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Abstract: In this paper, the energy dissipation in a bolted
lap joint is studied using a continuum microslip model.
Five contact pressure distributions compliant with the
power law are considered, and all of them have equal pre-
tension forces. The effects of different pressure distribu-
tions on the interface stick-slip transitions and hysteretic
characteristics are presented. The calculation formulation
of the energy dissipation is introduced. The energy dissipa-
tion results are plotted on linear and log-log coordinates to
investigate the effect of the pressure distribution on the en-
ergy distribution. It is shown that the energy dissipations
of the lap joints are related to the minimum pressure in the
overlapped area, the size of the contact area and the value
of the power exponent. The work provides a theoretical ba-
sis for further effective use of the joint energy dissipation.

Keywords: Bolted joints, Pretention force, Pressure distri-
bution, Energy dissipation
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1 Introduction

Many engineering structures consist of multiple compo-
nents that are fastened by bolts. The bolted joints have no-
table effects on the structures’ responses. In dynamic en-
vironments, bolted joints are the main source of damping,
and contribute to 90% of the energy dissipation of jointed
structures [1, 2]. Meanwhile, joint interfaces present very
complicated, non-linear behaviors that vary with load am-
plitudes, which result in non-linear responses [3, 4].
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Microslip is the main mechanism of the joint energy
dissipation and non-linearity [5, 6]. According to experi-
mental studies, the main factors affecting microslip and
energy dissipation are normal loads, components ma-
terials, surface roughness and geometry dimensions of
the joints (bolts, washers and components), etc. [7-11].
The normal load is usually characterized as the bolt pre-
tension force. As is well known, bolt pre-tension force is
negatively correlated with joint energy dissipation.

The pre-tension forces, components materials and ge-
ometry dimensions directly result in different interface
pressure distributions [12]. Hence, use of the interface pres-
sure distribution to characterize the normal load is more
specific than any of these other factors. Significant effort
has been expended in studying the relationship between
interface pressure distribution and microslip. Menq ana-
lyzed the dynamic responses of a damper under a uniform
pressure distribution [13]. Casba presented responses of
a damper subjected to normal tractions with quadrature
pressure distribution [14]. Song et al. studied a lap joint
subjected to power- and Gaussian-function pressure dis-
tributions, and presented the power-law relationship be-
tween the energy dissipation and tangential forces [15].
Cigeroglu considered the effect of inertia of elastic rods
and analyzed stick-slip transitions of the contact inter-
faces under convex, concave and uniform pressure distri-
butions [16]. Xiao et al. analyzed the effect of pressure dis-
tributions with four different power-function exponents
on energy dissipation of the lap joints [17].

Of the literature mentioned above, most of the stud-
ies emphasize the effect of pressure distribution compared
with different types of functions of the energy dissipation.
Xiao considered the distributions of power function with
different exponents, in which the contact area and min-
imum pressure are assumed to be equal. So, in essence,
Xiao’s research is more inclined to be about the effect of
pre-tension force on the energy dissipation of the lap joint.
It is of engineering benefits to study the effect of differ-
ent pressure distributions on the energy dissipation under
equal bolt pre-tention force, which helps further compre-
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hend the mechanism of energy dissipation and effectively
use energy dissipation to reduce the structure responses.

The purpose of this work is to evaluate the effect of the
pressure distribution on the energy dissipation of bolted
joints. A continuum model is employed to simulate the
lap joint. Five power functions with different coefficients
and exponents, to express different distribution character-
istics, are considered. The static response of a microslip
model is obtained, then the effects of pressure distribu-
tions on the interface stick-slip transitions, hysteretic char-
acteristics and energy dissipation are analyzed in succes-
sive sections, leading to a brief conclusion.

2 Bolted lap joint microslip model

The study object is a shear lap joint under a longitudinal
force, as shown in Figure 1. The length of the overlap zone
is 2L. The upper and lower parts are approximated to elas-
tic rods incapable of supporting bending moments. For
convenience, the structure is simplified as the continuum
model shown in Figure 2.

