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Abstract  Most existing test methods determine 
the sulfate resistance of concrete using acceler-
ated methods in the laboratory, on mortar or con-
crete specimens. However, these accelerated tests 
often use high sulfate concentrations or require 
very complicated setups, which may alter the dete-
rioration mechanisms, while still being laborious 
and time-consuming. Additionally, the need for more 

sustainable binders and distinctive properties of sys-
tems incorporating emerging supplementary cementi-
tious materials (SCMs) may limit the applicability of 
conventional test methods. In this context, the Work-
ing Group 3 of RILEM TC 298-EBD aims to develop 
simple accelerated test methods on cement pastes for 
evaluating sulfate resistance, which directly inves-
tigate the reactive component of concrete. Working 
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at this scale can provide reliable results in a much 
shorter time than traditional tests on mortars and con-
cretes, while providing means to assess the impact of 
different SCMs and binders on the resistance to sul-
fate attack. This paper presents our first step, a criti-
cal literature review on sulfate deterioration testing 
from the concrete/mortar to the cement paste scale. 
We present a general introduction to sulfate attack, 
common test parameters, assessment methods, test 
setups for paste specimens, a discussion of potential 
approaches, and concluding remarks. Insights gained 
from this review will be instrumental in establishing 
an effective and reliable approach to sulfate deteriora-
tion testing on cement paste specimens.

Keywords  Literature review · Sulfate attack · 
Supplementary cementitious materials · Cement 
pastes · RILEM TC 298-EBD

1  Introduction

Sulfates are present in soils, underground water, riv-
ers and the sea. Concrete structures can therefore 
encounter sulfate environments during their service 
life. Sulfates can penetrate into concrete and this 
results in various damaging manifestations, including 
expansion, cracks, softening, disintegration, strength 
loss, efflorescence and spalling. The most significant 
chemical reaction during the sulfate degradation pro-
cess is that aluminum-bearing hydration products 
(e.g., monosulfate) in cement react with sulfates, 
causing expansion and crack due to ettringite forma-
tion; this is normally termed as external sulfate attack 

[1–3]. There are different reactions involved depend-
ing on the exposure environments when sulfate 
ingress into cement and concrete takes place:

Ettringite formation from monosulfate and portlan-
dite [2, 4] [Eq. (1)]:

Gypsum formation in pre-existing voids and cracks 
[1, 5] [Eq. (2)]:

Thaumasite formation due to reaction of dissolved 
bicarbonate ions [6] [Eq. (3)]:

Although different reactions may take place as 
stated above, the most plausible damage mechanism 
is due to the crystallization pressure in a confined 
space (radius < 50 nm), when the solution is super-
saturated with respect to ettringite formation [1, 4]. 
Mass gain occurs when reaction products form in the 
pores/cracks. Mass loss at sample damaging stage is 
due to specimen disintegration.
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1.1 � Background of sulfate attack

The history of sulfate attack on cementitious materi-
als is extensive and encompasses various mechanisms 
that, while related to sulfate attack, are often identi-
fied by different names [7–9]. These mechanisms [10, 
11] include:

•	 Internal sulfate attack: originates from sulfates 
internally present in the cementitious materials or 
aggregates, sometimes linked to the specific case 
of internal sulfate attack called delayed ettringite 
formation when concrete made with certain mate-
rials is exposed to high temperatures at early ages 
[12, 13]. Another form of internal sulfate attack 
results from the oxidation of sulfide minerals such 
as pyrrhotite or pyrite within the aggregate [14–
18].

•	 External sulfate attack: involves the ingress of sul-
fate ions from the external environment, including 
from soils, groundwater, and seawater [3, 19–21].

•	 Chemical sulfate attack: covers both internal and 
external sulfate attack mentioned above, where the 
ettringite and/or gypsum forms from the chemical 
reactions between sulfates and cement hydrates 
[e.g., portlandite and monosulfate, Eqs. (1) and 
(2)].

•	 Physical sulfate attack: arises due to the confined 
crystallization/transformation of thenardite/mira-
bilite in small sub-surface pores, caused by evapo-
ration and cycles of temperature/humidity leading 
to weight change and damage [22–26].

•	 Thaumasite formation: occurs in cold climates, 
due to the reaction of sulfates with C–S–H 
hydrates in the presence of carbonates [Eq. (3)].

These diverse mechanisms and their numerous 
parameters do not lend themselves easily to experi-
mental characterization, which is reflected in the vari-
ety of existing test methods and the absence of unified 
standards in regions such as the European Union due 
to regional differences in materials, climate and test-
ing approaches.

In practical terms, the size and mechanical con-
finement of structures in the field significantly influ-
ences the kinetics of sulfate attack [1, 19, 27, 28]. 
Laboratory and field results are known to widely 
diverge [11, 28]. Moreover, the size of the aggregates 
appears to be inversely proportional to the measured 

expansion, with concrete exhibiting the lowest expan-
sion compared to mortar or cement pastes. However, 
this relationship may be driven by differences in paste 
volumes and other experimental factors [2, 19, 29]; 
see Table 1.

The most common approach for assessing sulfate 
attack is the measurement of linear expansion. Such 
testing initially assumed that expansion only occurred 
once the sample was fully penetrated by sulfates [8]. 
However, evidence shows that significant expansion, 
internal cracking, and even external cracking can 
occur well before full sulfate penetration, because 
external sulfate attack is a layered-degradation pro-
cess [1, 30, 31], as shown with paste samples after 
unidirectional sulfate exposure in Fig. 1 (exposed sur-
face on left).

While numerous expansion mechanisms have been 
proposed over the last decades [11], many lack a sci-
entific explanation of how chemical potential is con-
verted to mechanical stresses exceeding the tensile 
resistance of the materials. This gap is addressed by 
the crystallization pressure theory, which explains 
and estimates the forces generated through the inter-
action of sulfate ions, solution, and ettringite and/
or gypsum crystals in confined spaces [1, 3, 13, 20]. 
While there are still unanswered questions, this the-
ory provides a robust framework for understanding 
the mechanical stresses induced by sulfate attack in 
cementitious materials.

1.2 � Prescriptive concrete design and testing

The assertions that low aluminate content cements 
[32–34], most supplementary cementitious materials 
(SCMs) [35–37], and low permeability (e.g., through 
optimized water-to-cementitious materials (w/cm) 
ratios) [8, 38] mitigate damage during typical ser-
vice life are well supported by the literature [3]. This 
premise underlies the prescriptive nature of many 
codes/guides, aiming to decrease material perme-
ability and reduce the likelihood of chemical changes 
through the formation of sulfate-bearing phases [39, 
40]. Research into sulfate attack generally aligns with 
one of two main perspectives described at the end of 
this paragraph and depicted in Fig.  2, which shows 
four different zones of bottom leached zone, bottom 
subsurface zone, central zone, and top subsurface 
zone. The sulfate degradation zonation demonstrates 



	 Materials and Structures (2025) 58:232232  Page 4 of 30

Vol:. (1234567890)

Ta
bl

e 
1  

C
om

pa
ris

on
s b

et
w

ee
n 

m
et

ho
ds

 fo
r p

as
te

, m
or

ta
r, 

an
d 

co
nc

re
te

 sc
al

es

M
at

rix
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

Pa
ste

s
1.

 S
m

al
l s

pe
ci

m
en

s:
 re

qu
ire

s l
es

s s
pa

ce
, m

ak
in

g 
te

sts
 e

as
ie

r t
o 

ha
nd

le
 a

nd
 st

or
e

2.
 E

as
e 

fo
r X

R
D

 a
nd

 o
th

er
 c

ha
ra

ct
er

iz
at

io
n 

m
et

ho
ds

: s
am

pl
es

 c
an

 b
e 

di
re

ct
ly

 
ex

am
in

ed
 b

y 
X

R
D

 w
ith

ou
t t

he
 n

ee
d 

to
 d

ilu
te

 o
r r

em
ov

e 
ag

gr
eg

at
es

. T
G

A
, S

EM
 

an
d 

M
IP

 sa
m

pl
e 

pr
ep

ar
at

io
n 

ar
e 

al
so

 ra
th

er
 st

ra
ig

ht
fo

rw
ar

d
3.

 P
os

si
bi

lit
y 

of
 a

cc
el

er
at

ed
 te

sti
ng

 o
n 

(v
er

y)
 th

in
 sa

m
pl

es
: r

el
ev

an
t f

or
 ra

pi
d 

te
st-

in
g 

of
 la

ye
re

d 
de

gr
ad

at
io

n 
pr

oc
es

se
s a

nd
 tr

an
sp

or
t p

ro
pe

rti
es

1.
 B

le
ed

in
g 

is
su

es
: b

le
ed

in
g 

ca
n 

be
 a

 p
ro

bl
em

 u
nl

es
s m

ea
su

re
s a

re
 ta

ke
n 

to
 e

ns
ur

e 
ho

m
og

en
ei

ty
 d

ur
in

g 
sa

m
pl

e 
pr

ep
ar

at
io

n
2.

 L
ac

k 
of

 a
gg

re
ga

te
-p

as
te

 in
te

rfa
ce

: t
he

 ro
le

 o
f t

hi
s i

nt
er

fa
ce

 c
an

no
t b

e 
co

ns
id

er
ed

3.
 D

iff
er

en
t w

at
er

 re
qu

ire
m

en
ts

: t
he

 w
at

er
 d

em
an

d 
of

 p
as

te
 m

ay
 b

e 
di

ffe
re

nt
 fr

om
 

th
at

 o
f m

or
ta

rs
 o

r c
on

cr
et

es
4.

 S
hr

in
ka

ge
 a

nd
 c

ra
ck

in
g:

 if
 a

llo
w

ed
 to

 d
ry

, p
as

te
s a

re
 g

en
er

al
ly

 m
or

e 
pr

on
e 

to
 

sh
rin

ka
ge

 a
nd

 c
ra

ck
in

g 
th

an
 m

or
ta

r a
nd

 c
on

cr
et

e
M

or
ta

rs
1.

 S
ta

nd
ar

d 
sa

nd
: u

se
 o

f w
el

l-c
ha

ra
ct

er
iz

ed
 st

an
da

rd
 sa

nd
 e

ns
ur

es
 c

on
si

ste
nc

y 
ac

ro
ss

 d
iff

er
en

t l
ab

or
at

or
ie

s
2.

