1|FP2  |E70wc| 41/4'N | 43/8"w |7.945 |0.662 |LE1 [5774 [8226 702 (v]
e E70woc| 41/4'W | 43/8"w |7.945 (0662 |LET |1.350 8187 |166 (V]
@ | C-bfl1|FP3  |E7Ooc 41/4'N | 43/2"w |T.945 | 0662 |LE1 [6235 (8249 758 (V]
(v E7Ooc| 41/4'n | 43/8'w |7.945 (0662 |LE1 |3.033 8017 |3738 (v]
@ | C-bfl1|STIFF1a | E70oc| 43/16"n | 41/4"w 3335 |1.112  |LE1  [6.867 [9130 752 (v
e E70woc| 43/16"m | 41/4"n 3335 | 1.0112 |LE1  |2.021 8200 |246 (V]
@) | C-w1 |STIFFla|E70oc] 43/16'n | 41/4"w |7.868 | 1124 |LE1 |2909 |7.659 380 (V]
(v E7loc| 43/16'n | 41/4'n |7.868 1124 |LE1 |2.561 8305 |30 (v]
@ | Cfl1 | STIFF1a | E70oc 43/16"n | 41/4"w 3335  |1.112 |LE1  [2438  |6736 | 362 (v]
e E70woc| 43/16"m | 41/4"n [3.335 | 1.0112 |LE1  |3.861 8407 |459 (V]
) | C-bfl 1| STIFFIb| E70oc| 43/16"n | 41/4"w 3335|1112 |LE1  [2014  |8211 | 245 (v
() ET0woc| 43/16"m | 41/4"W (3335 [1.112 |LE1  |6.868 [9.130 |75.2 (v
@ | C-w1 |STIFFIb| E70u| 43/16"n | 41/4"'n |7.868 | 1124 |LE1 [2562 |8304 309 (v]
e E70woc| 43/16"n | 41/4"n |7.868 1124 |LE1 |2912 7658 |380 (V]
) | CAfl1 | STIFFIb| E70oc| 43/16"n | 41/4"w 3335|1112 |LE1  [2.863 8409 | 459 (V]
() ETOwoc| 43/16"m | 41/4"W (3335 [1.112 [LE1  |2446 |6732 |363 (v
@ | C-bfl1|STIFF2a | E70oc| 43/16"n | 41/4"w 3335|1112 |LE1  [2213  |7.053 314 (v
® E70woc| 43/16"n | 41/4"n {3320 |1110 |LE1 |6.803 |9.268 |734 (V]
) | C-w1 |STIFF2a|E70oc| 43/16'n | 41/4"w |7.868  |1.124 |LE1  [1945 |7.976 250 (V]
() ETOwc| 43/16"m| 41/4"W | 7868 1124 |LE1 |2450 [8.821 (278 (v
@ | Cfl1 | STIFF2a | E70oc| 43/16"n | 41/4"w 3335|1112 |LE1  [2997 |9.245 | 324 (v]
(v E70wc| 43/16'm | 41/4"w 3335 | 1.0112 |LE1 |2.369 8651 |274 (v]
) | C-bfl 1| STIFF2b| E70oc| 43/16"n | 41/4"w 3329|1110 |LE1  |6816 |9268 | 735 (v
) ETDwc| 43/16"m| 41/4"W (3335 |1.112 |LE1  |2239 |6742 |332 (v
@ | C-w1 |STIFF2b| E70wc| 43/16"n | 41/4"w |7.868 |1.124 |LE1 [2465 (8762 | 28.1 (v]
(v E70wc| 43/16"m | 41/4"n |7.868 1124 |LE1 |1.93% 7784 | 249 (v]
) | CAfl1 | STIFF2b| ET0oc| 43/16'n | 41/4"w 3335|1112 |LE1  [2370 |8635 275 (V]
) ETDwc| 43/16"m| 41/4"W (3335|1112 [LE1  |2997 [9.245 |324 (v

Figure 8: Check of welds




1.4 Comparison

It is clear that the finite element analysis shows different distribution of internal forces than
simple assumptions. Shear force is also partially transferred via fin plates at the beam flanges
as can be seen from the tensile forces in bolts and high stresses caused by bending of the fin
plate near the column flange. The individual strengths of bolts and welds show perfect match
but the loads and load directions are different.

While the manual check is showing that the joint is fully utilized due to shear strength of
bolts at beam flanges, IDEA still shows some reserve. The loads can be increased by 10 %
to achieve full utilization in IDEA. This can be expected due to the simplification in load
distribution in manual assessment.

