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Modelling of galvanized lattice steel structures incorporating the effect of joint slip

Yang Zhan, Benben Li*, Zhangjian Wu, Lee S. Cunningham, Gang Wu, Yagiang Yang

Abstract

The behaviour of galvanized lattice steel structures with joint slip is difficult to model accurately
using either theoretical methods or numerical simulations. This paper proposes an accurate and
efficient finite element (FE) model for the performance prediction of such structures including
the effect of joint slip. In this study, an improved joint-slip model for bolted connections is
developed on the basis of experimental results and Ungkurupanian’s joint-slip model. Validation
of the proposed model is performed utilizing results from full-scale structural testing. Compared
with the conventional structural model and the structural model incorporating Ungkurupanian’s
joint-slip model, the proposed model has the highest accuracy in regard to predicted response.
This newly developed model can be readily programmed into existing structural analysis and
design software. The proposed model has the potential to improve reliability and safety of lattice
structures in practical design.

Keywords: Galvanized lattice steel structures; Full-scale structural testing; Joint slip;
Finite-element model; Structural response.

Introduction

Hot-dip galvanizing provides protection from corrosion and aggressive environmental agents and
is widely used on a large range of steel structures [1, 2]. Galvanized lattice steel structures,
composed of a network of galvanized elements, have considerable spanning capability and
inherent corrosion resistance. Due to their structural efficiency (i.e. higher strength-to-weight
ratio, ease of construction, fast erection and assembly), such structural forms have been widely
used in engineering structures including tower cranes, electricity transmission towers, offshore
oil and gas facilities, stadia, long span roofs etc. Where the galvanized members in these
structures have bolted connections, as is common in transmission towers, they may exhibit joint
slip i.e. a relative displacement of the jointed members when subjected to a shear load [3].
Joint slip occurs because of insufficient frictional resistance between the jointed members. In
reality, joint slip is always observed in experiments and can sometimes lead to larger differences
in comparison to the structural response prediction from numerical models. Peterson [4],
Marjerrison [5] and Rao et al. [6] concluded that the experimental displacements obtained from
full-scale transmission towers were approximately 1.3—-3 times greater than the numerical results.
Al-Bermani and Kitipornchai [7] assessed the behaviour of transmission towers through a
proposed nonlinear analytical method which includes the effect of joint flexibility, geometric and
material nonlinearities. The work by [7] suggested the large discrepancies between the
experimental and analytical results could be attributed to bolt slippage which was not considered
in the analyses.

The effect of joint slip in lattice steel structures has been investigated for several decades, and
three representative analytical joint-slip models have been proposed by Kitipornchai et al. [8] and



Ungkurapinan et al. [3, 9]. Specifically, Kitipornchai et al. [8] presented instantaneous and
continuous slippage models for typical connections in a tower structure. They reported that bolt
slippage had insignificant influence on the ultimate bearing capacity of the tower but
substantially affected the displacement of the structure under service loading. However, the two
joint-slip models (i.e., instantaneous and continuous slippage models) do not account for the
material yielding in connections, which depends on connection type and material properties.
Furthermore, the connection performance represented by the two models mentioned above
cannot match the experimental results reported by Ungkurapinan [9]. Ungkurapinan et al. [1, 9]
derived a more accurate joint-slip model through their own experimental investigations. Ahmed
et al. [10] reported that joint slip had a considerable effect on the behaviour of a lattice steel
tower: under a given service loading, joint slip could either increase the deformation or decrease
the ultimate capacity. However, neither material nonlinearity nor joint eccentricity was taken into
account in the models and the numerical simulation results were not validated by any tests.
Baran et al. [11] evaluated the performance of a bolted splice connection with slippage used in
the legs of steel lattice transmission towers by experimental and numerical investigations. They
simulated joint slip using contact and target elements available in the FE software ANSYS and
found that bolt slip resulted in an increase of deformation while the effect of joint slip on the
load carrying capacity is not significant. Subsequently, Jiang et al. [12, 13], Rao et al. [6] and
Yaghoobi and Shooshtari [14] investigated the influence of joint slip on the performance of lattice
steel towers experimentally and numerically. In Jiang et al. [12], the numerical simulation was
conducted incorporating the Ungkurupanian’s joint-slip model which was developed for
galvanized bolted connections. It should be noted that in the work by [12] the test specimens
consisted of mild steel angles. Although Jiang et al. did not provide ultimate load and stiffness
predictions from their model, a large difference between the model prediction and experimental
results would be expected due to the inappropriate application of the joint-slip model. Jiang et al.
[13] established an improved joint-slip model based on Ungkurupanian’s joint-slip model.
However, one of the key model parameters i.e. deformation due to plasticity, was not provided. It
should be noted that only one single linear relationship was used to represent the elastic and
slippage regions of the joint in this model, which is unrealistic according to the experimental
results from Cruz et al. [15] and the present authors’ test results (to be shown later in this paper).
The ultimate load and stiffness predictions from the model by [13] were not provided. Rao et al.
[6] concluded that joint slippage had significant influence on the displacement of a tower
structure and the deformation could be accurately predicted as long as the effect of joint slip was
taken into account in a modified model. However, relatively large differences in the stiffness were
found between the results obtained from the analytical method and the experiment. Yaghoobi
and Shooshtari [14] proposed a joint-slip model for connections in wind turbine lattice towers
based on connection test results. However, the equations defining the model had no direct
relation to the physical behaviour of the joint. and a detailed validation of the model was not
performed [16]. To date, in comparison with full scale testing, no numerical investigation has
reported any reliable model that can accurately predict the performance of galvanized lattice
steel structures incorporating the effect of joint slip.

