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ABSTRACT

One of the composite systems codified in AISC 341 (2022) is composite coupled walls, which are comprised of two or more reinforced con-
crete structural (shear) walls linked by steel or composite coupling beams embedded in the wall piers. The embedment length is a critical
factor that affects the stiffness and strength of the coupling beams—two factors that affect the overall performance of coupled walls. Past
studies have examined the performance of special coupled walls in which the wall piers are heavily reinforced and typically have bound-
ary elements. A recent series of tests focused on ordinary composite coupled walls demonstrated that the embedment length determined
according to the 2022 edition of AISC 341 was insufficient to develop the target member strength. The results prompted a need to reevaluate
the equation by which the embedment length is determined. Using basic principles supported by experimental data, a revised equation was
developed and evaluated through numerical simulations. The revised equation results in longer embedment lengths by as much as nearly
40% for cases that would likely be encountered in practice.
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INTRODUCTION 06
C oupled structural (shear) walls (CSW) are a common Vi connection = 1.54[f! (ﬁ] BibrL, L()Zm 1)
structural system. This system is comprised of two or by ‘ 0.88+ 8
more structural walls that are typically linked at each floor 2L,
by coupling beams. Based on the expected level of inelas-
tic deformations, composite structural (shear) walls can where .
’ L, = embedment length of coupling beam mea-

be classified as composite ordinary shear walls (C-OSW)
or composite special shear walls (C-SSW). One common
composite system involves linking reinforced concrete wall

sured from the face of the wall, in.
Vi, connection = design shear strength, kips

piers by steel (or steel-concrete composite) coupling beams by = width of beam flange, in.
that are embedded in the wall piers. b,, = thickness of wall, in.
The required embedment length of the coupling beam, .fc, = specified Compressive strength of concrete,
L., is calculated using Equation H4-4 from AISC 341 ksi
(AISC, 2022),' hereafter referred to as AISC 341-22, shown g = clear span of coupling beam, in.
here as Equation 1: . .
By = factor relating depth of equivalent rectan-

gular compressive stress block to neutral
axis depth, as defined by ACI 318-19 (2019)

This equation was developed by Mattock and Gaffar (1982)
based on the data from monotonic testing of steel members
(acting as brackets) embedded in precast columns. Prior to
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Table 1. Summary of Key Aspects of Available Research Data
Number of 9 Le

Source Specimens | Loading ¢ (ksi) 2d d Controlling Limit State
Marcakis and Mitchell (1980)*+ 18 Monotonic | 3.40-5.80 1.8-2.0 1.00-1.50 Connection strength
Mattock and Gaffar (1982)+ 5 Monotonic | 2.95-4.10 1.0-2.7 1.33-2.25 Connection strength
Shahrooz et al. (1993)* 3 Cyclic 4.82-5.62 2.2-2.3 1.89 Coupling beam M,,
Harries (1995) 4 Cyclic 3.75-6.25 1.3-3.5 1.43-1.73 | Coupling beam M, or V,
Fortney (2005)* 3 Cyclic 5.13-5.30 2.6 2.18 Coupling beam V,,
Park et al. (2005) and Park and . . . .
Yun (2006)° 9 Cyclic 4.35-493 | 0.9-3.4 1.07 Connection strength
Shahrooz et al. (2018)* 2 Cyclic 6.51 3.3 2.00 Coupling beam V,,
Kunwar and Shahrooz (2023)* 8 Cyclic 4.13-6.98 4.3-5.7 0.96-1.98 Connection strength
* Some or all specimens had auxiliary transfer bars.
* Coupling beams in some specimens were solid sections or HSS (filled or unfilled)
d = Coupling beam depth
M), = Plastic moment strength of the coupling beam
V,, = Plastic shear strength of the coupling beam