In this model, only the right half of the lap joint is con-
sidered. The model contains an elastic rod and a rigid base
with a shear layer of negligible thickness between them.
The elastic rod has a length of L, a uniform Young’s mod-
ulus E and a constant cross-sectional area A. T denotes
the stress on the shear layer, which has property similar
to ideal elastic-plastic materials, as shown in Figure 3. u
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Figure 1: Sketch of the lap joint.
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Figure 2: Microslip model of the lap joint.
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Figure 3: The stress-displacement relationship of the shear layer.

is the displacement at a certain point on the shear layer.
The stiffness per unit length of the shear layer in the stick
zone is k. Tmax is the stress of a certain point on the shear
layer when it is subjected to slip. Tmax = up, where y and
p denote the interface friction coefficient and the interface
pressure respectively.

In order to express the pressure distribution under
equal pre-tension force, the following power function is
constructed:

@

where, cq is the coefficient of the power function, which is
related to the power exponent.

1
Cq =
a a+l
a

cp is the length coefficient, which is related to the length
of the contact area. L = L/ and cg = B.
Do is the uniform normal pressure value distributed along
the length of L. Namely, when a = 0 and
B =1, then p(x) = po.

For generalization, different values are assigned to «
and f§ as shown in the formulas below.

p(x) = cacppo(l - (%)“) Os<xz<l

a=0

a>0

Po a=0,=1 x=<L (a)
2po (1-%) a=1,=1 x<L (b)
px)=<3po(1-(3)?) a=2,=2 x<5 (o)
4po (1-7%) a=1,=2 x<% (@
600 (1-(N'?) a=1,8-2 x=% (@

where (a) represents the uniform pressure distribution and
also represents the contact pressure at the right-hand end
of the overlap zone not yet attenuating to zero. The values
of ain (b) and (d) are the same, which represent two modes
of distribution with the same power exponent but differ-
ent contact areas. The values of 8 in (c), (d) and (e) are
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Figure 4: Pressure distribution graphs.

the same, representing distributions with the same contact
area but different power exponents. For comparison, take
(a), (b) and (d) as group one and (c), (d) and (e) as group
two. Figure 4 shows the plots of the two groups.

The right end of the elastic rod is subject to a tangen-

tial load, F. The shear layer is divided into a stick zone and
aslip zone. We assume the stick zone extends from x = 0 to
some point x = I, (where I, is the length of the stick zone)

and the region beyond that point constitutes the slip zone.

The displacement of all points along the x direction can be
calculated.
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3 Calculation of the microslip
responses
The governing equations defining the microslip situation

are defined as
For the stick zone:

EAU'(x)-ku(x)=0 O0<xc<ly )
For slip zone:
EAU"(x) —up(x) =0 Iy<x<l 3)
The boundary conditions at both ends of the rod are
EAU'(0)=0, EAUW'(D)=F (4)
The continuity condition at x = I, must be satisfied
ulln)” = u(l)®, ') =u'(ln)* )

The superscripts + and — denote limiting values from right
and left of transition point (x = I) respectively.

Solving equation (2) and (3) with boundary and conti-
nuity conditions leads to the displacement at a point dis-
tance x from the left end of the beam.

When a # 0,
[F-ppo(l-14)] cosh(yx)
u(x) — EAO’y sinh(vyl,) 0<x<ln (6)
Dyx>+Dix+Dy lnsxc<l
Where,
b F-poul=1n) _[pouls , (F-popDln
©~ EAytanh(yl,) | 2EA EA ’
_ F+Poul _pop |k
Di=—=—pg D= 3pp 7=\ &
When a > 0,
cosh(vx) | (_ Cc ., 1 . la+1
~ sinh(v1,) I¢ a+1 'n
u(x) = +Cln+%—g%) Osx<l, @)
D3x**? + Dyx* +Dix+Dy  lpsxsl
Where,
* 1 C F aCl
Dg = - A Cly = -
0" ~tanh(y1y) ( la(g+1) " Uit Ea a+1)
[ cg L Cli  Fln _aClly
“(a+1)(a+2) 2 EA a+1
* F 44 * C
Di=gp-C o D=y
p__¢. 1 _ CaCpPolt
Tl (a+ D(@+2) EA
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4 Effect of interface pressure
distributions on stick-slip
transitions