In the present paper, a new accurate and efficient finite element (FE) model for predicting the
behaviour of galvanized lattice steel structures with joint slip is developed. An improved joint-slip



model for bolted connections is proposed on the basis of connection test results and
Ungkurupanian’s joint-slip model 3, 9]. A detailed validation of the proposed model is conducted
via comparison with the experimental results from a full-scale galvanized lattice steel girder test
conducted by the authors. For comparison purposes, the response predictions from the
conventional structural model, the Ungkurupanian’s joint-slip model and the proposed model are

also presented.

In comparison to the aforementioned existing models, the proposed new model captures more
realistic load-deformation variation in the slippage stage and combines bearing and plastic stages
with a line function to represent connection deformation in order to avoid the determination of
the transition point from bearing to plastic stages. In addition to the improved level of accuracy,
the model is comparatively straightforward to implement in standard analysis and design codes,

thus allowing for ease of adoption in real life design applications.

Experimental investigation

Connection test

The connection test was performed for the determination of the relevant parameters to be used
in the improved joint-slip model derived by the authors in the following sections. A total of eight
specimens (J1-J8) that replicate the connections between the chords and bracing members in a
full-scale lattice steel girder were tested. As shown in Figure 1, within the effective test length,
the steel plate (80 x 15mm), the angle (L45 x 5), the high-strength bolts (Grade 8.8 M16) and
washers were galvanized to simulate the connections in the girder, while the surfaces of the steel
plate and fasteners outside of this length (i.e., griping areas) of the specimens were not
galvanized to increase the anchorage effectiveness. All the steel plates and the angles were
fabricated from Grade Q345B steel. The experimental setup is shown in Figure 2. Two LVDTs (L1
and L2) were used to measure the relative displacement of the jointed members in the testing
region and to determine the anchorage effectiveness, respectively. The corresponding test results

will be presented in the following sections.

Full-scale lattice steel girder test

For the purpose of assessing the performance of the structural models including the joint-slip
model proposed by Ungkurupanian et al. [3, 9] and the authors’ model respectively, a full-scale
galvanized lattice steel girder was tested under a concentrated load. The girder is made of six
pairs of chords tapered in sections from bottom to free end, back-to-back crossed diagonal
members and diaphragm bracings. The diaphragm and diagonal members have the same angles
of L45 x 5. The length and cross section dimensions of the specimen are 11530mm and 1200 x
1067mm, respectively. The specimen was confined by steel anchorages fixed to the reaction wall
and its free end was loaded with an external concentrated force (see Figure 3(c)). The top of the
specimen was designed to be stiffer to avoid premature failure during loading. Table 1 and Figure
3(a) show the geometric specification of the steel members in the girder. All members which
were made out of Grade Q345B steel were connected by Grade 8.8 M16 bolts. All connections in
the specimen were bearing-type bolted and oversized bolt holes were used to produce an
erection tolerance of 1.5 mm according to Lee and Ho [17]. The test setup and the locations of



measuring devices are indicated in Figures 3 and 4, respectively. The experimental results
including the failure mode, ultimate strength, load-deflection relationship and deflections of
different points at different percentages of the ultimate load, will be presented in the following
sections.

