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Abstract.

Abstract. Recent low damage studies have been made on beam-to-column joints and braces. However, 
if there is significant yielding damage at the column bases, even with no upper structure damage, then 
the whole structure may need replacement. Therefore, there is a need to develop low damage base 
connections. This paper presents experimental tests of columns connected to base plate by weak axis 
aligned asymmetric friction connection (WAFC base) to evaluate if it performs as a low damage 
connection. Cyclic tests are conducted in-plane about the strong axis, and out-of-plane with and without 
applied axial force to drift ratios as high as 4%. Observations from the experimental tests demonstrate 
that this type of base connection can tolerate high levels of drift without any significant damage at the 
base. Some flange compressive yielding occurs especially when the column was subjected to axial force.
Generally, no major damage happened which interrupt the performance of the column and the base 
connection, and it can be categorized as a low-damage connection. Also, the presented analytical model 
for estimation of WAFC performance provides a reasonable estimation of the experimental results. 

1 INTRODUCTION

The development of seismic design criteria is an on-going process. Recently, a new low damage 
design approach has emerged, with a main design objective to maintain life safety while reducing 
structural damage, and the associated cost and down time. This approach dissipates energy in replaceable 
elements rather than sacrificial damage to the structural frame. Studies on “low damage” construction in 
steel frame structures has focused on beam to column moment resisting joints [1,2,3,4], braces [5], and 
developing rocking steel frame [6] that have been used in real construction [7]. However, no study has 
focused on low damage base connections.

If all the low damage structural elements remain un-damaged after an event, but the base of the 
structure experiences damage, replacing the base plate is not practical due to its position under high axial 
load. Moreover, any residual deformation at the base can cause large residual displacement at the top 
storeys. Therefore, there is a need to develop novel detailing and methods for the base connection that 
can sustain higher demands with low or no damage. 

This paper describes experimental tests of a column base weak axis aligned asymmetric friction 
connection (WAFC base) to:
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(i)  evaluate whether it can be considered a low damage connection considering the modes of 

deformation involved under (a) in-plane loading (b) out of plane loading with and without axial force.
(ii) present a simple analytical model for evaluation of its performance

2 METHODOLOGY

2.1 Detailing of WAFC
The column base weak axis aligned asymmetric friction connection (WAFC base), which is detailed 

in Figure 1, uses asymmetric friction connection (AFC) to connect column and the base plate.  The 
column and the base plate are in full contact, but without direct welding, and are connected by four AFC. 
In each AFC, one plate is welded to the column (column plate) and a steel plate with oversized rounded 
holes welded to the base plate (flange plate). The oversized holes in the flange plate allow considerable 
rotation of the column end relative to the base plate. Since the column deforms in two directions, the 
round holes in the flange plate provide space for bending in both directions. Bisalloy500 shims are placed 
on all sliding surfaces to their high hardness and abrasion resistance. Finally, the cap plate is placed on 
the inside of the flange plate.  The cap plate is the floating plate that is connected to the rest of the joint 
with bolts. All plates are connected with high strength bolts (Grade 8.8). The flange plate, shims and cap 
plate are placed at a distance labelled “Cl A” from the column face. This distance should be sufficient to 
prevent contact between the flange plate and column and prevent excessive demand on the column or 
flange plate under large rotations. “Cl B” is placed to prevent contact of the column plate, shims, and cap 
plate with the base plate, as it can increase demands of the column plate. 

Figure 1: WAFC Base

The mechanism of sliding for this base connection when the column bends about the strong axis is as 
follows. The column starts from its at-rest condition. When the base moment becomes equal to the 
resisting moment of the friction connection with one shear plane, the column plates start sliding. At this 
stage the cap plate does not slide because the shear force is not enough for cap plate sliding. Also, shear 
and flexural stiffness of the bolts contribute to base rotational stiffness. As top displacement of the 
column is increased, the bolts move on an angle and pull the cap plate and allowing it to slide. The shear 
force is twice the required shear for sliding in only one shear plane. Moreover, all of the column and cap 
plates start sliding and the rotational stiffness at the base is equal to zero. When the load is reversed, slip 
initially occurs in only one shear plane between the flange plate and the column plat. For larger reverse 
deformation, sliding occurs in both sides of the flange plate, and rotational stiffness is equal to zero. 
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Under column weak axis bending the main difference compared to strong axis bending is the additional 
prying effect of the flange plates as the column rotates about a point near the flange.