The check in design software IDEA StatiCa Connection is in close agreement with the
manual assessment according to AISC 360.
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Figure 9: Plastic strain, loads and bolt forces at full utilization
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2 Column base plate in braced bay — LRFD

A column with cross-section W12x79 is anchored into a concrete block (concrete compressive
strength 4 ksi) by four anchor bolts 3/4” A307 (f, = 50ksi, f, = 65ksi). Column base is
grouted. A brace is HSS 3.5x0.203 connected by gusset plate and 2 slip-critical bolts 3/4”
A490 (f, = 130ksi, f, = 150ksi). All steel is grade A36 (f, = 36ksi, f, = 58ksi). The shear is
transferred via shear lug with cross-section W6x25. Weld electrodes E7T0XX are selected. The
column is loaded by compressive force —160kip, bending moment 1000 kip-in, and shear force
20 kip. The brace is loaded by tensile force 30 kip.

2.1 Geometry

Figure 10: Investigated joint
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Figure 11: Cross-sections of column (left), brace (middle), and shear lug (right)
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Figure 12: Concrete block dimensions
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Figure 13: Gusset plate dimensions and loads on a transparent model
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2.2 Manual assessment

Manual check of bolts, welds, plates, and concrete in compression is done according to AISC 360-
16. The capacity of shear lug is determined according to ACI 349-01. Anchor rods are designed
according to AISC 360-16 — J9 and ACI 318-14 — Chapter 17. The following checks are required:

e Slip resistance of bolts in shear — AISC 360-16 — J3.8

e Block shear strength — AISC 360-16 — J4.3

e Tensile strength of connected elements — AISC 360-16 — J4.1
e Weld strength — AISC 360-16 — AISC 360-16 — J2.4

e Shear strength of shear lug — AISC 360-16 — G2

e Bending strength of shear lug — AISC 360-16 — F2.1

e Bearing capacity of shear lug against concrete — ACI 349-01 — B.4.5 and RB11
e Concrete breakout strength of the shear lug — ACI 349 — B11
e Concrete bearing strength in compression — AISC 360-16 — J8
e Steel strength of anchors in tension — ACI 318-14 — 17.4.1

e Concrete breakout strength — ACI 318-14 — 17.4.2

e Concrete pullout strength — ACI 318-14 — 17.4.3

e Concrete side-face blowout strength — ACI 318-14 — 17.4.4

The design of beam and column is assumed to be checked elsewhere.

2.2.1 Distribution of forces

The whole shear force is expected to be transferred via the shear lug into the concrete block.
The shear is transferred only in the concrete block and the grout is ineffective. The shear force
is the sum of shear force in column and the horizontal component of the tensile force in the
brace, i.e. V =20+ 30 - cos(40°) = 43 kip.

The tensile force in the brace, 30 kip, is required to be transferred via two preloaded bolts.
The gusset plates and welds needs to be sufficient.

The compressive force, 160 kip, is decreased by the vertical component of the tensile force
in the brace. The column base needs to resist compressive force of 160 — 30 - sin(40°) = 141 kip
and bending moment 1000 kip-in.

2.2.2 Brace connection check

Slip-critical connection The strength of slip-critical connection is determined according to
AISC 360-16 — J3.8. The minimum bolt pretension is taken from Table J3.1 as T, = 35Kkip.
The single bolt slip resistance is:

¢R, = D hyTyn, =1-0.3-1.13-1.0 - 35 - 2 = 24kip (17)

The slip resistance of 2 bolts, 47 kip, is sufficient to transfer the tensile force 30 kip.
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Tensile strength of the tongue The tongue are two plates with the thickness of 1/4”
to avoid eccentricity in compressive loading. The dimensions of the tongue can be seen in
Figure[14 The gross and net areas in tension are 3.4+ (2-1/4) = 1.7in? and (3.4 — 13/16) - (2-
1/4) = 1.3in?, respectively.
OR, = ¢F,A; =0.9-36-1.7 = 55kip (18)
oR, = ¢F, A, =0.75-58 - 1.3 = 5Tkip (19)
The strength of the tongue, 55kip, is sufficient to transfer tensile force, 30 kip. The welds
are designed as CJP butt welds and their strength should be the same as the base material.