FE modelling

Improved joint-slip model

Ungkurapinan and collaborators [3, 9] developed an idealized joint-slip model for typical
galvanized single-leg bolted connections through experimental work. As shown in Figure 5, this
model can be divided into four regions, that is, elastic stage (Region 1), slippage stage (Region 2),
bearing stage (Region, 3) and plastic stage (Region, 4). The values of key points in the joint-slip
model were provided when the number of bolts in the connection was no more than 4. When
the number of bolts exceeds 4, these key values can be calculated according to empirical
mathematical expressions. In Ungkurapinan’s joint-slip model, the slip load (A, see Figure 5) and
ultimate load (C, see Figure 5) of the bearing-type bolted connection are only governed by the
number of bolts in the connection, as given by Egs. (1) and (2), respectively [3],
A=12.212n,-4.115 (1)

C =34.6n, —82.86 (2)

where n, is the number of bolts in the connection. However, the slip load should be dominated
by the slip factor of the friction surface, the number of friction surfaces and the bolt preloading
force [18]. The ultimate load of a bearing connection, which is governed by either bolts in shear
or plates in bearing against the bolts, should be closely related to the mechanical properties of
the bolts and/or plates. It is noted that the stiffness of the slippage stage (Region 2) of the
Ungkurapinan model is simply set to zero. In fact, the experimental results from Cruz et al. [15]
and the present authors’ test results (presented later in this paper) confirm that the stiffness
during this stage is greater than zero. Meanwhile, the slippages (Ds, see Figure 5) for the three
configurations of initial bolt/hole clearance (Figure 6) have three fixed values in this model.
Obviously, these values could be dependent on the diameters of bolts and holes. Furthermore,
Ungkurapinan’s joint-slip model uses the linear expression Eq.(3) to formulate the load (P) —
deformation (D) relation in the plastic stage of the joint-slip [3]:

C-B A

P= T(D T D, - Qj +B  for Alkg+Ds+Q < D <A/ky;+Ds+Q+R (3)
sl

where A, B, C, D,, Q, R and k;; are the parameters in Ungkurapinan’s joint-slip model as shown in

Figure 5. The use of an empirical linear relationship to describe Region 4 may lead to inaccuracies

in this particular model. Consequently, it can be inferred that Ungkurapinan’s joint-slip model

may not describe the performance of galvanized bolted connections with joint slip accurately.

An improved joint-slip model for typical galvanized single-leg bolted connections was suggested
based on the authors’ experimental results and Ungkurapinan’s joint-slip model [3, 9], as shown
in Figure 7. It is evident that this improved model can be subdivided into three regions: elastic
(Region 1), slippage (Region 2) and combined bearing-plastic (Region, 3). Each region is simplified
by a linear load-deformation relation. The corresponding values of key points at different regions



can be determined according to the following equations.
Psl = kbsnlqu (4)

The parameter k,, is dependent on the size of the hole.
0.5 (long slotted holes)
ke, =4 0.7 (over size or slotted holes) (5)
1.0 (standard holes)

Where P;; is the slip load at the onset of slippage; n is the number of friction surfaces; u is the
slip factor and F, is the preloading force on the bolts. The slip load at the end of slippage, Ps,, is

given by
Psz = Psl + ksZ Ds (6)
in which
k., =0.07k, (7)

k, =36.3n,+0.4 (8)
are the stiffnesses of the slippage stage (Region 2) and the elastic stage (Region 1), respectively.
The extent of slippage during the slippage stage (Region 2), D;, is taken as

0 ( full bearing-Figure 6 (a))
D, =4(d, —d,)/2 (normal centered bolt in a hole - Figure 6 (b)) (9)
d, —d, (maxmiun clearance-Figure 6 (c))

and d, and d, are the nominal diameters of the hole and bolt respectively. The ultimate load of
the connection in the region 3, P,, should be given by

2
P :Minmum[nnb%fvb, nbdbtpfcbj (10)

where t, is the thickness of the thinner connected part; f,, and f., are the shear strength and the
bearing strength of the bolts respectively. The displacements during the combined
bearing-plastic stage, D;,, and overall displacement of the connection, D,, are, respectively, given
by

D,, =—1.7n, +9.4 (11)

Du = DI + Ds + Dbu (12)

where Dy is the displacement in the elastic stage.

