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In a spectrum of structures made from pure aluminum and aluminum-base alloys, plates are used fre-
quently as the choice candidate for connecting elements. Design of safe, efficient, and reliable connections
necessitates that adequate consideration be given to failure of the fastener element, distress of material in
the immediate vicinity of the fastener(s), tensile failure of the net section, and even tear out of the fastener
group(s). The mechanical response and failure characteristics of aluminum connecting elements are pre-
sented and discussed in this paper. An experimental and analytical program was conducted to rationalize
failure of connecting elements made from an aluminum-magnesium alloy. Gusset plates representing dif-
ferent bolt patterns were mechanically deformed. Models to estimate the capacity of the joints were ex-
amined and compared with experimentally determined results.

Keywords aluminum alloy, connection element, failure, viable means for establishing the minimum edge distances and
stress-analysis, tensile deformation fastener spacing.
Plates of relatively thin cross-sectional area and even ex-
1. Introduction truded shapes fastened using one or more components tend to

frequently fail by the tearing out of a piece of material along the
periphery of the bolt or rivet group. The block shear failure

. . . : mode for a gusset plate and a single angle member when sub-
tion and transportation (both air and ground) are built from jected to the influence of a far-field tensile load is shown in Fig.

either pure aluminum or aluminum-base alloys. Plates have ) :
1. In each case, failure occurs by the removal of material

been used frequently as connecting links for such structures. Aa.round the immediate periphery of the bolt aroun. In the case of
few noteworthy examples include bracing systems and struc- periphery group.

. . . . the single angle, load is essentially transferred by tension along
tural elements in railcars, framing members in bulk transport . ’ ;
9 P a horizontal plane defined by the edge of the member and the

vehicles and containers, mounts for dump bodies, and framingfirst bolt or rivet, while shear stresses develop along the line of
nodes for roof trusses. Mechanical fasteners also can be util- ’ P 9

ized in situations when there exists a conjoint need for ease o{element A combination of tensile and shear stresses develo
application, familiarity with fabrication processes, and con- ) inatl : velop

cerns with severe dynamic loading. A technically safe and along an area defined by the periphery of the fastener group.

sound design necessitates that adequate consideration be givé@FOther. practical .example that dema.nds f:on3|derat|on .Of
to failure of the fasteners, failure of the connection plate(s), and ock failure are simple shear connections in beams having
the role and durability of the attaching members. Current de-COped fla_nges (Re_f 5). .

sign specifications spanning the branches of mechanical and | Nereis apaucity of research work on evaluating and under-
civil (structural) engineering either make use of models devel- Standing block failures of mechanical connections made from
oped for structural steels or leave estimation of capacity to thePUre aluminum and aluminum-base alloys. In 1992 Sharp
discretion of the design or practicing engineer (Ref 1, 2). documented findings on the behavior of angles fastened by a

Mechanical fasteners are good for the transfer of load overSindl€ 169 (Ref 4). Extruded angles of aluminum alloy 6061-T6

relatively small areas. Consequently, design issues encoun?€'® connected at the ends by using a varying number of bolts

tered with intrinsic details are normally associated with the made from alumlnl_Jm alloy 2024-T4. Sgbsequently, those an-
transfer of concentrated forces (Ref 3). Failure of a single rivet9'€S Were mechanically deformed to failure. As expected, the
or boltin a lap joint can take place as a result of the independenfailure mode changed as a function of the number of fasteners.
or conjoint and mutually interactive influences of (a) shear fail- An9Ies connected by a single bolt failed predominantly by
ure of the fastener, (b) progressive bearing distress of materiaf€ar and bearing of the angle. However, those angles con-
adjacent to the fastener, (c) splitting of the sheet or plate neaf’€cted by two bolts failed by block shear, while angles with

the fastener hole in the direction of the applied load, and (d) ten-connections having three or more bolts exhibited failure at the