6.000
1.500 4.500

1.500

1.710

3.419
s
l

1.500
1.710

1.400 2.800 ‘ 1.800
I

6.000

Figure 14: Tongue dimensions

Gusset plate block shear strength The expected yield line at gusset plate for block shear
failure is 6.6in long, the rupture may occur at line shorter by the bolt hole, i.e. 5.8in. The
gusset plate thickness is 3/8”.
OR, = ¢F,A; =0.9-36-2.5 =80kip (20)
oR, = ¢F A, =0.75-58 - 2.2 = 94kip (21)

The strength of the gusset, 80kip, is sufficient to transfer tensile force, 30 kip.

Gusset plate weld strength The fillet welds are designed on both sides of the gusset plate
with the size 1/4”. The lengths of the welds are 5.2in and 4.0in. To avoid calculating the
eccentricity, it is conservatively assumed that both welds are 4in long and both welds transfer
half of the load. The critical weld is the one loaded at an angle 40°.

Frw = 0.6Fpxx(1+0.5sin"*0) = 0.6 - 70 - (1 + 0.5sin"* 40°) = 53ksi (22)
OR, = ¢FApe = 0.75-53-2.83 = 112kip (23)
The strength of the welds at the gusset, 224 kip, is sufficient to transfer tensile force, 30 kip.
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2.2.3 Column base check

The column base needs to resist compressive force of P, = 160 — 30 - sin(40°) = 141kip and
bending moment M, =1000kip-in. Since the supporting area, A,, is sufficiently large, the
concrete bearing strength is

O fp (max) = ¢1.7f0 = 0.65- 1.7 - 4 = 4.4ksi (24)
PGmax = [p,(max)B = 4.4-19 = 83.6kip/in (25)
The base plate is elongated due to the gusset connection of the brace. It is conservatively

assumed that the compressive force is acting at the column flange, i.e. e =6.18in from the
connection center. The distance between anchor bolt and connection center is f =7.68 in.

M, = eP. +2f Noa (26)
M, —eP, 1000 — 6.18 - 141
Nyo = - — 8.4ki 27
2f 2.7.68 P (27)
P +92N,, 141+2-84 .
Y = i = il =1.9in (28)
Gmax 83.6

The bearing resistance of the concrete is sufficient, because the base plate is large enough to
accommodate bearing area length, Y, and the tensile force in anchor is 8.4 kip. More detailed
base plate check with the check of base plate yielding should be provided for the load case with
maximum compressive force.

Anchor design Anchors are 3/4”, grade A307, 12in embedded length in the concrete block
with circular washer plates with diameter 1.8in. Anchors are loaded only in tension because
shear is transferred via shear lug. The check of anchors is provided according to ACI 318-
14 — Chapter 17. Steel strength and pullout strength is provided for individual anchors and
concrete breakout strength and concrete side-face blowout strength is provided for group of
anchors because 3hes > s, where h.s is the embedment depth and s is anchor spacing.

Steel strength in tension of an anchor — 17.4.1
¢Nsa = CbAse,Nfuta (29)
dNgo =0.7-0.334 - 60 = 14 kip (30)
Concrete breakout strength — 17.4.2

5 14 151

hes = min (c“l’f%ax, 3) < he; = max (15, 3) —9.33<12in (31)
Ane = (144 1.8/2 + 14) - (14 + 15.1 + 14) = 1245 in? (32)
Anco = 9hZ; =9-9.33° = 783 in’ (33)
Ny = ko) IR =24 -1-/4000 - 9.33"° = 43.3kip (34)
1 1
wec,N = o ; =1 (35)
L4 g 1t ggm
O'3ca min . 0.3-14
=min (0.7 + ——2™" 1) = T4+ ————1)=1
Yed,v = min (O s, ) e (O 15033 ) (36)
ANC
ONepg = ¢K¢ec,N¢ed,N¢c,chp,NNb (37)
1245

¢Ncbg=0.7~@.1-1&.1.43.3:481{1}) (38)
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Concrete pullout strength — 17.4.3

@2 - d2 1.82 — 0,757
Apg=m | 2L—| =7 187 =057 _ 2.11in? (39)
4 4
N, =84y, f =8-2.1-4=6Tkip (40)
SN, = ¢t pN, = 0.7-1-67 = 4Tkip (41)

Concrete side-face blowout strength — 17.4.4

Ca2 14
1+Ca? :1+ﬁ

SNy = $160¢a1\/ Aprg\/f2 = 0.7+ 160 - 14 - V2.1 - /4000 = 144 kip (43)
ONapg =n-red - Ny = 2-0.5 - 144 = 144 kip (44)

The smallest resistance is that of the anchor steel, 14 kip. It is sufficient to transfer the load
8.4 kip.