In this improved model, a prediction of the slip load at the onset of slippage, P,;, by use of Eq. (4)
is recommended by Eurocode 3, Part 1.8 [18]. The ultimate load of the connection, P, is
determined from Eq. (10) in accordance with GB50017, the Chinese design code for steel
structures [19]. The stiffness of the elastic stage, ks;, and the relative displacement during the
combined bearing-plastic stage, Dy,, determined by Egs. (8) and (11) respectively, are adopted
from the connection experiments performed by Ungkurapinan et al. [3, 9] which exhibit the real
influence of the number of bolts in the connection (n,) on the stiffness of the elastic stage (ks;)
and the relative displacement at the bearing and plastic stage (D). Likewise, Eq. (7) for the



determination of the stiffness of the slippage stage, ki,, is developed according to Figure 8 and
Table 2 which are the connection test results performed by the authors. The slip load at the end
of slippage, Ps,, is deduced according to Pss, ks> and Ds (Eq. (6)). The slippage, Ds, can be evaluated
according to the diameters of the holes and bolts (Eg. (9)). A comparison of the Ds values
obtained from Ungkurapinan’s joint-slip model and the improved joint-slip mode is listed in Table
3. It is assumed that the clearance between bolt and hole is approximately proportional to the D;
value. Thus, the D; prediction errors from the improved and Ungkurapinan’s joint-slip models can
be obtained for bolt connections. For the connection with M16 bolts and a bolt hole diameter of
17.5mm tested in this paper, it is clear that Ungkurapinan’s joint-slip model overestimates the D;
by approximately 9.0%, while the improved joint-slip model underestimates the D, by
approximately 3.8% which is less than half of the corresponding prediction error from
Ungkurapinan’s joint-slip model. Similarly, the prediction error of Ungkurapinan’s joint-slip model
for Dy is approximately 45.5% while the error decreases to approximately 3.8% for the improved
joint-slip model with M27 bolts and a bolt hole diameter of 30mm. Although both models
underestimate the slippage for larger diameter bolt / bolt hole, the fixed D, value in
Ungkurapinan’s joint-slip model can lead to much larger error and unstable prediction. Eq. (9) for
Ds in the improved joint-slip model has better prediction and much less error for different
diameters of bolts and holes in connections.

Generally, the failure mode of lattice steel structures tends to be buckling of chords or web
members, the premature failure of connections is aimed at being avoided in structural design.
For the following lattice girder test (see the section on Model validation), the axial force of the
tensile or compressive web members is approximately 55kN at the failure of the structure.
According to the connection test results (Figure 8), the connection joints are clearly in the
bearing phase i.e. the connection has not yet entered the plastic stage. However, determining a
clear transition turning point from bearing to plastic stages in the test curves of Figure 8 is
difficult. It is hence proposed to use a straight line to represent the bearing and plastic stages of
the connection collectively as a combined bearing-plastic stage in the improved joint-slip model
when considering the convenience and the requirements of engineering design. Obviously, such
an improved model may underestimate the stiffness of connection in bearing and plastic stages
slightly. The difference and error caused by such a model simplification will be further assessed
and compared in the section on Model validation.

The performance of the improved joint-slip model is evaluated in accordance with the
connection test results. Table 4 presents the experimental results and the predictions from the
improved joint-slip model. It is evident that the improved joint-slip model underestimated the
slip loads (Ps; and Psy) and the ultimate load of the connection (P,). The corresponding
displacement parameters (D, Ds, D,,), except for the extent of slippage (D), were overestimated.
Specifically, the improved joint-slip model gave an excellent prediction for P;, Ps,, P, and Ds, with
an underestimation of only 4.8%, 7.1%, 9.7% and 3.5%, respectively, in comparison with the
corresponding average experimental values. The displacement parameters, D, D, and D,
predicted by the improved joint-slip model were 12.4%, 14.8% and 12.4% higher, than the
corresponding experimental values. It is seen that the predictions of the improved joint-slip
model were in reasonable agreement with the corresponding experimental results thus



indicating the validity of Eqs. (4)-(12). Here the normal configuration of the bolt centered in a
hole (Figure 6 (b)), considered to be more common than the other two bolt configurations [12],
was adopted in the current improved joint-slip model. Compared with Ungkurapinan’s joint-slip
model, the improved model adopts a symmetric tensile and compressive loading-slippage
relation with non-zero stiffness (ks,) during the slippage stage (D;). The slip load at the onset of
slippage (Ps;) and ultimate capacity (P,) are determined from the formulae presented in Egs. (4)
and (10) based on the previously mentioned national codes [18, 19]. The more accurate and
intuitive constitutive description infers that the improved joint-slip model may have better

applicability and versatility.

