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A companion paper (Sumer, Fleischman, and Hoskisson, 
2007) describes the analytical development of a cast 

modular connector (MC) for seismic-resistant steel moment 
frames. The MC is a field-bolted connector between the beam 
flange and column, and is therefore identical in position and 
similar in form to structural tee (WT) sections (AISC, 2001) 
used in the traditional semi- or fully-rigid bolted T-stub con-
nections (Swanson and Leon, 2000). The MC is intended 
to serve as the special energy-dissipating detail. The MC 
development involved analytical research examining the 
monotonic response of isolated connectors. The result is a 
second-generation MC (Beta) prototype design. The design 
is described in terms of optimum geometric properties and 
includes a set of design expressions for connector stiffness, 
strength and ductility. 

This paper describes the prototyping and experimental 
verification of the MC Beta prototype, including an examina-
tion of the connector’s cyclic performance. Industry partners 
from AISC and SFSA (Steel Founder’s Society of America) 
worked with the research team to guide and ultimately per-
form the prototype casting and fabrication. The MC Beta 
prototype was cast at approximately half-scale. The experi-
mental verification of the MC Beta prototype design, consis-
tent with the analytical development, was performed on iso-
lated connectors. Monotonic and cyclic load tests performed 
on isolated MCs and WT sections of similar strength and 
stiffness revealed the MC Beta prototype as clearly superior 
to its traditional (WT) counterpart. 

Development of a Cast Modular Connector  
for Seismic-Resistant Steel Moment Frames 
Part 2: Experimental Verification

Subsequent developmental steps will include an analytical 
examination and full-scale experimental evaluation of beam-
to-column joints containing the MC using accepted testing 
protocols (AISC, 2005); and the development of a design 
procedure for frames using the MC. These subsequent de-
velopmental steps are briefly summarized at the end of the 
paper (see Future Work). 

MC BETA PROTOTYPE DESIGN

The MC Beta prototype design is briefly summarized 
(Sumer et al., 2007). Figure 1 shows a schematic of the MC 
Beta prototype.  The intent of the MC design is to provide 
highly ductile and reliable performance through: (1) a se-
ries of variable cross-section “arm” elements that produce 
a plastic zone distributed along the entire length of the ele-
ment thereby reducing the intensity of strain concentrations; 
and (2) end-regions connected by a base that create a set of 
self-equilibrating forces, thereby eliminating prying on the 
bolts.

Tables 1a and 1b summarize the relationships used to con-
figure the MC Beta prototype. Expressions derived in the 
companion paper (Sumer et al., 2007) for optimum geometry 
appear in Table 1a. As can be seen, most aspects of the MC 
geometry can be related back to arm length, L. Optimum arm 
geometry (see Figure 1a) is given in terms of ratios directly 
related to L. Optimum end region geometry (see Figure 1a), 
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Fig. 1. MC Beta configuration: (a) isometric view; (b) underside.
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expressed as a ratio between the bolt-to-arm eccentricity, e, 
and the arm-base separation, s, is based on arm length, L, 
and thickness, t. Base dimensions (see Figure 1b) are related 
to the number, n, and size (in terms of L) of the arms. 

The optimum arm geometry produces a highly ductile 
response, provided that the arm elements possess sufficient 
length. The optimum end region permit the use of longer arm 
elements by eliminating significant demands on the bolt, in-
cluding bolt prying and a catenary-action induced shear fail-
ure mode (Sumer et al., 2007). Fasteners can simply be sized 
for the direct flange force. The base region must carry high 
compressive forces and thus the base thickness, tb, is sized to 
prevent base buckling and yielding (see Table 1a). 

Design expressions for the properties of the MC Beta 
prototype were derived in the companion paper (Sumer et 
al., 2007). These expressions are indicated on the connector 
load-deflection response schematic shown in Figure 2, and 

include connector stiffness, Ki, yield strength, Py, ultimate 
strength, Pu, and the so-called “stability point” deflection, 
∆u. The expressions are primarily functions of the indepen-
dent variable L, and are converted from “arm” properties to 
“connector” properties through scaling by the number of 
arms, n (refer to Figure 1a). For generality, the thickness pa-
rameter, t, also appears in expressions because t need not 
exactly equal L/4. The bolt design is also indicated on the 
schematic, based on capacity design concepts.

Expressions determined in the prototyping, as described 
in this paper, appear in Table 1b.  These expressions pertain 
to castability (see “Castability Considerations”) and the se-
lection of the arm length, L, for ductility. The latter requires 
consideration of the full connection response, in which the 
“connector” properties shown in Figure 2 are transformed 
into “connection” properties (see “Determining an Appro-
priate Arm Length”).

Table 1a. MC Beta Design: Optimum Geometry

Segment Equations Equation Number

Arm

Bmax = L/2 (T1)

Bmin = 9L/40 (T2)

t < L/4 (T3)

End-Region
(T4)

e0 = s – (t + tb)/2 (T5)

Basea

WMC ≅ 1.2 nL/4 (T6)

Lbcl ≅ 2.5L (T7)

wb ≅ 0.16nL (T8)

(T9a)
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Table 1b. MC Beta Design: Prototyping

Equations Equation Number

Castability

t > 0.75 (T10)

tb > 0.75 (T11)

S0 > 0.75 (T12)

W0 ≅ 0.43 WMC (T13)

Ductility L > dbm/6.5 (T14)
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CASTABILITY CONSIDERATIONS

A major challenge in developing the MC is to create a con-
figuration that meets the seismic performance requirements 
and at the same time can be reliably cast. Toward this goal, 
industry partners from SFSA collaborated closely in the 
development of the MC Beta prototype design. Certain ge-
ometries that are desirable for the seismic performance of 
the MC are not ideal from a castability standpoint and thus 
require quality control to ensure a sound casting. In this sec-
tion, the castability issues specific to the MC geometry and 
the eventual solutions that created a viable prototype design 
are described in detail. 

Casting Quality Control

Traditionally, quality control measures occur after a cast-
ing has already been created, including mechanical testing, 
chemical spectrography, and nondestructive evaluation. For 
this research, recent advances in computer simulation of 
the casting solidification process provided the opportunity 
to perform quality control prior to casting. Industry part-
ners and university researchers were able to rapidly arrive 
at feasible geometries by iterating between structural and 
thermodynamic/fluid flow finite element analysis through 
the electronic exchange of three-dimensional solid geometry 
CAD files. Consider Figure 3a, a contour plot of shrinkage 
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Fig. 2. Global parameters indicating design equations.

