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Abstract

High-resolution X-ray computed tomography (i.e., microCT or microtomography) was used to study the sulfate attack of cylinders of

Type I cement paste cast with water–cement (w/c) ratios of 0.45, 0.50 and 0.60. Damage levels in samples exposed to a Na2SO4 solution

with 10,000 ppm sulfate ion concentration were qualitatively rated from 0 (no damage) to 4 (extreme damage) based upon visual examination

of the samples’ exteriors and microtomography of the samples’ interiors. The greater the w/c ratio, the more rapid the onset of sulfate

damage. The corners of the cylinders appeared to be particularly susceptible to spalling, and damage may have continued into the cement

paste by formation of subsurface cracks. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Deficiencies exist in the current understanding of sulfate

attack reaction kinetics and damage mechanisms in Portland

cement [1,2], and this prevents rational design for long-term

durability in sulfate environments. Existing standard test

methods have been criticized for not reliably predicting

performance. For the most sensitive and critical of applica-

tions—concrete containment vessels—these deficiencies

become safety issues. For more typical applications, such

as hydraulic structures or housing, these deficiencies are

economic and environmental sustainability issues.

In materials as complex and highly variable as concrete

(or one of its constituents, Portland cement paste), enormous

advantages accrue if individual samples can be examined

nondestructively multiple times during the course of envir-

onmental attack. X-ray computed tomography is one of the

few ways of doing this, and microtomography (i.e., very-

high-resolution X-ray computed tomography) allows the

internal structure of optically opaque samples to be imaged

with spatial resolution approaching that of optical micro-

scopy. This paper describes preliminary data for Type I

cement paste samples subjected to sulfate attack, i.e., to

demonstrate applicability of microtomography and to define

sampling intervals during sulfate exposure for subsequent

series of specimens.

2. Background

X-ray computed tomography employs a set of views

through the sample (i.e., projection radiographs taken

along different directions) and mathematically recombines

them into a cross-sectional map of the X-ray absorptivity.

The spatial frequencies and contrast present in the projec-

tions (spatial sampling) and the number of projections

(angular sampling) define maximum spatial resolution

and contrast sensitivity, which can be present in the re-

constructed images. As a rule of thumb, a 1000 element

X-ray detector can reconstruct a 10-mm object with

physically meaningful isotropic volume elements (voxels)

no smaller than 10 mm.
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Prior microtomography studies of evolving structural

materials include damage of metal matrix composites

accompanying mechanical testing [3–5] and 3D patterns

of crack face contact in situ and for different loads in

aluminum samples [6,7]. Concrete has also received atten-

tion [8–11]. Further information on computed tomography

appears elsewhere [12–14].

3. Materials and methods

Cylindrical samples of Type I cement (ASTM C 150-00

[15]) were cast in plastic molds for 24 h, and three water–

cement (w/c) ratios were investigated: 0.45, 0.50 and 0.60

by weight. After removal from the mold, the ~10-mm-

diameter, � 40-mm-long samples were cured in a lime bath

for 3 days or longer (up to 8 days in some cases). After

rinsing, the samples were placed in a Na2SO4 solution

(10,000 ppm sulfate ion concentration) and, after each

increment of exposure, the progress of sulfate attack was

monitored visually and by microtomography using a

Scanco MicroCT-20 or a MicroCT-40 system typically

using 500 projections of 0.35 s integration time, 1024

samples/projection, 70 kVp X-rays, 20 mm in-plane voxels

and 30 mm slice thickness.

4. Results and discussion

Fig. 1 shows the progression of damage with sulfate

exposure using a scale of 0 (no damage) to 4 (extreme

damage), i.e., the qualitative damage level as a function of

sulfate exposure time for the three w/c ratios studied. The

lines have been added only to guide the eye and are not

intended to imply a functional relationship. Three damage

states (1, 2 and 3) are illustrated by 3D renderings (produced

by Scanco software) of cement paste samples (Fig. 2). These

data show that the sulfate attack, consisting of cracking and

eventual surface spalling, proceeds most rapidly for the 0.6

w/c samples and most slowly for the 0.45 w/c samples. The

greatest part of the scatter in Fig. 1 relates to the crude

damage scale and simplistic application; some relate to

experimental factors left uncontrolled (differences in curing

times, solution agitation, etc.). Nonetheless, the data serve to

paint a broad-brush picture of the rate and morphology of

attack for the conditions investigated.

Cracks originate near the corners of the cylinders. The

proximity of the two surfaces (cylinder top and side) may

allow reactants to build to a critical level most rapidly at the

corners; alternatively, the minimal constraint at the corners

localizes crack initiation. The effect of the corners becomes

more pronounced as environmental attack continues; the

end of the cylinders eventually become rounded as material

spalls from the surface. Slices acquired prior to the onset of

cracking reveal that the initial crack geometry and sub-

sequent spalling do not have an origin as subsurface casting

defects with dimensions greater than a few tens of micro-

meters in cross-section and perhaps 5 mm in thickness. Later,

however, subsurface cracks appear to form in response to

the continuing sulfate attack (middle, Fig. 2), but micro-

tomography data at higher temporal resolution are required

to clarify the role of these late-developing cracks.

5. Conclusions

For cement paste samples, the greater the w/c ratios (at

least between 0.45 and 0.6), the more rapid the onset of

Fig. 1. Qualitative estimates of damage as a function of sulfate exposure,

with 0 denoting no damage and 4 extreme damage, for w/c ratios of 0.6

(triangles, solid line), 0.50 (squares, dashed lines) and 0.45 (diamonds,

dotted line).

Fig. 2. Microtomography-based 3D renderings of damaged cement paste samples with damage levels 1 (w/c 0.45), 2 (w/c 0.50) and 3 (w/c 60), left to

right, respectively.
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sulfate damage. The corners of the cylinders appeared to be

particularly susceptible to spalling, and X-ray microtomog-

raphy was instrumental in revealing details of subsurface

damage progression.
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