2.2. Experimental Program
Figure 2a,b shows the experimental setup. Here, actuator A, pushes in the east-west direction causing 

bending about the column strong axis. Two others, actuators B and C, push in the north-south direction 
causing weak axis bending. They are programmed to allow strong axis deformation without moving the 
specimen out-of-plane during these tests, and prevent twist. Three rotary potentiometers positioned 
parallel to each actuator are used to monitor and control displacement. A hydraulic jack with a ball 
bearing joint was placed on top of the column for tests with axial force to apply an axial force of 320 kN,
equal to 20% of the column section axial capacity (0.2 AFy). The force was kept constant through the 
lateral deformations, and it was recorded by two load cells placed on top of a SHS section cross-beam 
above a jack measured the axial force. The tested WAFC configuration is detailed based on section 2.1 as 
shown in 

Figure 2c. 

 
a. Plan b. Elevation

c. Detail of base connection (Detail A)

Figure 2: Experimental test set-up
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To obtain comprehensive understanding of this base connection, four specific cyclic tests were 

conducted as shown in Table 1 that is sorted based on the test order. 
Table 1: Tests conducted

No Axis of Bending Axial force
1 Strong Zero
2 Weak Zero
3 Strong 320kN (0.20Ns)
4 Weak 320kN (0.20Ns)

 

2.3. Loading Regime
A cyclic loading regime according to ACI report T1.1-01 was applied to each specimen. Initial 

loading started from 0.2% drift (4 mm) and finished at 4% drift (80 mm). The increase in each new drift is 
1.25 to 1.5 time that of the previous step.Three full cycles and one cycle of half of the drift level in the 
studied direction were applied as shown in Figure 3.

 
Figure 3: Test loading regime 

2.4. Analytical Prediction
The nominal sliding force for each AFC bolt is given in Equation 1[2] where, Fs is sliding force of 

each bolt, is the friction coefficient, is the number of shear planes, and Ntf is the proof load per bolt. 
The friction coefficient of steel on Bisalloy 500 was taken as 0.21[8].

0.21 2 95 40s tfN kNF (1)

 
The maximum base moment from lateral loading causing strong axis bending, MXbaseu, is the sum of 

the sliding moment, MSlide, and the moment from axial force, MAxial, as given in Equation 2 where nBolt is
number of the bolts in the AFCs on one side of the base connection, Fs is the sliding force in each bolt as 
defined in Equation 1, d is the horizontal distance of sliding bolts up to the neutral axis, and DAxial is the 
perpendicular distance from the centre of axial force, P, to the neutral axis. Iteration is conducted on the 
neutral axis depth, c, until the area of the compression side of the section, all at the yield stress as is 
commonly assumed in plastic design, resists the axial force, N. Such an assumption is appropriate when 
the friction forces on either side of the neutral axis have similar magnitude but opposite directions. For 
weak axis bending, since only the AFCs in tension side slide, their sliding force should be added to the 
axial force for calculation of the neutral axis.