Fig. 3. Contour plots of shrinkage gaps from solidification analysis: (a) original riser layout; (b) modified layout.
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gaps obtained from a solidification analysis of an early MC 
design. As seen, shrinkage voids occur in the cast piece, a 
clearly unacceptable outcome. A redesign of the gating (in 
other words, where molten metal enters the mold) and riser 
layout (gravity-driven liquid feed metal reservoirs within the 
mold) is shown in Figure 3b in which the shrinkage gaps 
occur outside the cast piece (in the risers). This process took 
a few days of computer time rather than the time and cost of 
pattern-making, forming molds, casting, and proof testing of 
test piece(s). 

Castability Issues for the MC Prototype

Many castability issues are not solved simply by redesign-
ing gates and risers; changes to the shape of the cast piece 
itself are often required. Recognizing these type of issues 
as a source of the poor performance of the Alpha prototype 
test (Sumer et al., 2007), SFSA identified an appropriate in-
dustry partner (SFSA member Varicast, Inc., now known as 
Vancouver Iron and Steel, Inc.) to collaborate more closely 
in developing a prototype design that is optimized based on 
both structural and castability requirements. 

Working with Varicast, the research team was able to make 
several significant modifications for the MC Beta prototype 
(Varicast, 2002) and specify a new steel material (see next 
section). The challenge in the modifications to geometry is 
that satisfying the objectives of a structural and castable de-
sign often involves competing requirements. The Alpha pro-
totype geometry is reproduced in Figure 4 to help illustrate 
this point in the discussions that follow, with regions associ-
ated with castability issues (“CI”) indicated. 

Consider first the “hourglass” shaped arm elements where 
thin-to-thick transitions are essential to accomplish the in-

tended structural intent (see “CI #1” in Figure 4). Without 
any special attention, the smaller cross-section will tend to 
solidify first, cutting off the flow of molten steel to the sur-
rounding regions, and increasing the chance of shrinkage 
gaps. Given the key role of these arm elements as reliable 
seismic energy dissipators at high ductility demand, it is 
clearly unacceptable for this portion of the casting to be sus-
ceptible to shrinkage gaps. However, since the small-to-large 
section transition is an essential part of the MC design, it 
also cannot be abandoned. Instead, the design requires subtle 
modifications in the MC shape itself to ensure the shrinkage 
gaps do not occur. 

Next consider the base detail, shown in Sumer et al. 
(2007) as the end-region alternative that provides the de-
sired structural characteristics (see “CI #2” in Figure 4). The 
closed-section formed by joining each end-region by the 
base presents certain casting difficulties. First, it is relatively 
difficult to feed the entire base region with molten steel and 
riser placement is not straightforward. Secondly, analyses by 
Varicast anticipated “hot tears” (SFSA, 1995), an irregularly 
shaped fracture caused by hindered contraction in steep ther-
mal gradient zones within the casting during solidification in 
the corners of a solid base. 

Finally, bolt prying reduction has been shown to be de-
pendent on the arm/base separation dimension, s, which is 
controlled by the size of the opening between the arm and 
the base (see “CI #3” in Figure 4). This cavity is formed 
through a sand core placed in the mold to create the inter-
nal opening. This core is entirely surrounded by molten steel 
during the casting process and requires sufficient volume to 
dissipate the required density of heat and resist buoyancy 
forces produced by the surrounding molten steel. An isolated 
core of insufficient volume will begin to degrade and/or float 
thus compromising the quality of the casting.

The aforementioned castability issues surrounding the Al-
pha prototype were eliminated by a number of modifications 
to the shape introduced in the MC Beta prototype (see Table 
1b): (1) the single variable-thickness arm was replaced by a 
series of variable width arms (as shown in Figure 1a); (2) an 
opening matching the projection of the arms (Lbcl) and occu-
pying slightly less than half the width (w0 = 0.43 WMC)  was 
provided in the previously solid base (as shown in Figure 
1b); (3) a minimum wall thickness of 0.75 in. was specified 
for t, tb; (4) a minimum opening between the arm and the 
base, s0 > 0.75 in. (see Figure 1a), was specified to provide 
sufficient core thickness (Varicast, 2002); and, (5) the pro-
portion of the MC comprising the end region was reduced 
(compare end regions in Figures 1a and 4). In total, these 
changes improve the molten steel feed; the arrangement is 
easier to feed with risers; the opening in the base prevents 
the “hot tear” condition; and, finally, the openings between 
the arms and in the base permit the outer portions of the 
mold to anchor the core, thus preventing buoyancy issues. 

CI #2

CI #3

CI #1

Fig. 4. Alpha prototype regions causing casting issues (CI).
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In conjunction with a new steel material, these modifications 
will be shown to produce high quality castings (see “Experi-
mental Results”). 

Cast Steel Material

A cast steel was selected once a viable cast configuration had 
been identified. As a special seismic detail in the structure, 
the performance requirements for the MC center on ductil-
ity, not strength. Recognizing this as an atypical require-
ment for cast material, readily available yet custom made 
steel was chosen for the MC Beta prototype rather than the 
direct use of an existing cast steel specification.  The mate-
rial is a mild steel similar to ASTM A915/A915M (ASTM, 
2003) Grade SC 1020 produced in conjunction with a heat 
treatment process including normalizing and stress relieving 
(Varicast, 2002). Table 2 provides the chemical composition 
of this steel, and a comparison to the Dynamo steel used in 
the Alpha prototype (Eagle Alloy, 2000). The mechanical 
properties were taken from a separately cast double keel bar 
(a Y-shaped casting poured alongside the cast product for 
later machining into two tensile coupons) per ASTM A781/
A781M (ASTM, 2004). These properties appear in Table 4 
(see “Experimental Program, Test Specimens”). 