Shear lug design The whole shear force is expected to be transferred via the shear lug
into the concrete block. The shear is transferred only in the concrete block and the grout is
ineffective. The shear force is the sum of shear force in column and the horizontal component of
the tensile force in the brace, i.e. V =204 30-cos(40°) = 43kip. The shear lug cross-section is
W6x25 and it is 6in long. The grout layer is 1.5in thick, so the shear lug is embedded 4.5in in
concrete block. The concrete pressure is assumed as uniform in the concrete block. The bending
moment acting on shear lug is equal to shear force acting on lever arm 1.5+4.5/2 = 3.751in, i.e.
M, = 161 kip-in. It is expected that fillet welds on shear lug flanges and web are transferring
bending moment and shear, respectively. The fillet welds at the flanges needs to transfer
161/5.9 = 27.3kip.

Bearing capacity of shear lug against concrete — ACI 349-01 — B4.5 and RB11

N, = nAy,F, = 4-0.334- 36 = 48kip (45)
ngbT = ¢13féA1 + ¢K6(Ny - Pa) (46)
GPy =0.7-1.3-4-27.3+0.7-1.6- (48 + 141) = 311kip > 43kip (47)

Concrete breakout strength of the shear lug — ACI 349-01 — B11

Ay, = (1854 6.1+ 18.5) - (4.5 +20) — 6.1 - 4.5 = 1028 in (48)
OV = Aveddy/f = 1028 - 4-0.85 - V4000 = 221 kip > 43kip (49)

Shear strength of shear lug — AISC 360-16 — G2
¢V, = 0.6F,A,Cyy =1-0.6-36-2-1 = 44kip > 43kip (50)
Fillet welds of shear lug web — AISC 360-16 — J2.4

Frw = 0.6Fpxx(1+0.5sin"60) =0.6-70 - (1 +0.5sin*° 0°) = 42ksi (51)
R, = ¢F,pApe = 0.75-42-1.93 = 61kip > 43 kip (52)

Bending strength of shear lug — AISC 360-16 — F2.1
oM, = oM, = F,Z, = 0.9-36 - 18.9 = 680.4kip-in > 161 kip-in (53)
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Fillet welds of the shear lug flange — AISC 360-16 — J2.4

Frw = 0.6Fgxx(140.5sin'*0) =0.6-70 - (1 + 0.5sin'* 90°) = 63 ksi (54)
OR, = ¢F,pApe = 0.75-63 - 2.1 = 100 kip > 27.3kip (55)

The shear and bending strength of the shear lug, weld strength, concrete bearing strength
and concrete breakout strength are enough to transfer shear force 43 kip.

2.3 Check in IDEA StatiCa

The plates are checked by finite element analysis. The bilinear material model is used with
the yield strength multiplied by steel resistance factor ¢ = 0.9. The forces acting on other
components of the connection, i.e. bolts and welds, are also determined by finite element
analysis but their resistance is checked using standard formulas from AISC 360-16, ACI 318-14,
and ACI 349-01. The most stressed weld element is checked and with further loading, the
stress in weld is spreading into further weld elements. Therefore, the ultimate weld resistance
is higher than simply dividing the force by weld utilization.

-160.000

Equivalent stress
[ksi]
32.40
300
275
250
225
200
30,000 175
< 15.0
125
10.0
7.5
5.0
25

0.00

Figure 15: Von Mises stress
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Figure 16: Plastic strain including the tensile forces in anchors
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Check of members and steel plates for extreme load effect

Status | ltem [T.nh] Loads '[’;;.‘]' ;%F]'
> | @ (wizde-bfil |34 |LE1 272 |00
O |wizdetil |34 [LET (140 |00
@ |wWizTe-wi1  |716" |LE1 233 |00
@ |[Hs535x0203 |3/16" [LET (324 |00
& |ep 1 LET [224 |00
) |Member3-bfl 1 7/16" |LET  |[324 |01
) | Member3-tfi1 716" |LE1  [324 |0
© | Member3-w1 516" |[LET |30 |00
& |crLia 3/8"  |LE1 (295 |07
& |crue 38" |LE1 (324 |00
& |cruic 174" |LE1 [324 |02
& |cruid 4 |LET 325 |02
Design data
Grade [Fi'si] F;:]'“

> |A36 36.0 5.0

Figure 17: Check of stress and strain of plates

Check of preloaded bolts for extreme load effect

Ft v SipgRn |Utt | Uts
Status |[tem | Loads [pip)  |iipl  |fipl 1% |re | Petn9
> @ (85 |LE1 |1560 |7.288/7.287/11420 |56 £3.8 &
@ |Bs |LEY (0783 |TTIZTTI2| 1660 |27 66.1 (v
Design data
Tension gRn
Grade [icip] 1]
> | 3/4 A450 - 1| 37484 0.3

