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ABSTRACT

This thesis explores the seismic analysis and design of post-tensioning concrete masonry

(PCM) walls. Using unbonded post-tensioning, walls are vertically prestressed by means of

strands or bars which are passed through venical ducts inside the walls. As the walls are sub-

jected to lateral displacements (in-plane loading), gaps form at the horizontal joints, reducing

the system stiffness. As long as the prestressing strands are kept within the elastic limit, or at

least maintain a considerable amount of the initial prestressing force, they can provide a restor-

ing force, which will return the walls to their original alignment upon unloading. The key fea-

ture in this behaviour is attributable to the tendons being unbonded over the entire wall heighg

allowing for distribution of tendon strain over the entire length of the tendon.

An extensive literature review found that post-tensioning of masonry has had limited applica-

tion in seismic areas and that there currently are no specific code requirements for it's use for

ductile seismic design, largely as a consequence of little knowledge about the ductility capacity

and energy dissipation characteristics. It was concluded that structural testing of PCM walls

and concrete masonry creep and shrinkage testing were essential to advance the understanding

of this construction type.

Creep and shrinkage experiments confirmed that long term preshess losses are considerable in

both grouted and ungrouted concrete masonry, and must be taken into account in design. It was

concluded that it is essential to use high strength steel for prestressing of PCM in order to

reduce long term losses.

Structural testing confirmed that fully grouted unbonded post-tensioned concrete masonry is a

competent material combination for ductile struchral wall systems. In particular, PCM walls

strengthened in the flexural compression zones with confining plates are expected to success-

fully withstand severe ground shaking from an earthquake. It was suggested that partially and

ungrouted PCM walls may suitably be used in strength design (non-ductile).

The proposed prediction method for wall in-plane behaviour was validated by experimental

results. Good correlation between predictions and results was found. Displacement spectra

were developed for ductile seismic design of PCM walls. These can be used to accurately esti-

mate the displacement demand imposed on multi-storey PCM cantilwer walls.
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NOTATION

Roman characters:

a equivalent rectangular stress block compression zone length

as seismic ground acceleration

As gross area of wall cross section

ao flexural compression zone length at Mo

Ae confining plate area for Priestley-Elder stress-strain curve

Ao. total prestressing steel area in wall cross section

Aprj prestressing tendon area of tendon J'
A, wall aspect ratio

,\ shear (horizontal) reinforcing steel area

) flexural compression zone length at M,
b* wall thickness

c distance from exherne masonry fibre in compression to flexural neutral axis

C" concrete masonry creep coefficient

ce distance from extreme masoffy fibre in compression to flexural neufral axis
at M"

d effective wall length for calculation of V*
d lateral displacement at h"

D displacement level

4, total lateral displacement at h" due to V",

4,n lateral flexural displacement at I due to V",

d"oh lateral shear displacement at h" due to V".

d" total lateral displacement at h" due to V"

4n lateral flexural displacement at h" due to V"

4sr, lateral shear displacement at tq due to Vu

dn* lateral displacement demand at the equivalent SDOF structure height

dj lateral displacement of floor'j'
d, total lateral displacement at tr. due to Vg

4n lateral flexural displacement at tq due to V1

4sr, lateral shear displacement at h" due to V1

do lateral displacement increment at flexural overstrength

4 roof lateral displacement demand

4, target displacement demand

d, lateral displacement increment at first tendon yield

q lateral displacement at fust tendon yield
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d" ultimate wall displacement capacity

{,no measured wall displacement at V*u*

EI elastic stiffness of wall cross section

E,o masonry elastic modulus

En' average masonry elastic modulus related to Priestley-Elder stress-strain curve

Eo, prestressing steel elastic modulus

et total tendon force eccentricity with respect to wall centre line

et" shortest horizontal distance between any tendon and compression end of wall

ot" horizontal distance between extreme tendon in tension and compression end

of wall

e1.; horizontal distance between tendon J' and compression end of wall

f'"b concrete masoffy unit crushing strength

f'"8 grout cylinder crushing strength, specific to AS 3700

f', grout cylinder crushing shength

f'j mortar cylinder crushing strength

f'* masonry crushing strength

f'u" unconfined masoffy unit crushing sfrength, specific to AS 3700

f. axial mason-ry stress

Lr final prestress at termination of creep and shrinkage experiment

f'oi masonry stress immediately after prestressing

Fn generic rymrbol for'function of'

Fn" time development function for creep

Fn'h time development function for shrinkage

fe, instantaneous prestressing steel stress

tr prestressing steel stress immediately after anchorage lock-off

fu ultimate (rupture) strength of prestressing steel

f' yield strength of prestressing steel

{" average tendon stress at Vs for wall in unloaded state

q" nominal yield strength of shear reinforcing steel

fy nominal yield strength of reinforcing steel

&r nominal yield strength of confining steel

h* equivalent height of SDOF structure

h" horizontal confined dimension

h., location of fust cracking height for applied moment of M"

h. wall equivalent height

hn* equivalent height of modal mass of nth mode

ho vertical extent of plastic deformation zone at wall ultimate displacement



h, vertical distance between floors n and n-l

h* wall height

k defining the maximum permissible extreme masonry strain kf,n at Ir{"

K prism strength and strain enhancement factor for Priestley-Elder stress-strain
cuwe