sile overload failure of the net section (Ref 4). A balance be- "€t Section as a result of tensile overload. Marsh developed a
tween the different failure modes provides an attractive and M0del to estimate the capacity of bolt groups based upon data
from double lap joints fabricated from sheet stock of aluminum
C.C. Menzemer and L. Fei,Department of Civil Engineering, Uni- a!loy 6063._1-6 (Ref 6). Edge dls_tance, gagg spacing and
versity of Akron, Akron, OH 44325, USAL.S. Srivatsan, Depart- pitch spacing were treated as variables. Multiple tests were

ment of Mechanical Engineering, University of Akron, Akron, OH conducted on specim_ens ha\(ing diffe_rent geometry. The
44325-3903, USA. model proposed to estimate joint capacity was a function of

A wide spectrum of structures in the industries of construc-
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the following variables: (a) distance around the bolt group pe- dispersoids during ingot preheat and high-temperature homog-
rimeter, (b) thickness of the sheet stock, and (c) ultimate tensileenization treatments. Preheating of the 5083 ingot aids in elimi-
strength ;) of the base material. nating the magnesium coring of the dendrite, which occurs
Analytical predictions of strength generally corresponded during solidification. Copper is present primarily for the pur-
to the experimentally determined values within several per- pose of corrosion protection. Magnesium has low solubility in
centage points, excluding those predictions and values foraluminum and precipitates as a ternary compound during so-
joints that failed by shearing along a single fastener line. It is lidification and preheating (Ref 7, 8). In wrought sheet stock,
the objective of this paper to discuss the mechanical responseopper is present as the compound #Mg,Cu (denoted as the
and failure of connection elements made from an aluminum al-E phase) as a result of precipitation during preheat. The magne-
loy (Aluminum Association designation 5083). sium in solution imparts limited solid-solution strengthening
effectto the aluminum alloy matrix. Also, magnesium is impor-
) ) . tant as a strengthening element through its influence on work
2. Material and Experimental Techniques hardening. The conjoint influence of magnesium in solution
and cold deformation is responsible for the acceptable strength
The commercial non-heat-treatable aluminum-magnesium of this aluminum alloy. Additional strengthening is provided by
alloy 5083 was chosen for this study. The nominal chemical the manganese in solution that aids in decreasing the recrystal-
composition of the alloy (in wt%) is given in Table 1. The lized grain size. The 5083 material was received in the strain
amount of magnesium (4.0 wt%) soluble at the annealing tem-hardened temper (H321).
perature of the alloy is higher than the amount of magnesium Three gusset plates were fabricated and mechanically de-
retained in solid solution at room temperature (Ref 7). Due to formed in tension (Ref 9). As a number of variables control the
the limited solubility of the MgSi in pure aluminum, MgfSi is behavior of mechanically fastened joints in aluminum alloys,
present in the microstructure as a major constituent phase (Rebnly the most influential were considered in this study. These
7). The presence of manganese results in the precipitation of théncluded specimen geometry, that is, variation in joint length,
and fastener gage spacing. The other variables that were not ex-

Table 1 Nominal chemical composition of aluminum alloy amined include edge distance, pitch, and specimen thickness.
5083 (Ref 15) Three different specimen types were chosen for evaluation
Chemical Composition, wi% (Fig. 2). Specimen SH1 provided for the combination of short-
: est gage (50 mm) and overall joint length. In this instance, gage
Mg 4.0 is defined as the distance between the lines or rows of fasteners.
“C/I‘:] 8'}18 The test specimen SH2 maintained the same overall joint
Fe 0.40 length as SH1 but had twice the gage spacing (Fig. 2b). The
Al 94.20 sample SH3 utilized a combination of narrow gage (50 mm)
and twice the overall joint length (Fig. 2c).
t Three specimens were precision fabricated from 6.25 mm

thicknesses of aluminum alloy 5083-H321 and were oriented
transverse to the direction of mechanical working. The samples
were mechanically deformed using fasteners that were high-
strength steel bolts of size 16 mm. The gusset plate samples
f were prepared from mill quality plates. Samples were sheared
from blanks. Subsequently, a master template was constructed
by transferring all hole locations from the steel test fixture to a
blank sample. The template was utilized for the hole layout of
each connection plate. Holes on the test samples were made 1.5
mm oversize to reflect actual fabrication practice and also to
account for possible errors in the layout process.
The mechanical tests were conducted on a 300 kip Warner-
Swasey (Giddings and Lewis, Inc., Fond du Lac, WI) universal