CREATING THE MC BETA PROTOTYPE

Sizing Criteria

The sizing of the MC Beta prototype is driven by the desire 
to perform a full-scale beam-to-column connection test under 
accepted loading protocols (AISC, 2005) in the next phase of 
the research. Accordingly, a target ultimate strength, Pu, of 
500 kips was set for the MC Beta prototype, based on the fol-
lowing guidelines:  (1) the 220-kip actuating capacity at the 
University of Arizona structures laboratory; (2) a one-sided 
test for typical dimensions of 13-ft floor-to-floor height and 
30-ft bays; (3) a 33 in. beam available at the AISC industry 
partner; (4) the significant overstrength observed in the MC, 
in other words, the difference between the connection’s yield 
strength, Py, and ultimate strength, Pu; (5) appropriate factors 
of safety based on allowance for strength variances and the 
possible contribution to flexural strength from the web con-
nection. Eight arms were chosen for the MC Beta Prototype 
in order to evaluate the castability of an MC with several 
openings. 

Determining an Appropriate Arm Length 

The selection of the MC arm length is driven by the design 
requirement that the stability point, ∆u, occur beyond a useful 
connection rotational demand, θuse, of 0.05 radian (Sumer et 
al., 2007). This (monotonic) value differs from the accepted 
cyclic ductility requirement of 0.04 radian (AISC, 2005) for 
reasons that will become apparent in a subsequent section, 
“Cyclic Response (Constant Amplitude).” Connector deflec-
tion can be related to connection rotation through a simple 
displacement transformation assuming rotation about the 
opposing flange (see Figure 5), rendering the stability point 
requirement as

∆u > (θuse dbm) × F.O.S.

Thus, the needed connector deformation capacity is a beam-
depth dependent quantity. MC designs employ an arm thick-
ness close to the allowable upper limit of L/4 in order to 
maximize strength and stiffness (Sumer et al., 2007) and to 
assist in castability. Thus an approximate expression for ∆u 

Table 2. Chemical Composition of MC Alpha and Beta Prototypes

Prototype C Si Mn P S Cr Ni Mo Cu V Al

Alpha 0.112 0.434 0.465 0.023 0.015 .055 0.016 0.009 – – 0.06

Beta 0.15
(0.15 – 0.20)

0.42 0.42 0.01 0.01 0.02
(0.12 max)

0.01 0.01
(0.08 max)

0.03
(0.25 max)
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can be given entirely in terms of L by substituting t = L/4 into 
the design expression for ∆u given in Figure 2,

∆u = 0.344 L5/4

This expression for ∆u can be inserted into Equation 1 in 
order to determine an appropriate arm depth,

L > 0.3 dbm
4/5

where a factor of safety of 1.5 is used in the design since the 
actual thickness can be lower than L/4 (unconservative). The 
linear relationship L > dbm/6.5 provides a least-squares fit 
over typical steel beam depths and is used as the design ex-
pression for minimum required arm length (see Table 1b). 

It will be advantageous from a standpoint of modularity to 
use a single size MC with several different beam depths (see 
“Guidelines for the Design of MCs”). Thus, the arm length 
chosen for a given MC should be based on the deepest beam 
anticipated in order for the design to provide deformation 
capacity over the range of possible depths (refer to Figure 
5). On the basis of a maximum possible beam depth of 40 
in., the MC Beta prototype was provided a 6-in. leg to satisfy 
Equation 3.

MC Beta Prototype

The resulting geometry and design properties for the MC 
Beta Prototype are shown in the “Full-Scale” row of Table 3. 
The MC end region is configured once the arm and base 
thickness are established. The smallest allowable values of 
e and s are desirable for fit-up. These values are determined 
by first calculating the minimum arm/base separation, s, for 
castability, in other words, s = s0 + (t + tb)/2 where s0 = 0.9 
was chosen for the Beta prototype and the base thickness is 
calculated from Equations T10a and T10b of Table 1a with 
a factor of safety of 1.25 used in the design. The bolt-to-arm 
eccentricity, e, can then be determined from Equation T4 in 
Table 1a.  

The MC Beta Prototype will be: (1) evaluated at full-scale 
in full beam-to-column connections under the AISC proto-

col; and, (2) referenced to a joint in a prototype structure for 
future system evaluations (see “Future Work”). For the stage 
in the development of the MC reported in this paper, namely 
the verification of the form of the connector itself, a scaled 
version is used as described next.

Scaled MC Beta Prototype

The analytically developed MC Beta prototype form is ex-
perimentally verified through tests of the isolated connector. 
These tests are performed rapidly as direct pull tests. Such 
tests provide boundary conditions matching the analyses, 
thus providing direct experimental verification. The tensile 
machine capacity at the University of Arizona laboratory is 
200 kips. For this reason, a scaled version of the MC Beta 
prototype was developed whose strength resides within this 
capacity. 

These tests also permit a direct comparison of the MC to 
a traditional WT. Accordingly, the scaling was selected such 
that MCs and WTs of the same nominal strength and stiff-
ness could be compared. The dimensions of the scaled MC 
Beta prototype and the WT are shown in Figure 6a and 6b re-
spectively. The following procedure was used in the scaling: 
(1) the rules governing optimum arm geometry and end con-
figuration were maintained; (2) arm length was reduced to 
match the longest possible effective gage of a WT (in other 
words, 4.3 in.); (3) the length-to-thickness ratio was adjusted 
in the scaling to produce the same nominal strength in the 
MC and the WT, while still meeting the required limiting ra-
tio L /t of 4; and,  (4) all dimensions were maintained within 
the castable range as discussed in the previous section, in 
particular, the minimum thickness required for castability. It 
is noted that meeting this last requirement led to a reduction 
in the number of arms in the scaled connector (8 to 6). 

The scaled arm geometry and resulting design properties 
appear in the “Scaled” row of Table 3. Because of the mul-
tiple constraints, a direct scaling factor on dimension does 
not exist; however, arm length and thickness are both be-
tween one-half and three-quarters scale, producing a 2.5 fold 
reduction in nominal yield strength for a single arm.  

(2)

(3)

Table 3. MC Beta Prototype Properties

Arm-Related Parameters MC Design Properties Bolt Design Base Design

MC Beta 
Prototype

L 
in.

t  
in.

n
Fy 
ksi

Fu 
ksi

Py 
kips

Pu 
kips

Ki  
kip/in.

∆u 
in.

nb
Bolt 
Type

e 
in.

s  
in.

tb  
in.

wb 
in.