 U
ni

fo
rm

 sa
m

pl
e 

di
m

en
si

on
s:

 sm
al

l, 
un

ifo
rm

 te
sti

ng
 a

llo
w

s f
or

 e
as

y 
co

m
pa

ri-
so

n 
of

 re
su

lts
 b

et
w

ee
n 

la
bo

ra
to

rie
s

3.
 A

vo
id

 b
le

ed
in

g:
 in

cr
ea

si
ng

 sa
nd

 p
ro

po
rti

on
s c

an
 p

re
ve

nt
 b

le
ed

in
g 

is
su

es
 a

ss
o-

ci
at

ed
 w

ith
 h

ig
h 

w
at

er
-to

-c
em

en
t r

at
io

s
4.

 R
ep

re
se

nt
at

iv
e 

sa
m

pl
es

: b
et

te
r r

ep
re

se
nt

s t
he

 p
as

te
-a

gg
re

ga
te

 in
te

rfa
ce

 a
nd

 
en

su
re

s s
am

pl
e 

ho
m

og
en

ei
ty

1.
 N

ot
 c

on
cr

et
e:

 te
sti

ng
 m

or
ta

r i
s o

fte
n 

se
en

 a
s t

es
tin

g 
th

e 
ce

m
en

t, 
by

 k
ee

pi
ng

 
th

e 
ag

gr
eg

at
e 

ty
pe

 a
nd

 fr
ac

tio
n 

co
ns

ta
nt

. H
ow

ev
er

, i
t c

an
 b

e 
cr

iti
ci

ze
d 

fo
r n

ot
 

us
in

g 
co

nc
re

te
, a

lth
ou

gh
 th

e 
sa

m
pl

es
 a

re
 n

ot
 in

te
nd

ed
 fo

r d
ire

ct
 u

se
 li

ke
 c

on
cr

et
e 

sa
m

pl
es

2.
 C

ha
lle

ng
in

g 
sa

m
pl

e 
pr

ep
ar

at
io

n 
fo

r c
ha

ra
ct

er
iz

at
io

n:
 li

m
its

 th
e 

in
ve

sti
ga

tio
n 

of
 

m
ec

ha
ni

sm
s w

ith
 m

et
ho

ds
 su

ch
 a

s X
R

D
, T

G
A

, M
IP

 a
nd

 S
EM

C
on

cr
et

es
1.

 F
ie

ld
 re

le
va

nc
e:

 re
su

lts
 a

re
 d

ire
ct

ly
 a

pp
lic

ab
le

 to
 fi

el
d 

co
nd

iti
on

s a
nd

 re
al

 
co

nc
re

te
 p

er
fo

rm
an

ce
 (p

er
fo

rm
an

ce
 te

sti
ng

)
2.

 W
or

ka
bi

lit
y:

 c
on

cr
et

e 
ca

n 
be

 d
es

ig
ne

d 
fo

r c
on

st
an

t w
or

ka
bi

lit
y,

 a
cc

ou
nt

in
g 

fo
r 

th
e 

w
at

er
 d

em
an

d 
ch

ar
ac

te
ris

tic
s

1.
 L

ar
ge

 sa
m

pl
e 

si
ze

: r
eq

ui
re

s c
as

tin
g 

la
rg

e 
sa

m
pl

es
 d

ue
 to

 th
e 

co
ar

se
 a

gg
re

ga
te

s, 
ne

ed
in

g 
m

or
e 

sp
ac

e 
fo

r s
to

ra
ge

 a
nd

 te
sti

ng
2.

 E
xt

en
de

d 
te

sti
ng

 d
ur

at
io

n:
 la

rg
er

 b
ul

k 
si

ze
 w

ill
 li

ke
ly

 re
su

lt 
in

 lo
ng

er
 te

sti
ng

 
du

ra
tio

ns
 d

ue
 to

 lo
ng

 re
qu

ire
d 

tim
e 

be
fo

re
 th

e 
la

ye
re

d 
de

te
rio

ra
tio

n 
pr

oc
es

s 
re

su
lts

 in
 v

is
ib

le
 e

xp
an

si
on

 a
nd

 d
am

ag
e

3.
 A

gg
re

ga
te

 d
ep

en
de

nc
y:

 h
ig

hl
y 

de
pe

nd
en

t o
n 

th
e 

pr
op

er
tie

s o
f t

he
 a

gg
re

ga
te

s 
us

ed
, i

nc
lu

di
ng

 m
in

er
al

og
y,

 si
ze

 d
ist

rib
ut

io
n,

 ty
pe

, a
nd

 w
at

er
 a

bs
or

pt
io

n
4.

 M
at

er
ia

l r
eq

ui
re

m
en

ts
: r

eq
ui

re
 m

or
e 

m
at

er
ia

ls
, i

nc
re

as
in

g 
th

e 
co

sts
 o

f t
es

tin
g

5.
 E

xt
re

m
el

y 
ch

al
le

ng
in

g 
sa

m
pl

e 
pr

ep
ar

at
io

n 
ch

ar
ac

te
riz

at
io

n 
m

et
ho

d:
 li

m
its

 th
e 

in
ve

sti
ga

tio
n 

of
 m

ec
ha

ni
sm

s w
ith

 m
et

ho
ds

 su
ch

 a
s X

R
D

, T
G

A
, M

IP
 a

nd
 S

EM



Materials and Structures (2025) 58:232	 Page 5 of 30  232

Vol.: (0123456789)

the sulfate gradients due to the sulfate diffusion/cap-
illary rise action. Complex trends in crystallization 
pressure and pH are evident. There are different dete-
rioration mechanisms involved when exposure condi-
tions (relative humidity and temperature) changes.

1.	 Transport mechanisms: emphasizing the role 
of resistance to fluid penetration (often simply 
referred to as permeability) and sulfate ion trans-
port in the development/control of deterioration 
processes.

2.	 Chemical binding and mineralogical changes: 
focused on the formation and interaction of 
expansive sulfate-bearing phases.

Special cases, such as the formation of mirabi-
lite or other sodium sulfate minerals in otherwise 
"inert" materials [23, 25] or the formation of thau-
masite and its association with dissolved carbonate 
species [41], are not fully addressed by standard 
sulfate expansion test methods.

Most standards were initially developed for Port-
land cement systems and later adapted for the use 
of blended cement incorporating SCMs [35–37, 
42]. However, changes in mineralogy rarely occur 
without concurrent changes in microstructure. For 
example, blended-cements with high slag contents 
exhibit minimal quantities of portlandite and are 
considered less permeable due to pore structure 
refinement, despite potentially higher total porosity 

Fig. 1   Backscattered electron (BSE) microscopic image of a cement paste sample after 28 days of exposure to a 50 g/L sodium sul-
fate solution, adapted from [2]

Fig. 2   Schematic diagram of sulfate attack degradation model on cement concrete in uniaxial sulfate ingress, adapted from [2]
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[43]. Unfortunately, there is no universally accepted 
method for measuring porosity (especially the cap-
illary porosity that impacts the permeability) that 
captures all pore sizes [44, 45], complicating the 
discussion about the origins of sulfate resistance.

1.3 � Comparisons between different sample scales [2, 
34, 46]

Most standard methods in the literature are appli-
cable for mortar/concrete. These have a number of 
advantages and disadvantages, including the ones 
highlighted in Table  1. Another issue is that some 
tests require immersion at a prescribed compressive 
strength [47] or after a fixed curing regime [48, 49], 
which leads to complications as the approach does 
not account for microstructural changes and strength 
gains after the initiation of the test. The literature 
offers limited options for testing cement pastes, 
which are explored in this review for their potential 
advantages and disadvantages. The scarcity of test-
ing options for cement paste can be attributed to the 
fact that cement paste itself is not directly used in the 
field. As shown in Table 1, studies of cement pastes 
provide the opportunity to isolate the most reactive 
component of the material (except when dealing with 
sulfide-containing aggregates or thenardite formation 
in pores) and assess its response to specific environ-
mental conditions. Furthermore, characterization 
methods such as X-ray powder diffraction (XRD), 
thermogravimetric analysis (TGA), mercury intrusion 
porosimetry (MIP) and scanning electron micros-
copy (SEM), that can elucidate degradation mecha-
nisms are much easier to carry out on pastes than on 
mortar/concrete (due to the absence of aggregates 
and dilution effects), but pastes are also missing the 
interfacial transition zone (ITZ) which is a pathway 
for sulfate ingress. Nevertheless, it remains an open 
question whether cement pastes, tested under realistic 
conditions (such as reasonable w/cm ratios and sul-
fate concentrations similar to field levels) could be 
representative of concrete behavior.

1.4 � Scope of this article

The primary aim of RILEM TC 298-EBD is to 
develop the use of cement paste test methods to 
evaluate the effects of novel SCMs in modifying the 

resistance of cement pastes to the ingress and damage 
by deleterious ions (chlorides and sulfates).

This paper, prepared by working group 3 (WG3) 
of TC 298-EBD, deals with sulfates, and aims to 
determine whether cement paste samples can be used 
to efficiently evaluate the durability of cementitious 
binders against sulfates in shorter time periods as 
compared to mortar or concrete. This assessment of 
paste scale test methods could contribute to the future 
development of performance-based specifications for 
binders (rather than prescriptive approaches), which 
are now required to take into account the wide range 
of emerging binders and SCMs.

For a better understanding and comparison of 
available sulfate attack testing methods, the paper first 
describes common test parameters and characteris-
tics, then focuses on assessment methods for sulfate 
degradation, followed by test setups to evaluate sul-
fate-related degradation of cement pastes. The discus-
sion challenges different experimental aspects of the 
presented methods and provides arguments on the 
feasibility of sulfate attack testing at the cement paste 
scale.

2 � Common test parameters

2.1 � Binder types

External sulfate ions from a sulfate-rich environment 
can penetrate and trigger chemical reactions with 
cement paste, eventually causing deterioration. To 
understand the deterioration mechanisms, it is crucial 
to examine various binder systems and their reactions 
to these ions. Numerous studies have investigated 
the effects of sulfate attack on mortar and concrete, 
with Table  S1 (Supplementary Material) showcas-
ing the binder materials utilized. Ordinary Portland 
cement (OPC) has consistently been the benchmark 
material in the majority of these studies. Significant 
research efforts have focused on SCMs, with fly ash 
being extensively explored, but also slag, limestone, 
silica fume, and metakaolin. The emerging class of 
limestone calcined clay cements (LC3) are generally 
found to be sulfate resistant [50]. Researchers have 
investigated the combined use of these binder mate-
rials and have also studied less common SCMs like 
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bentonite, nano-Al2O3, calcined montmorillonitic and 
illitic clays, and others.

In addition to the materials previously mentioned, 
alternative cementitious materials such as calcium 
aluminate cement, supersulfated cement, belite cal-
cium sulfoaluminate cement, and high-ferrite Port-
land cement have been studied and often demonstrate 
better sulfate resistance.