FE modelling

To check the accuracy of the proposed model in simulating the galvanized lattice steel girder
test previously described, a three-dimensional FE model was developed using ANSYS finite
element software [20]. Because the nonlinear response of a lattice structure cannot be obtained
from a truss model [21, 22], the lattice girder was simulated using spatial frame elements. For the
purpose of comparison, three numerical simulation results based on the proposed model (Model
P), the structural model including the Ungkurapinan’s joint-slip model (Model U) and the

conventional structural model (Model C), were presented.

In Model P, BEAM188, a 3-D 2-node beam element, was adopted to model all steel members (i.e.,
chords and bracing members) in the lattice girder. The BEAM188 element has seven degrees of
freedom at each node, while warping, one of these degrees of freedom, was neglected. The
lap-splice connections between the chords were assumed to be rigid according to experimental
results, therefore the chords were connected by one node (Figure 9(a)). For the connections at
the middle of the back-to-back crossed diagonal members, the nodes at the intersection points
were coupled with six degrees of freedom (Figure 9(b)). In order to capture the effect of joint slip
observed in the experimental test, the COMBIN39 nonlinear spring element was adopted to
simulate the single-leg bolted connections between the chords and bracing members (Figure
9(c)). This element can be used to simulate nonlinear joint-slip behaviour in single-leg bolted
connections when an appropriate loading-slippage relationship is adopted. The normal
configuration of the bolt centered in the bolt hole (Figure 6(b)) was used in the proposed
improved joint-slip model. The improved joint-slip model (Figure 7) was adopted as the
loading-slippage relationship in the COMBIN39 element, this relationship significantly influences
the prediction. Figure 10 shows a schematic diagram of the FE model (Model P) for the lattice
girder. The red arrows at the bottom and free end of the lattice girder denote the directions of
inertial force and concentrated load, respectively. Model U was generally identical to Model P,
except that Ungkurapinan’s joint-slip model (Figure 5) was used as the load-slippage relationship
in the COMBIN39 element. Similarly, Model C was generally the same as Model P, except that all
connections in the lattice column were assumed to be rigid.

For all three FE simulations, geometric nonlinearity was induced by the NLGEOM command in
ANSYS. The steel members were assumed to be isotropic. The elastoplastic bilinear material
behaviour (Figure 11), which was plotted according to the results of coupon tests listed in Table 5,
was adopted to define the material constitutive model of the steel members. The load point of



the web member (L 45 x 5) was specified to simulate the load eccentricity in the web member, as
shown in Figure 12, i.e. the load eccentricity of the bracings was triggered by modifying the
location of the centroid. Thus, the geometric and material nonlinearities and the load eccentricity
were all taken into consideration. The girder to be simulated numerically was connected to the
reaction wall by rigid links. Additionally, yielding was assessed via the von Mises criterion. The
Newton-Raphson method was selected to accelerate the numerical convergence of the solutions
for the nonlinear problem. The load increments were applied in 20-35 steps until failure was
reached.

Model validation

For the galvanized lattice steel girder subjected to a concentrated load at its free end, the
numerical FE simulation load versus deflection response at various locations based on Models P,
U and C, together with that of the experimental result, are shown in Figures 13 and 14.

Deflection response

Figure 13 gives the numerical and experimental deflections of different points on the specimen at
different percentages of the ultimate load. It is clear that the prediction of Model C does not
match the test results and the corresponding prediction error increases with the increment of the
applied load. For example, at 30% of the ultimate load (47.3kN), which is less than the slippage
load of the structure (50kN), the deflection at point G (see Figure 4) predicted by Model Cis 43.1%
lower than the corresponding experimental value (Figure 13 (a)). Subsequently, the prediction
error increases sharply after the applied load exceeds the threshold slippage load of the
specimen. The deflection of point G at 50% of the ultimate load (78.8kN) obtained from Model C
is 63.7% less than the corresponding experimental result. This means the error has an increase of
approximately 21% compared with that at 30% of the ultimate load. When the applied load
increases from 70% to 90% of the ultimate loads, the corresponding deflection error at point G
increases slightly from 65.7% to 66.1%. This greater prediction error of Model C could be mainly
attributed to (1) the over prediction of the stiffness of the girder that was assumed to be rigid
and (2) the degradation of the test specimen’s stiffness that is induced by the slippage of bolts
after the applied load exceeds the slippage threshold load of the girder.