[ I © testing machine (UTM). Displacement was measured at two
o 6 points on the lower crosshead using a pair of linear variable dis-
: placement transducers (LVDT). The strains were measured by
o} 0] mounting strain gages around the periphery of the connection
C§> plate. Strain gages were placed on the specimen so as to lie on

ment data were concurrently recorded on a Micro-Measure-
ment System 5000 (Measurements Group, Inc., Raleigh, NC)

. . acquisition system (Ref 10). At periodic intervals, the load was

Failure Path for Gusset Plate  Failure Path for Angle read from a dynamometer and subsequently entered onto
Fig. 1 Block shear failure mode for a connection plate and spreadsheets to produce variations of load versus displace-
angle ment, and load versus strain.

‘ © the outer periphery of the steel fixture. The strain and displace-
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Failure surfaces were prepared from the deformed anddition prior to the initiation of mechanical testing. No effort
failed sample (SH2) and examined in the scanning electron mi-was made to roughen the surfaces of the aluminum alloy speci-
croscope (SEM) at low magnifications to establish the macro- mens. Consequently, load was expected to be transferred pre-
scopic fracture mode and at higher magpnifications to establishdominantly by bearing. However, at the limit, the transfer of
the intrinsic micromechanisms governing fracture. Micros- load by bearing would be expected because most friction-type
copy observations would concurrently facilitate establishing a connections are proportioned at the service level load. The
correlation between the governing failure mechanisms with theload-displacement record revealed an absence of a horizontal
failure model. plateau during elastic loading, considered essential for sudden

slip into bearing. The load-displacement curves for the de-
. . formed samples revealed a gradual increase in slope during the
3. Results and Discussion early stages of testing. Such behavior is rationalized as being
indicative of the removal of slack from the load train and a
. gradual slip into bearing. However, such behavior was not evi-
3.1 Mechanical Response dent when the specimen was preloaded prior to the initiation of

The load versus displacement response for the gusset platenechanical testing, and the load versus displacement record
is as shown in Fig. 3. The bolts were brought to a snug fit con-was essentially linear in the elastic region.
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Fig. 2 Schematic showing geometry of the samples: (a) sample SH1, (b) sample SH2, and (c) sample SH3
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Upon removal of the initial load train tolerance and a transi- late the intrinsic fracture surface features with load (stress)
tion into bearing, the test record showed a linear load-displace-transfer within the bolt group of the connection plate.

ment region followed by strain hardening into the plastic

High magnification observations of the fracture surface re-

region. At and beyond the ultimate capacity of the gusset plateyealed a bimodal failure comprising:

the specimens exhibited a progressive decrease in load-carry-
ing capability culminating in failure of the ligaments in tension.
The load-carrying capability continued to drop until the termi-
nation of testing. The load-deformation response for each
specimen type is exemplified in Fig. 4. Test results are summa-
rized in Table 2. None of the curves revealed a well-defined *
yield point, typical of the family of nonferrous alloys. Rather,
the occurrence of yielding was gradual and very similar to the
behavior of a coupon in a uniaxial tensile test.

A large population of voids of varying size and shape and
isolated pockets of shallow dimples—features reminiscent
of locally ductile mechanisms.

Numerous fine microscopic cracks and randomly distrib-
uted cracked second-phase particles—features reminiscent
of locally brittle mechanisms.