Lbcl 
in.

WMC 
in.

Full-Scale 6.0 1.25 8 40 70 115 473 2510 3.08 8
1 in. 
A490

2.45 2.5 1.25 8.3 15 14.5

Scaled 4.3 0.78 6 40 70 34 143 890 1.96 4
d in. 
A325

2.69 2.1 0.75 4.1 9.2 7.5
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The end region geometric parameters and the bolts select-
ed are also shown in Table 3. Using the scaled MC prototype 
geometry, Equation T4 from Table 1a becomes

(e + 0.654)/s = 1.594

with the end region geometry selected as described in the 
previous section, except in this case s0 = 1.32 in. It is noted 
that in order to verify the optimal end region geometry, tests 
were performed with dimensions that did and did not satisfy 
Equation 4.

The eventual full-scale testing of the MC Beta prototype 
under the AISC protocol (AISC, 2005) will occur on a W33 
beam. An implied beam depth for the scaled prototype is es-
timated by the ratio of arm lengths (33 in. × 4.3 in./6 in. = 
23.7 in.). Thus the loading protocol for the scaled MC Beta 
prototype is referenced to a W24 beam in order to maintain 
similar connector deformation demand at a given connection 
rotation.

ANALYTICAL PREDICTION

Two-dimensional finite element analyses were used to pre-
dict the performance of the MC and WT specimens. The 
basic analytical model from the MC development phase was 
used for these predictions. New versions modified for cyclic 
behavior were also evaluated. The experiments reported in 
this paper verify these analytical models.  

Basic Analytical Model

The basic analytical model was created using the commercial 
software package ANSYS (2003) and is described in detail 

in Sumer et al. (2007). To make the experimental predictions, 
data from uniaxial tension tests of the cast steel were used 
to construct the material model. The stress-strain response 
from these tests was reproduced as multilinear curves and 
converted to true stress-strain for large deflection analyses. 
A multilinear kinematic (MKIN) hardening material model 
was used. 

The basic analytical material model will be shown to 
produce excellent local agreement in the monotonic experi-
ments up to high plastic strain demand (20% strain). Fur-
ther, the adequacy of the technique used to predict deforma-
tion capacity of the MC, that is the assumption of ductile 
crack formation at the maximum uniaxial (true) strain value 
of 0.285 (Fleischman and Sumer, 2006) is also confirmed 
in the experiments. The successful predictions point to the 
potential for using analytical models in the development of 
the family of MCs for off-the-shelf use (see “Future Work”). 
However, for analytical modeling to be fully useful in engi-
neering future designs of the MC, the cyclic performance 
must also be adequately predicted. The MKIN model has 
difficulty in accurately modeling this behavior.

Analytical Models for Cyclic Response

To adequately predict cyclic performance of the MC, ana-
lytical models must:  (1) accurately track cumulative plastic 
strain for low cycle fatigue life predictions under cyclic 
ductility demands; and (2) capture the second order effects 
exhibited as the elongated arm is cycled back in compres-
sion. Two alternatives to the MKIN material model are eval-
uated as cyclic strain models:  an isotropic hardening model 
(MISO) and a combined rule (isotropic and kinematic) (Dar-
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gush and Soong, 1995) using a plasticity model possessing 
calibration parameters (Chaboche, 1989). This latter material 
model, termed “combined” in the text and “CHAB+MISO” 
in figures, seems a promising option as it will be shown to 
produce accurate global (load-deflection) and local (strain 
history) predictions under cyclic loadings. This model will 
be extended to evaluate the MC in a full-scale connection 
(see “Future Work”).

Predicted Performance: MC versus WT 

Figure 7 shows equivalent plastic strain contours of symme-
try models of the scaled MC Beta and WT of similar strength 
and stiffness at identical deformation demand (0.05 radian 
for a W30 beam). These monotonic load comparisons use 
the MKIN model. As seen, the plasticity is spread through-
out the arm for the MC and is concentrated for the WT (see 
table inset in Figure 7 for values). Further, significant yield-
ing is observed in the WT bolts in the threads (due to the 
added axial force due to prying), and in the shank due to 
the combination of moment (from prying) and shear (due to 
catenary-action induced bolt bearing) as described in Sumer 
et al. (2007). Conversely, for the MC Beta, these forces are 
equilibrated in the base, leaving the bolt relatively unaffect-
ed. These monotonic results show that the arm elements and 

base end region virtually eliminate high plastic strain de-
mand and bolt prying forces, and hence imply the potential 
for exceptional seismic performance of the MC Beta proto-
type in terms of ductility and reliability.  This performance 
is directly verified in “Experimental Results: Monotonic 
Response.”  The experimental verification of the MC Beta 
prototype will additionally show a connector possessing ex-
ceptional energy dissipation, cyclic ductility characteristics, 
and overstrength characteristic (see “Experimental Results, 
Cyclic Response”).

EXPERIMENTAL PROGRAM

The experimental program included: (1) verification of the 
monotonic behavior of the scaled MC Beta prototype with 
respect to the analytical predictions; (2) examination of the 
cyclic behavior of the scaled MC Beta prototype; and (3) di-
rect comparisons of the scaled MC Beta prototype response 
to a WT section representing the detail from an analogous 
tee stub connection.

Test Specimens

Figure 8a shows the scaled MC Beta prototype after casting. 
Refer to Figure 6a for the compression pad detail that trans-
mits beam flange compressive forces directly to the column 

Spread plastic strain

Negligible plastic 
strain in bolts

Concentrated plastic strain 
at fillet/flange interface

Significant yielding in 
bolt shank and thread

Maximum Plastic Strain Comparison

∆ = 1.5 inches  
Arm / Flange Bolt 

MC 0.14 0.00036 
WT 0.28 0.16 

(a) (b)

P/2

Base Force

no prying

P/2

Q

L

Fig. 7. Expected performance from analysis (Sumer et al., 2007): (a) MC; (b) WT.