Unlike Model C, Models U and P display better prediction performance, as shown in Figure 13. Of
the two models, Model P exhibits higher accuracy in predicting the deflection response of the
focused structure. At 30% of the ultimate load, the predictions from Models U and P are both
lower than the test results. The deflections of point G predicted by Models U and P are 19.3%
and 14.8% lower, respectively, than the corresponding experimental value. That is, when the
applied load is less than the slippage load of the structure, the errors from the prediction of
these two models are both less than half of that from Model C (43.1%). The main reason for the
deflection underestimation of Models U and P could be due to the fact that the influence of
residual stress and geometric imperfection in the test girder is not taken into account. Note that
the inevitable residual stress (caused by assembling and manufacturing of steel structural
members) could result in a loss of stiffness of structure [23-27]. When the applied load is larger
than the slippage force of the specimen, i.e., at 50%, 70%, and 90% of the ultimate loads, the



predictions from both Models U and P are higher than the experimental results, and the errors
from the predictions of the two models gradually reduce with increasing load. More specifically,
at the loads of 50%, 70% and 90% of the ultimate load, the errors from the prediction of Model U
for the deflection of point G are 35.2%, 21.1% and 20.5% respectively, while Model P gives the
corresponding prediction errors of 19.3%, 11.6% and 10.1% respectively. Compared with the
error from Model C (66.1%), the corresponding errors based on the predictions of Models U and
P at 90% of the ultimate load reduce by 45.6% and 56%respectively.

The main reason for the deflection overestimation of Models U and P could be due to the
implementation of the two joint-slip models (Figures 5 and 7). Since both models used the
corresponding load-slippage relationships as parametric inputs in COMBIN39 elements for the
structural analysis, it implies that all the joints between the chords and bracing members could
undergo the entire slippage process from the initial to the ultimate states. However, not every
connection of the specimen can experience the entire slippage process during the experiment;
some joints could not slip to the ultimate state because of the existing small moments along the
transverse axes perpendicular to the longitudinal axis of the bracing member. A zero-slope
horizontal line in the slippage stage of Ungkurapinan’s joint-slip model (Model U) and a linear
relationship for the combined bearing-plastic stage in the improved joint-slip model (Model P)
are respectively adopted to represent part of the joint-slip curve in these models. These model
simplifications could lead to lower stiffness prediction in the corresponding stages (note: not for
the initial elastic stage) compared with the real test result. The results also indicate that the
influence of the joint-slip model may override that of residual stress and geometric imperfection
when loading exceeds a value of more than 30% (but less than 50%) of the ultimate load.
Moreover, joint slip was observed with the applied load ranging from 50kN to 8O0kN
approximately during the test (Figure 14). These facts indicate that structural deflection mainly
occurred after 30% of the ultimate loads. This explains why the errors of Models U and P
progressively decreased as the applied load increased from 50% to 70% and 90% of the ultimate
loads. Furthermore, the stiffness of the connection in the slippage stage of Model P is small but
greater than zero (Region 2), while Ungkurapinan’s joint-slip model simply sets it to zero. This
could be a reason that Model U gives a larger deflection prediction than that of Model P. Due to
the similarity of the structural deformation, the deflections of the other six points of H, |, J, K, L,

M (Figure 4) are not presented in Figure 13.

Load-deflection relationship and stiffness response

Figure 14 compares the model predictions and the experimental results of the applied load
versus the deflection on top of the specimen’s free end. The deflection curve predicted by Model
C is linear up to the ultimate load and approximately coincides with the test results when the
applied load is less than 20kN. However, with the load in excess of 20kN, the deflection curve
from Model C deviates from the experimental curve. The deflection error based on the prediction
of Model C increases with the increment of the applied load. It is observed that the threshold
slippage load of the specimen is 50kN experimentally, and the joint slip process is nearly
completed after the applied load exceeds 80kN. Table 6 presents the stiffness values of the
specimen obtained from the experimental results. The error of the stiffness drastically increases
from approximately 23% to 166% with the load changing from 20kN to 80kN in Model C. This



could be attributed primarily to the overestimation of the rigidity of the specimen by Model C
because this model does not consider the effect of joint slip. When the applied load reaches
80kN, the stiffness of the specimen is approximately 42% lower than that of the specimen under
the applied load of 50kN. At the ultimate load, the model prediction error can be as high as 189%
approximately.