As mentioned previously, the microslip is the main mecha-
nism for the energy dissipation of the joint interface. When
analyzing the energy dissipation associated with the mi-
croslip, we should first determine the slip zone. Therefore,
investigating the effect of interface characteristics on the
stick-slip transitions forms the premise for analyzing how
it affects the energy dissipation.
There is a stress-continuity condition at the critical
point x = 1.
ku(ln)” = pp(ln)* ®)

When a = 0, combining equations (1) and (6) yields

r _ EApopy tanh(yln)

X + pou(l = In) ©)

When a > 0, combining equations (1) and (7) yields

_ EAp(ln)uytanh(y1,) EAC Ig"!
F= k T a1 (10)
, EAaCl_pyc,
a+1

Equations (9) and (10) represent the nonlinear relation-
ship between the length of the stick zone length I, and the
force F.

If I, = I, then the minimum force required to start a
microslip can be determined.

When a = 0,

EApop tanh(y1)
Fiyin = k

(11)

As it can be seen that the minimum load is proportional to
Do.
When a > 0,

Fuin =0 (12)

That is, if the contact pressure attenuates to zero within the
overlap zone, a microslip starts while load is applied.

When I, = 0, the load inducing the macroslip can be
determined.

Fmax = cglpop = Lpop (13)

The tangential force required to start a microslip is related
to the pre-tension force, i.e. Lpy As the pre-tension forces
for the five pressure distributions are the same, so the tan-
gential forces to start macroslips are the same too.

Figure 5 shows instances of stick-slip transitions un-
der tangential loads for the two groups of pressure distri-
butions. Throughout this paper, we take E = 2 x 10 MPa,
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Figure 5: Instances of the relationship between the length of the
stick zone and tangential force.

A =1mm?, L = 30 mm, po = 150 MPa, k = 10 GPa and
u=0.3.

For comparison, the length of the stick zone is normal-
izedasy,i.e.x = Inl. Infigure5, the horizontal axisis y. The
vertical axis is the tangential load F. Each curve represents
a critical curve of the stick-slip transition on which the left
side corresponds to the stick zone and the right side corre-
sponds to the slip zone. Each critical curve starts on the left
side, which indicates initialization of the microslip, and
is the stick-microslip transition point. The right end point,
which indicates the start of the macroslip, is the microslip-
macroslip transition point.

It is obvious that the distributions affect the microslips
of the interfaces. For group one, distribution (a) needs a
certain force, i.e. F = 618 N in this instance, to start the mi-
croslip. Before that, the interface is completely stuck. For
(b) and (d), only the value of S is different. It shows that the
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normalized length of the slip zone is relatively large when
B = 1 under the same force, except for the start point and
the end point. For distribution (a), the normalized length

of the slip zone is always less than that of (b) and (d), be-

cause its minimum normal pressure of the overlapped area
is non-zero.

For group two, only the power exponents are differ-
ent. Under the same tangential forces, distribution (c), i.e.
a = 1/2, has the largest length of the slip zone. Distribu-

tion (e), i.e. @ = 2, has the smallest one. That is to say, for

group two, the length of the slip zone is negatively corre-

lated with the exponents. This is mainly because, if a is
relatively small, the pressure of the right-hand area of the

elastic rod is smaller and the yield stress is smaller as well.

Thus microslip is more likely to happen.

5 Effect of pressure distributions
on the hysteretic characteristics

The interface stick-slip transition results
displacement hysteresis. The hysteretic loop formed by

force and displacement reflects stiffness softening and en-

ergy dissipation of the structure experienced repeatedly

during loading process. The force-displacement curve ob-

tained due to a monotonically increasing tangential force
is called a hysteretic skeleton curve.