Overall, to enhance resistance against sulfate 
attack, it is essential to adopt strategies that reduce the 
amounts of calcium hydroxide (CH) and monosulfate 
in the hardened cement paste as these components 
play significant roles in deleterious chemical reac-
tions with sulfates. Sulfate-resistant cements, such 
as Type II and Type V cements according to ASTM 
C150, limit the formation of sulfate-vulnerable com-
pounds (C3A and sum of 2C3A and C4AF), promote 
stable ettringite formation, and improve concrete’s 
resistance to sulfate penetration and deterioration. 
In contrast, the European standard (EN-197-1:2012) 
identifies seven (CEM I-SR0, CEM I-SR3, CEM 
I-SR5, CEM III/B-SR and CEM III/C-SR, CEM 
IV/A-SR and CEM IV/B-SR) out of twenty-seven 
commonly used cements as sulfate-resistant [35], 
based on the content of C3A in the cement clinker and 
the amounts of slag, fly ash, and other SCMs blended 
into the cement.

The use of SCMs with pozzolanic reactivity 
reduces portlandite content and dilutes the C3A, 
offering benefits in sulfate resistance [3, 37]. Incor-
porating fly ash and silica fume as cement replace-
ments has been associated with decreased expansion 
during sulfate attack [51, 52]. Reports have indicated 
that metakaolin enhances sulfate resistance, with 
effectiveness increasing as replacement levels rise. 
Concrete samples with 15% metakaolin substitution 
have demonstrated exceptional durability against 
sulfate attack [53, 54]. Integration of SCMs leads to 
hardened concrete with less sulfate-reactive materi-
als, improved pore structure, denser microstructure, 
efficient particle packing, and the formation of prod-
ucts from pozzolanic reactions, ultimately reducing 
vulnerability to external ion ingress and attack.

2.2 � Sulfate concentrations and combinations with 
other salts

When studying sulfate attack, sodium and magne-
sium sulfates are the most commonly tested salts, 

each giving different results depending on the type 
of cement [4]. Interestingly, it has been observed that 
the sulfate concentration alone may not be the sole 
determining factor in the outcome of such tests. Com-
binations of different salts, including mixtures with 
other anions like chlorides or carbonates, have shown 
the potential to reduce measured linear expansion 
[20, 55–57]. To explain these behaviors, it has been 
suggested that simultaneous carbonation and sulfate 
attack can reduce the availability of calcium for dete-
rioration processes [58]. The presence of chlorides 
has a mitigating effect on sulfate attack due to con-
sumption of C3A hydration products to form Friedel’s 
salt [59, 60]. The solution to sample volume ratios 
and exchange regimes used in testing can also vary 
widely between studies, but are crucial factors to con-
sider when interpreting results.

2.3 � Testing approaches

2.3.1 � Full immersion/ponding test (chemical sulfate 
attack)

Full immersion expansion tests, such as ASTM 
C1012 or DIN 19573 attachment C for mortars, 
mimic concrete structures fully immersed in sulfate 
solutions. These tests involve complete submersion 
in sulfate-rich environments (see Fig. S1, Supplemen-
tary Material) and focus on the chemical degradation 
of the entire specimens.

Advantages

The setups are simple: a normal container, mortar 
bars and a solution, which can be done in a stand-
ard construction materials laboratory.
All surfaces of the sample are uniformly exposed 
to the sulfate solution, with exposure conditions 
easily controlled over time.

Disadvantages

The concentration of Na2SO4 solution is very high 
at 44 g/L or 50 g/L and facilitates gypsum forma-
tion which may not be observed in the field where 
the concentration is generally far lower than this 
value. Example field values include up to 15  g/L 
SO4

2− found in western Canada [61], 35 g/L SO4
2− 

found in parts of the western and southwestern US 
[62], and 7 g/L SO4

2− found in western China [63].
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Testing duration is relatively long, e.g., 18 months.
Only expansion is measured over time, which is 
not a universal indicator of sulfate resistance if 
spalling dominates the damage manifestation.
Other exposure scenarios are not covered, e.g., in 
arid conditions.
Mechanisms of the damage are difficult to charac-
terize using phase analysis.

2.3.2 � Partial immersion test (physical and chemical 
sulfate attack)

Semi-immersion damage in concrete structures pre-
sents a unique situation that has historically been 
overlooked and sometimes confused with chemical 
sulfate attack. In this scenario, depicted in Fig. S2 
(Supplementary Material), concrete is subject to a 
dual sulfate attack mechanism. The lower submerged 
section of the concrete is prone to chemical sulfate 
attack, while the upper section is vulnerable to physi-
cal sulfate attack. Unlike full immersion where chem-
ical processes play a more prominent role, in the case 
of semi-immersion, the pore structure of the concrete 
has greater importance. The resistance of the concrete 
to physical sulfate attack depends less on the chemi-
cal composition and properties of the binder than on 
the characteristics of its pore structure; although of 
course the two are linked [64].

Advantages

The semi-immersion test considers situations 
where concrete structures may not be entirely sub-
merged in sulfate-rich environments. This recogni-
tion of partial exposure is a key characteristic of 
the test and provides a more realistic simulation of 
specific real-world conditions.
The potential for a dual sulfate attack, address-
ing both chemical sulfate attack in the lower sub-
merged section and physical sulfate attack on the 
upper portion.

Disadvantages

There is no commonly accepted protocol and 
guidelines for different laboratories, so the selected 
sample size/shape, preconditioning, exposure 
regimes can vary among different laboratories 
(e.g., RH, 39% [25], 60%, and 80% [65]), which 
complicates comparisons.

Proper sampling is problematic as the zones cor-
responding to physical sulfate attack in a large con-
crete sample are not easily determined, so the char-
acterization process can be challenging. The link 
to field performance is not straightforward.
The chemical sulfate attack is completely sepa-
rated in the zone below the solution level, making 
it difficult to characterize the full degradation path-
way of sulfate ingress to the evaporation zone.

The degradation due to external sulfate attack can 
be categorized into different stages as shown in Fig. 
S3 (Supplementary Material), marking the progres-
sion from an initial state with no signs of damage to 
the formation of cracks and material loss [66, 67]. 
Summary information of the full and partial immer-
sion tests used in the existing investigations is shown 
in Table  S3 (Supplementary Material). This table 
consists of Table S3a (full immersion) and Table S3b 
(partial immersion), where the exposure parameters 
(sulfate concentration, curing age, expansion dura-
tion) of OPC and blended cement systems are com-
pared. Expansion and mass changes details can be 
found from the different mixes. Table  S3c shows 
the microstructural data availability (XRD, SEM, 
MIP, TGA) in each paper presented. By selecting the 
parameters of interest in this table, readers may be 
able to simplify their literature search.

2.3.3 � Wet/dry cycles for chemical sulfate attack

The Swiss standard SIA 262/1 [68] was established to 
assess the damage to concrete due to chemical sulfate 
attack. A 5% Na2SO4 solution is employed, with sam-
ples undergoing 5 days of drying at 50 °C followed 
by 2 days of wetting in the solution at 20 °C. After 4 
cycles, samples are then immersed in the same sulfate 
solution for 56 consecutive days. The critical expan-
sion set by the standard is 0.1%. The sulfates are 
forced to penetrate into the cement microstructure, 
causing mainly chemical reactions between sulfates 
and cement hydrates during the last 8 weeks of full 
immersion, resulting in the damage from ettringite 
crystallization pressure.
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2.3.4 � Wet/dry cycles for combined physical 
and chemical sulfate attack

Concrete structures in service are commonly exposed 
to a combination of salt attack and wetting–dry-
ing cycles due to the periodic movement of sulfate-
containing groundwater, tides, wave splashing, and 
rainwater runoff. This dual wetting and drying action 
significantly accelerates the deterioration of concrete 
when compared to situations involving continuous 
immersion. The primary cause is the transport of del-
eterious ions as water penetrates the concrete causing 
the chemical sulfate attack when the concrete is wet, 
followed by the crystallization of sulfate salts beneath 
the concrete’s surface during the drying phase.

To date, there is no consensus on a standardized 
regime for wetting–drying cycles, which may vary 
widely under field conditions depending on the cli-
matic conditions. Various testing environments used 
to expedite salt attack studies exhibit substantial 
differences, making it challenging to conduct com-
parisons and to isolate the specific contributions of 
physical and chemical sulfate attacks on concrete 
degradation. This probably has to do with the lack of 
data on real-life wetting–drying cycles (or the irregu-
larity of the available lab data).

China has established the national standard GB/T 
50082-2024 [69]. GB/T 50082-2024 also employs 
a 5% Na2SO4 solution, with the additional require-
ment of drying samples at 80 °C for 48 h after 26 
days of curing (20 ± 2 °C, and the relative humidity is 
95 ± 1%). Each complete wetting–drying cycle com-
prises 15 h of solution immersion, 1 h of natural dry-
ing, 6 h of drying at 80 °C, and 2 h of natural cooling. 
This standard test is repeated for 150 cycles or until 
the samples are fully degraded, which is a very harsh 
condition combining both chemical and physical sul-
fate attacks.

Table  S4 (Supplementary Material) provides a 
summary of literature data on sulfate attack including 
the wetting and drying cycles. A 5% Na2SO4 solution 
is the most commonly used, although concentrations 
of up to 15% have been employed. NaCl and MgSO4 
have also been used to simulate multiple salt attacks. 
The wetting period varies from 3 h to 8 days, and the 
drying period ranges from 6 h to 15 days. During wet-
ting, samples are immersed in a solution, while dry-
ing can involve either oven drying or air drying. Fur-
thermore, different types of pre-conditioning methods 

have been proposed to accumulate sulfates in the 
pores before starting the cycles, to shorten the induc-
tion period before expansion (e.g., [70]).

3 � Assessment methods for sulfate degradation

Figure 3 shows a schematic representation of the gen-
eral assessment of cement-based samples after sulfate 
deterioration. Each assessment method is reviewed 
in general in this section and the applicability to the 
cement paste scale is discussed in detail in Sect. 4.

3.1 � Visual inspections

Visual evaluation remains a straightforward and prac-
tical method for detecting and assessing degradation 
caused by sulfate attack in cementitious composites. 
The physical changes observed can vary such as paste 
discoloration, softening, cracking, spalling, erosion, 
surface scaling, and even structural disintegration 
in severe cases. These visual symptoms are directly 
influenced by factors such as the composition of 
cementitious materials, w/cm, exposure conditions 
like temperature, type of sulfate solution, and expo-
sure duration, among others.

For example, in the case of mortar prisms contain-
ing high-alumina cement and pozzolan immersed in 
sodium sulfate solutions, visible cracking is predomi-
nantly observed due to the formation of gypsum and 
ettringite. On the other hand, when the same sys-
tems are exposed to magnesium sulfate, they exhibit 
less cracking but experience higher surface erosion. 
This is attributed to the accelerated decalcification 
of C–S–H by magnesium, leading to paste softening 
rather than extensive cracking [11].