Models U and P agree with the experimental results very well when the applied load is less than
20kN. However, this agreement is lost progressively with the increase of the applied load,
especially for the predictions of Model U. When the applied load reaches 20kN, the stiffnesses
predicted by Models U and P are larger, approximately 16% and 14% respectively, than that
obtained from the experimental test (see Table 6). As the load increases to 50kN, the stiffness
from Model U is approximately 37% lower than that measured in the test. This could be due to
the fact that the slip load of the specimen at the onset of slippage predicted by Model U (48kN) is
slightly lower than that measured in the experiment (50kN), see Table 7. Meanwhile, the slip load
of the specimen at the end of slippage predicted by Model U (52kN) is much less than that
obtained from the test (80kN), as shown in Table 7. Moreover, the average stiffness of the
slippage stage of the specimen predicted by Model U (0.037kN/mm) is approximately one tenth
of that measured in the test (0.353kN/mm), see Figure 14. Compared with the prediction error of
Model U, the error of Model P decreases to approximately 5% as the load increases to 50kN. This
could be attributed to the relatively accurate loading-joint slippage for the structural behaviour
prediction by Model P. As the applied load increases to the ultimate load, the stiffness obtained
from Model U is approximately 23% lower than that measured in the test. The corresponding
stiffness error from the prediction of Model P reduces to 14% approximately. Clearly, the
predictive accuracy of Model P is better than that of Model U in regards to the behaviour of the
focused structure. Model P exhibits the most accurate predictions compared with the other two
models mentioned.

Table 7 summarizes the model predictions and test results for the specimen. It is clear that all
three models can predict the ultimate load of the specimen. A big difference is observed among
their capabilities in predicting the deflection of the specimen. The deflection predicted by Model
C at the top of the specimen is only one third of the experimental value approximately. Model U
overestimates the deflection of the specimen with an error of approximately 25%, while the error
from the prediction with Model P is only 12%.

Failure mode

A graphical comparison between the test and predicted failure modes is given in Figure 15. The
failure modes of the girder predicted by Models C, U and P are the same, as shown in Figure
15(b). The numerical failure mode, dominated by the buckling of the compressive web members
on both sides of the first two panels near the free loaded end, is evidently supported by the
experimental test. This remarkable similarity between the experimental and numerical failure
modes indicates that Models C, U and P can all accurately predict the failure mode of lattice
steel structures with joint slip. The influence of joint slippage on the ultimate bearing capacity
and the failure mode is not significant when the lattice structure is subjected to concentrated
loading.



The conventional structural model (Model C) which treats all the joints in the specimen as rigid
connections substantially underestimates the deflection and considerably over-predicts the
stiffness of the focused structure. Therefore, the conventional structural model cannot be used to
predict the behaviour of galvanized lattice steel structures with joint slip, even though it can
predict the ultimate load and failure mode correctly. Meanwhile, Model U considering the joint
slippage by Ungkurapinan’s joint-slip model should be used cautiously to estimate the
performance of galvanized lattice steel structures with joint slip, since the prediction errors of
Model U could be as large as 20% or greater in deflection and stiffness in comparison with the
experimental tests. The proposed model (Model P) taking the effect of joint slip into account
through the improved joint-slip model has more accurate deflection and stiffness predictions
(both deflection and stiffness prediction errors are less than 15%) and stronger applicability and
versatility compared with Model U.

Summary and conclusions

This paper proposed an accurate and efficient FE model for predicting the performance of
galvanized lattice steel structures including the effect of joint slip, in which an improved joint-slip
model was developed to simulate slippage in the connections. The proposed model was
validated and compared with the conventional structural model and a structural model including
Ungkurapinan’s joint-slip model. Of the results of this investigation, the following issues should
be emphasized:

1. Joint slippage considerably increases the deflection and substantially decreases the stiffness of
galvanized lattice steel structures. Its influence on the ultimate bearing capacity and the failure
mode is insignificant when the lattice structure is subjected to concentrated lateral loading.

2. The conventional structural model which underestimates the deflection and over-predicts the
stiffness of the structure considerably cannot be used to predict the performance of galvanized
lattice steel structures with joint slip, although it can correctly predict the ultimate load and
failure mode.

3. Model U incorporating the joint slippage model proposed by Ungkurapinan should be used
with caution to estimate the behaviour of the focused structure type in view of the significant
prediction errors observed in the case studies presented here (deflection and stiffness prediction
errors > 20%).

4. The proposed model taking account of joint slip through the improved joint-slip model can
accurately predict the responses of the focused structure. This proposed model can be readily
programmed into existing structural analysis/design software and has the potential to improve
design of new galvanized lattice steel structures with bolted connections and assessment of
existing structures of this type.
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Table 1
Specifications of the steel members used in the experiments

Member Cross section (mm)
C1 L140x 12
Cc2 L125x 10
c3 L 100 x 10
Diagonal and diaphragm member L45x5

Note: C1, C2 and C3 are indicated in Fig. 3(a).