Failure of the ligaments occurred as a direct result of tensileThe macroscopic voids initially form because of failure of the

stresses between the upper-row fasteners (bolts). The occursecond-phase particles by cracking. Coalescence of the macro-
rence of failure by shear was not evident. The ambient temperasqpic voids occurred by the formation of void sheets and was

ture tensile properties of alloy 5083-H321 are summarized in gy 5 cerbated by the intense strain localization between the ex-
Table 3. Also included are the guaranteed minimum and typical anding or growing voids. The highly localized deformation is

as-received mechanical properties, The e>.<per|mental result ssociated with the formation of microscopic voids at the interme-
2:fj%%gZtrt:a:;?:nigg\?é%?gaﬁlgﬁ dursrﬁlcli 'T;Et'iztmy can be COMjiate-size second-phase particles upon reaching a critical value of
P P ) local strain. The transgranular fracture regions revealed a highly
deformed matrix reminiscent of localized plastic deformation, re-
ferred to henceforth as microplasticity of the deforming matrix.

Samples were prepared from the deformed and failed sam- The presence of voids transforms the polycrystalline alumi-
ple (SH2) and examined in a JEOL (JEOL Ltd., Medford, MA) hum alloy into a composite with two populations of particles:
SEM. Sections from the tensile overload region of the sample grains and voids (a void being considered as a particle having
(SH2) were also removed for examination. Representative Zero stiffness). Because the voids are intrinsically softer than
fractographs are shown in Fig. 5. An attempt is made to corre-the hardened grains in the aluminum matrix, the local strain is

3.2 Failure-Damage Analysis

Table 2 Summary of mechanical test results

Specimen No. Maximum load, N x 1C®

exacerbated for the voids, causing a gradual increase in the vol-
ume fraction of voids. The presence of a population of voids of
varying size and shape transforms the macroscopic mechanical
response of the polycrystalline aluminum alloy. While the mac-

SH1 402 roscopic failure mode was normal to the far-field stress axis
2:; ?gg and essentially brittle, the microscopic features revealed the

occurrence of locally brittle and ductile mechanisms.

Table 3 Room temperature tensile properties of aluminum alloy 5083

Sample Typical yield strength, Typical ultimate strength, Design yield strength, Design ultimate strength, Test yield strength, Test ult. strength,
o, MPa Oyrs, MPa o, MPa gyts, MPa Oys, MPa oyts, MPa
SH1 228 317 214 303 234 317
SH2 228 317 214 303 245 314
SH3 228 317 214 303 246 329
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Fig. 3 Typical load-displacement behavior of a connection
plate
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Fig. 4 Comparison of the load versus displacement response
for the specimens SH1, SH2, and SH3
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3.3 Stress Analysis

Detailed stress analysis was conducted on sample type SH1
using the finite element (FE) method. Two-dimensional, eight-
node solid elements were utilized for the mesh of the gusset
plate. The FE model comprised a total of 1,572 elements and
4,841 nodes. The element type was chosen to conform with the
tolerance of irregular elements required for the areas immedi-
ately adjacent to the boundaries of the bolt holes and for auto-
matic mesh generation. The element possesses plasticity and
large strain and deformation capabilities. The plate in entirety
was modeled, and no attempt was made to incorporate the bolt,
fixture, or test machine compliance. The loads were applied as
a pressure to the top edge of the mesh. Boundary conditions
were simulated by constraining nodes both at and around the
bottom half of the holes. A piecewise linear approximation of
the stress-strain curve for aluminum alloy 5083-H321 was used
in the model. The uniaxial stress-strain behavior was devel-

