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Abstract
Use of heavy construction machineries close to existing structures is complained for cracking of un-reinforced 
masonry structures. Domestic houses, which are built with un-reinforced masonry, are particularly vulnerable for 
cracking due to construction induced vibration. To limit the structural damage to masonry construction, 
Environmental Authority has come up with velocity 2mms-l and frequency range of (10-50) Hz as the safe 
vibration level for masonry constructions. However, complaints of damages to masonry structures still exist at 
these threshold levels. Apart from masonry type, vibration impact also depends on the number of openings, shape 
and size of the openings and the fixity condition of the wall panel. In this study, wall panels with different openings 
that have sustained damages at the threshold vibration level during the construction activities of Colombo — Matara 
express way are analysed to evaluate the relevance of current threshold limit and determine the influence of the 
opening on the dynamic response of the wall panels. Dynamic finite element analysis conducted on the selected 
wall panels; based on actual vibration data collected from site during construction activities, strongly indicates that 
there is a direct correlation between stress pattern of the dynamic analysis and the actual crack pattern observed on 
the panel. Further analysis confirmed that the vibration has resulted in stress combination outside the 
experimentally establish failure surface for brick masonry confirming that the current limit is inadequate to safe 
guard against masonry cracking.

Keywords-. Masonry construction, Construction induced vibration, Dynamic finite element analysis, Failure surface 
of masonry units.

Introduction
Masonry constructions are designed to bear vertical 
loading and are generally very weak in tension [1]. Un- 
reinforced masonry is vulnerable to crack under 
applied tensile stresses. Number of sources such as 
lateral loading by wind and vibration can induce tensile 
stresses on masonry panels. There are number of 
claims by the residents along the Colombo-Matara 
highway, that heavy machineries like vibratory roller 
used in soil compaction and various construction 
activities like blasting, and pile driving close to existing 
masonry structures is directly responsible for masonry 
cracking. Pre and post crack surveys carried out also 
indicate strong link between the vibration levels and 
masonry cracking.

In construction induced vibrations, severity of the 
vibration effect at the recipient depends on the 
distance from the source, the soil conditions and the 
magnitude and frequency of the source vibration. The 
effects of vibration broadly range from serious 
disturbance of working conditions for sensitive

devices and people to visible structural damage. It is 
often difficult to relate structural defect to vibration as 
the relationships are complex to establish. For 
example, it is relatively easy to blame vibration due to 
pile driving for defects in nerby masonry strcutre but it 
is hard to establish masonry defects due to foundations 
settlements resulting from vibrations of loose soil that 
may occur far from the source.

Fig 1 shows possible sources of significant 
vibration. These sources generate S (surface) and P 
(pressure) wave in the ground and it is the surface 
waves that cause the substantial damage to masonry 
structures [2] [3]. The effect of construction vibration 
is a sensitive issue. According to human perception 
and psychology, construction vibration are the causes 
of all damage in structures, however in reality 
majority of vibration effect from constructon 
activities is negligible [2] [3]. Therefore, it is very 
important to quantify the vibration levels and 
determine the structural effects of construction 
induced vibration. Like many other institution,
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E n viro n m en ta l A u th o r ity  o f  S ri L anka have stipulated  

m axium  ve lo c ity  o f  2 m m s-1 and freq u en cy  b etw een  

10 -5 0 H z  as the p erm issib le  leve l o f  v ib ra tio n  to 

p r e v e n t  d a m a g e s  t o  e x i s t i n g  m a s o n r y  

stuctures[4][5][6]. H o w ever, th ere  are still com p lin ats  

on  the cu rren t lim its to p re v e n t m a so n ry  cracking.