compiled, as provided in Table 1. Shahrooz et al. (1993) and
Harries (1995) verified the applicability of Mattock-Gaffar’s
and Marcakis-Mitchell’s equations for steel coupling beams
subjected to cyclic loading. The controlling limit state in
both studies was, however, either the plastic moment
strength, M), or the plastic shear strength, V,, of the steel
coupling beam. Hence, the studies did not specifically eval-
uate the ultimate strength of the embedded connection.
In several subsequent research programs, the connection
strength had been enhanced by utilizing auxiliary transfer
bars (reinforcing bars connected to the flanges to improve
the bearing strength). Most of the past studies were focused
on C-SSW in which the wall piers would be heavily rein-
forced and typically have boundary elements. A recent
series of tests conducted by Kunwar and Shahrooz (2023)
was focused on C-OSW with the connection strength being
the controlling limit state. These tests demonstrated that
the embedment length calculated by AISC 341-22, Equa-
tion H4-4 (Equation 1), was insufficient to develop the tar-
get member strength. To remedy the observed deficiency of
Equation H4-4, a revised equation was developed by using
basic principles in conjunction with relevant experimental
data from the database, shown in Table 1. Derivation of the
revised equation and its verification through test data and
numerical simulations are presented in this paper.

DERIVATION OF A REVISED EQUATION

The database shown in Table 1 was filtered down to 10
specimens by focusing on (1) the tests with W-shapes that
did not have auxiliary transfer bars, (2) those for which the
connection strength was the controlling limit state, and
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(3) those with wall reinforcement similar to what would be
placed in ordinary walls. The details of the 10 specimens
are summarized in Table 2. Using the data from this table
and the model shown in Figure 1, a revised equation for cal-
culating embedment length was developed.

The bearing stress between the steel coupling beam
flanges and the surrounding concrete was modeled accord-
ing to Hognestad’s (1951) concrete constitutive relationship
that has a parabolic ascending branch and a linear post-peak
descending branch. The peak concrete strength, f., was
taken as 0.85yf/ with € and €ggs set equal to 0.002 and
0.0038, respectively. The selected value of 0.85 in the pres-
ent derivation is intended to approximately account for non-
uniformity of concrete compressive strength over the wall
height. The bearing forces, Cy and C,, were obtained by
integrating the bearing stress distributed over the embed-
ment length, L,, and the coupling beam flange width, which
was increased by a factor labeled o.. This factor is intended
to account for spreading of bearing stresses. Note that bear-
ing stress is integrated over the depth of the neutral axis, c,
to determine Cyand over (L, — c) for C,,.

The magnitude of applied shear, V, was incrementally
increased, and the values of the strain at the wall-coupling
beam interface, €, and the depth of the neutral axis, c, were
iterated until equilibrium of the vertical forces and moment
could be achieved. The connection strength was taken as
the maximum V for which equilibrium was possible. Fig-
ure 1(a) illustrates the case with & > €y, and €, < €;; how-
ever, these strains were changed as needed in the iteration
process.

During iteration, several options were considered to define
the peak concrete strength (i.e., the value of coefficient y)



Table 2. Details of Specimens Used for Model Development

Specimen | Specimen | b, by d g Le Critical . Viest
Source ID Scale (in.) (in.) (in.) (in.) | (in.) Le/d Mode (ksi) (kips)
g":ft;[:rcg ;‘gg) w4 N/A 10.0 | 4.00 | 6.00 | 120 | 800 | 1.3 | Shear | 2.95 24 1
SK-1 % 10.0 | 403 | 6.28 | 36.0 | 6.00| 0.96 | Flexure | 4.13 14.2
SK-2 % 100 | 403 | 6.28 | 360 | 700| 11 |Flexure| 4.13 | 204
SK-3 % 100 | 527 | 828 | 36.0 [130 | 1.6 |Flexure| 695 | 49.0
gﬁgmroin(gozs) SK-4 % 10.0 | 527 | 828 | 36.0 [13.0 | 1.6 | Flexure | 6.95 47.4
SK-5 % 15.0 | 8.05 [121 | 54.0 [19.0 | 1.6 | Shear | 6.98 | 109
SK-6 % 15.0 | 8.05 |121 | 54.0 |240 | 20 | Shear | 470 | 113
SK-8 % 15.0 | 8.05 [121 | 540 [19.0 | 1.6 | Shear | 6.15 | 89.7
Park et al. (2005) SCB-ST 58 11.8 | 6.80 |13.8 | 472 [147 | 11 |Flexure | 493 | 704
and Park and Yun
(2006) HCWS-ST %8 11.8 | 6.89 |13.8 | 472 [147 | 11 |Flexure | 435 | 60.3

a

N/A: Could not be inferred due to inconsistencies between the cover to reinforcement and the other dimensions/bar sizes.
Inferred based on the dimensions and bar sizes.

and the amount of spreading of bearing stresses (i.e., factor
o). Finally, the most reasonably close match of the mea-
sured connection strength (V. in Table 2) was found to be
achieved by setting y equal to 3; and taking o as the lesser
of 1.3 and b,,/bs, where b, is wall pier thickness and by is
coupling beam flange width.