					     (a)                		                         (b)

Table 4. Test Specimen Material Properties

Test 
Specimen

Nominal Actual

Fy, ksi Fu, ksi Fy, ksi Fu, ksi
Elongation, 

%
Reduction, % Brinell, Bhn

MC 40 71 39.8–43.0 61.0–67.6 32–33 62–65 137

WT 36–50a 58–65 63.7 77.0 32 76 –
a ASTM A36 was ordered (analyses used a Fy of 42 ksi); properties seem to imply Grade 50 steel.
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during cyclic response.  Figure 8b shows the “MC-NoBase,” 
a MC cast without the base element. The MC-NoBase served 
as a control to directly evaluate the ability of the base to 
reduce prying forces. The WT specimen is shown in Figure 
8c. The intent was to examine WTs of the same strength and 
stiffness as the scaled MC prototype. Though the nominal 
strengths matched, the actual yield stress of the WT was sig-
nificantly higher than nominal (see Table 4). This condition, 

combined with the fact that the actual strength of a cast piece 
is generally slightly lower than the yield strength from the 
test bar due to variability in the casting process (Varicast, 
2002), caused the test specimen strengths to not align. The 
yield strengths achieved in each test are indicated in Table 5 
(in the column “Py”). For this reason, certain plots have been 
normalized relative to each test’s yield load to clearly show 
overstrength characteristics. 

(a) (b) (c)

Fig. 8. Test Specimens: (a) scaled MC Beta prototype; (b) MC-No Base, and (c) WT 7×49.5.

Table 5. Test Descriptions

Test ID
Type of 
Loading

Section
Bolt 

(4 bolts)
ψb

Bolt 
Pretension 

kipse

Failure 
Location

Max. Stem 
Displacement 

in.

Py  
kips

Pu  
kips

MC-1 Monotonic Casting d in. A325 1.11 37.2–37.4 Arm (C)c 2.55 in. 33.4 146

MC-2 FEMA 350 Casting 1 in. A325 – 51.7–52.1 Arm (C)c 1.90 in. 32.1 138

MC-3 Cyclica Casting d in. A325 –––– 37.1–39.1 Arm (B)c
44 cycles @ 

0.72 in.
32.6 64.0

MC-4d Monotonic Casting d in. A325 – 38.3–39.9 Base 1.65 in. 32.0 125

MC-No 
Base-1

Monotonic Casting
18 in. 
A490

1.90 85.1–85.7 Arm (C)c 2.54 in. 36.7 177

MC-No 
Base-2

FEMA 350 Casting
18 in. 
A490

– 80.1–86.9 Arm (B)c 2.31 in. 37.7 159

T-Stub-1A Monotonic WT7×49.5 d in. A325 1.33 36.7–37.0 Bolt 1.90 in. 47.7 122

T-Stub-1B Monotonic WT7×49.5 1 in. A325 1.47 52.5–54.7 Bolt 1.90 in. 49.2 144

T-Stub-1C Monotonic WT7×49.5
18 in. 
A490

1.83 83.4–86.8 Bolt 1.90 in. 49.7 184

T-Stub-2 Cyclica WT7×49.5
18 in. 
A325

– 83.1–83.3 Flange
19 cycles @ 

0.72 in.
48.0 82.0

a Constant amplitude cyclic = 0.72 in. represents 0.03 radian for a W24 beam. 
b ψ = (nbφRn)/Pu, nb refers to the number of bolts used in tests. In all tests 4 bolts are used (nb = 4).
c MC arm failure location at B or C shown in Figure 10a. 
d Distance between bolts changed from 13.98 in. to 15.85 in. to examine e/s ratio. 
e Expressed as a range from the minimum to maximum pretension observed in the instrumented bolts. Minimum pretension is 

39 kips for d in. A325, 51 kips for 1 in. A325, 80 kips for 1.125 in. A490 bolts (AISC, 2001). 
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Loading Protocol

The experiments are performed on isolated connectors under 
loading histories of direct axial tension/compression.  This 
loading simulates the major force component in the beam 
flange due to beam moment, and ignores the beam shear; 
consistent with the analytical development of the MC Beta 
prototype design through evaluations of isolated connectors 
(Sumer et al., 2007) (refer to Figure 5). The approximations 
used in the isolated connector approach were shown to be 
acceptable for development of the MC form (Sumer, 2002). 
Once verified, the full scale MC Beta prototype will be eval-
uated in a full beam-to-column joint (see “Future Work”). 

The isolated connector tests were conducted under dis-
placement control in a MTS 220 kip Hydraulic Testing Ma-
chine using a specially designed text fixture (see Figure 9a). 
Monotonic tests provide a reference backbone for evaluat-
ing cyclic results. The FEMA 350 testing protocol (FEMA, 

2000) specified for full connections was modified [similar 
to loading protocol used by Swanson and Leon (2000)] to 
produce the axial cyclic load history for the isolated connec-
tor (see Figure 9b). This load protocol is based on the simple 
geometric transformation shown in Figure 5 for the 24-in.-
deep beam as specified in “Scaled MC Beta Prototype”. 
Constant amplitude (0.03 radian) cyclic test load histories 
are also performed using the same transformation. In cyclic 
tests, the compression cycle is performed under load control 
to achieve a compressive force equal to the maximum ten-
sion force achieved in the previous half-cycle. Test descrip-
tions and key results are given in the test matrix appearing 
in Table 5. 

Instrumentation

Figure 10a shows the strain gage layout along the MC arm 
elements. Strain gages were placed along the top and bottom 

Bolt axial  
strain gage 

Strain gages  
for curvature 

Machined  
flat 

 

0.38 in. 

0.75 in. 

1.03 in. 

0.38 in. 
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Arm bottom  
surface 

(a) (b)
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Fig. 10. Instrumentation: (a) strain gages on arm; (b) strain gages for the bolt.

Fig. 9. Isolated testing: (a) fixture setup for direct pull tests; (b) loading protocol.
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surfaces of the arm.  In most tests, these were 8-in.-long 
encapsulated gages; in one monotonic test (MC-1) and one 
cyclic test (MC-3) an array of z-in.-long unencapsulated 
gages was used to monitor the strain distribution along the 
MC arm in higher resolution. Figure 10b shows the manner 
in which the bolts were instrumented. For the cases where 
the bolt shank remained elastic, bolt forces were calculated 
directly from the gages applied at the underside of the bolt 
head. For cases where the bolt shank yielded, bolt elonga-
tion measurements provided by linear variable displacement 
transducers (LVDTs) were used as an indirect measure of 
the bolt force (Kulak, Fisher, and Struik, 1987). LVDTs also 
provided measurement of bolt slip and bolt rotation.