A p p ro p ria te n e ss  o f  a single lim it fo r  stru c tu ra l 

dam age o f  all types o f  m a so n ry  stru c tu res are o fte n  

q u estioned . F or exam p le  the d ynam ic b eh a v io u r o f  9" 

thick b u rn t clay b rick  m a so n ry  is exp ected  to be  

d iffe re n t to 4  V2 " thick b u rn t clay b rick  m a so n ry  and 4

V2 " thick b lock  m a so n ry  In ad d ition  to the tluckness o f  

the w all and the type o f  m asonry, b o u n d a ry  con d ition s  

o f  w alls and the shape and size o f  an op en in g  can  

in flu en ce  v ib ra tio n  lim it fo r  m a so n ry  unit. In this study, 

w all panels w ith  d iffe re n t o p en in g  that have actually  

been  co m p la in ed  o f  h av in g  sustained  dam ages at the 

applied  v ib ra tio n  w ere  analyzed  to find ou t the 

in flu en ce  o f  o p e n in g  o n  the m a so n ry  cracking. 

V ib ra tio n  h isto ries used  w ere  w ith in  the en v iro n m en ta l 

authority's p resc rib ed  lim its and w ere  re co rd ed  at the 

recip ien t during  the c o n s tru c d o n  activity.

F igure 1. P ossib le  so u rces o f  c o n stru c tio n  v ib ra tio n

M ethodology
Fig. 2 sh ow s se lected  w all panels th at h ave su ffe red  

cracking  due to c o n s tru c tio n  in d u ced  v ib ra tio n . 

N o rm a lly , V ib r a t io n  is r e c o r d e d  a b o u t  th re e  

p erp en d icu la r axes. Fig. 3 sh o w s a v ib ra tio n  re co rd  

(ve loc ity  tim e h isto ry) ab o u t o n e  o f  the axes due to

c o n stru c tio n  activ ities at rec ip ien t, co m p la in ed  o f  

m a so n ry  dam age. T h is p a rtic u la r v ib ra tio n  re co rd  

d ep ic ted  in the Fig. 3 has a m a x im u m  v e lo c ity  c lose to  2 

turns ' and a freq u en c y  c lo se  to  5 0  H z b o th  o f  w h ich  are 

clo se  to  the u p p e r  b o u n d  o f  the sa fe  v ib ra tio n  lim it 

re c o m m e n d e d  by e n v iro n m e n ta l authority .

• * *

Normal Wall

Wall with diamond shape fan light

Wall with window opening

Wall with door and window 
opening

Figure 2. Selected wall panels and their idealization for dynamic analysis
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SAP 2000 was selected conduct die dynamic analysis 
of the wall panel and it required vibration data fed in 
the form of acceleration history rather than velocity 
history [12]. This required converting the velocity 
history to acceleration history. As acceleration is the 
first derivative of the velocity, conversion is possible 
once velocity wave form is defined by any 
differentiable form. Whether the applied vibration can 
crack the masonry is then found by comparing the 
resulted stress combinations with the experimentally 
determined failure surface for masonry. All the 
selected panels were further studied under static 
loading to confirm that die experimentally establish 
failure surface is realistic and the resulted stresses 
combination under static loading fall within the failure 
surface.

Velocity and acceleration history
Dots in Fig. 3 are the source data, velocity vs. time 
recorded at the recipient. These data are from GSMB 
(Geological Survey and Mining Bureau) who were

responsible for recording vibrations 'clue to 
construction activities along the Colombo-Matara 
highway. It is learned that vibration were measured and 
records were maintained for all the building in the 
vicinity of the Colombo-Matara highway and owners 
were compensated based on whether the vibration 
level fall with in or outside the recommended limit of 
the environmental authority. Further more pre and 
post crack investigation of the building is also kept 
along with the vibration record during the construction 
activity. In the conversion of velocity time history to 
acceleration history, velocity time record needs to be 
approximated by a mathematical function. This was 
possible with spline line function available in 
MATLAB [13]. Spline line is a scries of forth order 
polynomial functions that can be used to approximate 
velocity waveform from the dot points of GSMB 
records of velocity vs. time records. With spline line 
approximation, it was possible to define the velocity 
wave form that passes through all the data points.