The measured connection strengths are compared
against those obtained from the final iteration (with y =
B; and o = lesser of 1.3 and b,,/by) in Figure 2. The larg-
est differences are for four cases (specimens SK-1, SK-2,
SCB-ST, and HCWS-ST) with Le/d < 1.1, where d is the
depth of the coupling beam. For such cases, the embedment
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Fig. 1. Assumed stress distribution and concrete model for development of revised equation.
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Table 3. Values of ¢ and c/Le after lteration
Source Specimen ID &f c/Le
Mattock and Gaffar (1982) W4 0.0040 0.60
SK-3 0.0038 0.57
SK-4 0.0038 0.57
Kunwar and Shahrooz (2023) SK-5 0.0037 0.56
SK-6 0.0037 0.57
SK-7 0.0036 0.56

region is characterized as a “D region,” where the strain
variation along the embedment length is more complex than
the linear distribution shown in Figure 1(a), and the use of
a strut-tie method is more appropriate (Kunwar and Shah-
rooz, 2023). Ignoring the cases with L,/d < 1.1, the mea-
sured connection strength is on average 1.17 times larger
than the shear strength obtained from iteration with a coef-
ficient of variation of 0.18.

Table 3 summarizes the values of € and ¢/L, (depth of the
neutral axis normalized with respect to embedment length)
corresponding to the values of V obtained from the final
iteration, which are shown on the y-axis in Figure 2. As
discussed previously, the strain is not distributed linearly
along the embedment length for cases with L,/d close to
1. Therefore, the results in Table 3 are provided only for
the cases with L,/d > 1.1. The average values of ¢/L, and
g are 0.57 and 0.0038, respectively, with the correspond-
ing coefficient of variation equal to 0.043 and 0.023. Set-
ting ¢/L, = 0.57 and & = 0.0038 in the model depicted in
Figure 1, Equation 2 was derived. Note that V,,, the nomi-
nal shear strength, in Equation 2 is the same as V shown in

Figure 1 and used in the previous discussions. In this equa-
tion, o accounts for spreading of bearing stresses against
the flanges.

. c/ e bw
ALY P @

0.57+-8 f
2L,

It should be noted that AISC 341-22, Equation H4-4
(Equation 1), was derived based on the average value of
¢/L, = 0.66 and & = 0.003 and bearing stress = 1.54\/]?.
According to ACI 318-19, bearing stress is directly propor-
tional to £ (and not \/fT ), which is consistent with the
approach followed for the derivation of Equation 2. Spread-
ing of bearing stresses in the current equation is represented

by (by,/b)"%.

EVALUATION OF REVISED EQUATION

The revised equation was evaluated by comparing the shear
strengths calculated from Equation 2 versus the test results
shown in Table 2. Additional comparisons were made
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Fig. 2. Comparison of measured strengths and connection strengths from basic principles.
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Table 4. Calculated Nominal Shear Strengths vs. Measured Values
Vn, calculated (kips) Vtest/ Vn, calculated
Critical Viest Current Revised Current Revised
Source Specimen ID Le/d Mode (kips) Equation Equation Equation Equation
Mattock and Gaffar W4 1.3 Shear 24.1 31.8 15.0 0.76 1.61
(1982)
SK-1 0.96 Flexure 14.2 11.8 5.8 1.20 2.44
SK-2 11 Flexure 20.4 15.5 7.7 1.32 2.65
SK-3 1.6 Flexure 49.0 55.9 421 0.88 1.16
Kunwar and
Shahrooz (2023) SK-4 1.6 Flexure 47.4 55.9 421 0.85 1.12
SK-5 1.6 Shear 109 122 92.7 0.90 1.18
SK-6 2.0 Shear 113 159 109 0.71 1.04
SK-7 1.6 Shear 89.7 118 86.4 0.76 1.04
SCB-ST 11 Flexure 70.4 64.4 45.5 1.09 1.55
Park et al. (2005)
HCWS-ST 11 Flexure 60.3 61.8 41.6 0.98 1.45
Table 5. Comparison of Embedment Lengths for Test Specimens
Calculated L, (in.)
Specimen Current Revised %
Source ID Equation Equation Increase
Mattock and Gaffar (1982) W4 7 15 114%
SK-1 7 14 100%
SK-2 9 17 89%
SK-3 12 17 42%
Kunwar and Shahrooz (2023) SK-4 12 16 33%
SK-5 18 24 33%
SK-6 20 29 45%
SK-7 17 23 35%
SCB-ST 16 22 38%
Park et al. (2005)
HCWS-ST 15 22 47%

through numerical simulations of more than 12,000 cases.
Moreover, the embedment lengths determined from the
revised and current equations were compared.