Kr initial stiffiress of bilinear elastic SDOF

K, post-yield stiftress of bilinear elastic SDOF

lq concrete masonry specific creep

Kd similar to K but related to high strain rate

lq prestressing steel relaxation parameter

I length of tendon J'
l* wall length

M base moment

M* applied factored moment

M'f equivalent mass of SDOF structure

M* first cracking moment

N4 maximum serviceability moment

M*o maximum developed base moment from time-history analysis

Mo nominal strength of wall (moment)

N4* modal mass of nth mode

Mo wall base moment overstrength

M total seismic horizontal mass

Mty wall base moment increase at first tendon yield

M, wall base moment at first tendon yield

M, required yield moment strength of nominally elastic SDOF structure

Mr' provided yield moment strength for SDOF structure

N axial load due to wall self-weight" and live and dead load from suspended
floors

N* applied factored axial force

N" externally applied axial load in Series 3 experiments

N," wall self-weight in Series 3 experiments

P prestress force in wall

P* applied factored prestress force

Pi prestressing force immediately after anchorage lock-off

Pj prestressing force in tendon J' (unloaded state)

Pl prestressing force after all loss has occurred

Py total tendon force when stress in all tendons is fo,
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R force reduction factor associated with ductile seismic design

ra concrete roughness amplitude of construction joint (shear friction calcula-
tion)

s vertical spacing of shear reinforcing steel

Su" elastic spectral acceleration

Sd spectral displacement

Sh vertical confined dimension (confining plate spacing)

T fundamental structural period

Tl first mode natural period

t time

h time of application of prestress to masonry

tl time at which all time dependent prestress loss has occurred

t time at time step n

ue vertical extension of 'tension' end of wall at Vt

q vertical displacement of top anchorage point of tendon 'j' at V1

us vertical shortening of ocompression' end of wall at Vt

V applied lateral force at \
V* applied factored shear force

Vu"." base shear due to lateral forces

V., wall lateral force at t5 corresponding to M.,

% wall lateral force at tq corresponding to M"

Vr lateral force applied at h" corresponding to Mn

vm masoffy shear strength (stress)

V, wall shear strength (force) due to masonry

v** maximum measured wall shear stress

V.* maximum experimental lateral force

Vr"* estimated maximum base shear at wall overstrength (shear friction calcula-
tion)

V,no maximum developed base shear from time-history analysis

vneh,p shear strength (stress) predicted by NEHRP provisions

Vn,. shear strength (stress) predicted by NZS 4230:1990 provisions

% wall lateral force at h" corresponding to Mo

Vpp shear strength (stress) predicted by Paulay and Priestley provisions

V. wall shear strength (force) due to contribution from V, and Vr,

V,, wall shear strength (force) due to horizontal reinforcing steel

Vry wall lateral force at h" at first tendon yield

V" wall lateral force at h" corresponding to M"
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Vy required yield strength of nominally elastic SDOF structure

! provided yield shength for SDOF structure

y: horizontal location of tendon J' with respect to wall centre line

Z seismic zone factor CNZS 4203:1992)

Z^ slope of descending branch of Priestley-Elder stress-strain curve

Z^a similar to Z^ but related to high strain rate

th) vector indicating location (height) of masses given by {m}
{m} mass vector of MDOF structure

Greek characters:

cr defines equivalent rectangular stress block average stress c[f'*
o strain hardening ratio for bilinear SDOF structure

P defines equivalent rectangular stress block length a: pc

Aeo, strain increase in extreme tendon at first tendon yield

Ai, long term prestress loss due to creep

Afpr total long term prestress loss

Afp, long term prestress loss due to prestressing steel relaxation

Afr, long terrn prestress loss due to shrinkage

AP total tendon force increase at Mn

APj tendon force increase of tendon J' at Vg

APry total tendon force increase a fust tendon yield

APtvj force increase in tendon J' at first tendon yield

At length of time step n

€ masonry axial strain

8", long term concrete masonry creep strain

% masonry strain at maximum prism strength f'-
en" extreme fibre strain in wall section due to M,

eni elastic masonry strain immediately after prestressing

tmp masoffy axial strain at initiation of post-peak strength plateau for Priestley-
Elder stress-strain curye

gnu maximum dependable masonry strain

%u ultimate elongation strain ofprestressing steel

€sh concrete masonry final shrinkage shain

0 curvature at wall section due to applied moment M

0 wall average curvature in the plastic deformation zone atultimate displace-
ment capacity
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0 shength reduction factor

0.. curvature at wall section due to M",

0" curvature at wall section due to M.

0r flexural strength reduction factor

T" non dimensional crack length at M"

Tr,* drift demand at equivalent SDOF structure height

Ti interstorey drift demand

Ti,,nu* interstorey drift limitation

yo wall ultimate drift capacity

Tu.* wall drift corresponding to dn,o

T," roof drift demand

A Loss ratio between prestress loss calculated with additive and incremental
methods

Fa displacement ductility demand

v poisson's ratio

e wall rocking rotation

pu fransverse confining ratio for Priestley-Elder sbess-strain curve

p. volumetric confining ratio for Priestley-Elder stress-strain curve

(& seismic dynamic base shear amplification factor

x ratio of net concrete masonry unit area to total area ofmasonry unit and void

€ wall axial load ratio

q viscous damping ratio

q,, wall axial load ratio at M"

E, wall axial load ratio at wall ultimate displacement capacity

{0"} mode shape vector for n6 mode
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