5.1 The hysteretic skeleton curve

Let x in formula (6) and (7) be I, and the force-

displacement relationship at the right-hand end of the
elastic rod can be obtained as

F = kpu(l) + C5 (14)
Where
k 1
U= R N
EA EA~ tanh(v1,)
pouli-in)® | pou-ln)
2EA EA~ tanh(vylp) a= O
Elpy 1 -
EA " EA~ tanh(~y1,)
Cf = cigtt acl
2 CP-1)  acii-ly) | @aen a2
(arD(@+2) 2 T ~tanh(hl) % (a+1)(a+2) a>0
Th, 1
EA " EA~ tanh(~v1p)
(15)

Supposing I, = [, for the pressure distribution of (a), i.e.
at a = 0, the model is completely stuck. For other distribu-

tions, the microslip starts.

kf = EAy tanh(~1) (16)

in force-
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This indicates that initial tangential stiffness of the contact
area is related to the length of I.
If I, = 0, the model is in macroslip.

ki =0 (17)

Figure 6 shows the skeleton curves for different pres-
sure distributions. From the reduction of the curve slopes
with increasing amplitude, we can see the stiffness soften-
ing behavior of the model.

For group one, with increasing force, the skeleton
curve of distribution («) is divided into linear, nonlinear
and constant sections for stick, microslip and macroslip.
The initial slopes of the curves for (b) and (a) are identical,
because both have the same contact area, l. For distribu-
tion (d), the length of the contact area | = L/2. In order
to compare (d) with the former two in the length of L, a
section of L/2 length of elastic rod, not in contact with the
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Figure 6: Skeleton curves for different pressure distributions (&
denotes microslip starting for distribution (a)).
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rigid base, is added at the right-hand end of the original
rod. Because the section of elastic rod has no contact stiff-
ness, the slope of the skeleton curve for (d) is obviously
lower than that of («) and (b).

As predicted, the distributions of group two present
the same initial stiffness and their contact areas are the
same. With increase of the tangential load, the joint stiff-
ness is positively correlated with a. As described in sec-
tion 4, it is easier to induce microslip at the right-hand side
of the elastic rod when a is smaller, which results in a de-
crease of joint stiffness.

5.2 The hysteretic loops

It will be helpful to further understand the dynamic of the
interface with the hysteretic loops, which can be obtained
based on the skeleton curves and the Masing rule [18, 19].
The mathematical expression for the unloading can be ex-
pressed as

u(Do - u(®y

Fu = Fo - 2ks( >

) - 2Cy (18)
Where, Fy and u(L) are the force and displacement values
at which the loading process reversed. F, and u(L), are
the unloading force and displacement, respectively. After
unloading, the reloading process can be expressed as

u(Do + u(dy
2

Fr=—F0+2kf( )+2Cf (19)

Figure 7 shows the hysteretic curves of the microslip
model for different pressure distributions. Here, the load
amplitudes are chosen to be 800 N. The area of the hys-
teretic loop represents the amount of energy dissipation
per cycle. As it can be seen from the figure, under the cho-
sen force amplitude, the energy dissipation varies with
the pressure distribution modes. For group one, the en-
ergy dissipation of distribution (a) is the lowest. (b) and
(d) have the same power exponent. The distribution which
has larger contact area, i.e. (b), dissipates more energy
than (d). For group two, it is obvious that the energy dis-
sipation is negatively correlated with power exponent a.

The advantage of energy dissipation based on a hys-
teretic loop is that the loop can be plotted directly by the
skeleton curve. There is a certain force amplitude for each
loop. It is hard to get the energy dissipation results of the
forces from microslip to macroslip. This problem can be
solved by using the friction work to calculate the energy
dissipation, as shown in the next section.
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Figure 7: Hysteretic loops for different pressure distributions.

6 The effect of pressure
distributions on the joint
disspation

The displacement at position x is the sum of the elastic dis-
placement and the slip displacement

u(x) = ucx) + us(x) (20)

Where, uc(x) is the critical displacement when point x is
transformed from stick to slip, uc(x) = up(x)/k. This is the
elastic displacement and has no relation with energy dissi-
pation. us(x) is the slip displacement which will generate
energy dissipation. The energy dissipation per cycle gener-
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ated by the interface friction is

1
AEp = 4/yp(x)us(x)dx (21)

In

!
- 4/yp(x) [u00) - uc(x)] dx
Iy

Therefore, the energy dissipation under different pressure
distributions can be obtained.