Based on Test Results

Using the dimensions and measured properties provided in
Table 2, the nominal shear strengths, V,, were computed
from the revised equation (Equation 2) and the current AISC
341-22, Equation H4-4 (Equation 1). The results are com-
pared against their experimental counterparts in Table 4.
The nominal strengths instead of reduced design strengths,
0V, are compared because the test specimens had been fab-
ricated under controlled conditions, the as-built dimensions

and measured material properties were used in the calcula-
tions, and the loading was well defined and known a pri-
ori. There is no obvious correlation between whether the
coupling beam is shear/flexure critical and if the measured
strength is overestimated or underestimated by the current
equation. For example, specimens SK1 to SK4 were flexure
controlled; however, SK1 and SK2 could develop V,, calcu-
lated from the current equation but SK3 and SK4 could not.
None of the shear-controlled specimens could reach the V,
from the current equation. A common factor is the embed-
ment region “aspect ratio’—that is, L,/d.

For specimens SK-1, SK-2, SCB-ST, and HCWS-ST with
small values of L,/d, the measured connection strength is
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Table 6. Values for Parametric Cases

Variable

Range/Value

Size of coupling beam

W14x22 to W30x326 excluding sections heavier than 350 plf

Wall thickness, by,

18 in. to 54 in. (2 in. increment)
Ignore cases with b,,/b; > 2

Span of coupling beam, g

4 ft to 10 ft (1 ft increment)

Concrete compressive strength, f¢

4 to 10 ksi (1 ksi increment)

Design shear, V

Smaller of 0.95(2¢,M,/g and ¢,V;,) with no R,

Wall transverse reinforcement

#5 with 34 in. cover

Wall longitudinal reinforcement

#10

nearly equal to or larger than the nominal shear strength
calculated by either the current or revised equation. It is
reemphasized that the underlying assumption (a linear
strain distribution over the embedment length) used for the
derivation of both equations is not appropriate when L,/d
is small. The current equation, on the other hand, over-
estimates the measured connection strength (i.e., it under-
estimates the embedment length required to develop V,)
in 6 out of 10 cases with L,/d greater than 1.1, including
specimen W4 used by Mattock and Gaffar (1982) in the
derivation of the current equation. The average value of
Viest/ Vi.current Eq. 18 0.81 with a coefficient of variation of
0.093. In contrast, the revised equation provides reasonable
and conservative values. All the strength ratios from the
revised equation are greater than 1. For the cases with L,/d
greater than 1.1, the average value of test/calculated nomi-
nal connection shear strength is 1.19 with a coefficient of
variation equal to 0.18.

The required embedment lengths to develop the mea-
sured connection strengths (V. shown in Table 4) were

computed by using the current Equation 1 and the revised
Equation 2 and are compared in Table 5. The calculated
embedment lengths were rounded to the nearest in. Com-
pared to the existing equation, the embedment length from
the revised is, on average, 50% longer for cases with L,/d
greater than 1.1.

Based on Numerical Simulations

The revised equation was further evaluated numerically by
considering a wide range of the key parameters: by, b,,/by,
f7, and g. For this purpose, a total of 12,054 cases were
selected based on the variables shown in Table 6. For a
given wall thickness, the beam sizes were selected such
that there would be a minimum of a 1 in. gap on either side
of the beam flange and wall longitudinal bars. This gap
is somewhat arbitrary but is the same as the value in ACI
318-19 for the minimum distance between longitudinal bars
to ensure concrete consolidation. The concrete compressive
strength was capped at 10 ksi to be consistent with the cur-
rent AISC limit.
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Fig. 3. Embedment length calculated from basic principles and revised equation.
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The model shown in Figure 1 was used with the same
assumptions used for derivation of Equation 2: (1) & was
set equal to 0.0038 and (2) spreading of bearing stresses
was taken into account by multiplying the flange width by a
taken as the lesser of 1.3 and b,,/b;. The values of the depth
of the neutral axis, ¢, and embedment length, L., were iter-
ated to maintain equilibrium for a given value of design
shear taken as the smaller of 0.95(20,M,,/g and 0,V,).