Efflorescence and subflorescence are common phe-
nomena observed on concrete structures constructed 
on sulfate-bearing substrates, particularly in arid 
environments [71]. Efflorescence manifests as a white 
powdery deposit on the exterior surface of the struc-
ture, appearing as a thin film of crystallized salts. On 
the other hand, subflorescence occurs when crystal-
lization takes place within the pores of the concrete 
structure. As the level of damage progresses, spalling 
and surface scaling become evident on the outermost 
layer of concrete. This physical degradation is often 
attributed to sulfate attack caused by subflorescence, 
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where the crystallization of salts within the concrete 
pores exerts pressure on the surrounding material, 
leading to surface deterioration.

Attempts have been made to quantify the extent of 
the degradation due to sulfate attack using a numeri-
cal rating scheme by conducting a visual inspection. 
Similar to the rating scale found in ASTM C672 
(withdrawn), a few studies have demonstrated the sig-
nificance of using visual ratings to discriminate the 
performance of mixes [71–74]. The early research 
conducted by Stark emphasizes the significance and 
applicability of visual ratings in evaluating the sulfate 
resistance of Portland cement concrete beams that 
were placed in sulfate-bearing soil for 16 years [72]. 
Hossack et al. investigated 22 cements including both 
Portland cements and SCM-blended ones by immers-
ing concrete prisms in a sodium sulfate solution for 

6 years in the field [73]. They found that, unlike mass 
loss and expansion measurements, numeric visual rat-
ings were effective in distinguishing different cement 
mixes based on their performance against external 
sulfate attack. Similar results were found by Hooton 
and Thomas [75] after 5  years of concretes under 
simulated field conditions (15 g/L SO4 in magnesium 
and sodium sulfate solution); and after 10  years of 
concretes under outdoor exposure to severe magne-
sium and sodium sulfate solutions (15  g/L SO4) by 
Hooton in a Cement Association of Canada report 
[76] on portland limestone cement (PLC). Challenges 
do exist in consistently assessing the performance of 
specimens subjected to sulfate attack, as discussed 
in some of the above works. In addition, the ratings 
used by the researchers are pertinent to external sul-
fate attack for a specific combination of cementitious 

Fig. 3   Schematic of possible methods to evaluate sulfate degradation
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material (concrete), sulfate solution (calcium, magne-
sium, and sodium sulfate) and deterioration (scaling) 
[75, 77–79]. Given the complex array of mechanisms 
and kinetics associated with chemical and physical 
sulfate attack, as well as the varying responses of dif-
ferent cementitious materials (paste, mortar, and con-
crete) to sulfate exposure under different environmen-
tal conditions, the development of a comprehensive 
and standardized rating scale is indeed a multifaceted 
task that necessitates further research efforts. Moreo-
ver, complementary assessments are needed, and vis-
ual ratings alone will not give sufficient mechanistic 
understanding of the degradation process.

3.2 � Expansion and expansion rates

Expansion is commonly utilized as the primary crite-
rion for evaluating the extent of sulfate-induced dam-
age, aligning with the standard ASTM C1012 [47]. 
The expansion kinetics exhibit significant variability, 
influenced by multiple factors such as sample dimen-
sions (non-standard samples) [1], binder composition, 
exposure conditions, sulfate concentrations, and the 
diversity of cation ions present.

Expansion induced by sulfate attack is typically 
ascribed to the generation of expansive forces linked 
to ettringite and gypsum formation [7]. Differing 
perspectives exist regarding the contribution of gyp-
sum formation to length change during sulfate attack, 
with some suggesting that gypsum is a consequence 
but not a driver of the reaction [80], and contrast-
ing views suggesting that the presence of gypsum 

increases the supersaturation of the pore solution with 
respect to ettringite [3, 13].

Standardized tests for evaluating expansion due 
to internal/external sulfate deterioration, originally 
designed for mortar specimens, can also provide valu-
able insights when applied to cement paste, consid-
ering key parameters and time factors. In the context 
of conducting expansion assessments at the cement 
paste scale, adjustments to the experimental condi-
tions (e.g., sample dimensions, sulfate concentra-
tions) are warranted based on established mortar 
standards, considering the potential for accelerated 
degradation, as evidenced in prior investigations [81]. 
The different standards to monitor the expansion with 
criterion are presented in the following text and sum-
marized in Table 2.

3.2.1 � ASTM C452: standard test method for potential 
expansion of Portland‑cement mortars exposed 
to sulfate

This test method is specifically applicable to OPC. To 
conduct this test, the SO3 content of the cement must 
be adjusted to 7.0 wt.%, by dry mixing the cement 
with gypsum. The ASTM C150 specification for Port-
land cements includes an optional a 0.04% expansion 
limit for Type V cement at 14  days [82]. The CSA 
A3001 specification for Portland and Portland-lime-
stone cements requires a 0.035% expansion limit for 
Type HS high sulfate resisting cements and a 0.050% 
expansion limit for Type MS moderate sulfate resist-
ant cements using the CSA A3004-C6 equivalent to 

Table 2   Summary of standard test methods for expansion measurements after full immersion in sulfate solutions

Standard Sample type Sample size Exposure conditions Duration, criteria: moni-
toring of expansion

ASTM C452 w/cm ratio = 0.485 Mortar 
with 7% SO3 in cement

25 × 25 × 285 mm 23 °C, lime-saturated water 14 days
< 0.040% of HS

ASTM C1012/C1012M w/cm = 0.485 for PC, 
Mortar

25 × 25 × 285 mm 23 °C, 50 g/L Na2SO4 6–12 months
< 0.1% at 6 m for Type II
< 0.05% at 6 m for Type V

CSA A3004-C6 w/cm = 0.485 for PC, 
Mortar

25 × 25 × 285 mm 23 °C, 50 g/L Na2SO4 
solution refreshed at each 
measurement

14 days
 < 0.050% of MS
< 0.035% of HS

German DIN 19573 w/cm = 0.5, Mortar 10 × 40 × 160 mm 20 °C, 44 g/L Na2SO4 91 days
< 0.8 mm/m and no visual 

damage
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ASTM C452. The primary advantage of this test lies 
in its expeditious nature [82]. A limitation of this test 
is its inability to replicate field conditions accurately. 
The 7% SO3 adjustment results in extra steps needed 
to adapt materials to this method.

3.2.2 � ASTM C1012/C1012M: standard test method 
for length change of hydraulic‑cement mortars 
exposed to a sulfate solution

Mortar prisms (25 × 25 × 285  mm) are fabricated 
according to ASTM C109/109  M. Previously, the 
curing process was carried out until 50 × 50 × 50 mm 
cubes of the same mortar had a compressive strength 
of 20  MPa. In 2024, the 20  MPa strength require-
ment was deleted and curing prior to exposure was 
increased to 7 days at 38 ± 3 °C in saturated limewater 
to allow more reaction of slowly reactive pozzolans 
prior to exposure [49]. After curing, the prisms 
are then immersed in a sulfate solution (0.352  M 
Na2SO4/L or 50  g/L) at 23  °C, with the pH main-
tained between 6 and 8. Length changes are meas-
ured at 1, 2, 3, 4, 8, 13, and 15 weeks, with additional 
assessments recommended at 4, 6, 9, and 12 months. 
Further measurements at 15 and 18  months may be 
needed in cases of very severe exposures (e.g., ACI 
C201-2R-23 Class S3 exposure) [83].

It is crucial to emphasize that the expansions 
recorded in this test are exclusively related to the spe-
cific sulfate solution used in the experiment. There-
fore, to evaluate the performance of mortar subjected 
to a different sulfate solution, the exact solution 
should be replicated in the testing process.

3.2.3 � CSA A3004‑C8: test method for determination 
of expansion of blended hydraulic cement 
mortar bars due to external sulfate attack

The Canadian CSA A3004-C8 procedure is essen-
tially the same as ASTM C1012, and is currently 
in the process of being revising to match the recent 
changes in curing in ASTM C1012. CSA A3004-C6 
is only applicable for OPC and PLC.

3.2.4 � DIN 19573: Mortar for new construction 
and renovation of drainage systems 
outside of buildings

The German DIN 19573 [48] tests are conducted 
using thin mortar bars prepared under EN 196–1 con-
ditions. The specimens are cured in molds for 2 days, 
followed by immersion in a Ca(OH)2 solution for 
14 days before being transferred to a sulfate solution 
with 44  g/L Na2SO4. Expansion is measured for up 
to 91 days. For most applications, a maximum expan-
sion no more than 0.8 mm/m is required, and the sam-
ples must not exhibit any visible cracks or damage.

3.3 � Mass changes

Measuring mass changes in samples post-exposure 
is a straightforward practice across laboratories 
and helps identifying potential sulfate deterioration 
through two key degradation mechanisms: the forma-
tion of ettringite/gypsum, which can result in mass 
gain, and spalling, leading to mass loss.

The assessment of sulfate attack effects using mass 
measurements lacks standardization [84]. Nonethe-
less, combining mass measurements with sulfate 
attack expansion tests is common and useful. For 

Fig. 4   A schematic depicting mass variations as a function of 
sulfate exposure time
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example, Mirvalad used CSA A3004-C8 guidelines, 
removing excess surface water with paper towels 
before mass measurements [85]. Ramezanianpour fol-
lowed ASTM C1012, measuring mass upon specimen 
removal from the solution [86]. Many other research-
ers have also used mass measurements to track sul-
fate attack on mortar and concrete, e.g. [64, 87–90]. 
Mass changes during sulfate attack result from new 
phase formations (e.g., ettringite, gypsum, thauma-
site at low temperatures) within the cement paste 
matrix [84]. Typically, mass gain stabilizes as failure 
approaches, followed by a mass decrease due to dis-
integration [84, 89, 90]. These mass changes offer a 
cost-effective method for evaluating sulfate attack 
effects [64, 84–90]. A generic schematic diagram 
illustrating mass changes resulting from sulfate dete-
rioration is portrayed in Fig. 4, summarizing common 
types of behavior documented in literature as outlined 
briefly below.

Curve A in Fig.  4 shows results by Wu et  al. for 
concrete specimens cured in a saturated lime solution 
for 28 days before immersion in a 5% sodium sulfate 
solution at 25  °C, using 10 and 20% type F fly ash 
replacements. The mass increased for 30 days due to 
new compound formation and sulfate filling pores, 
then decreased due to micropore expansion, microc-
racks, and surface peeling [88].