Figure 18: Check of slip-critical connection
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Check of welds for extreme load effect (Plastic redistribution)

Status | ltem Fdge o R I I i L T W

> O |em WI2x79-bfl 1 | E70ix| A1/4'n | 43/8"w | 12069 | 1.341 | LE1 11607 15390 | 754 (V)
(v Ev0xx| 41/4'm | 43/8'w|12051 |1.338 |LE1 12619 16777 |752 (v
@ |em WITS-tl1 | E70ix| 41/4'm | 43/8'w 12069 | 1341 |LE1 8901 | 14761 603 (]
(] EV0ux| 41/4"w | 43/8"w | 12.069 |1341 |LE1 |5478 |[15377 356 (V]
@ |[ep1 WI278-w1 | E70x| 41/4'm | 43/8'w | 11581 |1.288 |LE1 3911 |15740 | 248 (v
(] EVOux| 41/4"m | 43/8"w (11591 [1288 |LE1 (3915 |[15741 |249 (V]
O |em Member 3-bfl 1) E70xx| 43/16"m| 41/4'w | 6047 0756 | LE1 |1.577 |6.249 |252 (]
(v Ev0it| 43/16"W| 41/4'n | 6031 | 0754 |LE1 |3.548 |6.205 |57.2 (v
O e Member 3-tfl 1 | E70xx| 43/16"m | 41/4'w 6047 0756 |LE1 |3.896 |6.221 |626 (v
(v E70xx| 43/16"w| 41/4'w | 6031 0754 |LE1 1305 |6.208 |210 (v
O |em Member 3-w 1 | E70xx| 43/16"m | 41/4'n [5907 |0.844 |[LE1 |3.026 5619 |538 (V]
(v E70xx| 43/16"W| 41/4'w|5.907 | 0844 |LE1 |3.026 |5619 |538 (v
@ | W12d9-bfl 1) CPLIa EV0xx| 43/16"w | 41/4"w | 5282|0587 |LE1 [3.628 [4.340 836 (V]
(v EV0xx| 43/16"W| 41/4'w|5.282 | 0,587 |LE1 |3.628 |4.340 |836 (v
@ |crLib HSS3.5%0.203 | E7Owcx) 41/8" | 43/16" 10323 (0430 |LE1 |2197 |2694 |816 (v
O e CPL1a E70xx| 43/16"W| 41/4'w|3.986 |0.569 |LE1 |3.600 |4711 |764 (v
(v E70xx| 43/16"W| 41/4'n|3.986 | 0569 |LE1 3600 |4711 |764 (v

Figure 19: Check of welds
Check of anchors for extreme load effect
o e v ¥, e [ e e T o

> @ (a1 |LE1 |7826 (0053 47949 |47.105 |70.438 |- 136.364 (557 |08 378 (]
@ |Az [LET [7.826 (0053 |47.949 |47.105 |70.438 (36644 [136364 558 0.8 37.8 (]
@ (A3 [LE1  |DOOD 0055 |- 47105 |- 18200 | 136364 | 0.0 12 0.1 (]
@ (a4 [LET (000D 0055 |- 47005 |- 18200 | 136364 0.0 1.2 0.1 (V]

Design data
Grde  |ToT Rt

> |3/4A207-1/14.038 6257

Figure 20: Check of anchors

Check of contact stress in concrete for extreme load effect

Al (A2 o Ut
Status [ltem [103dS [fng) |21 ksl | 1%
> @ |cB1 |LEY  |182.758 (193296109  [196

Figure 21: Check of concrete in bearing
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Figure 22: Stress in concrete under the base plate and area of concrete cone breakout

Shear in contact plane for extreme load effect

v pVr pPbr Vb | Ut
Status |ltem (10305 |nap) | fidp) | lip] | Dlap] | %]
> © |BP1 [LE1 42833 |- 310.357 | 220,989 | 19.4

Figure 23: Check of shear lug — bearing capacity and concrete breakout strength
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2.4 Comparison

It is clear that the finite element analysis shows different distribution of internal forces than
simple assumptions. The gusset plate also helps transferring the bending moment and thus
gusset plate and its welds are much more loaded than in standard design assumptions. The
forces in anchors are slightly lower in IDEA because the stress below base plate is not exactly
under the column flange. The most heavily utilized element in manual assessment is the web of
the shear lug. In IDEA StatiCa, the equivalent stress on the shear lug web is at 30.1 kip which
is close to yielding.