The analyses indicate that ¢/L, ranges between 0.53 and
0.64, but Equation 2 was developed based on setting ¢/L,
equal to 0.57. This difference does not noticeably affect
the calculated embedment lengths as evident from Fig-
ure 3, which compares the embedment length determined
from basic principles (i.e., satisfying equilibrium of forces
and moment by iterating the values of ¢ and L,) and the
value calculated from Equation 2. Out of 12,504 cases, the
embedment length determined from basic principles is lon-
ger than the value determined from Equation 2 for 91, 32,
14, 5, and 5 cases with f equal to 4 ksi, 5 ksi, 6 ksi, 7 ksi,
and 8 ksi, respectively. The largest difference is 0.82% for
a case involving a 4-ft-long W18x311 beam used to couple
4 ksi wall piers. The application of such a heavy section to
couple 4 ksi wall piers is not considered to be likely. The
revised equation is, hence, deemed to be applicable for a
wide range of cases encountered in practice.

The application of AISC 341-22, Equation H4-4 (Equa-
tion 1), to cases with relatively high concrete strengths is
somewhat questionable considering the value of f! was
2.95 ksi for the only W-shape section used in the original
research (Mattock and Gaffar, 1982). The current equation
has been examined in several research programs with larger
values of f/, but the connection strength was not the con-
trolling failure mode, the value of L./d was such that the
underlying assumption of linear strain distribution along
embedment length would not be accurate, or the connection
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strength was found to be less than the target strength.
Nevertheless, the embedment lengths for the aforemen-
tioned 12,504 cases were calculated by the current equa-
tion, Equation 1, and the revised Equation 2, and the results
were compared.

The histogram of the ratio of embedment length, L.,
from the revised equation divided by that from the current
equation is plotted in Figure 4. On average, the embedment
length calculated from the revised equation is 1.15 times
longer than that from the current equation with a coefficient
of variation of 0.078. The revised equation results in a max-
imum of 37% longer embedment length compared to the
current equation. The embedment length from the current
equation is slightly longer than that from the revised equa-
tion for a limited number of cases involving large concrete
compressive strengths: 0.08%, 0.74%, and 2.54% of the
number of cases with f = 8 ksi, 9 ksi, and 10 ksi, respec-
tively. However, the ratio of L, from the revised equation to
that from the current equation is 0.97 or larger for 99.2% of
the total number of cases.

In addition to concrete compressive strength, the value
of b,,/by, the coupling beam unit weight, and the expected
yielding sequence (shear-critical, flexure-critical, or simul-
taneous yielding in flexure and shear) affect the relative
magnitudes of embedment length from the revised and
current equations, as evident from Figure 5. The ratio of
embedment length from the revised equation to the length
from the current equation drops below 1 for cases with f;
exceeding 8 ksi, and as b,,/by becomes small, the coupling
beam becomes heavier, and the coupling beam is shear crit-
ical (i.e., g < 1.6M,/V,) or is expected to yield in flexure
and shear simultaneously (i.e., 1.6M,/V, < g < 2.6M,/V,). It
is noted again that the application of the current equation to
cases with large values of f!is questionable.

1.2 1.3 1.4

Le revised Eq. / Le current Eq.

Fig. 4. Comparison of embedment lengths.
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Fig. 5. Influence of various parameters on embedment length from revised equation vs. current equation.
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CONCLUSION

Recent tests focused on steel coupling beams in compos-
ite ordinary shear walls (C-OSW) demonstrated the target
strength could not be developed for several test specimens
designed according to the current embedment length equa-
tion in AISC 341-22. A revised equation was developed
and evaluated by using basic principles in conjunction
with available test data. The equation was further vali-
dated through numerical simulations. The revised equation
results in longer embedment lengths by as much as nearly
40% for cases that would likely be encountered in practice.
The longer embedment length will ensure that the design
loads can be developed prior to connection failure in the
embedded region. The revised equation presented herein as
Equation 2 is being considered as a replacement for the cur-
rent AISC 341-22, Equation H4-4.
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