Curves B, C and G represent the mass changes 
from the work Cheng et  al., who used fly ash con-
crete specimens with w/cm ratios of 0.37, 0.47, and 
0.57, immersing them in sodium sulfate solutions of 
3, 5, and 10%. They subjected the samples to wet/
dry cycles until weight stabilization. Specimens with 
0.37 and 0.47 w/cm ratios initially showed a rapid 
mass increase, then a slower rise, followed by a drop 
(curve B represents the w/cm of 0.37, curve G repre-
sents the w/cm of 0.47 in Fig. 4) due to sulfate attack 
and surface deposition. Specimens with a 0.57 w/cm 
ratio did not show a slow increase stage, experiencing 
faster mass decrease due to larger pores and quicker 
crack formation (curve C in Fig. 4) [90].

Curves C, D and E represent concretes in semi-
immersion in 5% Na2SO4 solution. Nehdi [64] 
immersed concrete cylinders with various w/cm and 
mass increase was due to water absorption, more pro-
nounced in high-porosity specimens due to physical 
sulfate salt crystallization. Mass loss was due to sur-
face scaling, especially in pozzolanic material-incor-
porating samples. Portland cement-based concretes 

exhibited different mass change patterns compared to 
blended concretes (curve D represents OPC and HS 
concretes and C represent blended concretes incor-
porating FA, SF and MK in Fig. 4). Specimens with 
a 0.3 w/cm ratio did not show mass loss (curve E 
represents OPC, HS and blended concretes with the 
same w/cm ratio of 0.3 in Fig. 4) [64], which is due 
to limited space and the difficulty of oversaturation in 
refined pores [25, 81].

Curve F represents a continuous mass increas-
ing at a relatively low sulfate concentration. Schmidt 
et al. prepared mortar bars with 0, 5, and 25% lime-
stone content, cured in a lime-saturated solution, and 
submerged them in Na2SO4 solutions (4 g/L) at 8 °C 
and 20 °C. Mass losses at 8 °C were due to thauma-
site formation, while no significant mass loss was 
observed at 20 °C for a year (curve F represents the 
25% limestone replacement exposed to 4 g/L Na2SO4 
at 20 °C in Fig. 4) [89].

Mass change observations show some general 
trends as sulfates penetrate into concrete:

1.	 For the same concrete system, higher w/cm 
causes faster and greater mass gain followed by 
a drop; the drop occurrence takes place earlier if 
the w/cm ratio is too high leading to very weak 
concrete (e.g., w/cm 0.57);

2.	 Concrete with a very low w/cm (e.g., w/cm = 0.3) 
shows negligible mass gain/loss;

3.	 Mass gain can be slowly increasing at relatively 
low sulfate concentrations.

These studies suggest mass changes as a potential 
simple and rapid method for assessing sulfate deterio-
ration, though more exploration at the cement paste 
scale is needed [81]. However, there may be some 
variation in the mass change due to the heterogene-
ous nature of cementitious materials, which probably 
requires more samples per paste system to be repre-
sentative. In most cases, samples fail at the point of 
maximum mass gain before they are further degraded 
into small pieces.

3.4 � Phase quantification (XRD Rietveld analysis), 
phase distribution and phase surface fractions 
(SEM–EDS hypermaps with edxia [91])

Using cement pastes for sulfate testing is advan-
tageous because it avoids the dilution effect from 
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aggregates and provides easier access to microstruc-
tural information compared to mortars or concretes. 
In 1994, Wang obtained phase profiles using XRD 
on cement pastes [92]. Leaching was clarified by 
observing the decreased portlandite content near the 
exposed surface, which then increased with depth. 
Gypsum formed in a subsurface layer, followed by 
an ettringite-rich zone. This zonation phenomenon 
was widely identified in experiments on samples 
undergoing external sulfate degradation [30, 31]. A 
typical phase distribution example can be found in 
[92], which shows clear leaching effects and phase 
stability as a function of distance from the exposed 
surfaces. The same technique was applied to study 
delayed ettringite formation and was found to be effi-
cient in linking microstructural changes in pastes to 
phase assemblages [93]. Further analysis of the zona-
tion effect on mechanical properties, pore structure 
changes with depth, sulfate migration mechanisms 
(diffusion or advection) can aid in understanding the 
degradation mechanisms.

The quantity of ettringite can also be determined 
using the XRD Rietveld analysis, although it has 
been found not to be directly linked to the expansion 
level [1, 31, 94]. However, the determination meth-
ods of ettringite need to be well controlled. Gypsum 
is always found alongside ettringite by XRD at rela-
tively high sulfate concentrations, causing confusion 
regarding the origin of expansion in sulfate attack [1, 
7, 46, 92, 95]. Ettringite contents obtained by XRD 
are highly dependent on the sample preparation 
method, such as whether the sample is fresh or dried 
(and how the sample was dried), as well as the quanti-
fication method used (Rietveld analysis with external 
standard or internal standard method). Thus, much 
of the confusion about the effects of ettringite may 
be due to the poor reliability of the results. A major 

challenge in performing quantitative XRD on sulfate-
attacked samples is the change in weight, which must 
be rescaled to a reasonable basis (i.e., initial fresh 
paste or initial anhydrous cement) before interpreting 
the data. One way to do such a correction is monitor-
ing the mass change during the exposure procedure 
and then rescaling the ettringite quantity obtained 
by internal or external standard method to the initial 
anhydrous or fresh paste mass of the specimen.

The spatial distribution of microstructural phases 
can also be obtained using SEM–EDS hypermaps 
overlaid on BSE images [81]. Phase volume fractions 
can be obtained and their relative content measured 
as a function of depth, providing a visual indication 
of the depth of sulfate ingress. This method has been 
used to identify an important mechanism of expan-
sion (crystallization pressure with respect to ettring-
ite formation) by locating ettringite within confined 
spaces (radius < 50 nm) [1, 2, 5].

Figure  5 shows an example of phase distribution 
profile after unidirectional exposure of a 5-mm thick 
cement paste. The surface on the left was exposed to 
a 50 g/L sodium sulfate solution and the surface on 
the right was exposed to air [2]. Different phases were 
segmented using the edxia approach [91], a multidi-
mensional SEM hypermap analyzer that provides sig-
nificant information about the microstructure of the 
cement material. Macroscopic behaviors were linked 
to microstructural changes, such as sulfate ingress 
depth, ingress rate, and gypsum presence.

3.5 � Non‑destructive testing/evaluation methods

Ultrasonic pulse velocity (UPV) can be used to 
assess crack formation and deterioration in sulfate-
exposed concrete [96]. The technique detects cracks, 
which results in a decrease in UPV. However, UPV 

Fig. 5   PC pastes with w/cm 0.6, with the entire 5 mm-depth profiles after exposure: phase distribution after 56 days, adapted from 
[2]. CH refers portlandite, Cc refers to calcium carbonate
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assessment is influenced by sample cross-section 
dimensions since sulfate attack is a layered dam-
age process that progressively penetrates from the 
exposed surfaces to the core of the specimen, limit-
ing the detection of early-stage damage that does 
not penetrate deeply enough to affect UPV readings. 
Zhu et  al. observed a decrease in UPV only after 
90 days of exposure to an 8% sodium sulfate solution 
[97], while Yu et al. found a decrease after 150 days 
in a 5% sodium sulfate solution [98]. An improved 
approach could involve conducting UPV tests in 
multiple directions and using the Analytical Hierar-
chy Process to calculate the overall relative degrada-
tion degree, thereby enhancing the accuracy of UPV 
measurements in assessing sulfate attack [99].

Another non-destructive method of assessing 
sulfate attack is to measure the dynamic elastic 
modulus. Yu et al. found that this measurement can 
detect a significant decrease (from 18 to 14 GPa) of 
the modulus after 150  days of immersion in a 5% 
sodium sulfate solution [98].

X-ray microtomography (µCT) is another tech-
nique used to evaluate the progression of sulfate 
attack in cement pastes [100]. This method com-
bines visual examination of the sample surfaces 
with µCT imaging of the core of the sample, 
revealing deterioration from the outer surfaces to 
the inner areas, including the formation of subsur-
face cracks. Figure 6 illustrates the onset of crack 
propagation, likely initiated at the edges. This 
method effectively tracks crack evolution and can 
be used alongside other techniques such as XRD, 
SEM, and TGA for comprehensive analysis.

4 � Test setups for sulfate‑related degradation 
of cement pastes

Although the downscaling of test methods to evalu-
ate sulfate-related degradation has been initiated 
several decades ago, the literature on this topic 
remains limited. Three major cement paste meth-
ods available in literature are presented below: the 
expansion measurement, the hollow cement pastes 
cylinder setup and the unidirectional penetration 
approach. There are also other methods described 
in the section of 4.4, presenting some modified 
methods or originally designed methods.

4.1 � Expansion and strength loss

4.1.1 � Measurement aim

In 1960, the Koch-Steinegger method was proposed 
for screening sulfate resistance over relatively short-
ened periods (less than three months) with small 10 
× 10 × 60 mm cement pastes or mortars [101, 102]. 
This method was established to evaluate the degree 
of degradation due to sulfate attack using a relatively 
sensitive and simple indicator, corrosion index from 
flexural strength, which is compared between the 
specimens immersed in the sulfate solution and dis-
tilled water. A w/cm of 0.6 was used, samples were 
cured in moist for 24 h (21 °C and RH > 90%) and 21 
days in distilled water. The relatively small specimens 
and higher sodium sulfate solution concentration (10 
wt.% of Na2SO4.10H2O) than natural environment 
were used to accelerate the process. The durability 
criterion was set at a strength loss of less than 30% 

Fig. 6   Evolution of three-dimensional images of damaged cement paste with w/cm 0.45, 0.5, and 0.6 from left to right and the crack 
distributions in samples 10 mm in diameter and 10 mm in length [100]
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after 56 days sulfate exposure. The original article 
focused on Portland cement and slag cement.

4.1.2 � Measurement parameters

The combination of visual assessment, length change, 
changes in mechanical properties, and consumed sul-
fate quantity provides comprehensive insights into 
the interaction between cementitious materials and 
sulfate solutions. Characterization methods can also 
be employed, including mass change, compressive 
strength, and phase alterations via SEM microscopy 
[46].

4.1.3 � Selected results

The results from the original article were extended 
to provide a wealth of data that combines all relevant 
aspects of deterioration. This approach allowed for 
the comparison of different binders. Irassar [103, 
104] followed the same method in 1988 and 1990 
and could predict the sulfate resistance of blended 
cements with fly ash, pozzolans, and slag, with a pro-
posed model between flexural strength and sulfate-
resistance. Sulfate resistance was predicted within 
77 days of testing; and some very high sulfate resist-
ant cements reached up to 120 or 180 days without 
degradation. Based on the flexural strength corrosion 
index, Irassar proposed a new criterion of evaluation, 
the cracking time.