Mxbaseu=Mslide+MAxial= (nbolt × Fs × d) + (P × DAxial) (2)
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When the column bends about its weak axis, a prying moment, MPrying, happened in addition to the 

moment resistance from the frictional sliding and axial force components, MSlide and MAxial. MPrying mainly 
comes from bending of the column flange plates as given in Equation 3 where: L1 is the distance from top 
of the column plate to the base plate; Ifp is the second moment of inertia about the weak axis of the flange 
plate; and L2 is length of the column plate. This moment cannot be greater than the flange plate plastic 
flexural strength, MP-fp, given by the Equation 4 where: bfp is width of the flange plate; tfp is flange plate 
thickness; and y is the flange plate yield stress. 
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Column base rotation of the experimental test can be measured from base potentiometers according to 

Equation 5 where xUD is the distance between potentiometers measuring tension and compression, ΔUp
and ΔDown respectively, perpendicular to the neutral axis. The neutral axis depth from the experimental 
test, c, is given in Equation 6 where xcp is the distance between the extreme fibre of the section and the 
position of the potentiometer measuring compression perpendicular to the neutral axis, ΔDown.  The uplift 
displacement at the extreme tension side of the specimen, ΔUplift, is again given by Equation 7 using the 
experimental definition of the neutral axis, where cTens is the distance perpendicular to the neutral axis to 
the extreme fibre of the section. 

Up Down
Base

UDx
(5)

Down
cp

Base

c x (6)

Uplift Base Tensc  (7)
 

In each test, column base moment, MBase, and column base rotation, Base, were computed from the 
recorded lateral force and column lateral displacement. The solid bilinear curve shows the predicted 
performance according to the above method. It is assumed the base connection is rigid before sliding on 
the first surface and using MXbase from Equation 2 with = 1 in Equation 1, and the cap plate slides at 4% 
drift for drawing the second line, with = 2 in Equation 1.

3. RESULTS AND DISCUSSION

Maximum moment of WAFC that was bended about strong axis without axial force goes up to 34% 
of the plastic moment capacity of the column assuming yielding in tension and compression side 
(233 kN.m) due to the sliding as shown in Figure 4a. No paint flaking was observed in the column and 
boundary plates indicating that they remained elastic.  

Experimental test parameters are compared with the predicted values of base moment in the X and Y
directions, Mbase; the position of the neutral axis, c; and column uplift, uplift for 4% drift, in Table 2.For 
test1, the base moment strength at 4% drift, was predicted to an accuracy of better than 7%. The depth of 
neutral axis, c, is zero because the friction devices on the different sides of the column have similar forces 
in compression and tension and there is no axial force on the specimen.
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a. Strong Axis Bending without Axial Force b. Weak Axis Bending without Axial Force

 
c. Strong Axis Bending with Axial Force d. Weak Axis Bending with Axial Force

Figure 4: Moment- rotation of strong axis bending with and without axial force

 
Table 2: Predicted and Experimental Actions 

No
Bendi

ng 
Axis

Axial
Force

No. 
AFC 
bolts

MX,base, 
(kN.m)

MY,base,
(kN.m)

c
(mm)

uplift
(mm)

Pred
1 Expt1 Pred Expt Pred Expt Pred Expt

1 Strong Zero Four 75 80.5 0 0 0 0 11.6 12.0
5

2 Weak Zero Four 0 0 36 32.7 212
12 4.9 4.3

1.63

3 Strong 320kN Four 122 123.7 0 0 6 14 11 10.1

4 Weak 320kN Four 0 0 52 47.4
422

36 3.4 2.283.23

1 Pred: predicted value, Expt: value obtained from experimental test
2 Neutral axis of the column above stiffener plates
3 Neutral axis of the column with stiffener plates
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In the second test, the column bended about the weak axis without applying axial force. The 
maximum moment reaches 32.7 kN.m, which is 10% less than the column section nominal moment 
capacity of 35 kN.m for weak axis bending as shown in Figure 4b. No paint flaking observed in the 
column and boundary plates that shows elements remain elastic. The cap plates did not slide, but the 
column plates sliding was recorded. The quantified results in Table 2 show the described method can 
predict the MBase and Uplift of the column for test 2 with the accuracy less than 12%. The sliding force in 
the tension side is considered for calculation of the neutral axis. Two values for position of neutral axis is 
calculated, c, since the stiffener plates did not extend in the whole height of the column. When stiffener 
plates are considered, c is equal to 1.6 mm and without stiffener plates, c is 21 mm. The actual position of 
the neutral axis is between these two values.  Since no axial force was applied to the column after a few 
cycles the column moved up, and a gap appeared between the base plate and the column at zero 
displacement. Some plastic deformation at the column corners happened as the corner strain, which wash 
recorded by connected potentiometers to the column plates (4750 ×10-6), was higher than yielding strain 
that is 1600 ×10-6.