Table 2

Experimental results for k; and &,

Specimen ks1 (kN / mm) ks2 (kN / mm) Ks2/ks1
J1 83.78 4.19 0.05
2 98.00 5.88 0.06
3 71.67 7.17 0.1

14 77.65 6.21 0.08
J5 90.65 6.35 0.07
6 82.41 7.42 0.09
)7 94.00 5.64 0.06
J8 101.53 5.08 0.05
Average - - 0.07
Table 3

A comparison of the D, values obtained from Ungkurapinan’s joint-slip model and the improved
joint-slip model

Experimental

Ungkurapinan’s model Improved model
Bolt Test
Result Prediction Error (%) Prediction Error (%)
M16 (dp = 16mm, d, = 17.5mm) 0.78 0.85 9.0 0.75 -3.8
M27 (dy = 27mm, dj, = 30mm) 1.56 0.85 -45.5 15 -3.8

Note: Test = D, value from connection experimental test; d, and d}, are the nominal diameters of the bolt and bolt hole,
respectively. The prediction values are determined according to the normal bolt/hole configuration in Figure 6(b).

Error = (X-Test)/Test, in which X = a prediction from Ungkurapinan’s joint-slip model or the improved joint-slip model.



Table 4

Experimental results and the predictions from the improved joint-slip model

Specimen Ps; (kN) P, (kN) P, (kN) D, (mm) D (mm) Dpy (mm) Dy (mm)
J1 19.27 23.49 83.95 0.23 1.01 5.47 6.71
J2 17.64 21.37 76.10 0.18 0.63 4.37 5.18
J3 19.35 25.18 91.81 0.27 0.81 6.32 7.40
14 15.53 20.97 88.02 0.20 0.88 5.86 6.94
J5 15.41 19.33 76.85 0.17 0.62 4.55 5.34
J6 18.13 22.41 85.58 0.22 0.58 5.39 6.19
17 17.86 22.85 82.86 0.19 0.88 5.11 6.18
18 17.26 21.37 81.27 0.17 0.81 4.76 5.74
Average 17.56 22.12 83.31 0.20 0.78 5.23 6.21
Prediction 16.72 20.55 75.20 0.23 0.75 6.00 6.98
Error (%) -4.76 -7.10 -9.73 12.41 -3.54 14.75 12.38

Note: Error = (Prediction-Average)/Average.

In the determination of predictions, the parameters of the bolt preloading force (F,) and the slip factor (p) were 88kN and 0.19,

respectively, according to Eurocode 3, Part 1.8 [18] and Kulak et al. [28].

Table 5
Mechanical properties of the material
Elastic modulus Yield strength Tensile strength Ultimate strain

Members

E (GPa) F, (MPa) F, (MPa) & (%)
Chord 223.7 294.3 553.7 30.6
Diagonal and diaphragm 206.3 318 459 22.8
Table 6

Comparison of the stiffness values of the girder obtained from the model predictions and

experimental results

Stiffness (kN/mm)

Applied load

Test Model C Model U Model P
(kN)

Result Result Error (%) Result Error (%) Result Error (%)
20 1.238 1.524 23.1 1.432 15.7 1.413 14.1
50 0.997 1.530 53.5 0.632 -36.6 0.948 -4.9
80 0.575 1.530 166.1 0.425 -26.1 0.481 -16.3
110 0.535 1.523 184.7 0.435 -18.7 0.480 -10.3
140 0.522 1.517 190.6 0.435 -16.7 0.474 -9.2
Ultimate load 0.525 1.515 188.6 0.406 -22.7 0.452 -13.9

Note: Stiffness is defined as the ratio of the applied load to the corresponding deflection at the loading point.

Error = (X-Test)/Test, in which X = a prediction from Models C, U or P.



Table 7

Summary of the model predictions and experimental results

Items Test Model C Model U Model P
Result Result Error (%) Result Error (%) Result Error (%)
Pgis (kN) 50.0 - - 48.2 -3.6 50.6 1.2
P55 (kN) 80.0 - - 51.5 -35.6 63.7 -20.4
P.s(kN) 157.5 155.0 -1.6 155.0 -1.6 155.0 -1.6
Dys (mm) 306.0 102.4 -66.5 382.0 24.8 343.1 12.1

Note: Py = the slip load of the structure at onset of slippage; Ps,s = the slip load of the structure at the end of slippage; P,s = the

ultimate load of the structure; D, = the ultimate deflection on top of the structure.

Error = (X-Test)/Test, in which X = a prediction from Models C, U or P.
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