Ferraris [105, 106] from NIST conducted a simi-
lar expansion test using the same sized cement pastes 
as Koch-Steinegger’s method. The test was acceler-
ated 3 to 5 times using the small cement pastes com-
pared to mortar prisms suggested in ASTM C1012. 
Exposure time to reach 0.1% expansion in cement 
pastes reduced to 15d in cement paste versus 49d in 
mortars and 10d in fly ash cement paste versus 55d 
in mortars. The test showed a repeatability standard 
deviation of 0.25% when done in the same lab and 
by a single operator. However, interlaboratory test-
ing by ASTM C01.29 showed that this test was not 
robust and repeatability was poor, so this test was not 
adopted [107].

More recently, in 2021, Laura et  al. [46] investi-
gated blended cement pastes with coal mining waste 
exposed to a 44.1 g/L Na2SO4 solution, showing 
that 50% of coal mining waste behaved similarly to 
slag cement and passed the threshold value of the 

Koch-Steinegger method. Although promising, this 
method is not widely used today.

4.1.4 � Advantages and limitations

The data gathered includes a corrosion index based 
on the development of flexural strength, length 
change, sulfate consumption, and visual assessment. 
This wide range of data can be supplemented by addi-
tional data, offering a thorough analysis for small-
scale, fully immersed test samples.

The method also describes how the consumed sul-
fate concentration can be determined via titration, 
how the length changes are measured, and how the 
relative flexural strengths are displayed as a corrosion 
index [46]. This index is considered more relevant for 
assessing deterioration than the compressive strength 
of specimens after layered degradation by the sulfate 
attack. The method can be easily implemented in dif-
ferent laboratories.

In acidic conditions, relying solely on flexural 
strength is problematic due to two opposing effects: 
core densification increases resistance, while outer 
surface degradation reduces it [101]. Moreover, the 
results are obtained from small specimens, which 
cannot easily be extrapolated to any particular field 
condition. The physical property testing of strength 
and expansion in pastes might have more variation 
compared to mortars, as shown in [46]. Therefore, 
combining several parameters provides a more com-
prehensive method for assessing the sulfate resistance 
of different binders.

4.2 � Hollow cement pastes cylinders with and without 
confinement

Originally formulated in 1999 to assess the hydrau-
lic stress in cement paste after saturation with water 
[108], the hollow cylinder approach was later modi-
fied by Müllauer et al. [109] to explore sulfate resist-
ance in fully immersed cement-based specimens. In 
this procedure, a steel rod is centered between two 
stainless steel discs, and the axial force exerted by 
the expanding hollow cylinder is calculated from the 
elongation and stiffness constant of the tension bar. 
Despite the remaining gaps in understanding the cor-
relation between crystallization pressure, expansion 
stress, and crack formation, the outcomes derived 
from this technique are promising. They elucidate the 
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impact of crystallization pressure on the expansion 
stress within the microstructure of the samples, pro-
viding valuable insight into anticipating the detrimen-
tal effects of sulfate ingress on concrete structures.

4.2.1 � Measurement aim

Wagner and Müllauer [55, 109] used the hollow 
cylinder method to measure the stress induced 
by ettringite formation in thin-walled mortar and 
hardened cement paste samples. The deliberately 
selected wall thickness of 2.5  mm minimizes vari-
ations in the phases’ composition through the 
cross-section, thereby decreasing the time needed 
for complete sulfate penetration through diffusion. 
Moreover, the stress cells are designed to accommo-
date the hollow cylinders, which are either limited 
in their expansion by a central steel rod or allowed 
to expand "freely" using steel springs. This setup 
enables the study of the impact of mechanical con-
straints on ettringite [55, 109] and gypsum [55] for-
mation, mimicking realistic conditions of structural 
elements. Simultaneously, the free expansion repre-
sents the conditions in most laboratory testing pro-
cedures used worldwide.

4.2.2 � Measurement parameters

To accurately determine the stress level, with a 
defined cross-sectional area (A in m2), the resulting 

stress (σ in Pa) is calculated from the elongation (Δl 
in m) and the stiffness constant (k in N m⁻1) of the 
tension bar, as per Eq.  (4). The degree of restraint 
is adjusted by utilizing central tension bars with 
diameters ranging from 3 to 7 mm or a steel spring 
for unrestrained expansion (Fig.  7). Moreover, to 
ensure accuracy, the central steel rod must satisfac-
torily ensure linear elastic elongation (by applying 
tensile loads up to 5 kN with a testing machine) and 
small degrees of expansion.

4.2.3 � Selected results

According to Müllauer et  al. [109] (Fig.  8a, b), the 
amount of restraint affects the expansion, with more 
restraint resulting in less expansion. When cylinders 
are exposed to higher sulfate concentrations (30 g/L), 
they expand faster and with greater amplitude, often 
failing before 100  days of exposure. The expansion 
rate is initially rapid but gradually slows down over 
time. Unrestrained cylinders experience faster and 
more significant expansion compared to restrained 
cylinders. As shown by the calculated stress and the 
free expansion (Fig.  8c, d), the expansion gradually 
increases in the first weeks (stage 1) until it reaches 
a critical point determined by the sulfate and C3A 

(4)� =

(

k

A

)

Δl

Fig. 7   a Schematic representation of stress cell containing thin-walled hollow mortar cylinder and central tension bar [108] and b 
spring and tension bars used in the investigations, complete stress cell with cylinder [109]
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content. Once this point is reached, a rapid accelera-
tion of the expansion occurs (stage 2).

The authors observed that there was a gradual rise 
in the quantity of ettringite during stage 1. This trend 
continued until the pores (where the crystallization 
pressure occurs) were completely filled, and the high-
est amount of ettringite was recorded at the transition 
point between stages 1 and 2. The results indicate that 
gypsum does not generate any stresses or expansion 
as it does not develop in small pores, as observed in 
stage 1. However, during stage 2, gypsum has the 
potential to cause expansion and damage.

Furthermore, macroscopic cracking starts when 
stress measurement reaches 3–4  MPa. The cracked 
hollow cylinders loose tensile strength and resist-
ance to expansive crystallization in stage 2 until the 
highest stress level is experienced (commonly in the 
transition between stage 2 and stage 3). Finally, in 
stage 3, the expansion rate significantly slows down 
and reaches a plateau state, indicating a depletion of 
phases that can promote expansion.

Wagner et  al. [55] conducted an extensive study 
on the formation of gypsum and its impact on crys-
tallization pressure in sulfate-resistant cement pastes. 

Fig. 8   Expansion of mortar cylinders with different tension 
bar diameters D during storage in a 1.5 and b 30 g/L SO4

2−; c 
calculated stress and free expansion for mortar at 30 g/L SO4

2− 
and d calculated stress vs. free expansion [109]. In a, b, D 

refers to the different diameters of the tension bars. The legend 
M1_C1_30 g/L refers to hollow mortar cylinders with cement 
#1 exposed to SO4

2− of 30 g/L
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The research focused on the early stages of external 
sulfate attack at low concentrations (0.6–3 g/L SO4

2−) 
using the hollow cylinder method. The study identi-
fied three distinct mechanisms for gypsum formation: 
(i) gypsum formation in mesopores of the hardened 
cement paste matrix, (ii) gypsum formation in new 
macroscopic cavities caused by matrix expansion, 
and (iii) replacement pseudomorphs of gypsum after 
portlandite had dissolved. The study concluded that 
only the first mechanism is likely to cause expansion 
in non-constrained samples. In contrast, the second 
and third mechanisms are unlikely to cause damage 
under field conditions as they cannot exert significant 
expansion pressure.

Recent studies have indicated that ettringite forma-
tion in a specific chemical environment can cause a 
maximum crystallization pressure of around 52 MPa 
[20]. However, Müllauer et al. [109] found that mor-
tar samples experienced maximum expansion stress 
of 8  MPa, while hardened cement paste samples 
experienced up to 13  MPa [110]. It is important to 
note that the maximum crystallization pressure pre-
dicted by thermodynamic modeling is unlikely to 
occur in real samples due to limitations in reactant 
transport and mobility [111]. Additionally, the pres-
sure is not evenly distributed throughout the binder 
matrix because pores only comprise a portion of the 
sample’s cross-sectional area. Therefore, the maxi-
mum crystallization pressure cannot affect the entire 
area [111].

4.2.4 � Advantages and limitations

By delving into the influence of surface energy and 
crystal dimensions on the level of supersaturation and 
the pressure of crystal growth, a more comprehen-
sive understanding of the crystal growth process and 

its underlying mechanisms can be attained, enabling 
a better understanding of damage and stress develop-
ment in field structures. A possible issue with using 
this method is be the fabrication and setup of the test, 
which is complex.

4.3 � Unidirectional penetration approach

The first unidirectional approach can be traced back 
to 1998, initially focused on masonry materials and 
structures [112]. This concept was later adapted to 
investigate sulfate resistance in cement-based materi-
als by Wang et al. [2, 81]. The setup involves a semi-
immersion-based approach where only one surface of 
the sample is exposed to sulfate solutions, while the 
other side remains exposed to controlled environmen-
tal conditions of temperature and relative humidity. 
The cylinder sample size is Ø 33 mm with a thick-
ness of 5 mm for pastes. In this setup, sodium sulfate 
solution penetrates into the cement microstructure 
primarily through capillary rise, a mechanism com-
monly observed in field conditions. Figure  9 shows 
a schematic diagram of this setup, which allows 
for the study of the two main types of degradation 
mechanisms:

1.	 Chemical sulfate attack near the surface exposed 
to the sulfate solution: this involves the formation 
of ettringite, which typically leads to expansion 
and cracking of the cement matrix.

2.	 Salt crystallization attack near the surface 
exposed to the controlled atmosphere: this 
includes the formation of thenardite and/or mira-
bilite, which can result in surface spalling and 
damage.

Fig. 9   Schematic represen-
tation of the unidirectional 
penetration approach in 
which a thin-disc speci-
men is exposed to a sulfate 
solution on one side and to 
a controlled environment on 
the other side
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The relatively small size of the samples makes this 
setup feasible for testing cement mortars and pastes, 
and allows for easy chemical and mineralogical anal-
ysis of the specimens after specific times of expo-
sure [2]. It provides insights into how these materi-
als respond to sulfate and salt crystallization attacks 
under controlled conditions, mimicking aspects of 
real-world exposure scenarios.

4.3.1 � Measurement aim

This approach combines both chemical and physical 
sulfate attack in a single test that addresses the simul-
taneous deterioration processes of ettringite forma-
tion and sodium sulfate salt crystallization observed 
under field conditions. This approach aims to provide 
a comprehensive understanding of sulfate degradation 
in cement-based materials.