For WAFC that was bended about the strong axis with axial force, the maximum moment goes up to 
64% of the nominal section flexural strength as shown in Figure 4c. The self-centring base moment from 
the axial force (47 kN.m) is smaller than sliding moment on both sides of the AFC (75 kN.m) but greater 
than sliding resistance on one side the AFC (37.5 kN.m). It shows, the applied axial force can provide 
self-centring for levels of drift up to sliding of the cap plate. However, for greater level of base moment, 
the static recentring cannot be provided. However, dynamic recentring after an earthquake shaking is 
likely [9].No yielding was observed in the column or any connection elements. The numerical results 
presented in Table 2 described the proposed method can predict MBase of test 3 with 1% accuracy, and 
column uplift, Uplift ,was 9% less than predicted. The position of neutral axis in the first cycle of 4% drift 
was less than half of the calculated value. It shows the position of neutral axis is much closer to the 
column centre than predicted. The possible reason could be some local flange yielding that occurred in 
test 2. It caused reduction the amount of section in contact with the plate. Therefore, initial stiffness was 
reduced, and base uplift occurred at a lower base moment than predicted.

The previous yielding at the column from test 1 to 3 reduced the column area that contacted with the 
column. Therefore, column base uplift in test 4 occurred at about 10 kN.m which is about one-third of 
that predicted and at about one-half of that estimated for uplift considering axial force, of 21 kN.m as
shown in Figure 4d. In tests 1 to 3, the column flange mainly yielded. Hence, the column flange tips did 
not contact the base plate for small base rotations. The predicted moment at 4% drift according to the 
mentioned method is higher than the column flexural capacity of 52 kN.m. Therefore this value was 
considered as the predicted value in Table 2. The column flange yielded from 3% drift as observed by 
paint flaking. For this axially loaded column bending about the weak axis, when the lateral force was 
reduced from the peak displacement, the rotation at the column base increased as shown in Figure 4d.
This occurred even though the displacement at the loading point reduced because during this unloading 
the elastic displacement of the column alone started to decrease making the column become straighter. 
The effect of straightening, causing the base rotation to increase, was more significant than the effect of 
the decrease in displacement at the loading point, which causes the column base rotation to decrease. 
Greater amount of compressive yielding at the base of the column, and greater flexural/shear deformation 
of the column resulted in 47% reduction in the column uplift compare to test 2.   The predicted neutral 
axis depth without stiffeners is 42 mm, and this length is equal to 3.2 mm considering the stiffeners. Since 
the stiffeners did not extend over full height of the column, the actual length lies between these two 
values.  In this test, the neutral axis depth was 36 mm that is close to the value assuming no stiffeners. 
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4. CONCLUSION

This paper describes experimental testing of the column weak axis aligned asymmetric friction 
connection (WAFC) subject to strong axis, weak axis with and without axial force. It was shown that: 

- The base connection did not have considerable strength degradation. However, some stiffness 
degradation due to flange yielding of the column was observed. The bolts and shims can be 
reused after an earthquake and level of shims degradation was minor. Also, the boundary plates 
remained elastic. Generally, no major damage was observed that interrupted the base and the 
column performance, and it can be categorized as a low damage base connection. If it is required 
any repair, it may be undertaken by retightening and replacing of the bolts and shims. 

- A simple analytical model developed which can calculate the neutral axis of the column, column 
uplift, and the moment resistance at 4% drift. Frictional resistance, axial force effects and prying 
effects were considered in the analytical model. It can provide a reasonable estimate for strength. 
Also, for un-tested column it can predict the stiffness with acceptable accuracy. However, during 
cyclic loading for further tests some yielding happened on the column that reduced the stiffness 
from the predicted value during subsequent test.  
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