The strain gages on the bolt shank were also used in the 
bolt-tightening procedure to assure meeting code-specified 
minimum pretensions (AISC, 2001). Initial pretensions were 
within 7% (see Table 5) of the code-specified minimum pre-
tensions. In all cases, the bolts were tightened prior to the 
attachment to the clevises of the upper machine head (refer 
to Figure 9a). The data acquisition system read continuously 
through this process to ensure decompression or bolt over-
load did not occur.

EXPERIMENTAL RESULTS

In the following: (1) the monotonic behavior of the scaled 
MC Beta prototype is compared with respect to the ana-
lytical predictions and the WT; (2) the cyclic behavior of the 
scaled MC Beta prototype is compared with respect to the 
analytical predictions and the WT; (3) the performance of 
the scaled MC Beta prototype is examined under the FEMA 
350 loading; and (4) the efficacy of the analytical models 
are evaluated. For convenience, the term “sMC Beta” will be 
used to refer to “scaled MC Beta prototype.”

Monotonic Response 

Figure 11a compares the load versus deflection of the sMC 
Beta and WTs in the monotonic tests, normalized to the 
same yield strength. The sMC Beta achieves a high mono-
tonic ductility (0.10, 0.085 and 0.07 rad rotation for a 24-
in.-, 30-in.-, and 36-in.-deep beam, respectively). The con-
nection undergoes a “necking” failure as shown in Figure 
11b. Throughout the test, the sMC Beta suffered no distress 
in its d-in.-diameter ASTM A325 bolts; contrast this with 
WT tests in which all suffered bolt failures, including up to 
18-in.-diameter ASTM A490 bolts. Because of the differ-
ent material strengths, it is important to compare the bolt 
strength relative to the connection capacity. This informa-
tion is provided by the nondimensional parameter ψ given 
in Table 5.  ψ expresses the design overstrength of the bolt 
relative to the connection. As seen, comparing tests MC-1 
and T-Stub-1C, the bolt design overstrength for the sMC 
Beta is only 11% compared to 83% for the WT test; yet the 
MC bolts suffer no distress while the WT bolts fail. 

Figure 12a shows good agreement in stability point (onset 
of “necking”) predictions between finite element analysis 
and the experimental results. This outcome is useful in that 
the ability to analytically predict the stability point deflec-
tion (along with strength and stiffness) will facilitate sub-
sequent development of a family of connectors. Figure 12b 
shows a strain versus deflection plot at three specific regions 
along the top of the arm (refer to Figure 10a for strain gage 
locations). The inset in Figure 12b shows a schematic of the 
deformed arm indicating that strain gages A, C, E are under: 
(A) axial tension + flexural tension; (C) axial tension only; 
and (E) axial tension + flexural compression. In each case, 
the axial tension is due to catenary force. Note the excel-
lent agreement between the experiment and the analysis. It 
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Fig. 11. (a) Load versus deflection; (b) MC Beta mechanism. 
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should be further noted that though the eventual monotonic 
failure is necking of the arm at C (due to the catenary force), 
no plastic strain demand occurs at this location until a de-
formation equivalent to a fairly significant beam rotation 
(approximately 0.03 radian for a 24-in.-deep beam, 0.025 
radian for a 30-in.-deep beam). At this deformation demand, 
the maximum strain is seen instead to occur at region A. The 
delayed onset of straining at region C is due to the nonlinear 
nature of the catenary force, in other words, these forces are 
negligible at lower deformation demands. This feature has 
(positive) ramifications for the cyclic response of the MC, as 
described in the next section. 

Figure 13a shows the bolt forces for three experiments 
using d-in.-diameter ASTM A325 bolts: (a) test WT1; (b) 
test MC1, possessing bolt spacing that does not satisfy Equa-
tion 1; and (c) test MC4, possessing bolt spacing that satis-
fies Equation 1. As seen, the WT bolt forces (estimated here 
through bolt elongation data) indicate early prying. For test 
MC-1, even without consideration of optimum end region 
geometry, the MC base region is able to delay the prying and 
lower the prying forces (estimated through strain gage data). 
In test MC-4, possessing the optimum MC end region geom-
etry, the bolt essentially has no prying force at all.

This plot does not fully show the extent of reduction in 
bolt demand provided by the MC as the WT bolt failure 
mode also involved catenary-force induced shear.  A failed 
bolt from one of the WT tests is shown in Figure 13b along-
side a plastic strain contour plot showing the finite element 
combined (axial/shear/flexure) failure mechanism prediction.

Cyclic Response (Constant Amplitude)

A difference exists in the MC monotonic and cyclic failure 
modes. For this reason, the monotonic test comparison shown 

in Figure 11a does not fully reveal the great advantage the 
MC possesses in low cycle fatigue life over a WT. In the pre-
vious section, the monotonic failure was seen to occur at the 
minimum area (region C of Figure 10a) and is a “necking” 
failure due to axial force created by catenary action. How-
ever, the results of Figure 12b also indicated that this region 
does not attract high strain until the MC achieves significant 
deformation. For the ductility demands expected in a design 
level seismic event [~0.025 radian (IBC, 2003)], the location 
of maximum straining will instead be at a flexure dominated 
region (A or E). Further examination of Figure 12a in-
dicates that it will likely be region A, though under cyclic 
loading the behavior can be complex (see “Evaluation of 
Material Models”).  Regardless, a different region is criti-
cal for the MC under cyclic load than for monotonic load, 
and this implies that the MC low cycle fatigue life under 
expected ductility demands may be far superior. Indeed, this 
outcome is evidenced in the number of survival cycles (44 
versus 19) at constant amplitude (0.72 in.) in cyclic tests of 
the sMC Beta and WT (see Table 5). Note that simply to be 
able to make this comparison required a WT specimen with 
18-in.-diameter ASTM A490 bolts (in contrast to the d-in.-
diameter ASTM A325 bolts used in the sMC Beta specimen). 
The difference in failure mode between the monotonic and 
cyclic tests also explains why the accepted cyclic ductility 
requirement (AISC, 2005) was not used for the monotonic 
“useful range” during the MC development (Sumer et al., 
2007).