Fig. 6 Normal stress contours for specimen type SH1 under a
22,686 kg loading
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Fig. 5 Scanning electron micrographs of the failed surtsce
sample SH2 showing (a) a region of tensile overload, (b) micro-
void coalescence, and (c) evidence of localized microplastic de- Fig. 7 Shear stress contours for specimen type SH1 under a

formation 22,686 kg loading
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oped from standard coupon tests. Analyses were conducted foternal load of 40,800 kgf. This load is close to the value at
loads of 22,700 kgf and 40,800 kgf. which failure of sample (SHI) occurred during mechanical test-
A contour plot of the primary (vertical or normal) stress ing. Between the uppermost bolt holes, the normal (i.e., verti-
component for the connection plate under the influence of acal) stress (Fig. 8) reached a level above the ultimate tensile
22,700 kgf load is shown in Fig. 6. The loading would be ex- stress for aluminum alloy 5083-H321. The pattern is indicative
pected to result in essentially elastic behavior at the globalof localized redistribution of stresses promoting the rapid in-
level. However, some localized regions exist around the sidesitiation of both microscopic and macroscopic voids and exacer-
of the uppermost bolt holes where stress levels are above théated by tensile tearing at regions close to the holes. Other
monotonic yield strength of alloy 5083-H321 resulting in the holes in the immediate vicinity showed an increase in the nor-
occurrence of localized microplastic deformation. The sides of mal stress component, below the level of the uppermost row of
the holes represent points of maximum localized stress concenholes. The accompanying in-plane shear stress distribution is
tration. Figure 7 shows the in-plane shear-stress distribution forshown in Fig. 9. Again, the shear stress outside the periphery of
the area immediately adjacent to the bolt holes under the influ-the connection appears uniform and approximately equal to the
ence of a 22,700 kgf external load. The shear stress appears tshear yield stress of the material (126 MPa).
be essentially uniform outside the periphery of the connection
and adjacent to the line of bolt holes. The occurrence of local-
ized yielding in shear would be expected to occur when the
stress reaches approximately 126 MPa. Several different free-body diagrams can be chosen that es-
Figures 8 and 9 are contour plots of the normal and in-planesentially isolate the connection area of a generic gusset plate
shear stress components for the connection plate under an exFig. 10). The primary load transfer mechanism remains ten-

3.4 Development of the Failure Model
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Fig. 8 Normal stress contours for specimen type SH1 under a Fig. 9 Shear stress contours for specimen type SH1 under a
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Fig. 10 Schematic of the free-body diagrams of bolt group area
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sion at and along the upper row of fasteners and shear along themate strength and yield strength in shear. An effective stress is
length of the bolt lines. However, differences exist as to the spe-defined as:
cific areas over which the tensile and shear forces act. The four

possible combinations are: Ot = 0.6[0, + 0.6[CI {0, —0,)