4.3.2 � Measurement parameters

Diameter expansion and mass gain can be measured 
over time. Microstructural changes over time and 
depth (the distance from the solution-exposed sur-
face) can be followed by SEM–EDS and XRD and 
linked to the macroscopic properties. Microstruc-
ture phase changes and distributions can be identi-
fied as a function of depth from the surface using 
hypermap imaging and edxia analysis on the cross 
section of samples, and with Rietveld analysis of 
the discs after polishing to specific depths.

4.3.3 � Selected results

A typical macroscopic result is shown in Fig.  10. 
The expansion is measured at the surface in contact 
with the solution, and the mass gain (which can be 
positive or negative) is measured at the same time as 

Fig. 10   Expansion versus mass variations in different cement 
systems, at 3 g/L with a 0.4 and 0.6 w/cm ratio [81, 113]

Fig. 11   a An example of sulfate ingress profile maps for a Portland cement paste at w/cm = 0.6 and exposed to 3 g/L Na2SO4. b Sul-
fate ingress in PC pastes with different w/cm ratios and sulfate concentrations. Data adapted from Wang [81]
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the expansion test. Specifically, samples exhibiting 
expansion, typically accompanied by a mass gain, 
suggest the formation of expansive ettringite, where 
secondary phases develop within pores and cracks, 
which can be seen in Fig. 10 when expansion exceeds 
20 mm/m and mass gain is positive. Conversely, 
samples that do not expand and instead show a mass 
loss are likely undergoing drying or surface spalling, 
which corresponds to the negative mass gain without 
expansion in Fig. 10. Therefore, the different chemi-
cal and physical behaviors under sulfate exposure in 
different cement systems can be distinguished.

Changes to microstructural solid phases can be 
investigated by SEM–EDS, as in Fig.  5, where the 
spatial distribution of the sulfate-containing phases 
shows the ettringite and gypsum fronts [81]. The 
carbonate front is also identified near the surface 
exposed to the controlled atmosphere. Figure  11a 
shows the evolution of sulfate intrusion with time as 
the gypsum and ettringite front moves inward, and 
Fig. 11b illustrates sulfate penetration as a function of 
√t. Sulfate penetrates beyond 3 mm at 3 g/L (w/cm 
0.6), triggering expansion (20 mm/m). Once penetra-
tion reaches the entire sample, rapid expansion and 
microcracking occur, accelerating sulfate ingress and 
leading to continuous expansion until disintegration. 
This relationship allows microstructure prediction 
using macroscopic expansion tests.

The atomic ratio S/Ca of the C–S–H phase can 
reflect the sulfate concentration level in the pore 
solution, with high S/Ca values usually indicat-
ing high expansion. In Wang et  al. [81], PC paste 
showed significant expansion (S/Ca > 0.20), but LC3 
paste showed no detectable expansion (S/Ca < 0.15). 
Overall, the sulfate concentration in the ettringite 
front is higher in the PC system than in the LC3 sys-
tem, which means it is more problematic in terms of 
expansion and cracking. Na/S is another parameter 
that can be used to detect the presence of the salts 
Na2SO4/Na2SO4·10H2O. A Na/S value close to 2 indi-
cates the probable presence of sodium sulfate salts.

4.3.4 � Advantages and limitations

The setup is designed to combine both chemical and 
physical sulfate attacks in a single test. It is a flexible 

approach that can be adapted to different purposes, 
depending on the objectives of each study.

Advantages of this setup include:

1.	 Combination of attack mechanisms: by exposing 
one surface to sulfate and the other to controlled 
environmental conditions, it simulates the dual 
nature of sulfate attack (chemical and physical) 
that commonly occurs in real-world concrete 
structures.

2.	 Well-defined zonation: the setup allows for clear 
delineation and characterization of zones affected 
by the different degradation stages within the 
same sample.

3.	 Reasonably accelerated test: the test enables 
acceleration of the testing period from typical 
long-term exposures (18 months) to shorter dura-
tions (1–3  months), by measuring the effects of 
the layered damage mechanisms very close to the 
surface (e.g., without altering the fundamental 
damage mechanisms).

4.	 Adaptability: the setup can be adapted for testing 
with different exposure conditions (temperature, 
relative humidity) or other deleterious ions such 
as chloride ions (Cl−), increasing its versatility 
and applicability across different environmental 
scenarios.

A general bleeding problem needs to be considered 
when the w/cm is high. A statistical data set may be 
important for this setup to observe the general trend 
of expansion and mass gain with standard deviations. 
The testing on pastes excludes the effect of ITZ in 
real concrete containing aggregates, which changes 
the sulfate transportation and eventually perhaps the 
physical behavior. Repeatability and reproducibility 
are expected to be high with proper sample prepara-
tion. Reactive-transport models can be developed 
based on the experimental data considering the water 
evaporation in the field conditions (basement walls, 
floor slabs, and tunnel linings), to predict the expan-
sion and damage level [114].

Overall, this setup offers a robust and versatile 
method for studying sulfate degradation in cement-
based materials, facilitating more efficient evaluation 
and characterization while maintaining relevance to 
real-world conditions. Its simplicity allows for easy 
implementation in lab settings and scalability to 
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accommodate more complex exposure conditions as 
needed.

4.4 � Other tests

Other tests have been carried out in cement pastes 
using modified standard tests originally designed for 
mortar; some original methods also exist.

4.4.1 � Mehta’s ½ inch (13 mm) paste cubic sample 
method [115]

This test aims to assess rapidly the sulfate resistance 
of a variety of cementitious materials considering 
also acidic attack by controlling the pH below 7. In 
1975, Mehta [115] investigated the strength loss of 
cement pastes cubes immersed in a 4% sodium sulfate 
solution (controlled pH 6.2) after 7  days of humid 
curing at 50  °C. The strength loss was determined 
after 28  days of sulfate immersion. 25% of strength 
loss was chosen as the maximum permissible value 
after 28d sulfate immersion period. For PC pastes, the 
result was quite inconsistent. For two cements with 
the same C3A, contradictory results were observed. 
One showed less than 25% strength loss, thus sulfate 
resistant, but the other was not. The strength loss in 
slag cement (30% slag) was 35%, while 34% strength 
loss was seen in Portland-pozzolan cement (20% fly 
ash), which are surprising results. This method con-
siders both acidic and sulfate attacks at the same time. 
The relatively small samples were chosen because 
it was advantageous for ease of handling, and for a 
quicker sulfate penetration into the interior. Small 
samples can also minimize the variability of inter-
sample strength. Due to the low reproducibility and 
contradictory results, it is not widely used as a sulfate 
resistance test.

4.4.2 � Injection method with ground compacted 
cement paste in the oedometric cell [116]

This test aims to discriminate the sensitivity of vari-
ous cements to sulfates with an experiment lasting 
on the order of a week. Permeability and expansion 
behavior after sulfate injection and sulfate uptake dur-
ing the sulfate injection are measured over 1–2 weeks. 
CEMI 52.5N, CEMIII/C and CEMI + limestone were 
investigated using this method. These three cements 
paste systems show different behavior after only 

3  days; expansion level was 1000  µm/m for CEMI 
52.5N, 200 µm/m for CEMIII/C, and 2000 µm/m for 
CEMI + limestone. This test could determine the sul-
fate expansion across various cements in a relatively 
short time period, namely 1–2 weeks. However, set-
ting up the whole injection setup in most labs can be 
complex. The process is challenging to control for 
obtaining a constant permeability in various sam-
ples, considering the time-dependent microstructure 
is evolving due to sulfate retention on C–S–H. The 
reproducibility of this method is not clear.

4.4.3 � Modified method for paste based on mortar 
testing

Barbarulo [117] investigated internal sulfate attack 
on cement pastes with a protocol adapted from 
the protocol they used for mortar experiments 
(35 × 35 × 200  mm prisms, adiabatic curing tem-
perature up to 85–100  °C at early age followed by 
about one year curing at 20  °C and 90–100% RH). 
No significant expansion was measured at the paste 
scale, whereas 1.7–2.2% expansion was measured at 
the mortar scale for the same systems. It was con-
cluded that the experiment duration was too short for 
the pastes, based on previous observations showing 
longer induction times and lower final expansions for 
internal sulfate attack on pastes compared to mortars 
[118, 119].

Zhang et al. [120] used cement pastes (25 × 25 × 
285 mm) instead of mortars according to the ASTM 
C1038 [121] to study the internal sulfate attack and 
investigate the effect of the seawater (2.8 g/L SO4

2−) 
curing on the sulfate resistance of cement pastes. The 
OPC and slag blended systems were differentiated 
in terms of their expansion level within 6 months of 
exposure. These findings at the paste scale are simi-
lar to those previously reported for mortar samples 
by Cheng [43], suggesting similar conclusions that 
slag paste/mortar blends exhibit greater surface cor-
rosion and localized cracking rather than significant 
bulk expansion. The reason might be slower diffu-
sion due to the pore structure improvement (e.g., less 
microcracks occur) and buffering effect from the Al-
containing hydrates and anhydrous slag. However, the 
slag cement paste showed an equivalent expansion of 
0.1%, but 3 months earlier than the cement mortar at 
a similar sulfate concentration of 3 g/L.
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5 � Discussion

This review highlights the current testing approaches 
for external sulfate attack at the cement paste scale. 
Given the absence of standards in this area, it is 
imperative to clearly define the appropriate testing 
conditions and their limitations based on findings 
from previous studies conducted at the mortar and 
concrete levels.

5.1 � Towards accelerated testing of sulfate attack 
resistance

Although accelerated tests can be challenged in terms 
of their representativeness of field conditions, they 
are inevitable for the assessment of concrete perfor-
mance, as degradation mechanisms typically occur 
over several decades. Thus, extensive accelerated sul-
fate degradation studies have been conducted, which 
provided an understanding that the primary influenc-
ing factors of external sulfate attack are linked to sam-
ple size, w/cm, sulfate concentrations, and the type of 
cement. These accelerated tests, predominantly con-
ducted on mortar and concrete, revealed that while 
damage progressed at different kinetics under accel-
eration, it was possible to mimic the same underly-
ing mechanisms under the same exposure regimes 
[1, 2, 46, 122]. It is generally agreed that the intrinsic 
properties governing sulfate degradation mechanisms 
include pore structure and phase composition, which 
influence sulfate ingress and expansive phase forma-
tion, respectively. More importantly, sulfate attack is 
a layered degradation process that starts at the surface 
and proceeds through several stages (e.g., chemical 
sulfate attack with the following stages: sulfate build 
up, densification due to ettringite formation, crack-
ing, calcium sulfate deposition, decalcification of 
C–S–H and disintegration of the binding microstruc-
ture phases) [2]. These factors should be kept in mind 
when seeking an accelerated test method.