0 0.1 0.2 0.3 0.4 0.5^ 0.6 0.7 0.8 0.9 1
Time (S)

Fig _-e 3. Velocity time history recorded at die recipient and approximate spline line connecting data points

Howe /er it must be mentioned that spline line is not 
just one function, is series of fourth order 
polynomial functions concatenated to represent the 
data set as closely as possible. Continuous line in the 
Fig 3 is the spline line approximation of the recorded 
velocity history. Directions of the three perpendicular 
velocity records are known as transverse, vertical and 
longitudinal directions. Spline line approximation of 
these data sets along with recorded data points in 
each of the three directions are shown in the left of

Fig. 4. The accelerations about the three 
perpendicular directions which are derived by the first 
derivations of the velocities are shown next to each of 
the corresponding velocity time histories. With 
acceleration time histories known, it is now possible to 
perform dynamic analysis of the wall panel. However, 
it is still too early to conclude whether the resulted 
stress combinations are capable of cracking the 
masonry unit. Establishment of the failure envelop to 
determine cracking is explained in the next section.
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Transverse direction

0 0 .2  0 .4  0 .6  0 .8  1 0 0 .2  0 .4  0 .6  0 .8  1

Time |S,) Vertical direction

0 0 .2  0 .4  0 .6  0 .8  1 <  0  0 .2  0 .4  0 .6  0 .8  1
Time (S) Time (s)

Longitudinal direction

0 0 .2  0 .4  0 .6  0 .8  1 u
Time (s) Time (S)

Fig 4  C o n ve rte d  acce lera tion  fro m  the ve lo c ity  tim e h istories.

Pure tension (After test)

Pure shear (Before test)

Pure shear (After test)

Com, shear (Before test)

Compression shear (After test)

Pure tension (Before test)

Figure 5. Test conducted to establish failure surface

256



Establishment offailure surface
Failure su rface  fo r  typ ical m a so n ry  un its w as  

estab lished  by ca lib rating  an existing m o d el fo r  stress 

tran sfe r betw een  cracks [7] [8] [9] [10]. C alib ration  was 

don e by actual exp erim en ts o n  m a so n ry  u n der 

d iffe ren t loading nam ely; pu re  tension , pure shear and  

co m p ression  shear.

Fig. 5 sh o w  the three exp erim en ts (tension, shear, and  

co m p ress io n  shear) co n d u cted  to calibrate the taiiure  

envelop. Fig. 6 sh ow s the 2D  failure en ve lop  derived  

based on  tests co n d u cted  on  the in terface  betw een  the 

m o rta r and bricks.

Failure en ve lop  in 2 D  is ex tend ed  to 3D  by revo lv in g  

the 2D  en ve lop  about the tension  and com p ression  

axis. M athem atical exp ression s o f  2 D  failure envelop  

and its ex tension  in to  3 D  failure surface is given below. 

Fig. 7 sh ow s the 3D  p arab o lo id  failure surface.

ah  ~ (c ~ tan (<£>))2 + (C - *tan(0))2 = 0 + au  ~ (C - 0ii tan{ ( p ) f  + (C - jtan(p))2 = 0
C  - C o h esio n  o r  C o e ffic ie n t o f  in ter locking  

X - T en sion  cut o ff, 0  - A n g le  o f  in tern a l fric tion

+  ° i i  ~  ( 0 .1 6 8  -  0 .9 55< jn ) 2 -f 0 .0 1 1 9  =  0

Coordinates

Figure 7. D  extension o f  the 2D  failure surface (achieved by revolving  the 2D  surface)

Analysis o f  typical wall panel
S A P  2 0 0 0  is used  fo r  b o th  static and dynam ic  

analysis o f  the w all panels. W all panels are m od elled

using shell elem ents. T h e  young's m odu lus o f  the 

m a so n ry  is taken as 4  G P a. (A ctu a l analysis is done  

fo r  d iffe re n t stiffn ess va lu es b e tw een  0 .5  G P a- 5 G Pa.
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Although the average Young's modulus of unplastered 
masonry is around 1 GPa, the initial response of 
masonry, with applied plaster layers, is found 
significantly stiff before cracking). Further, the 
masonry units are assumed to behave as linear elastic 
continuum. This assumption has its limitations for 
modelling masonry brick walls as masonry is 
anisotropic material. Despite its limitations, it is 
expected that the assumption is reasonable to establish

stress combinations before cracking and that the 
masonry behave in linear elastic until cracking.
Fig. 8 shows the typical wall panel of single storied 
building under consideration and the structural 
ideali2ation of it for the static and dynamic analysis. 
Wall intersections perpendicular to the direction of the 
plane of the wall and the connection at the foundation 
level is considered fixed whilst the top end is 
considered free in the analysis.