¢ Model combination No. XConjoint influence of tension and
shear acting on the gross alea[Ay (o, + Ay, [0.60,] whereoggis the effecti\{e stress .in sheay s the yield strength
+  Model combination No. Zension acting on the netareawith  ©f alloy 5083-H321¢, is the ultimate strength of alloy 5083-
shear acting on the gross aa[A, [, + Ay, [0.6,] H321, and Cl is the connection length factor.
S . . Four block shear models have been compared to test results
¢ Model combination No. 3fension acting on the gross area . . .
while shear acts on the net arBa[A, , (0, + A . [0.60. ] of aluminum connection plates fabricated fro_m aIIc_)y 5083-
T gt —"u v o H321. Data analyses indicate that model 2, which utilizes rup-
* Model combination No. 4Both tension and shear acting tyre on the net tensile area and yielding on the gross shear area,
along the netareaB F A, [, + A, [D.60, ] provides a realistic estimate of connection strength when meas-
ured mechanical properties are utilized. For the designer,
whereP is the predicted failure load of the connection plage,  model 1 results in conservative estimates of block shear behav-
is the gross tensile ared,, is the net tension aredy, isthe  jor when guaranteed minimum properties are employed. The
gross shear ared,, is the net shear arem, is the ultimate ten-  yariation of professional factor, calculated using model combi-
sile strength, and, is the yield strength of the aluminum alloy  nation No. 2, for the three different sample types (21 repre-
5083. senting sample SHI, 22 representing sample SH2, and 23
Yielding in monolithic alloys of aluminum is relatively in-  representing sample SH3), as a function of uniaxial tensile
sensitive to the hydrostatic stress components and is more inproperty (design, experimental and typical) of the aluminum
fluenced by the deviator stress (Ref 11, 12). This forms the alloy is shown in Fig. 11.
basis for the von Mises yield criterion. Yielding in pure shear  Examination of typical fracture surface features revealed
occurs when the local stress reaches 0.6 times the tensile yieldamage mechanisms consistent with model assumptions. Dim-
stress. ple rupture and microvoid coalescence were observed in the
An evaluation of the four different free-body diagrams and tensile overload region of sample SH2. Elongated dimples and
resultant models is based upon previously developed and acvoids were found along the fastener lines (what would be con-
cepted methodology (Ref 13, 14). A professional factor, de- sidered the area in shear). Other features associated with the
fined as the ratio of the ultimate load determined during tests offailures were observed as well, including development of linear
individual samples to the calculated model connection cracking, failure of particles and development of microplastic-
strength, is evaluated. This can be represented mathematicallyty.
as professional factor = ultimate test load / model prediction.
An agreement between experimental and analytical results
is indicated by a factor either close to or equal to 1.0. Aluminum 5. Conclusions
alloy structures are typically designed on the basis of guaran-
teed minimum mechanical properties. However, actual proper-  Based on an experimental and numerical study of the me-
ties are often in excess of the guaranteed minimum valueschanical response and failure characteristics of connecting ele-
Hence, the model should be judged not only on the basis ofments in aluminum alloy 5083-H321, key observations are:
measured properties, but whether conservative estimates of
connection strength result when calculated from guaranteede  Block failure is a potential limit state for connection plates
minimum tensile properties. A conservative result is inter- with mechanical fasteners and should be considered in the
preted as a professional factor greater than 1.0. design of safe and reliable connections.
A complete descriptive model would include the effects of
connection length. In a bolted joint loaded in shear, the effi- '*

—— aHat

ciency of the joint would be expected to decrease as the connec,. "* S—
tion length increases. While the overall failure load may E" e Pl
increase, it would do so at a decreasing rate. Such behavior ca§ ' |

be best described in terms of an average shear stress. As ttg ’

joint length is increased, the fasteners toward the center of the& 1' e —  Mmrun
connection carry a smaller portion of the applied load. The
presence of more fasteners in the longer joints will cause theE -
average shear stress to decrease. In light of the four models e>& _, |

amined, connection length would be expected to affect the con- ., :

tribution from shear. For short joints the average stress z = &
approaches the ultimate strength in shear. However, for very b

ang conneqtlons the average stresg drops below the e,XpeCtedFig. 11 Variation of professional factor calculated using model
yield stress in shear. An approach to incorporate lengthinto the .;nination No. 1, as a function of the (minimum) design, ex-
model would be to include the use of an effective stress on the perimental, and typical tensile properties. SH1 = 21, SH2 = 22,
shear area. The effective stress would vary between the ulti- and SH3 =23

Mg i
Tl
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e The average failure stress is dependent on length of the con-5.

nection. Total capacity or strength of the joint increases
with an increase in length of the connection.

e Tensile stresses between the uppermost row of fasteners
reach a level resulting in failure of the ligaments between
fastener holes.

* Adesign model given by = A, Lo, + 0.6 (A, Lo, pro-
vides a realistic estimate of joint strength when using meas-
ured tensile properties. Application of guaranteed

minimum values results in conservative estimates of the ul- 8.

timate strength.

e Damage accumulation mechanisms observed on failure 9.

surfaces are consistent with the assumptions used in devel-
opment of the predictive model.

e Results of finite element stress analysis accord well with 10.

choice of model combination No. 2 for overall failure of the
connection plate.
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