5.1.1 � Accelerating testing with increased porosity

Using a relatively high w/cm will accelerate test-
ing by reducing both the resistance against sulfate 
ingress and the mechanical resistance against expen-
sive forces. However, the test will deviate from real-
istic conditions and mechanisms may be altered 
(diffusion in full immersion state and advection in 

semi-immersion state). Concrete with a higher w/
cm exhibits lower strength, making it potentially less 
resistant to sulfate-induced expansion forces. As a 
result, cracks may appear, causing the sulfate ingress 
process to shift from a slow diffusion-driven (sulfate 
concentration dependent) process to a fast diffusion-
driven (crack/porosity dependent) process [114]. 
Cracks may not necessarily appear in real field con-
crete as sulfate progressively penetrates, particularly 
when the concrete has relatively high strength attrib-
uted to low porosity [81]. In brief, increasing poros-
ity will accelerate testing, the relative trends may be 
maintained between different systems [123], but the 
mechanisms may change [90].

5.1.2 � Accelerating testing with higher sulfate 
concentrations

Highly concentrated sulfate solutions, commonly 
a 50  g/L Na2SO4 solution, are a widely employed 
method to accelerate testing that is standardized in 
some specifications [47]. While concentrations in the 
field can approach this level in parts of the Western 
USA and Canada [61, 62], it is not representative of 
field conditions in other locations, where sulfate con-
centrations are typically ≤ 3 g/L [59, 83, 124]. Some 
concentrations in between 10  g/L, 15  g/L, 30  g/L 
have also been investigated [1, 95, 125]. Several 
investigations [1, 81, 126, 127] have shown that the 
expansion and damage resulting from different sulfate 
concentrations can vary significantly. For instance, a 
concentration of 50  g/L can lead to extensive dam-
age compared to lower concentrations, such as 3 g/L 
or even lower at 1.4  g/L. High concentration usu-
ally accelerates cracking propagation due to intense 
crystallization pressure, unlike low concentrations. 
Expansion may not always cause macroscopic cracks, 
which are more commonly observed in low concen-
trations. However, high concentrations induce crack-
ing, enlarging pores and accelerating sulfate penetra-
tion, potentially misrepresenting sulfate resistance 
[59]. Therefore, using high concentrations to acceler-
ate testing should be done with care.

5.1.3 � Accelerating testing with preconditioning 
and wet‑dry cycling in semi‑immersion

The physical sulfate attack is often investigated 
with semi-immersed specimens while changing the 
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exposure conditions from wetting and drying to accel-
erate sulfate accumulation and trigger degradation 
associated with the thenardite/mirabilite phase trans-
formation. Similar to the increased w/cm approach, 
the pore structure is altered in this process, due to 
induced carbonation and possible C–S–H dehydration 
during these cyclic exposures. However, the topic of 
salt crystallization of thenardite/mirabilite during 
the drying process is another distinct aspect to con-
sider. The affected zone is normally a few millime-
tres (3–5 mm) from the concrete surface in the field 
condition [59], however, this accelerated method may 
cause harsh damage to the concrete, even for any con-
crete with low porosity and high strength. The recrys-
tallization of mirabilite/thenardite is heterogeneous 
in regions where supersaturation occurs so that the 
spalling always initiates from a localized spot, and 
then spreads through the contaminated surfaces [128, 
129].

5.1.4 � Accelerating testing with smaller specimens

It is well understood that smaller specimen sizes can 
shorten the induction period before expansion/dam-
age becomes apparent [1]. This is explained by the 
layered-degradation process: larger specimens will 
have a higher ratio of unaffected core over expand-
ing layers near the surface, which limits the overall 
expansion and delays the expansion initiation. Accel-
erating the damage process with smaller specimens 
thus offers a realistic approach to rapidly investigate 
the sulfate resistance of a particular type of cement 
without affecting the mechanisms. While some may 
criticize this method for not replicating real concrete 
conditions, it is important to note that even concrete 
specimens used in laboratory tests are considerably 
smaller than real concrete structures like bridge piers, 
building walls, and sewer pipes [130]. The assess-
ment of the paste resistance to sulfate plays an impor-
tant role because most aggregates in concrete do not 
react with sulfates (when the sulfate does not come 
from oxidation of sulfide in aggregates, e.g., pyrite). 
However, the use of smaller cement pastes (e.g., discs 
of a few mm thickness) does not take into account the 
effects of aggregates on the porosity nor the interfa-
cial transition zone, ITZ, and the subsequent impact 
on the sulfate ingress. This is a limitation of the 
small specimen approach, which, on the other hand, 
preserves the reaction mechanisms and the relative 

strength of the cement pastes. Establishing a relation-
ship between different specimen scales and the impact 
of ITZ is feasible if sufficient data can be obtained at 
the paste level (abundant data is already available for 
mortars and concretes).

In a lab test, lowering the sample scale to cement 
paste seems to be the most suitable scenario to reason-
ably accelerate the sulfate degradation. However, the 
reliability of the method and clear correlations between 
the sample scales are key to eliminate the discrepancy 
that exists between the lab and the field.

5.1.5 � Assessment of sulfate degradation

To evaluate the degradation resulting from sulfate 
attack in cement-based materials, expansion is the 
most used method, which is particularly effective with 
cement types prone to expansion upon sulfate ingress, 
such as Portland cement. Mass changes can serve as a 
complementary method for assessing cement systems 
incorporating SCMs, which are typically less sensi-
tive to expansion but more prone to surface scaling 
[28, 131–133]. A wide range of cement types, includ-
ing Portland cement, sulfate-resistant cement, and 
emerging options such as LC3 [134], should be con-
sidered in the test. Less expansion causes less crack-
ing in blended cements as previously observed [39, 
43, 133], however, relatively slow penetration behav-
ior makes the surfaces degrade by decalcification and 
crystallization pressure.

Considering also the sulfate degradation in the 
field case, previous work by TC 271-ASC has pro-
vided valuable insights on salt attack on stone speci-
mens, which can be relevant to cementitious materi-
als. A generic setup concerning both chemical and 
physical sulfate degradation processes is ideal to link 
with the degradation processes in the field. Spalling 
of concrete surface is often seen in a field blended 
concrete. Therefore, mass changes as discussed in 
Sect. 3.3 may add more insights to the sulfate resist-
ance of blended cements.

5.1.6 � Linking results from paste scale to concrete 
scale

The connection between cement paste, mortar, and 
concrete scales requires further investigation. It 
is generally accepted that testing on cement paste 
can accelerate degradation without altering the 
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degradation mechanisms occurring in field at longer 
time scales [2]. Establishing stronger links for the 
damage behavior between cement paste and concrete 
scale would facilitate the prediction of concrete ser-
vice life under sulfate attack. Validating the reliability 
of using cement paste tests to determine durability is 
one of the goals of TC 298-EBD.

5.2 � Towards a reliable testing for novel cementitious 
materials

The adoption of emerging SCMs requires the assess-
ments of their behavior in terms of durability, along 
with the understanding of their effects on the under-
lying degradation mechanisms. These new systems 
exhibit a distinct pore structure that usually improves 
the durability [37, 135, 136]. The impact of pore 
structure on durability falls within the scope of TC 
298-EBD. The diffusivity in systems with various 
binders can be linked with the bulk conductivity 
properties of various cement pastes, an investigation 
conducted concurrently within this TC. Any devel-
oped test should be comparable with field concretes, 
therefore, utilizing a realistic w/cm close to field 
conditions is more representative for a more reli-
able accelerated test. Consequently, updating the 
testing method for sulfate resistance is essential to 
better accommodate non-conventional cementitious 
materials.

Carbonation in construction materials is com-
mon in the field but generally ignored in the lab tests. 
Carbonation has an effect on physical sulfate attack 
degradation particularly on blended cements, which 
cannot be ignored [71, 137]. TC 298-EBD cannot 
address all of these questions, but some attention 
should be paid to this area.

Long-term concrete testing with a non-accelerated 
sulfate exposure has not been much investigated, due 
to the very long time required to obtain results [11, 
138]. However, testing of the behavior of the binder 
itself at the paste scale with (very) thin samples ena-
bles to obtain results in shorter durations, even for 
relatively low sulfate concentrations. Eventually, reli-
able testing for the sulfate resistance of novel cemen-
titious materials could be done on low w/cm (e.g., 
0.4), sulfate concentration (e.g., 3 g/L), on a relatively 
small monolithic sample (e.g., a few mm in thick-
ness), which can allow for a relatively rapid resistance 
assessment.

6 � Concluding remarks

Although existing standards for sulfate attack are not 
specifically tailored to cement pastes, this review 
presents the various testing approaches at this scale 
in the literature, while also comparing to mortar and 
concrete. In terms of damage assessment methods, 
visual inspection and expansion/mass change meas-
urements are the most practical for most laboratories, 
especially for cement pastes and for screening pur-
poses, as external sulfates primarily interact with the 
paste microstructure to cause expansion and crack-
ing. Additionally, complementary techniques such as 
XRD and SEM–EDS are easier to perform on cement 
pastes than on mortars and concretes.

Small-scale cement pastes exposed to low sulfate 
concentrations show faster degradation compared to 
concrete samples and the degradation mechanisms 
are not altered. Thus, reducing the specimen size is 
a recommended approach to assess the intrinsic sul-
fate resistance of cements, while other accelerating 
approaches with harsher test conditions (e.g., high 
sulfate concentrations, high w/cm ratios) may change 
the deterioration mechanisms from those observed in 
the field. Sulfate ingress affects wet concrete, causing 
deterioration and expansion, while drying in real con-
ditions can lead to surface spalling.

For TC 298-EBD, multiple test methods might 
ultimately be needed; one test to measure expansion, 
and another to measure water absorption and dry-
ing. Then the degradation can be simply predicted by 
measuring the disc expansion/mass changes and inte-
grating the absorption/drying rate. Initial results sug-
gest that expansion resistant materials are relatively 
susceptible to salt crystallization attack (e.g., blended 
cements).

Presenting the predictive test procedure, and rap-
idly predicting expansion, rather than a performance-
based deterioration and expansion damage model, 
should be the ultimate goal of the test to be estab-
lished. Expansion in mortars and concretes often 
includes an induction period of several months, which 
can be shortened in pastes. As the layer-wise degrada-
tion is already well known, we only need to propose a 
relatively fast test to know whether the material is sul-
fate resistant or not, instead of waiting for long dura-
tions to obtain exact expansion/mass change behavior.
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