(a) Wall panels with intersecting walls at the ends 

Figure 8. Idealisation of the wall panel for the dynamic analysis
(b) Structural idealisation

Results
Results of static and dynamic analysis of the wall panel 
without opening which is claimed to have sustained 
vertical crack due to construction induced vibration is 
considered first. Fig. 9 shows stress patterns both 
under static and dynamic loading of the wall panel. As 
the building is single storied, only nominal load from 
the roof is considered for static analysis. Dynamic 
analysis is based on the corresponding recipient 
acceleration history which is blamed for the masonry 
cracking. Fig. 10 shows the failure surface and stress 
combination at various points of the wall both under 
static and dynamic analysis. In the static analysis stress

combinations are located inside the failure surface 
while under dynamic analysis, some of the stress 
combinations happen to be outside the failure surface. 
Furthermore, critical stress pattern under dynamic 
loading closely match the actual crack pattern of the 
masonry panel. It is therefore reasonable to assume 
that the cracking is caused by the vibration. Similar 
observations were made in the analysis of all the 
other masonry panels in the study summaries in 
Fig 2 namely; Fig 11-12 wall with diamond shape 
fanlight; Fig. 13-14 wall panel with window opening 
and Fig. 15-16 wall panel with both door and window 
opening.

Figure 9. Principal stress patterns of static and dynamic analysis (solid wall panel)
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Static analysis Dynamic analysis

Figure 10. Resulted stress combinations in the static and dynamic analysis marked with respect to the failure 
surface (Solid wall Pannel)

9

Figure 11. Principal stresses in the wall panel with diamond shape fanlight under static and dynamic loading 
(diamond fan light)

Figure 12. Resulted stress combinations in the static and dynamic analysis marked with respect to the failure 
surface (wall panel with diamond opening)
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Figure 13. Principal stresses in the wall panel with window opening under static and dynamic loading (Window 
opening)

Dynamic analysis

Figure 14. Stress combinations marked with respect to the failure envelop for both s tatic and dynamic 
testing (Square opening)

Dynamic analysis

Figure 15. Principal stresses in the wall panel with door and window openings under static and dynamic 
loading (door and window openings)
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Figure 16. Stress combinations marked with respect to the failure envelop for both static and dynamic testing 

(wall panel with door and w indow opening)

Discussion and constructions
The paper outlines a method that can be used in 
establishing cracking for local hand moulded burnt clay 
brick masonry through the establishment of failure 
surface. Development of failure envelop in 2D is based 
on experiments on the interface between the mortar 
and the brick. The failure envelop in 2D is then 
extended to 3D failure surface. If static or dynamic 
analysis of wall panel under any given loading result in 
a stress combination outside the failure surface, that is 
considered as damage to masonry unit. In the current 
study, masonry units have been found vulnerable to 
cracking within the existing safe vibration limit 
recommended by environmental authority. It is also 
seen that the vibration is capable of producing critical 
stress patterns similar to the actual crack pattern 
experienced in the wall panels considered in the study. 
Therefore, it is important to re-evaluate whether the 
current threshold limit of 2 mms 1 (10-50 Hz) is 
adequate to safeguard against a possible masonry 
cracking caused by construction induced vibration. It is 
also seen from the study that not only different type of 
masonry but the shape and size of the opening and the 
fixity condition can influence the dynamic response of 
masonry and therefore it may not be even possible to 
prescribe a single safe vibration level for all wall types.
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