The check in design software IDEA StatiCa Connection is in agreement with the manual
assessment according to AISC 360, ACI 318, and ACI 341. The small differences are caused
mainly by simplifications in hand calculations.
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3 Extended moment end-plate connection — ASD

Two beams with cross-section W10x26 are connected to each other by extended four-bolt
stiffened moment end-plate connection. The end plates have the thickness of 1/2” and are
connected by 3 bolt rows. All steel is grade A572 Gr. 50 (f, = 50ksi, f, = 65ksi) and bolts are
grade 3/4” grade A325 (f, = 92ksi, fu, = 119.7ksi). The connection is loaded by maximum
bending moment determined from manual assessment using Design guide 16 and AISC 360-16.

3.1 Geometry

0.4

| Y

10.315
9.433

1

Figure 25: Beam cross-section
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Figure 26:

25

13.615

5915

4.200
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1.200

3.387
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2.787

Dimensions of end-plate connection




Figure 27: Transparent model with dimensions of widener and applied load

3.2 Manual assessment

Manual assessment is performed according to Design guide 16: Flush and Extended Multiple-
Row Moment End-Plate Connections — Chapter 4: Extended End-Plate Design and AISC 360-

16 — Chapter J. The following checks are required:

e Bolt strength in tension — AISC 360-16 — J3.6
e End-plate yielding — Design guide 16
e Weld strength — AISC 360-16 — J2.4

The design of beams is assumed to be checked elsewhere.

3.2.1 Bolt and end-plate yielding strength
Bolt tensile strength

& 70752
Ay =002 T — 0.442 in?
1 4

P, =R, = F,A, = 90-0.442 = 39.8 kip

Snug-tightened bolt pretension:

T, = 0.5-28 = 14kip

(58)

Prying forces The prying forces are determined according to Design guide 16 — Table 4-1:
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Inside bolt row:

a; = 3.682 (tp>3—0085—3682<0'5 )3—0085—1006

T dy R 0.75 R
w' = b,/2 — (dy +1/16) = 5.787/2 — (0.75 + 1/16) = 2.081 in

bp 7Td3Ft

oo o (0.85% +0.80w') 4 =2

' Apyi

0.52 50 (0.85 - 277+ 0.80 - 2.081 ) + =012
4-1.759

w't? FI\?
J— PIF2 3 ?
Qmax,z 46% \l Y (w’tp>

2.081 - 0.52\/ 9.446 \2
max,i — 502_3 () = 6.137 ki
@mazi = 7006 2.081-0.5 P

Outside bolt row:

t\* 0.5\3

a, = 3.682 () — 0.085 = 3.682 ( ) — 0.085 = 1.006
dy 0.75

w' = b,/2 — (dy +1/16) = 5.787/2 — (0.75 + 1/16) = 2.081 in

bp 7Td3Ft
oo P (0.85% +0.80w') + =%~
¢ 4pf,o
0.52 50 (0.85 - 277+ 0.80 - 2.081 ) + =012
Fl = = 8.308

4.2

w't? Fr\?
g PIF2 3 0
Qmaz,l 4a0 \l Yy (w’t,,)

2.081 - 0.52\/ 8.308 2
max,i — 502 -3 () = 6.212ki
@mazi = 77006 2.031-05 P

End-plate yielding

1 1
5= 5\/bp = 5\/5.787 -3.387 =2.2141in

Dimension s is larger than dimension d., therefore case 2 applies.

Y = bﬁ [hl ( 1 + 1) +h0 <1 + 1)] + z[}h(pf,i"i‘S) +ho(de +pf,o)]

2 DPri S Dfo 28
5.787 1 . X )
V== 8115 (= + o= ) +12.315( =
2 {8 5 (1.759 + 2.214) 12315 (2 T3 2.214)} *
2
+ 5 [8115(1.759 4 2:214) + 12.315(1.5 4 2)] = 94.310in

M, My Fp t2Y _500.57 - 94.310
QO Q o 1.67

= 705.911 kip-in
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Bolt Force Model Yield-Line Mechanism; Case 2 when s > d.

y /<i —=—2F -Q_ )

n =2 - Q) o

H}i * o

'

Figure 28: End-plate yield mechanism (Design guide 16)