6.1 The energy dissipation per cycle on
linear coordinates

Figure 8 shows the energy dissipation per cycle AEp as a
function of force amplitudes F for different pressure distri-
butions. From the figure it can be seen that, with increas-
ing force, the energy dissipation increases, and a nonlin-
ear relationship exists.

For the pressure distribution (a) of group one, when
the tangential force is small, i.e. F < 618 N in this instance,
the model doesn’t produce any dissipation because the in-
terface is completely stuck and there is only elastic dis-
placement. Under the same load, the energy dissipation of
(a) is far less than that of distributions (b) and (d). For dis-
tribution (b) with a contact area of L, and distribution(d)
with a contact area of L/2, the former dissipates more en-
ergy than the latter. As can be seen from section 4, distri-
bution, (b) has a longer length of slip zone and larger slip
displacement, so more energy dissipation is produced.

The distributions of group two have the same con-
tact area but different power exponents. At the begin-
ning of microslip, namely when the tangential load is rela-
tively small, it is hard to distinguish the energy dissipation
curves of the three. The interface pressures and microslip
areas are nearly the same at the beginning of the curves.
With increasing load, the differences between the energy
curves increase and the energy dissipation capabilities de-
crease in a sequenceof a = 1/2, a = 1 and a = 2.

6.2 The energy dissipation on log-log
coordinates

A power law relationship exists between the energy dissi-
pation per cycle and the load amplitudes, i.e. AEp = aF",
2 < n < 3.3 [20, 21]. That is to say, on log-log coordinates, a
linear relationship exists and the slope of the curve repre-
sents the nonlinearity degree between energy dissipation
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Figure 8: Instances of energy dissipation per cycle for different
pressure distributions.

per cycle and the load amplitudes. This feature is consid-
ered to be the main measure for distinguishing the energy
dissipation characteristics of different joint interfaces.

Figure 8 is replotted on log-log coordinates in Figure 8.
It can be seem that, if the data corresponding to small force
amplitudes are ignored, the curve can be approximated to
a straight line. The curves are fitted and the slopes of the
lines can be obtained, as shown in Table 1.

As can be seen from the table, the minimum value of
the power law exponent n is 2.77 and the maximum value
is 3.09, which exhibits similar variation to the experimen-
tal results[10]. The power law exponent between the unit
periodical energy dissipation and the load amplitude is
related to the mode of pressure distribution. To be spe-
cific, for the distributions of group one, distribution (a)
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has the strongest nonlinear behavior. For the distributions
of group two, it is obvious that, with the increasing val-
ues of a, the slope of the curves decrease correspondingly;
namely, the nonlinear behaviors recede.

Table 1: power-law exponents n between energy dissipation per
cycle and the tangential load amplitudes for different pressure
distributions

Group one n Group two n
(w=1,B=1 3.09 (Qa=1/2,8=2 2.90
Wa=1,B=1 277 (Da=1,8=2  2.77
Da=1,8=2 2.79 @a=2,=2 2.63

F T T i T v T v
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Figure 9: Log-log plots of energy dissipation for different pressure
distributions.
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7 Conclusion

This paper constructs a microslip model simulating a
bolted lap joint. Five contact pressure distributions are
considered, all with equal pre-tension force. This paper in-
vestigates the effects of different pressure distributions on
the interface stick-slip transitions and hysteretic character-
istics. As can be seen, both the amount and nonlinearity
of the joint energy dissipation are related to factors includ-
ing: whether the pressure within the overlapped area at-
tenuates to zero, the size of the contact area, and the value
of the power exponent. The study theoretically shows that
the energy dissipation capability can be improved by rea-
sonably designing the structure to obtain a desired inter-
face pressure distribution, even if the pre-tension force is
the same.
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