In the cyclic constant amplitude test (MC-3), bolt forces 
are seen to decrease as the sMC Beta is cycled at levels that 
should keep the bolt elastic (see Figure 14). The reason for 
this decompression was believed to be relaxation of an initial 
camber (out-of-flat) of the MC base (see camber in Figure 14 
inset). The average initial camber measurement prior to the 
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test was Q in. The post-test inspection measured final cam-
ber near zero. As seen in Figure 14, the effect of the camber 
on the bolt forces predicted by the finite element analysis is 
consistent with the experimental results. Accounting for the 
base camber also provides a more accurate prediction of the 
initial stiffness of the sMC Beta (see Figure 15).  The quality 
control of this “camber” in the casting process is planned as 
a point of emphasis in the future casting of the full-scale MC 
Beta prototype.

FEMA 350 Loading

Figure 16 shows the load-deflection plot from Test MC-2, 
the FEMA 350 cyclic test. A distinct characteristic of the 
MC is the widening distance between the positive and nega-
tive yield surfaces as the cyclic amplitude increases (com-
pare the distance between points II and VII with points III 

and V). This behavior occurs due to the plastic elongation of 
the arms under catenary forces. On load reversal, the arms 
are longer than their original dimension. Thus chord action 
develops in the arms until the load is sufficient to “snap-
through” from concave to convex curvature (see progression 
of insets III, V, and VI in Figure 16). The chord action allows 
the unload reload path to become much greater than that as-
sociated with the Bauschinger effect. Essentially, while typi-
cal bolted connections will slip back along the column face 
into bearing, and then reverse the permanent set of the detail 
piece in flexure until it contacts the column, causing pinch-
ing of the overall moment-rotation hysteresis plot (Sims, 
2000), the MC will resist the compressive force at or near the 
previous tension deflection. This behavior will be a point of 
focus in the future examination of the full beam-to-column 
connection.
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The high compressive forces generated at the “snap-
through” zone (point V in Figure 16) can lead to a torsional 
instability of the MC at high ductility demands (see Figure 
17a). This behavior causes a slight loss of (compressive) 
load but more importantly amplifies the strain increment in 
high flexure regions (A or E) such that the ductility capacity 
can be reduced. To eliminate this deformation mode, guide 
plates were added as a retrofit to the MC Beta prototype (see 
Figure 18). The guide plates successfully eliminated the 
twisting mode by providing a bearing surface to align the 
compression pad. This detail can be included as a standard 
(cast) feature on subsequent MC prototypes.

The twisting mode had not been anticipated in cyclic anal-
yses because of the MKIN hardening rule used in the finite 
element model (see “Evaluation of Material Models”). This 
behavior was however captured when the combined material 
model was used. An initial imperfection must be introduced 
into the finite element model of an isolated connector to 
produce the torsional instability mode (in a real connection 
this would be present naturally or induced by beam shear). 
This initial imperfection was applied as an initial displace-
ment field using the mode shape from an elastic eigenvalue 
buckling analysis scaled to a maximum amplitude of 0.03 
in. based on casting tolerances (Sumer, 2002). A nonlinear 
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cyclic analysis with the imperfection introduced successful-
ly simulated the torsional instability mode at load reversals 
(see Figure 17b).

Evaluation of Material Models  

The MKIN material model accurately predicted monotonic 
response (for example, Figures 12, 13, and 15). Examina-
tion of Figure 19a, however, shows that the MKIN model is 
unable to track the widening of the hysteresis curves in the 
cyclic analysis. This condition stems from the inability of the 
MKIN model to capture the second order effects associated 
with arm elongation that causes the widening phenomenon. 
For this reason, the MKIN model was also unable to predict 
the torsional instability described in the previous section. 

The isotropic hardening model (MISO) accounts for sec-
ond order effects and thus captures the hysteresis widen-

ing (also shown in Figure 19a), but is seen to overestimate 
strength at lower deformation demands and underestimate 
strength at large deformation demands (see Ricles, Fisher, 
Lu, and Kaufmann, 2002). The combined material model, 
on the other hand, provides sufficiently accurate global re-
sponse (load-deflection) under monotonic and cyclic load-
ings (see Figure 19b). Likewise for local behavior, the com-
bined model is seen to provide the best prediction of cyclic 
plastic strains in terms of magnitude (Figure 20a) and accu-
mulation (see Figure 20b) for the FEMA 350 tests. A similar 
conclusion can be drawn from constant amplitude test MC-3 
(see Figure 20c). 

The importance of accurate cyclic plastic strain model-
ing is evidenced in the evolution of damage in the MC arm. 
Figure 21 shows the progression of plastic strain contours 
of the MC arm from a simulation of cyclic test MC-3 using 
the combined material model. The arms on the left are at the 
maximum deflection; the arms on the right are at zero deflec-
tion. Instantaneous maximum plastic normal strain (along 
the arm) is plotted. A well-defined elastic-plastic interface 
develops in the first cycle and is essentially reversed on the 
first compression cycle. However, as the MC arms are addi-
tionally cycled, the plastic zone continually migrates. After a 
number of cycles, there are portions of the arm in the tension 
region that are under net compressive plastic strain and vice 
versa. This behavior was confirmed in the strain gage data 
and enhances the low cycle fatigue life as no single fiber is 
continuously damaged at a critical location. The combined 
material model is able to capture this complex phenomenon 
and also accurately predict the failure location in the arm 
(see photo inset of Figure 21).  
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FUTURE WORK 

The MC Beta configuration has been analytically developed 
and experimentally verified as a viable cast connector through 
evaluation of the isolated connector. The focus will shift in 
the next phase to the beam-to-column connection as a whole. 
Subsequent steps in the development of an implementable 
MC are: (1) Examination of the full beam-to-column con-
nection; (2) Evaluation of frame performance; and, (3) De-
velopment of design guidelines for a family of MCs.  Some 
aspects of the transition from a focus on the isolated MC 
connector to the future work on full connections are briefly 
discussed here.

MC Beam-to-Column Connection

The MC beam-to-column connection involves MCs at the 
flanges for moment transfer and a web connection for the 
beam that participates in transferring large seismic shears 
from the beam to column. The connection classification will 
likely be semi-rigid and it is envisioned that the MCs will be 
used throughout the structure, rather than in a few isolated 
frames.