Bolt rupture with prying action

2[(13t - Qmax,o)do + Q(Pt - Qmaa:,i)dl]
2[(Pt - Qmax o)do + 2<Tb)d1]
M, = ’
"= (P~ Qo + 2Th)dy (75)
2[(Ty)d, + 2(T3)dA]
2[(39.8 — 6.212) - 12.094 + 2(39.8 — 6.137)7.895] = 1342.40 kip
- 2[(39.8 — 6.212)12.094 + 2(14)7.895] = 1032.55kip
My =max| o398 _ 6.212)12.004 + 2(14)7.895] — 869.54 kip (76)
2[(14)12.094 + 2(14)7.895] = 559.69 kip
M, 13424
Bolt rupture without prying action
M, 2P(d,+dy)2-39.8-(12.095 + 7.895
M, _ 25(d, + i) ( + ) _ 795.602 kip (78)

Q Q 2

The decisive failure mode is the one with smallest strength, i.e. bolt rupture with prying
action, ¥» = 671.198kip.

3.2.2 Weld strength

In manual assessment, it is assumed that effective weld transferring bending moment is a
cruciform consisting of the weld of the stiffener to the end-plate extension (I = 3.5in, w = 1/4"),
weld of the flange to the end-plate (I = 5.7871in, w = 1/4"), and weld of the estimated effective
part of the web to the end-plate (I = 3.5in, w = 1/4”). The center of gravity of such cruciform
is conveniently at the beam flange, thus the lever arm is 9.874in. The weld cruciform needs to
transfer force M, /9.874 = 671/9.874 = 68 kip.

Aye = 1/4-2- (3.5 + 5.787 4 3.5)/\/(2) = 4.52 in’ (79)
Frw = 0.6Fpxx(1+0.5sin*0) = 0.6 - 70 - (1 + 0.5sin"° 40°) = 53ksi (80)
R/ = FyAue/Q =53 -4.52/2 = 119.78 kip (81)

The weld strength is sufficient.
The weld strength of compressed welds is not checked here, because it is expected that the
loads are transferred by direct contact.
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3.3 Check in IDEA StatiCa

In IDEA StatiCa Connection, all prying forces and yield lines are determined automatically by
finite element analysis. The bolt forces are shown with included prying forces. The point of
rotation is also calculated automatically and requires no educated guess. All welds are checked
and no force transfer by contact is assumed. The workaround would be setting of contact or
butt weld instead of fillet weld.

Equivalent stress
[ksil

2990
27.5
25.0
22.5
20.0
17.5
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25

0.00

Figure 29: Von Mises stress

Limit plastic strain
[%]

*88
275
2.50
225
2.00
175
1.50
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1.00
0.75
0.50
0.25

( B 19,796 0.000

Figure 30: Plastic strain, applied load, and bolt forces on a deformed model (scale 10x)

The stiffness can also be easily evaluated in IDEA StatiCa Connection. This connection is
close to the boundary of rigid and semi-rigid. The boundary depends on the length of connected
beam.
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Check of members and steel plates for extreme load effect

Status | ltem [T.nh] Loads '[’l':'.‘]' ;%P]'
@ | W1x26 (R)-bFI1 7/16"  |LE1 2671 |00

> | @ |wioae R-tfl1|7/16" |LE1  [300 |02
@ (Wi R-w1 |1/4"  |LET 297 |0
@ w126 (U-bfI1 716" |LET 267 |00
@ |wiees -1 |76 |LET (300 |02
@ |Wimes (U-w1 [1/4"  |LE1 |297 |0
O |rria 12" |LEt [305 |18
& |prib /2" LBl 305 18
O w1 12 |LEl 288 |00
& w2z /2" |LE1 [288 |00

Design data
Grade [FL_i] ;;:]“'

> |A572Gr50(/500 |50

Figure 32: Check of stress and strain in plates

Check of bolts for extreme load effect

Seirs e |Lomis [Fl:ipl '[‘;dpl ?x]'"ﬂ“"-"ﬂ Uﬁf]‘ Uﬁ;? U[%t]ls
> @ (81 [LE1 |4810 |0.000 |20.250 242 |00 ;
o B2 LET 4,807 0,000 29,250 24.2 0.0 -
@ |83 |Le1 [18750 |0.000 | 29250 044 |00 ]
o B4 LE1 18767 | 0.000 29.250 94.5 0.0 -
@ (85 |LE1 |19730 |0.000 |29.250 993 |00 ]
@ 86 [LE1 [19.796 |0.000 |20.250 997 |00 ]
Design data
Grade n
> |3/4A325-1[19.863 11.918

Figure 33: Check of bolts
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Check of welds for extreme load effect (Plastic redistribution)