The response of the MC in a full connection will be af-
fected by several conditions that are not fully captured in the 
isolated connector approach used to develop the MC proto-
type configuration. These conditions include: (1) a trajec-
tory that is not direct axial displacement but also contains 
transverse and rotational degrees-of-freedom that modify the 
strain distribution; (2) the associated shears and moments 
that develop at the MC stem which are determined by the 
indeterminate system of the top and bottom connectors and 
web connection; forces that can impact the capacity design 
of both the column face bolts and the MC stem-to-beam 
flange weld; (3) a cyclic history that is determined in part by 
the instantaneous stiffness of the elements in the system and 
the contact condition of the MC under compression and can 
include arm instability modes if not mitigated. The MC Beta 
prototype will be extended to a “Beta-2” prototype to better 
accommodate these conditions.

Beta-2 Prototype

The Beta-2 prototype will be an enhanced version of the MC 
Beta prototype described in this paper, and will incorporate 
features better suited to interface with the beam, maintain 
cyclic stability and handle the indeterminate force condition 
(shear and local bending actions) at the beam end. A candi-
date for the Beta-2 prototype is shown in Figure 22. Added 
features may include:  (1) a web tab that provides leverage 
to significantly reduce local bending on the beam flange full 
penetration weld under combined beam flange tension and 
shear, thus keeping it elastic throughout the response; and (2) 
a second set of arms in the base (parallel to the base) that has 
shown promise to both lessen the effects of the beam shear 
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on the arms (in other words, lower the unbalance in plastic 
strains due to a shear force in addition to the tension force) 
and mitigate the torsional instability described in the previ-
ous section. Thus, this detail may replace the guide plates 
in future versions of the MC. It should also be noted that 
on the basis of discussions with the AISC industry partners, 
a completely bolted version of the Beta-2 prototype is also 
under investigation. The exact form of the Beta-2 prototype 
will be determined in the next phase of the research.

The Beta-2 prototype will be evaluated through finite el-
ement analyses of the MC beam-to-column connection in-
cluding a web connection. Relationships between connec-
tor geometry and connection strength and stiffness will be 
established. Once finalized, this prototype will be verified 
through full-scale experiments in accordance with accepted 
qualification protocols (AISC, 2005). 

Guidelines for the Design of MCs 

The final stage will be to develop design guidelines for a 
family of modular connectors. The performance of the par-
tially-restrained (PR) frame with MCs will be evaluated to 
determine appropriate force reduction (R) and overstrength 
(Ω0) factors for seismic design of buildings. Design proce-
dures will be developed to make the appropriate selection of 
members and MCs.

The guidelines will be based on a limited number of MCs 
that cover a reasonable design range. For instance, a single 
MC size with a beam interface detail able to accommodate 
welding to a limited range of compatible flange thickness 
values has possible widespread use throughout the struc-
ture if the floor-by-floor change in beam depth reasonably 
matches the change in seismic forces, as is often the case. In 
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Fig. 21. Constant amplitude loading: plastic zone migration. 
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this way, a MC of a single (axial) strength and stiffness will 
create beam-to-column moment connections with increas-
ing rotational strength (proportional to dbm) and stiffness 
(proportional to d 2bm) required to meet the (typically drift-
controlled) design (refer to Figure 5).

CONCLUSIONS

A bolted cast modular connector, the MC, has been con-
ceived, developed, and prototyped. The MC (Beta) prototype 
was tested in isolated fashion at approximately half-scale. 
The MC Beta has shown great promise for using castings as 
special energy-dissipating details in steel moment frames in 
high seismic zones by exhibiting:

Superior ductility with respect to traditional connections•	

Stable and efficient energy dissipation•	

Increasing strength under large strains due to catenary •	
action

Reliability and repeatability•	

The excellent performance of the MC Beta is a product of 
two features easily cast:

•	 Variable section arms that spread the plastic zone thus 
eliminating strain concentrations.

	 These arms produce outstanding ductility and exhibit a 
hysteretic characteristic free from degradation or slip.

•	 A stiff end-region connected by a base that eliminates pry-
ing and shear force on the bolts.

	 This feature permits the MC arms to be sufficiently long 
to produce outstanding ductility without a concern for bolt 
failure. In fact, the bolts in an MC connection can be de-
signed simply for the maximum possible direct tension.

The MC Beta is currently being extended to a Beta-2 Pro-
totype for use in analytical and experimental evaluation of 

the full beam-to-column connection. Once established, a de-
sign procedure is planned for a family of MCs. 
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NOMENCLATURE

	 Bmax	 =	 maximum width of MC arm

	 Bmin	 =	 minimum width of MC arm

	 dbm	 =	 depth of beam

	 e	 =	 distance between center of bolt and MC arm

	 e0	 =	 distance between center of bolt to end

	 Fy	 =	 yield stress

	 Fu	 =	 ultimate stress

	 F.O.S.	 =	 factor of safety

	 Ki	 =	 initial stiffness of entire MC Beta

	 Krot	 =	 rotational stiffness of entire MC Beta

	 L	 =	 length of MC arm

	 Lbcl	 =	 base element length

	 n	 =	 number of MC arms

Fig. 22. Candidate for Beta-2 modular connector—isometric views.
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	 nb	 =	 number of bolts in modular connector 

	 P	 =	 beam flange force tributary to entire modular 
connector

	 Py	 =	 yield load of entire modular connector

	 Pu	 =	 ultimate load of entire modular connector

	 P0.05	 =	 load of entire modular connector at 0.05 ra-
dian connection rotation

	 Q	 =	 prying force

	 Rn	 =	 nominal tensile bolt strength

	 s	 =	 distance between MC arm and MC base (from 
center-to-center)

	 s0	 =	 clear distance between MC arm and MC base

	 t, tb	 =	 MC arm thickness, base thickness

	 wb	 =	 base element width

	 WMC	 =	 MC width

	 W0	 =	 base opening width

	 Δ	 =	 MC arm transverse displacement

	 Δy	 =	 MC arm transverse displacement at yield 
point 

	 Δu	 =	 stability point

	 Δ0.05	 =	 useful limit

	 θconn	 =	 beam end relative rotation

	 φ	 =	 resistance factor

	 ψ	 =	 (nbφRn)/Pu
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