Status | ltem Edge X g G G o % Gd el |06

> ® | Pria W10x26 (R)-bfl 1) E70ioc| 43/16"w | 41/4"n 5760 0823 |LE1 |3.445 4581 752
(] ETOwe| 43/16"m | 41/4"w 5774 [0.825 |LE1 3441 |4513 |76.2
® |rria W10x26 (R)-tfl 1 | ETOwoc| 43/16" | 41/4"w |5760 |0.223 |LE1 |4148 (4382|905
(] E7Owx| 43/16"n| 41/4'w 5760 | 0823 |LE1 |3980 4582 (869
© |rria WI0x26 (R)-w 1 | ETOwoc| 43/16"W | 41/4" 9,850 |0.821 |LE1 |3.934 [4360 |86.3
(] E70ix| 43/16"n| 41/4'w|9.850 0821 |LE1 [3933 4560 (863
O |erib W10x26 (L)-bfl 1| E70woc| 43/16"w | 41/4"n | 5760 0823 |LE1 3445 43581 752
® E7uoe| 43/16" | 41/4"w | 5774 (0825 |LET 3441 |4513 |762
O e WI0x26 (L)-tF1 1 | ETOwoc| 43/16" | 41/4"w | 5760 |0.223 |LE1 |4148 (4382|905
(] E7Owx| 43/16"n| 41/4'w 5760 | 0823 |LE1 |3980 4582 (869
@ e WIDK26 (L)-w 1 | E70w0c| 43/16"w | 41/4"w |9.850 |0.821 |LE1  |3.933 [4560 |86.2
(] E70ix| 43/16"n| 41/4'w | 9.850 0821 |LE1 |3934 4560 [863
© | rria WwiD1 ET0we| 43/16"m | 41/4"w | 3484 [0.871 |LE1 (4735 |4850 833
® E7ce| 43/16" | 41/4"w | 3484 0871 |LET 4237 |4850 |&74
(| W10:26 (R)-bfl 1| WID1 ET0wc| 43/16"m | 41/4"n | 6984 |0.873 |LE1 |2841 |3.508 733
(] E7Owx| 43/16"n| 41/4'w 6984 0873 |LE1 |2640 3508 |753
@ eeib wiD2 E70we| 43/16"m | 41/4"n 3484 [0.871 |LE1 (4238|4850 674
® ET0icc 43/16"W | 41/4"w 3484|0871 |LE1 |4134 |4850 |852
O | w1026 (L)-bfl 1| WID2 ETDwx| 43/16"m | 41/4"w 6984 [0.873 |LE1 (2641 |3510 733
® E7uce| 43/16" | 41/4"w | 6984 | D873 |[LET | 2.641 |3508 |753

Figure 34: Check of welds
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Rotational stiffness of joint component
MEd | MjRd |Sjini Sjs P Pc L Si.R SiP
tem |Comp. |Loads | 1ipin | [kip.in] | [kip-in/deg] | [kip-in/deg] | [mrad] | [mrad] |[in] | [kip-in/deg] | [iip-in/deg]
> W10x26 (R) | My LE1 -671.00 | -648.78 | 6043.4 756.8 -15.3 -23.5 250,000 | 5833.4 533.8 Rigid
Stiffness diagram My - dy, LE1
LB
mSiR
5P
123910~ W 5)ini
1062.09-
Me,Rd = 938.24 kip.in
885.07-
€
£ 708.06-
= — I RE= 54878 kipiin
=
2/3 MjRd = 43252 kip.in
1
23.0

d[mrad]

Figure 35: Stiffness of the joint
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3.4 Comparison

IDEA StatiCa Connection provides the same results as the manual assessment. Bolts are
utilized at 99.7 %, the plates of the end-plates are yielding, the plastic strain is 1.8 %, which
means that the failure mode of end-plate yielding is close. The deformed shape coincides with
the assumed deformation in Design Guide 16. The utilization at 100 % is at bending moment
673 kip-in (0.3 % difference).
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4 Conclusion

Relatively simple connections were shown here for feasible manual assessment. In all presented
cases, IDEA StatiCa Connection provided good agreement with manual assessment. Not less
important is the presentation of results that supplies deep insight into the behavior of the joint
and allows for better utilization of all elements.

However, the strength of the software lies in complex connections with complex loading
where manual assessment is extremely difficult and most of the work-flow cannot be found in
design guides and manuals.

13.695 44,962

27,928

i
I ATLE

i

YA ‘-...-—-r

178
IENNENEEE)

Figure 36: Complex joint analyzed in IDEA StatiCa Connection
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